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Preface

During the past five years, two major bridge accidents have occurred in Japan. One was Toki-Messe Bridge
in Niigata Pref., a five-span continuous pedestrian bridge, which collapsed two years and four months after
the completion of construction. It had been in practical use at the time of the collapse. The other was Tarui
Bridge, in Wakayama Pref., a seven-span continuous highway bridge with a box section, which suffered severe
cracking damage a year after the completion. It was fortunately not in practical use yet. The research committee
of the collapse of the pedestrian bridge concluded that it occurred due to creep failure at the anchorage part in
the concrete slab of the mixed structural systems of steel and concrete, though there exist arguments about its
justification. The highway bridge was found to have many cracks in the box sections in all seven spans. The
JSCE concrete committee to investigate its cause and to advise remedies has concluded that they were due to
excessive concrete shrinkage of over 1000 microns. The collapse of the Koror Bridge in the Palau islands two
months after the completion of rehabilitation is also well known. The bridge has been deflecting continuously
since the completion in1977. Since its values exceeded several times of design deflection, rehabilitation was
carried out in 1996. All these examples tell us that after over a half century of extensive use of pre-stressed
concrete in bridge construction, creep and shrinkage including durability problems are gradually revealing their
true technical importance through the form of serious social infrastructural damage.

IA-CONCREEP held its eighth international conference from September 30 to October 2, 2008, at
Ise-Shima, Japan with cosponsor of JAPAN CONCRETE INSTITUTE. IA-CONCREEP has nowadays become
the main forum for discussion and dissemination of research results on creep, shrinkage and other time dependent
characteristics of concrete and concrete structures through the consecutive seven international conferences, the
first of which was organized by Professor H. Ruesch at Technical University of Munich in 1958.

In two volumes of the proceedings, five invited papers, three technical committee reports and 188 contributed
research papers on the topics from micro-mechanics of concrete creep, shrinkage and durability to the regulatory
topics such as design standards for those problems are included. It is a well known fact that accurate prediction of
long-term behavior of concrete is extremely difficult. However, it is also undeniable that the unexpected collapses
of structures are often related to these characteristics. We wish the conference and its proceedings will benefit
researchers and engineers who are concerned with concrete and concrete structures. Finally we wish to express
our utmost gratitude to the board and advisory board members who initially set the conference framework,
scientific committee members who have reviewed the greater-than-expected number of contributed papers and
the organizing committee members who have given consideration to even minor details of the three-day schedule
of the conference. They are listed in the following pages.

T. Tanabe (CRIIES)
K. Sakata (Okayama Univ.)
H. Mihashi (Tohoku Univ.)
R. Sato (Hiroshima Univ.)

K. Maekawa (The Univ. of Tokyo)
H. Nakamura (Nagoya Univ.)
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KEYNOTE LECTURE

Heresies on shrinkage and creep mechanisms

F.H. Wittmann
Aedificat Institute Freiburg, Germany

ABSTRACT: First of all it is outlined that shrinkage as measured on drying concrete is not a simple material
property but the complex response of a given specimen to long lasting time-dependent internal stresses. Then the
physical basis of two frequently cited approaches to explain the origin of hygral shrinkage is briefly described:
capillary action and disjoining pressure. The predictions of the two concepts are compared with experimental
findings. The following examples have been selected for a critical comparison: (1) direct observation of the
interaction of water in a narrow gap, (2) sorption and length change isotherms of different materials, (3)
capillary shrinkage of fresh and young concrete, (4) shrinkage of water repellent concrete, and (5) influence
of ion concentration on shrinkage. From the presented results it can be concluded that capillary action plays a
minor role in the process of shrinkage of cement-based materials.

1 INTRODUCTION

We may consider shrinkage and swelling of concrete
to be the volume change imposed by a change of mois-
ture content and by chemical and physical reactions of
the solid skeleton with the pore solution. From this
definition follows that several mechanisms may act
simultaneously or consecutively to generate macro-
scopically observed volume changes. This complexity
is probably one of the reasons, why no general agree-
ment could be found up to now on dominant shrinkage
and swelling mechanisms.

In this contribution we will essentially concentrate
on drying shrinkage. Drying can be due to loss of
water to an environment, which is drier than the pore
space of the drying material, or it can be due to water
consumption by hydration of cement (autogenous dry-
ing). Although the underlying mechanisms are the
same, the development of shrinkage under water loss
differs in a characteristic way from autogenous shrink-
age under water consumption (Alvaredo & Wittmann
1995, Wittmann 2008). Drying shrinkage is provoked
by time dependent moisture gradients. In most cases
the stress distribution in drying specimens overcomes
the tensile strength. As a consequence drying shrink-
age is accompanied in most cases by strain softening
and surface crack formation.

A multitude of mechanisms have been proposed
for hygral shrinkage. Some are simplistic and based
on phenomenological observations exclusively. They

cannot be verified nor can they be falsified; therefore
they are of limited significance.

Two approaches, however, are based on physi-
cal fundamentals. Some authors tried to establish a
link between drying shrinkage and capillary action
(Coussy et al. 2004, Baroghel-Bouny et al. 1999,
Hua et al. 1995). An alternative approach is based
on the change of surface energy and disjoining pres-
sure as function of moisture content (Wittmann 1968,
Wittmann 1973, Wittmann 1976a, Wittmann 1977,
Setzer 1991, Setzer 2008, Churaev & Derjaguin 1984,
Weimann & Li 2003). In the following predictions
of the two different approaches shall be critically
compared with experimental findings.

2 INFINITESIMAL SHRINKAGE

Drying is at the origin of shrinkage. But drying is an
extremely slow process. In many concrete structures
a hygral gradient exists for many years. That means
the outer layers have reached hygral equilibrium with
the relative humidity (RH) of the environment quickly
while the inner part may remain water saturated for
decades. Shrinkage of the infinitesimal thin surface
near layers, however, is hindered in the monolithic
material. Under high imposed tensile strain, cracks
are formed after damage of the material due to strain
softening in the surface near zone. This situation is
schematically shown in Fig. 1.
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Figure 1. (a) Moisture distribution as function of drying
time, (b) infinitesimal shrinkage at one selected time step,
and (c) stress distribution and crack formation (after Bažant
1982).

In order to check the validity of predictions of
a shrinkage model, results ought to be compared
with infinitesimal shrinkage, the only characteristic
material property in this context, and not with the
measurable response of a drying material. The imme-
diate response depends on infinitesimal shrinkage but
also on the dimensions, time-dependent moisture gra-
dient, creep, elastic modulus, tensile strength, strain
softening and crack formation. The long lasting inter-
nal stress distribution is modified by creep and stress
relaxation. In addition it has been shown that shrinkage
depends strongly on the simultaneously acting stress
(Wittmann 1993) and in practice stress free shrinkage
does not exist.

But we are confronted with a basic problem;
infinitesimal shrinkage cannot be determined directly
by experiments. It has to be determined by inverse
analysis from experimental data. A suitable model is
now being developed and first results can hopefully
be presented soon. In the meantime drying in small
hygral steps until hygral equilibrium is reached, in
order to avoid crack formation, may be considered
as a first approximation for infinitesimal shrinkage.
In thin specimens made of hardened cement paste
this can be and has been measured. But the mois-
ture diffusion coefficient of cement-based materials
is very low, in particular at low RH, and therefore the
time to reach hygral equilibrium for a representative
volume element of concrete for one step may be in
the order of magnitude of one year. That means to
measure a length change isotherm may take 20 years
and more. This is unrealistic and has never been tried
so far.

As a conclusion we may state that the only physi-
cal meaningful value in this context, the infinitesimal
shrinkage, has never been measured on concrete for
obvious reasons. This is certainly a major reason for
basic differences of concepts to describe shrinkage.
Nevertheless we can carefully compare some predic-
tions, or at least trends, with reliable experimental
results.

We cannot but mention creep mechanisms briefly
in this contribution because of page limitations. This

shall be dealt with in greater detail elsewhere. But it
can be shown that the underlying concept is the same
for shrinkage and creep mechanisms.

3 TWO DIFFERENT CONCEPTS
TO DESCRIBE SHRINKAGE OF CONCRETE

3.1 Capillary action

Water condenses on a plane surface when the sat-
uration water vapour pressure p0 is reached in the
surrounding air. In a capillary with radius r water
condenses at a lower vapour pressure p. The relation
between the radius r and the relative vapour pressure
p/p0 is given by the Kelvin equation:

r = − 2γV

RT ln(p/p0)
(1)

In equation (1) γ stands for the surface tension of
water, V for the molar volume, R for the molar gas
constant, and T for the temperature.

The Laplace equation describes the pressure change
�p in a liquid under a meniscus with radius r as
follows:

�p = 2γ

r
(2)

If we combine the two equations (1) and (2) we
obtain an equation for the pressure change in the
water held in capillaries, which are filled at a relative
humidity p/p0:

�p = RT ln p
p0

V
(3)

Essential questions are, is the Kelvin equation and
Laplace equation valid in the dominating range of pore
radii in hardened cement paste and can the capillary
pressure according to equation (3) be considered to
have a significant influence on shrinkage of cement-
based materials as predicted by poroelasticity (Coussy
et al. 2004, Baroghel et al. 1999, and Hua et al. 1995).
Comparison with experimental results shall help us to
answer these questions.

3.2 Surface energy and disjoining pressure

A droplet having a radius r is under a hydrostatic pres-
sure p given by Laplace equation (2). This pressure
becomes significant and can be measured in very small
solid particles as well. Surface energy γ of solids is
at maximum in vacuo. With increasing water vapour
pressure a water film with increasing thickness � is
adsorbed. It can be shown that the interfacial energy
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decreases under the influence of an adsorbed water
film:

�γ = γ0 − γ = RT

p∫

0

�d(lnp) (4)

Combining equation (4) with the Laplace equation
(2) leads to the well-known Bangham equation:

�l

l
= λ�γ (5)

λ in equation (5) can be expressed in terms of mechan-
ical properties of the colloidal particles. Equation (5)
can be applied to describe quantitatively the length
change in the low humidity range where vapour
adsorption prevails.

Above 50% RH surface energy does not change
significantly with further increase of RH. In this high
humidity range water penetrates into small gaps and
there it exerts disjoining pressure. The term disjoining
pressure is used to describe the complex interaction
between water and two solid surfaces. The measurable
disjoining pressure � is generated by a superposition
of attractive and repulsive forces. In a simplifying way
it can be expressed as follows:

� = �m +�e +�s (6)

The attractive dispersive or molecular forces �m
are in the first place van der Waals forces. The van
der Waals attraction is weakened by adsorbed water
films. The diffuse electric double layer is at the ori-
gin of a repulsive component �e. The diffuse electric
double layer in hardened cement paste depends among
other influences on the ion concentration and the pH
value. The third term, the structural term, includes
the effect of solvation or hydration shells�s (Churaev
and Derjaguin 1985, Setzer 2008). For a given type
of cement the disjoining pressure � has to be deter-
mined experimentally, and must be considered to be a
characteristic material property.

In Fig. 2 the action of disjoining pressure is shown
schematically: (a) if two surfaces are in close contact in
vacuo an attractive force dominates the interaction and

(a)

(b)
p, μ, T

Figure 2. Action of disjoining pressure, schematic.

(b) if the two particles are placed in an aqueous solution
water will penetrate into the gap and separate the two
surfaces. The pressure, which will be generated in this
way, depends on the change of surface energy, the
electric double layer and the ion concentration in the
liquid (Beltzung 2004, Beltzung & Wittmann 2005).

4 COMPARISON WITH EXPERIMENTAL
RESULTS

4.1 Direct observation of interaction of water
with a narrow gap

In order to study the interaction of adsorbed and cap-
illary condensed water in a narrow gap a thin quartz
plate was placed on a polished quartz block as shown
in Fig. 3 (Splittgerber 1971, Splittgerber & Wittmann
1974, Wittmann et al. 1971, Wittmann 1977). From
the bending of the quartz plate in the dry state the van
der Waals attractive force could be determined. As
the relative humidity of the surrounding air has been
increased, the van der Waals attractive force decreased
because of adsorbed water films. Above 55% RH capi-
llary condensed water separated the thin plate from
the supporting block by disjoining pressure. From this
observation it is obvious that under these conditions
disjoining pressure over-compensates capillary pres-
sure. The height of the separation gap as observed
as function of RH is shown in Fig. 4. The typical
hysteresis of length change isotherms is reflected by
experimentally determined disjoining pressure.

4.2 Sorption and length change isotherms

Precise sorption and length change isotherms have
been measured on hardened cement paste by Feldman
1968. More recently Setzer 2008 has published similar
results. A typical first desorption branch followed by

90% RH

Figure 3. Experimental set up for investigating the interac-
tion of water with a narrow gap.

Se
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Figure 4. Height h of the separation as function of RH.
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Figure 5. First and second shrinkage and intermediate
swelling of hardened cement paste (Setzer 2008).

rewetting and second desorption branch is shown in
Fig. 4.

As usual one recognizes a slightly convex first des-
orption branch between 100% and 40% RH. Between
40% and 30% RH hardly any shrinkage can be
observed. The coefficient of hygral dilatation becomes
nearly zero. Further drying leads again to a convex
branch of shrinkage as function of RH. The adsorp-
tion branch has a marked inflection point at about
45% RH. It has been shown elsewhere that shrinkage
between 45% and 0% can be predicted quantitatively
by means of the Bangham equation (5) (Wittmann
1982, Weimann & Li 2003). Swelling and shrinkage
in the higher humidity range can be attributed to the
action of disjoining pressure (Ferraris & Wittmann
1987). We will see later that the disjoining pres-
sure is particularly sensitive with respect to the ion
concentration of the pore solution.

There are other materials with a distinct pore radius
and with reduced interaction between water and the
inner surface as for instance porous glass, charcoal,
and activated carbon rods (Amberg & McIntosh 1952,
Haines and McIntosh 1947). On these materials a pro-
nounced contraction, which generally is attributed to
capillary action, can be observed. A typical example
is presented in Fig. 6.

During drying capillary action contracts these mate-
rials until the pores are emptied then an expansion
is observed. Length change isotherms of hardened
cement paste have never shown this characteristic
behavior. More recently Schiller et al. 2008 have inves-
tigated volume changes due to variations in porous
materials by means of a meso-scopic model. They
came to the conclusion that capillary action may influ-
ence hygral volume changes of vycor glass but not
shrinkage or swelling of cement-based materials. The
striking difference between the materials on which
capillary action has an influence on shrinkage and
hardened cement paste is the lack or the existence of
nano-pores.

Figure 6. Sorption and length change isotherm of activated
carbon (Haines & McIntosh 1947).

4.3 Capillary shrinkage of young concrete

When young concrete is placed and compacted it is
usually covered by a thin water film (bleeding). Under
these conditions there exists no capillary pressure in
the continuous pore solution. When the water film
has evaporated, menisci are formed between the small
particles at the surface. The higher the cement content
and the higher to content of fines, the higher will be
the resulting capillary shrinkage.

Capillary pressure can be measured in the pore
solution of the fresh concrete (Wittmann 1976b,
Wittmann1975). Typical results are shown in Fig. 7. In
this case the surface started to dry after about one hour.
As a consequence the capillary pressure increases.
Simultaneously the capillary shrinkage has been mea-
sured and it can be seen, that capillary shrinkage
follows closely the evolution of the capillary pressure
in fresh concrete. After a certain pressure has been
reached, the surface has been rewetted by spraying
water on it. Capillary pressure as well as capillary
shrinkage is immediately reduced until the sprayed
water has been evaporated again. At this moment both
capillary pressure and capillary shrinkage increase
again. The surface has been rewetted in this experi-
ment four times. Then the surface was allowed to dry
continuously. As can be seen from Fig. 7, after seven
hours the capillary pressure rises to very high values
but the capillary shrinkage does not follow any more.

We can conclude that fresh concrete reacts like
a humid soil and high capillary shrinkage can be
observed, which often leads to early cracking of con-
crete structures. As soon as a solid skeleton is formed,
however, capillary shrinkage becomes negligible.

This behavior can be explained in the following way.
When the surface has dried, rearrangement of the water
in the porous structure takes place. Water retreats into
the narrow gaps as shown in Fig. 8. At the same time
air is entrained into the young concrete. It has been
shown that once the water is captured in the narrow
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Figure 7. Evolution of capillary pressure and capillary
shrinkage in young concrete during drying and rewetting.

Figure 8. Narrow gaps in which capillary water retreats
after rearrangement due to drying and hydration (Chujo &
Kondo 1968).

gaps further drying has hardly any influence on the
attractive force between two particles. The capillary
pressure p increases but the surface on which it acts
becomes smaller and smaller. That means the attractive
force Fa between neighboring particles remains prac-
tically constant. This is a clear indication that capillary
action cannot be dominant in the process of shrinkage
of cement-based materials.

4.4 Shrinkage of water repellent concrete

Concrete can be made water repellent by surface
impregnation with liquid silanes. Silane polymerizes
in the porous material and forms a network of sili-
con resin on the internal surface. Silicon resin is water
repellent. The effective diameter of a silane molecule

Figure 9. Sorption isotherms of untreated and water repel-
lent mortar.

Figure 10. Shrinkage of neat mortar with W/C = 0.4 and
0.5 and of identical but water repellent mortar (H0.4 and
H0.5).

may be estimated to be 3.5 nm. Therefore pores with a
radius smaller than 5 nm cannot be made water repel-
lent by impregnation with silane. Shrinkage of neat and
water repellent mortar with W/C = 0.4 and 0.5 has
been measured (Wittmann, Beltzung & Meier 2005).
Relevant results are shown in Figs. 9 and 10. As can
have been expected, the sorption isotherms differ a
great deal as capillary condensation is hindered. But
most important, shrinkage of neat and water repellent
mortar is nearly the same. As can be seen from the
sorption isotherm in the water repellent mortar there
is hardly any capillary water and still strong shrinkage
is observed. Therefore capillary pressure can play a
marginal role among different shrinkage mechanisms
only.

4.5 Influence of alkali content

Several authors have found that shrinkage of con-
crete increases with increasing alkali content. We have
added different amounts of alkali (Na and K) to cement
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Figure 11. Final shrinkage of cement mortar as function of
alkali content.

mortars (Beltzung & Wittmann 2005). Then shrink-
age has been measured. Results are shown in Fig. 11.
As can be seen, shrinkage increases nearly linear with
increasing alkali content. The surface tension of the
pore solution has not changed but the alkali ions in an
aqueous solution are surrounded by hydration shells
so they are at the origin of a strong component of the
disjoining pressure. In contrast, if the surface tension
is changed significantly, shrinkage remains practically
the same (Beltzung 2004).

5 CONCLUSIONS

Based on the results presented above we may summa-
rize essential conclusions in formulating obvious but
widespread heresies.

Heresy No. 1: Shrinkage can be measured by
following the volume or length change of drying
elements.

In reality we observe the complex response of a
specimen imposed by drying. Shrinkage as a mate-
rial property has to be determined by inverse anal-
ysis. Then a direct link with underlying physical
mechanisms becomes possible.

Heresy No. 2: Capillary pressure is at the origin of
hygral shrinkage.

In young concrete high capillary pressure can be
observed without any noticeable shrinkage and in con-
crete without capillary water shrinkage is nearly the
same as in concrete with capillary water. Disjoining
pressure over-compensates in cement-based materials
the influence of capillary pressure.

Heresy No. 3: Shrinkage can be reduced signif-
icantly by lowering the surface tension of the pore
solution.

Experimental results show, however, that a signif-
icant reduction of the surface tension has hardly any
influence on shrinkage.
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Can nano-models lead to improved concrete? Materials science
as the intersection of chemistry and mechanics

H.M. Jennings
Civil and Environmental Engineering, Materials Science and Engineering Northwestern University,
Evanston, Illinois, USA

J.J. Thomas & I. Vlahinić
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ABSTRACT: The highly successful materials science paradigm uses a detailed understanding of the
relationships between processing and microstructure, and between micro structure and properties, to design
and improve materials. In the case of cement-based materials, processing is controlled by formulation and cur-
ing conditions, while most of the key properties are well-defined by mechanics. These are known to be linked
by the nanostructure, but a quantitative understanding of nanostructure that would enable a materials science
approach to concrete is still lacking. This can be attributed to the complexity of the main hydration product
in cement paste, the calcium-silicate-hydrate (C-S-H) gel, which forms with an internal nanopore system that
dominates the properties but is difficult to analyze and model. This paper reviews strategies for quantitatively
describing the nanostructure of cement paste such that it can be used as input to mechanics models that will
be more flexible and reliable than present models. It also illustrates how changes to the nanostructure have a
corresponding influence on the complex properties of creep and shrinkage. A key thesis of this paper is that
the nanostructure of C-S-H gel is granular, or particulate. The strategy of applying specific concepts related to
nanogranular or colloidal materials to cement-based materials holds significant promise for linking processing
and properties according to the precepts of materials science.

1 INTRODUCTION

Materials science is a relatively new field of study
at the boundary of two disciplines, applied mechan-
ics and chemistry, focusing on relations between the
mechanical behavior of materials and their microstruc-
tures. Cement chemistry is a mature field that is
concerned with the mechanisms that control the rate
of reaction between cement minerals and water, the
composition and distribution of hydration products,
and the resulting properties of the hardened paste
over time. There is an associated massive literature,
much of which predates the field of materials science,
yet the goals of relating processing to microstructure,
and microstructure to properties, are clearly those of
materials science.

Contemporary research related to cement based
materials incorporates advanced mechanics topics
including multiscale modeling and poro and chemo
mechanics. However, relationships that directly con-
nect measurable features in the microstructure to

properties are lacking. In metals, as an example of
materials science, the famous Hall-Petch relationship
relates grain size, d,to yield stress according to:

σv = σt + kd−1/2 (1)

where σt is the yield stress of a single crystal. This is an
important, albeit simple, relationship in part because
the dependent variable (grain size) is directly mea-
surable. The problem for cement science is that the
microstructure has not been quantitatively evaluated
in a way that provides direct, easily measurable inputs
to models. The difficulty in doing this is illustrated
by Fig. 1, which is a backscattered electron micro-
graph of a neat C3S paste. The black phase is porosity
and the intermediate gray phase is C-S-H, which itself
contains nanopores too small to be seen at this mag-
nification. The critical issue is how to capture the
distribution in size and space of each of the phases such
that they can be used as input into mathematical for-
mulations of properties based on mechanics. With the
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Figure 1. Micrograph of C3S paste, w/c= 0.5, 28 days old.
While some of the larger ‘‘capillary’’ pores are easily iden-
tified, the smaller pores, sometimes referred to as gel pores,
are intermixed with C-S-H . These latter pores, and their asso-
ciated surfaces, control properties such as creep and drying
shrinkage, but they have eluded quantitative characterization
in a way that can be related to these properties.

possible exception of relationships between the larger
capillary pores and compressive strength, quantita-
tive relationships between measurable features in the
microstructure and properties such as drying shrink-
age, creep, and permeability are not yet available
in a form that has been generally accepted. These
shortcomings can be overcome by establishing a quan-
titative model of the nanostructure of cement paste
that provides a link between chemistry and mechanics.
This paper discusses recent experimental and theoret-
ical advances that are leading toward models of the
nanostructure of C-S-H that will enable the materi-
als science approach. Examples are given of how a
model of the nanostructure is influencing the formu-
lation of constitutive laws based on mechanics, and of
how chemistry can influence the nanostructure, and
in turn properties. This approach can lead to many
breakthroughs.

2 QUANTITATIVE NANOSTRUCTURE
FOR MECHANICS

The paradigm of materials science is that microstruc-
ture provides a mechanistic link between processing
and properties. Microstructure thus becomes both a
design and an evaluation tool. A nanostructure model
is discussed here that is designed to predict elastic, as
well as creep and shrinkage properties. This approach
was started by Powers and Brownyard (1948) with
their extensive evaluation of micro and nano structure
and associated attempts to explain creep and shrink-
age of concrete. Powers’ model was sophisticated,
granular in nature, and provided a platform for pre-
dicting properties, but by his own detailed comparison
to measurements, the model did not predict all prop-
erties successfully (Powers 1968). This model was

soon followed by the ‘‘Canada model,’’ first intro-
duced by Feldman and Sereda (1964), which treated
C-S-H as a continuous material that deforms by chang-
ing the structure of the interlayer spaces. Recently,
starting with concepts rooted in both of these schools
of thought, a series of papers (Jennings 2000; Jennings
et al. 2007; Jennings 2008a; Jennings et al. 2008) has
described a model of the nanostructure of C-S-H, now
referred to as the colloid model, or CM-II. A schematic
of information incorporated into, and output from the
model is shown in Fig. 2. This is an evolving model
which is presented here as a strategy for research and
not as a finished work.

This paper describes progress in the area of mod-
eling the microstructures of increasingly complex
formulations of cement based materials which serve
as links between processing on the one hand and
properties on the other, as shown in Fig. 3.

Figure 2. Conceptual illustration of the development and
scope of the colloid model of C-S-H gel now known as CM-II
(Jennings 2008). The first version of the model reconciled
densities and surface areas of C-S-H as determined from
sorption of various gases, small-angle neutron scattering,
and other techniques. The model was refined by compar-
ing the model to predictions of elastic properties obtained
from nanoindentation. The model is presently being refined
to incorporate kinetics of reaction and viscous properties.

Figure 3. The materials science paradigm, as it applies to
cement based materials. Microstructure includes both physi-
cal distribution of solids and chemical description of surfaces
and liquid.
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As described recently in a review of pores and sur-
faces in cement based materials (Jennings et al. 2008),
a critical and under-researched aspect of microstruc-
ture is the quantitative description of the changes that
occur during deformation, reversible and irreversible,
primarily due to drying and loading, as well as the
combined effects of both. Only with this quantitative
description will it be possible to develop detailed mod-
els of properties for the broad spectrum of materials
in the near future.

2.1 Particle vs. continuous nanostructure

One of the longest standing debates in the cement
literature concerns the basic structure of C-S-H at
the nanoscale. On the one hand, Powers and his col-
leagues argued that the specific surface area of C-S-H
was accurately measured using water adsorption, a
method that gives extremely high values, on the order
of 300 m2/g of C-S-H. They argued that this very high
surface area implies that C-S-H is composed of small
particles and is granular (particulate) at the nanoscale.
The Canada model proposes a continuous layered
structure for C-S-H with gel pores existing where adja-
cent layers match imperfectly. Its proponents noted
that the surface area as measured by nitrogen produces
a well behaved isotherm that results in a much lower
surface area, between 20–100 m2/g, a value strongly
dependent on the method used to dry the sample before
the measurement. The Canada model emphasizes the
importance of interlayer spaces between the sheets of
C-S-H, arguing that the high surface areas obtained
from water sorption resulted from water reentering
these interlayer spaces.

The CM-II model incorporates features of both of
these earlier models, as it is based on solid building
block particles of C-S-H that are layered in their inte-
rior. In this way the surface areas measured by both
water vapor and nitrogen sorption can be rationalized,
along with much other historical data. Quite recently,
Allen et al. (2007) measured accurately for the first
time the size, density, and composition of these basic
solid particles. Using small angle neutron scattering
measurements that take advantage of the large scatter-
ing isotope effect when hydrogen is replaced with deu-
terium, the chemical formula (CaO1.7–SiO2–H2O1.80)
and mass density (2604 kg/m3) of the solid C-S-H
nanoparticles that form in normal portland cement
paste and also in pure C3S paste were determined.
These values include water contained in the interlayer
spaces of the particles in their natural saturated condi-
tion, but exclude all liquid and adsorbed water on the
surface of the particles, a boundary that is illustrated
by the black lines in Fig. 4.

Taking these values as a well-established fixed
point, a detailed model of the water isotherm (incor-
porated into the CM-II model) has finally resolved

Figure 4. Schematic of the layered C-S-H particles used to
interpret the density and composition values (see text) deter-
mined from neutron scattering experiments, adapted from
Allen et al. (2007). The measured values include all water
and solid material contained within the black lines around
the surface of the particles.

controversial measurements of density vs. water con-
tent of C-S-H published in the 1970’s (Feldman and
Sereda 1968; Feldman 1973). The core of this argu-
ment is shown in Fig. 5.

The density of the globule is modeled as fol-
lows. Water contained in different types of spaces
has a unique effect on the measured C-S-H density
(Jennings 2008a; Jennings 2008b). If fH is volume
fraction of water in either the interlayer space or on
the outside surface (both of which expand the volume
of solid) the density of the particle is:

ρCSH+H = ρCSH − ( fH (ρCSH − ρH )) (2)

where ρCSH+H is the density of C-S-H including any
water on the surface or in the interlayer space and
ρCSH is the density of C-S-H without any surface or
interlayer evaporable water, and ρH is the density of
water. Note that since the term in parenthesis is always
positive (water is always less dense than C-S-H), the
addition of water into either of these sites always
decreases the overall density of the particle. As water
is removed the associated volume is removed and not
included in the overall density.

On the other hand, if water is added to a preexisting
internal pore, the density of the particle is given by

ρCSH+H = ρCSH + fHρH (3)

The measured density must always increase as inter-
nal pores are filled with water, since the mass increases
with no increase in volume. Thus any pore, regardless
of its size or shape, can be assigned a volume and
free surface with specific thermodynamic characteris-
tics. Various possible densities for C-S-H are described
in CM-II with the conclusion that the observed hys-
teresis at relative humidities (rh) less than 50% are
accounted for quantitatively. In other words, removal
of water down to 50% rh simply involves the removal
of water from outside the particles leaving several lay-
ers of water. This involves normal evaporation from
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Figure 5. Top: Schematic of the C-S-H nanoparticles
according to the CM-II model, showing water content asso-
ciated with various drying states. Bottom: Water vapor
isotherm (left) and density measured by He inflow experi-
ments (Feldman and Sereda 1968; Feldman 1973) (right), as
a function of drying. The four points A-D on the lower dia-
grams are depicted at the water content in moles of water per
mole of C-S-H specified on the top schematic. The predicted
density at each water content are indicated by points x, plot-
ted against water removed with reference to water content at
11% rh (adapted from Jennings (2008)).

the capillary and gel pores, which is the fundamental
basis for models of drying shrinkage.

2.2 Particle packing

Particles with a characteristic size close to 5 nm are
central to modeling density and water content below
11% rh. The density and surface area at a coarser
scale was modeled by packing these particles into
two arrangements, known as high density (HD) C-
S-H and low density (LD) C-S-H (Jennings 2000;
Tennis and Jennings 2000). Depicting the particles as
roughly spherical (the shape may not be that important
to mechanical properties (Ulm and Jennings 2008) the
major features of the two packing densities are shown
in Fig. 6.

The average pore volume of LD and HD expressed
in percent, 37 and 24, excludes the smallest water
filled spaces within the particles, the interglobular

Figure 6. Proposed formation of C-S-H gel, after Jennings
(2007). a) One relatively small volume fractal region, formed
from contacting 5 nm particles of C-S-H. b) The same volume
fractal region (shown in white) has grown into a larger, self-
similar structure with a reduced packing density. c) Adjacent
fractal regions have grown into each other to form a relatively
uniform structure with a range of gel pore sizes. The largest
pores are greater than 10 nm across. Upon drying these pores
collapse to form a structure with a packing density of about
0.64. The fractal structure of LD C-S-H is depicted at scales
between 5 and 100 nm. The volume fraction of pore in LD is
on average 37% and the surface area as measured by nitrogen
sorption, or SANS, is the surface area exposed to the pores
greater than a few nm. The HD structure contains on average
24% porosity and, as measured by nitrogen or SANS, has
essentially no surface area. Cement paste contains a mixture
of these two structures, and the higher the measured surface
area by N2 the greater the percentage of LD.

pores, and the interlayer spaces. Surface area as mea-
sured by sorption, especially nitrogen, and SANS
is directly related to the amount of LD present
as these techniques are not sensitive to structure
contained within the tightly packed HD C-S-H. Thus
high water/cement can be correlated with high sur-
face area and therefore a high percentage of LD. This
important point is referred to in Section 4.5. Sorp-
tion experiments with different gases (Mikhail and
Selim 1966) show that both surface area and density
are inversely related to molecular size (equivalent to
length scale). This suggests that LD C-S-H particles
are packed together into a fractal structure, and SANS
measurements (e.g. Allen et al. 1987) also give more
direct evidence of a fractal nanostructure.

The LD and HD structures can be loosely associated
with outer and inner product, but because the location
of HD C-S-H is not always exclusively in the space
originally occupied by the cement grains, and LD not
exclusively in the original water filled space, espe-
cially when mineral admixtures are present, the terms
LD and HD are preferred here. The neck between two
adjacent HD regions is also HD, as shown in Fig. 7.
Jennings et al. (1981) argued that the morphology, now
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Figure 7. A transmission electron micrograph (Jennings
et al. 1981) of a mature C3S paste, showing LD and HD
product.

LD and HD, is a function of the space available for the
product to form.

Several important recent results show that the
nanostructure is granular (synonymous with col-
loidal), and, at the atomic scale, has a layered structure.
Evidence for the granular structure comes from com-
paring the behavior of C-S-H to both colloids on
the chemistry side and granular (often geotechnical)
materials on the mechanics side. The fundamental
nanogranular nature of C-S-H on the basis of mechan-
ics has been discussed extensively recently (Con-
stantinides and Ulm 2007; Jennings 2008a). Elastic
properties are best described by the self-consistent
scheme, as shown in Fig. 8, which is thought to be
an indication of granular structure.

2.3 Colloid chemistry

Many concepts of the structure and properties of
gels, and how they may be applied to cement based
materials, were summarized in a review by Scherer
(1999). From this point of view, C-S-H is a colloidal
precipitate that can rearrange with time, generally
leading to a denser structure. Many of the chemical
and physical changes known to occur in gels have
also been observed in cements. Notably, the volume of
solid and the contained pores shrinks during precipi-
tation, which is often accompanied by polymerization
of the silicates as the number of interparticle contacts
increases. The results shown in Fig. 9 (adapted from
data in Thomas and Jennings 2002) broadly support
the possibility that C-S-H is best described as a colloid.
The results also suggest that deformation is the result
of rearrangement of the colloid particles, and, like
other colloids, this rearrangement can be accelerated
by heat. In this case the heat causes the particles to rear-
range but without the stress e.g. caused by capillary

Figure 8. Values of the indentation hardness for LD and
HD C-S-H obtained from nanoindentation, along with the
microme-chanical prediction for an aggregation of particles
based on the self-consistent scheme, versus the packing frac-
tion of the particles. The predicted percolation threshold at
50% packing is consistent with a granular material (after
Constantinides and Ulm 2007; Ulm and Jennings 2008).

Figure 9. Effect of heating on drying shrinkage, after
Thomas and Jennings (2002). Data are for pastes hydrated
for 1 month and 1 year at room temperature, and for 1 month
at room temperature followed by 24 hrs at 60◦C. The large
reduction in irreversible shrinkage that results from long term
aging between 1 month and 1 year is largely reproduced by
just 1 day at 60◦C.

forces or external load (which force many particles to
rearrange) the C-S-H densifies without causing bulk
shrinkage. In other words, heat accelerates aging of
the gel.

Fig. 10 shows some results acquired by a defor-
mation mapping technique (DMT) that uses image
analysis to determine the deformations that occur in
the microstructure (Neubauer et al. 2000), in this case
as the result of drying from 85% rh down to 50% rh
(Neubauer and Jennings 2000). Two digital images
of the same location are required for each analysis,
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Figure 10. Histogram of the strain magnitudes calculated
for the individual pixels of two images of cement paste
taken before and after drying from 85% rh to 50% rh (see
text). Note the large compressive and tensile strain values in
some pixels corresponding to large local deformations in the
microstructure.

one for the reference state and one for the deformed
state. Once the locations of the corresponding pixel
pairs are determined, DMT employs an algorithm that
‘‘pulls’’ the center of each pixel in the micrograph of
the deformed material over the reference micrograph
such that the deformed image shadows exactly its ref-
erence counterpart. This allows the displacements of
the nodes of quadrilateral finite elements to be cal-
culated; the elements are formed by discretizing the
image according to the locations of the pixels. At this
time, any number of finite strain or deformation mea-
surements could be reported. The data displayed in
Fig. 10 is a histogram plot of local average strain values
in the pixels.

As expected, a macroscopic strain average, i.e. the
integration of all the rarefactions (expanding pixels)
and compactions (shrinking pixels) across the image,
shows that the bulk shrinkage strains are of same mag-
nitude as those measured experimentally (Neubauer
and Jennings 2000). What is surprising is that the mag-
nitude of the strains locally is much greater than can
be associated with an elastic continuous material, par-
ticularly for the compactions. The issue then is how
to explain the large magnitude of the local shrinkage,
which is an unphysical result if C-S-H is envisioned as
a continuous porous matrix. However, when C-S-H is
modeled as a collection of colloidal particles that can
undergo significant local rearrangement in response
to applied stress, the large local deformations are
an expected result. This important observation influ-
enced the original development of the colloid model
of C-S-H.

Currently, one of the most important and active
areas of cement research is understanding the mecha-
nisms that govern the creep and shrinkage of cement
paste. Viewing C-S-H as a colloidal, or nanogranu-
lar, material is so intellectually rich, in terms of how
to structure experiments and associated models, that
it offers an avenue to major progress in understanding
many properties of cement and concrete, in particular
the mechanisms of shrinkage and creep.

3 MODELS OF SHRINKAGE AND CREEP

As was briefly discussed in the last section (see Fig. 9),
cement paste experiences both reversible and irre-
versible deformation under the influence of drying.
A similar phenomenon occurs with mechanical load-
ing, which induces both reversible (elastic) defor-
mation and irreversible (plastic) deformation known
as creep. Interestingly, when loading and drying are
applied at the same time, there is nonlinear coupling
such that the deformation is greater than the sum of
the expected individual deformations (Pickett 1942),
an observation that has defied verifiable explanation
for decades.

3.1 Elastic modulus

Statistical analysis of nanoindentation measurements
of cement paste (Constantinides and Ulm 2004) has
shown that elastic modulus values associated with
C-S-H gel are grouped around two values: 22 and
29 GPa. These values remain fixed even if the sample
is heat cured (Jennings et al. 2007), a variable that is
known to change the porosity. Using the observation
that LD has 37% porosity and HD has 24%, and the
self consistent approach to scaling, a computed elas-
tic modulus for the globule is about 62 GPa in both
cases (Constantinides and Ulm 2004). This strongly
supports the idea that the only difference between HD
and LD C-S-H is the packing arrangement with the
building blocks being the same in both cases.

The successful prediction of modulus and hardness
at different scales by the use of the self-consistent
approach can be taken as support for the nanogran-
ular nature of C-S-H . However, many aspects of the
consequences of viewing C-S-H as a granular material
are still under investigation.

3.2 Drying shrinkage

By modeling C-S-H as an assemblage of solid particles
with known water content and mass density, the exact
amount of water in the interlayer and in-traglobular
pore space can be determined (see Jennings (2008a)
and Fig. 5). This allows the entire water isotherm to
be modeled. In particular, the low pressure (<50% rh)
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hysteresis can be attributed to the removal and rein-
troduction of water into the interlayer spaces and
intraglobular porosity.

Of importance here, (see also section 2.1), is that
during evaporation from saturation down to 50% rh,
there is no evidence for a change in the specific energy
of evaporation (Roper 1966). This means that only cap-
illary forces are required to account for the shrinkage
throughout this relative humidity range. Below around
50% rh the air-water menisci become unstable (the
tensile strength of liquid water starts to be exceeded)
and capillaries break down. Within the capillary stress
range (above 50% rh) shrinkage is entirely reversible
after the first drying (Helmuth and Turk 1967; Verbeck
and Helmuth 1968), and thus it should be possible to
predict the measured deformations using the available
tools of poromechanics.

A linear theory of poroelasticity is firmly rooted
in the works of Biot (1941) that date back more than
half a century and has long been used to model the
behavior of porous media infiltrated by a single fluid.
Since then, it has been extended to include three-
phase porous materials, e.g. partially saturated porous
materials undergoing drying. In fact, one form in par-
ticular, initiated by Bishop (1959) and deduced in
simpler form by Lewis and Schrefler (1987), Hut-
ter et al. (1999) and others, has been widely used
to model deformations in geomaterials, and more
recently cemen-titious materials as well. This clas-
sic theory yields the following prediction for the
shrinkage strain, εsh, in a drying porous medium:

εsh = 1/3 Swpc[1/Kb − 1/Ks] (4)

where Sw is the volume fraction of water in the pore
space, pc is the capillary pressure, and Kb and Ks
are the drained bulk modulus of the porous medium
and the bulk modulus of the solid skeleton, respec-
tively. Because the volume fraction of water retained
at a specific rh (easily determined from the mea-
sured weight loss on drying) depends on the particular
pore size distribution of the material and thus on its
microstructure, the shrinkage predictions based on
Eq. 4 are very much material-specific.

While Eq. 4 is a great improvement over purely
empirical methods that are often used to predict shrink-
age strains in cement paste and concrete alike, there
are significant drawbacks. Historically, experiments
have shown that a plot of shrinkage strain vs. humid-
ity yields a straight line and thus a phenomenologi-cal
relationship of the form εsh = kh, where k is a constant
and h is a relative humidity, is encountered through-
out the mechanics community and design profession.
Yet, when the shrinkage predictions of the classical
poromechanics formulation are compared to data for
cement paste (see Fig. 11, dashed line) it can be
seen there is poor agreement, even at high values

Figure 11. Drying shrinkage strains during the second
(reversible) drying cycle of hardened cement paste, along
with predicted values from the classic poromechanics model
(Eq. 4) and the new formulation of Eq. 5.

of rh. The prediction of the classic model is highly
nonlinear regardless of the values of the elastic con-
stants Kb and Ks, as is evident from the form of Eq. 4.

Recently, a new constitutive model for a partially
saturated porous media (Vlahinic et al., submitted)
was derived. Physically, the key idea advanced by the
model is that the pore spaces vacated by the escap-
ing water weaken the ability of the surrounding solid
skeleton to resist load. The new formulation yields the
following expression for the shrinkage strain:

εsh = 1/3 pc[1/Kb − 1/�K] (5)

where �K describes the effective bulk modulus of the
weakened solid. Remarkably, despite the highly non-
linear form of Eq. 5, the shrinkage strain predictions
appear nearly linear on a strain vs. rh graph and are able
to capture the magnitude of the deformations in hard-
ened cement paste (see Fig. 11) as well as in Vycortm

glass, a much-studied material with an elastic drying
response and a pore size distribution very different
from that of cement paste. These results also further
reinforce the argument that capillary forces are over-
whelmingly responsible for the shrinkage strains above
50% rh.

The physics of drying of cement paste becomes
more complicated at relative humidities below 50%,
as capillary stresses disappear and a number of new
processes start to occur: 1) The last few layers of
water are removed from the surfaces of solids, 2)
inter-layer water is removed, and, 3) according to the
CM-II model, water is removed from the intraglobular
pores. The first process changes the surface energy of
the solid, causing shrinkage as stress is introduced to
the particles, and the second causes direct collapse
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of the particles, both of which lead to particle shrink-
age, and therefore to overall shrinkage. However, these
processes have not been expressed mathematically in a
form that allows shrinkage data in the lower humidity
regime to be accurately modeled.

Without specific reference to the mechanisms
above, Coussy et al. (2004) sought to quantitatively
establish a link between the surface energy, i.e. the
energy of the interfaces between the adjacent phases in
a medium, and a macroscopic expression of the drying
shrinkage strain. Supposing an open thermody-namic
system of reversible nature, Coussy et al. found that
changes in energy of the interfaces, in addition to any
changes in energy of the solid skeleton itself, provoke
the contraction of the solid skeleton during drying (or
conversely the expansion during wetting). The results
led the authors to propose a modification to Eq. 4. In
particular, the authors argued that the term denoting
the averaged pore pressure1, —Swpc, in Eq. 4 should be
replaced with the equivalent pore pressure, π , where,

π = −Swpc −
1∫

sw

pc(S)dS (6)

The work of Coussy and coworkers is a pio-
neering effort in relating the macroscopic properties
of cementi-tious materials, particularly in the inter-
mediate range of and possibly below 50% relative
humidity, to the measurable microstructural features
of cementitious and other porous materials.

4 VISCOUS BEHAVIOR: CREEP,
SHRINKAGE AND AGING

Historically, the mechanisms for irreversible creep and
shrinkage have been expressed in mostly emprical
terms, and there is little agreement in the literature.
This is due in part to the complexity of the observed
behavior. Both shrinkage and creep have reversible and
irreversible components, and creep has an additional
time-dependent component when the load is removed
(creep recovery).

It is well-accepted that the irreversible deformation
due to either drying or load must involve a permanent
rearrangement of the structure of the C-S-H gel. There
are several possibilities suggested in the literature, but
none are detailed enough to explore experimentally.
One of the few measurable quantities that has been

1 The expression for averaged pore pressure, i.e. pavg =
Swpw + (1 − Sw)pa = −Swpc + pa with pc = pa −
Pw , reduces to pavg = −SwPc when the influence of the
air/gas phase is assumed inconsequential.

correlated with creep and shrinkage is the degree of
silicate polymerization (Parrott and Young 1981), but
it is not clear whether this is a cause or an effect.

Here we divide the possible driving forces for
irreversible deformation into two categories: 1) inter-
nal driving forces such as reduction in energy by
densi-fication of gel structure encouraged by heat and
drying, and 2) the application of external load. Both
contribute to the overall aging process, which reduces
the rate and magnitude of viscous flow. We further
define the aging process as time-dependent changes to
the hydration products after their formation; thus, in
this work, aging does not include the hydration itself,
a process that stiffens the paste as hydration product
fills the pore space.

The colloid model of C-S-H provides a framework
for an explicit description of irreversible deformation
through rearrangement of the nanoscale C-S-H parti-
cles, a process for which there is direct evidence from
SANS (Jennings et al. 2007; Thomas et al. 2008).
In general, the particles become more tightly packed
and specific pores become less numerous or smaller in
size with time, a process that is accelerated by heating
and drying (Jennings et al. 2007). It is hypothesized
that mechanical loading has a similar effect but this
is only now being explored experimentally. It was
argued recently (Jennings et al. 2008) that studies of
the microstructure, and now nanostruc-ture, should
focus on changes that take place during deformation,
as this is the key to developing constitutive laws based
on microstructure.

4.1 Changes in structure due to internal driving
force

As previously mentioned, the LD C-S-H exhibits char-
acteristics of a mass fractal structure, which forms
the basis for analyzing small angle neutron scatter-
ing data (Allen et al. 1987). Application of a fractal
microstructure model to the SANS data provides val-
ues for several parameters with physical meaning,
including the characteristic size of the building-block
particles, the surface area per unit specimen vol-
ume, the mass fractal exponent, and the correlation
length. A consistent observation from SANS studies
is that the size of the C-S-H particles does not change
during the aging process, whether driven by heat
or drying. The specific surface area and the fractal
dimension also exhibit only modest changes.

The parameter that is strongly affected by aging
is the correlation length, loosely defined as the max-
imum length scale over which the fractal scaling
applies, which decreases with all types of aging.
Individual fractal regions within the nanostructure
approach each other, overlapping and intertwining.
This process lowers the correlation length as it
increases the average packing density, allowing the
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packing density to eventually approach a random-
jammed value of 0.64 associated with LD C-S-H. It
follows that the gel pores associated with the larger
interparticle spaces between or within the fractal
regions are reduced in number and average size by
this process.

4.2 Evaluating nanoporosity by equilibrium drying

A simple yet powerful method of characterizing the gel
pore system of cement paste is to measure the weight
loss of a specimen as it is subjected to step-wise drying
to progressively lower rh values. Since the size of the
pores that are emptied decreases as the rh decreases,
this method provides a measure of nanopore volumes
in different size ranges. This ‘‘equilibrium drying’’
measurement was first perfomed by Roper (1966), and
we have performed it recently on specimens cured in
different ways (Gevrenov 2005; Jennings et al. 2007).
Based on this data, the primary change associated with
aging is a reduction in the volume of pores with diam-
eters between about 5 and 15 nm, which are some
of the gel pores in the LD C-S-H (see Fig. 12). This
is accompanied by an increase in the number of inter-
particle contacts (Jennings 2004), which could explain
the increase in degree of silicate polymerization and
associated interparticle bonding.

The dramatic drop in pores in the size range
5–15 nm caused by initial drying and by heat curing
is consistent with the reduction in correlation length
as fractal regions approach each other. The reduction
in porosity in this size range is the result of rear-
rangement of regions of particles and is here proposed
as an important physical manifestation of the aging

Figure 12. Weight loss on drying to different rh values,
which can be associated with specific pore size regimes in
the C-S-H gel structure (see axis labels—the pores that empty
between 85–54% rh are very approximately between 15–5 nm
across).

process. It is entirely possible that these pores decrease
with time, drying, and other variables according to a
decay function such as the aging term in the constitu-
tive equations proposed by Bažant et al. (1997). Indeed
the logarithmic-type creep response encountered in
cement-based materials is consistent with the creep
behavior of granular materials (Lambe and Whitman
1969) And if the pores in this size range are directly
related to aging then equilibrium drying provides a
way to probe the nanostructure directly to evaluate the
aging process. This may open the door to evaluating
the influence of chemicals and other processing vari-
ables on the nanopore system and the aging process in
general, and could lead to new ways of controlling the
nanostructure and properties.

4.3 Changes in structure due to external forces

Very little is known about the changes that occur in
the nanostructure of C-S-H due to external mechani-
cal loading. However, there is an extensive literature
that suggests that the mechanisms of viscous flow are
similar to the mechanisms of irreversible shrinkage
outlined above. The concept of C-S-H as a nanogran-
ular material therefore meshes well with many existing
theories of creep, and opens some interesting new lines
of inquiry.

One of the more intriguing possibilities comes orig-
inally from the field of discrete particle physics where
Mueth et al. (1998), Hinrichsen and Wolf (2004),
and others have shown that when a uniaxial load is
applied to granular materials only a fraction of the
grains in the assembly sustain the load. These highly-
stressed grains tend to form chains or columns across
the sample, while the remaining grains provide stabil-
ity and prevent buckling of the load-bearing chains.
Such mechanism of load resistance may also be the
root cause of the non-unique relationship between
porosity and modulus, as has been observed for sand
(Oda 1972). Some of these ideas are incorporated into
Fig. 13.

4.4 Nonlinear coupling of creep and shrinkage

The observation that the simultaneous application of
load and drying results in a much greater deforma-
tion than the sum of the two when applied separately,
known as the Pickett effect (Pickett 1942), has been
the subject of only a couple of tentative explanations
in the literature. It is well known that drying gradients
can cause cracks in cement-based materials, a conse-
quence of which is an apparent reduction in shrinkage.
A compressive load could then close the cracks in addi-
tion to creeping the specimen, making the combined
response appear greater then the sum of their individ-
ual parts. While this mechanism is logical and correct,
its magnitude was shown to be much less than the
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Figure 13. Grain assembly reacting to load. a) Externally
applied load is carried by columns of particles, and b) Internal
forces from drying or changes in temperature generate local
(pressure) gradients that cause the load-bearing columns of
particles to buckle.

observed additional deformation caused by the Pick-
ett effect (Bažant 1988). More recently, Bažant has
offered the concept of micropre-stress between par-
ticles at close proximity to mathematically explain
long-term aging due to drying and external load-
ing. Microprestress is postulated to facilitate shear
slip between nanoparticles, and also to decay with
time gradually diminishing the viscous flow. However,
microprestress cannot be measured directly as it is by
definition an average macroscopic quantity and is only
deduced from macroscopic data via model by Bažant
and coworkers.

Here we propose a possible new physical interpre-
tation of the Pickett effect, albeit only a qualitative one
at present. In this regard, we note that drying exper-
iments of hardened cement paste have established
that the time necessary to achieve near-equilibrium
at a specific relative humidity is very long even for
small samples. This indicates that diffusion of water
out of the gel pores is very slow. Gel pores, there-
fore, present ideal locations for the development of
local pressure gradients during drying, as described
by Scherer (1999).

The results of experiments by Bažant et al. (1976)
further highlight the importance of gradients in the
aging process. The authors measured the creep and
drying response of hollow cement paste cylinders
with extremely small wall thickness (<1 mm). The
thin samples were cast using a novel technique that
exploited the differences in the thermal contraction
of outer and inner mold surfaces (Bažant et al. 1973).
Even for such small wall thicknesses, a nearly uniform
moisture equilibrium with the environment was esti-
mated to take slightly less than one day. What Bažant
and coworkers noticed, among other observations, is
that while drying greatly accelerated the rate of creep,

the creep rate returned to normal within a day, i.e.
once the moisture equilibrium with the environment
was established. Moreover, the same pattern of behav-
ior was measured during rewetting of the specimens.
These observations suggest that not only is the Pickett
effect independent of the direction of water move-
ment, i.e. wetting or drying, but that the presence of
local pressure gradients, or non-equilibrium, is also a
prerequisite for the Pickett effect.

That granular materials resist axial loads by form-
ing columns of highly-stressed grains was discussed
in the previous section. The addition of a gradi-
ent across such load-bearing columns, caused by a
change in humidity or temperature, can upset the
local stability and thus contribute to buckling of the
columns that carry the load (see Fig. 13). Naturally,
such mechanism would be independent of the direc-
tion of the gradient and would also be influenced
by the magnitude of the rate of drying. The latter
also agrees well with the concept of stress-induced
shrinkage (Bažant and Chern 1985) and its subse-
quent refinement, known as micro-prestress theory
(Bažant et al. 1997). Both theories were able to quan-
titatively capture the Pickett effect by including a flow
element whose viscosity depends on the time rate of
relative humidity, and thus on the rate of drying, in
their mathematical description.

Moreover, the effect of temperature change on the
microstructure of cement paste may be very similar
to that of drying. As indicated by Scherer (1999),
the thermal coefficient of water is nearly thirty times
greater than that of cement. Thus a faster expanding
liquid, if constrained in the pore network with low
permeability such as that of gel pores, gives rise to
local pressure gradients. Curiously, it is also well-
understood that temperature couples with external
load in non-liner fashion (transitional thermal creep).
Therefore, a view of nanostructure as granular has not
only the potential to explain the mechanisms that have
escaped explanation for decades, but also to unify
the influence of seemingly different effects under a
common roof.

4.5 Control of nanostructure

We have observed that LD C-S-H forms primarily
during the nucleation and growth stage of cement
hydration (Thomas et al. 1998). We have also found
ways of accelerating the early reaction rate using
C-S-H as a nucleation seed, which also increases the
amount of LD C-S-H. This has led to the beginnings of
an ability to ‘‘control’’ the nanostructure, and has also
led to some counterintuitive observations which can be
reconciled by the material science approach described
in this paper. For example, consider the response to
drying of two cement pastes of the same age (14 days)
and water-cement ratio (0.5) but one made with C-S-H
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Figure 14. Effect of seeding a cement paste with C-S-H on
drying shrinkage behavior. Both specimens were 14 days old
at the time of drying and were dried to 76% rh. The larger
drying shrinkage and smaller weight loss of the seeded paste
is interpreted as a greater amount of LD C-S-H.

seed. As shown in Fig. 14, on drying to 76% rh, the
sample with the seed has more shrinkage, but less
weight loss.

This counter-intuitive observation can be explained
using a poroelastic theory that suggests two oppos-
ing influences on strain2: the increased stiffness (bulk
modulus) reduces the strain while the increased degree
of saturation at a given pressure augments the strain.
Since both samples are equally stiff and are dried to the
same rh, such that the remaining pore water is under
the same capillary pressure, the differences in their
shrinkage strains stem from the increased amount of
LD C-S-H in the seeded sample, which results in an
increased degree of saturation, Sw, of the pore network
(i.e. less weight loss).

Another interesting observation is that the sample
with the greater amount of LD C-S-H has the greater
irreversible component of shrinkage. As discussed ear-
lier, the irreversible strain component on drying is
largely the result of the collapse of pores in the approx-
imate size range of 5–15 nm, which are associated
with the internal structure of LD C-S-H. These exam-
ples show that quantitative micro structure property
relationships have the potential of being generalized.

5 SUMMARY

The paradigm of materials science can be applied to
concrete, with the potential of improving properties.
The core of this approach is to apply nanogranular or
colloid concepts to the structure of C-S-H. This estab-
lishes solid links between processing and structure and

2 Both the classic Eq. 4 and more recently proposed Eq. 5
exhibit the same trend in this regard, although the two
are clearly different in terms of the magnitude of their
predictions.

between structure and properties that can employ all of
the advanced tools of chemistry and mechanics. The
advantage of using a colloid model is that specific
measurable parameters can be visualized as changing
as a result of aging.

Perhaps the most urgent future challenge is to estab-
lish the nanostructure of C-S-H that forms in blended
cements, generally with a lower calcium/silicon ratio
than in portland cement. Here the structure at the crit-
ical length scale of 5–100 nm is not clear, and it is not
certain that the concept of packing particles applies.
This requires intense research.

Some of the nanogranular properties discussed in
this paper are governed by the granular (particulate)
structure and are independent of the size of the parti-
cles, while others depend on the colloidal (nanoscale)
size of the individual particles. It is useful to list some
of the characteristics unique to granular or colloidal
materials:

• They can exhibit very large volume change on
drying without changing the particles.
• Strength and modulus may not have a unique depen-

dence on the overall porosity, but can depend on
packing arrangement.
• The mechanism for creep and shrinkage is sliding

at particle contacts and the movement of particles
into empty spaces.
• The changes in surface area and volume on drying

can depend on the rate of drying.
• An externally applied load can be carried by a rela-

tively small number of particles, forming chains or
columns.
• Colloids tend to strengthen with time due to aging

processes.

These and other characteristics of granular/colloid
materials provide a fertile framework for studying
cement-based materials. This approach has already
facilitated a reinterpretation and deeper understanding
of a large amount of data in the literature and it shows
every sign of structuring experiments and theory to
make more progress in the future.
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ABSTRACT: The temperature is known to influence the strength and durability of concrete. Temperature
has also a great influence on the creep of cementitious materials. Previous investigations have not provided
a complete understanding of these effects; in particular, no quantitative relation between microstructural and
macroscopic changes has been developed. In this paper, a combination of macro and micro characterisation has
been adopted to further a comprehensive and quantitative understanding of the development of the mechanical
and microstructural properties under different loading conditions and moderate temperatures (<100◦C). Different
approaches including both qualitative and quantitative microstructural analysis with SEM, EDS, XRD and TGA
were used. A study on different cement pastes has been carried out, to relate microstructural properties such as
degree of hydration, CSH composition, relative density and capillary porosity to macroscopic observations. The
chemistry of CSH is examined with temperature. the quantity of bound water for different curing conditions was
investigated.

1 INTRODUCTION

The properties of concrete can be adversely affected by
hot temperatures which may create problems in mix-
ing, placing, hardening etc. Most of these problems
are related to increase of porosity during the hydration
of cement.

Until now, much effort has focused on the qualita-
tive description of the microstructural and mechan-
ical variation with the temperature. However, how
early microstructural development influences long-
term properties is not clearly understood.

To explain the large influence of temperature on
transport and mechanical properties of these mate-
rials, the microstructural development needs to be
better understood, and quantitative analysis needs to
be carried out.

A fundamental understanding of physical and
chemical effects and how and to what extent the curing
temperature influences them should be the founda-
tion upon which further advancements can be made
in understanding of long-term properties. Therefore,
it is necessary to devise a comprehensive, holistic,
and, at the same time, feasible approach for the study.
Variables such as hydration time, curing tempera-
ture, W/C ratio and cement type have been studied

to give a deeper insight into the relationship between
microstructure and properties. The hydration kinet-
ics, microstructure, and mechanical behaviour have
been investigated together, to attempt to provide a
major contribution to knowledge for improving the
current quality and for predicting the further changes
in concrete performance.

The quantification of the hydration products is one
the goals of this study. Cement pastes with 2 dif-
ferent W/C ratios are used to study the hydration
products at different temperature conditions. Chem-
ical composition of inner CSH was analyzed by EDS,
X-Ray and TG.

Microstructural characterization, quantification of
hydration degree and capillary porosity from back-
scattered image analysis is performed. The degree of
hydration from cement paste is presented, to explain
the hydration mechanisms under different conditions.

Hydrated cement based materials and their inter-
actions with their environment provide a macro and
microscopic research for nanostructured materials.
Clearly CSH, cement pastes and mortars, are hier-
archical structures whose material properties change
with changes in scale. Theses composites are orga-
nized. Thus, they must be studied at each scale level,
i.e., at the nano-, micro- and macrostructural levels in
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order to understand their intrinsic behaviour as well as
to determine the appropriate design considerations for
the long term behaviour of such composites.

2 MATERIALS AND TECHNIQUES

Two cement types were used in this study namely
VAZ and COU. The chemical and mineral composi-
tions were defined in different reports (Commene. J.P.,
2000; Mary-Dippe. C., 1999) as well as the physical
characteristics, such as density, specific surface area,
the particle size distributions.

Cement paste with W/C ratio (0.40 and 0.36) of this
mix was used to characterise the hydration products
by different experimental techniques. The first tech-
nique adapted was the Thermal gravimetric analysis
(TGA). TGA measures the loss of weight while the
temperature of the substance is increased at a constant
rate.

Both qualitative and quantitative characteristics of
cementitious samples were detected by a SEM. Stud-
ies presented here were performed using a SEM
FEI Quanta 200 coupled with EDS chemical micro-
analysis using a Li/Si crystal detector from PGT. An
accelerating voltage of 15kV was chosen to provide
the best compromise between spatial resolution and
adequate excitation of the Fe Kα peak.

SEM-image analysis is based on the stereology
principles that lead to the interpretation of 3D struc-
tures using their 2D sections (the 3D volume per-
centage is equal to the 2D surface area percentage in
average).

The image is segmented according to the grey levels
of the various phases that are quantified. A large num-
ber of images should be used (around 100 images) to
statistically represent in a significative way the results.
Even if some previous study on SEM-IA (Yang &
Buenfeld, 2001) showed that the magnification chosen
does not have a large influence on the results, the study
of cementitious materials is more complex. Since the
images are acquired in 8 bits, 256 grey level values are
included in the image, ranging from 0, black (porosity)
to 255, white (Anhydrous products).

The SEM-BSE images are analysed quantitatively
to get volume fractions of phases in cementitious-
materials, based on the principle and segmentation
method reported in the literature (Ben Haha et al.,
2007; Mouret et al., 2001; Scrivener, 2004). Sep-
aration of aggregate as shown by Ben Haha et al.,
(Ben Haha et al., 2007) is more complicated. It needs
the combination of image analysis techniques such as
grey-level threshold, filtering, hole filling.

A quantitative study on the hydration degree of
cement (nature of hydration product) was performed.
Also, capillary porosity volume was obtained. Figure 1

CSH 

Original cement paste image

Segmented cement paste image 

Anhydrous phase 

Porosity 

Portlandite

Figure 1. Segmentation of hydrated cement (VAZ) paste,
W/C = 0.36.

shows a typical image of cement paste and the cor-
responding segmented image. The area fractions of
anhydrous and aggregate are calculated by comparing
their number of pixels to the total number of pixels of
the image. According to the stereological principles,
this area fraction corresponds to the volume fraction.

3 RESULTS ON HYDRATION PRODUCT

3.1 The combined water in CSH

With C3S paste, the polysilicate content in CSH was
found to increase with both time and temperature
(important parameter in this study knowing that tem-
perature of nuclear waste disposal could reach 80◦C),
but decrease as the H/S ratio of CSH. One of the
possible explanations of this tendency could be the
basis of a condensation reaction. When cement grains
are hydrated at elevated temperatures the precipitated,
CSH undergoes an increased rate of silicate condensa-
tion, causing the decrease of the bound water content
and thus the density of this hydration product to be
higher. Cong and Kirkpatrick (Cong & Kirkpatrick,
1995) postulated that the increase in the polymerisa-
tion of synthesised CSH at elevated temperature was
associated with a decrease in its inter-layer spacing.

3.2 Microstructure development

The microstructure of cement paste at 7 days is shown
in Figure 2 (low magnification and high magnifi-
cation). At low temperatures (20◦C), the hydration
process slows down: inner CSH is not observable,
outer CSH has precipitated in the matrix. A few hollow
shells (‘‘Hadley’’ grain), formed from the complete
dissolution of small cement grains, are found.

When observing 6 years old samples particularly
at those stored at early age during 2 years at 85◦C,
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Figure 2. Microstructure of cement (VAZ) paste at 7 day at
low temperatures (20◦C).

a large amount of visible pores exists. The size and
quantity of these pores are much higher than at 20◦C,
which can be clearly seen even with the images at low
magnification. Therefore, high temperature favours
the formation of ‘‘Hadley’’ grains.

Compared to 7 day, the degree of hydration at 28
days is higher (Figure 3): less anhydrous product isleft
and the inner CSH is much thicker. Smaller cement
grains are fully reacted and only the biggest ones are
left, with a surrounding inner CSH about 5–10 μm
thick. The porosity was reduced by the continuous
growth of CH and outer CSH products formed within
initially water filled space.

A large quantity of calcium hydroxide can be
observed in all temperature cases. It should be howev-
ernoticed that the individual phases at 20◦C are much
larger. At 85◦C, the quantity of visible CH in the matrix
is much lower than at the other curing temperatures.
The quantity is even much lower than that at 20◦C at 7
days, although the degree of hydration is much higher
than the latter. This is due mainly to the following
reasons:

At higher temperatures, the increase in the grey
level of CSH is almost non differentiable from CH
phase.

The solubility of Ca (OH)2 decreases with temper-
ature so at higher temperatures we expect more finer
particles of CH to form.

No AFm clusters can be seen at 85◦C. As con-
firmed by subsequent quantitative analysis, the degree
of hydration is very similar at all temperatures at
later ages. However, the microstructure is coarser due
to the nature of the hydration products that are less
homogeneously distributed in the matrix at the highest
temperatures.

The free volume at low temperatures is better filled,
while at higher temperature the hydration products are

Figure 3. Microstructure development of cement (VAZ)
paste at 7 and 28 days at 20◦C, W/C = 0.4 (difference on
porosity and development of inner CSH within the different
samples).

mainly distributed around the anhydrous grains. Con-
sequently, the quantity and size of porosity increases
with temperatures. It was however reported in the lit-
erature (Famy et al., 2002) that from 7 days to older
ages, the shape and size of porosity at high curing
temperatures are quite similar.

For all mixes, high temperature results in the fast
formation of hydration products; however, a coarser
microstructure is observed at later ages. The space at
lower temperatures is better filled; but at 85◦C, most
of the hollow shells normally formed at early ages are
still empty at later ages.

3.3 Conclusion on CSH Microstructure, gel
porosity and density

Temperature influences the morphology and compo-
sition of CSH. In BSE images, the rims of CSH
formed around the cement grains are brighter for
the pastes cured at lower temperatures (Kjellsen
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et al., 1990; Kjellsen et al., 1990; Verbeck & Hel-
muth, 1968). The CSH particles at 85◦C are more
closely packed than those at 20◦C (Bentur & Berger,
1979).

A recent study (Jennings et al., 2007) indicates that
the hydration of cement paste at 20◦C forms a low-
density CSH gel structure with a wider range of gel
pore sizes and a relatively low packing fraction of
solid pores. This fine structure may persist indefi-
nitely under saturated conditions. However, for cured
cement paste (85◦C or greater), the structure collapses
towards a denser and more stable configuration with
fewer large gel pores.

The microstructural development of cementitious
materials that were initially hydrated at elevated tem-
perature and subsequently stored at ambient temper-
ature has also been widely reported. The rims of
CSH surrounding the larger cement grains are nor-
mally much thicker after heat curing than those found
in pastes hydrated at normal temperature, and are
brighter when observed by backscattered image. The
inner CSH for this kind of storage has typically a
two-tone appearance and the layer formed latter is
darker than the layer formed at early ages (Famy et al.,
2002; Scrivener, 1992; Taylor et al., 2001). The dif-
ference is attributed to the different nanoporosity, and
therefore different densities and backscattered electron
coefficient.

3.4 Conclusion on calcium hydroxide

It was reported in the literature that at elevated tem-
peratures a greater proportion of portlandite was found
to form dense clusters as opposed to the more usual
lamellar-type morphology observed under ambient
conditions (Kjellsen et al., 1991) With C3S, Berger
et al., (Berger & McGregor, 1973) found that the
temperature increase is accompanied by an increase
in the number of Ca (OH)2 nuclei and a decrease in
nucleation time and crystal size.

4 EFFECT OF TEMPERATURE
ON THE DEGREE OF HYDRATION

The effect on the degree of hydration is discussed in
cement paste cases since the comparison between dif-
ferent techniques can be made. The same features were
observed for the 2 types of cement (VAZ, COU) at the
2 different W/C ratios (0.36, 0.40).

At later ages, the degree of hydration at all tem-
peratures is very close. From a quantitative point of
view, this verifies what is qualitatively observed on
the micro structure: the effect of high temperature is
only in the kinetics. It accelerates the hydration of the
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Figure 4. relationship between the degrees of hydra-
tion calculated from DTG and SEM image analysis,
(VAZ),W/C = 0.4.

cement pastes at early ages, but it does not limit the
degree of hydration at late ages.

The degrees of hydration from DTG analysis, cal-
culated from the sum of percentage of the hydration
products detectable from this technique, present the
same trend as observable on the results obtained from
SEM image analysis. Figure 4 shows the relationship
between the degree of hydration calculated from DTG
and SEM image analysis.

The degrees of hydration presented here are
obtained via two different techniques and calculation
methods. The results from DTG use the weight fraction
of phases, while the one from the SEM image analy-
sis is calculated from the volume change of anhydrous
phases observable in SEM images. These two methods
show very consistent results. The difference observed
is within the error of the measurement. This leads to
attest that the SEM image analysis technique is also
reliable to quantify the degree of hydration.

5 EFFECT OF TEMPERATURE
ON THE CAPILLARY POROSITY

The pores here are measured by image analysis, nor-
malised to the volume of cement paste. The pixel
resolution is 0.37 μm. Figure 5 shows the capillary
porosity at several ages.

Temperature has the same impact on all mixes, i.e.,
at early ages, a lower porosity is expected at higher
temperature because of higher degree of hydration.

Between different mixes, the capillary porosity is
more affected by the W/C. As is expected, cement
paste with W/C = 0.36 has lower porosity than mix2
with W/C = 0.4 even at 3 days.

At 28 days, 3 months and 6 year, more porosity
is present in the cement pastes at 85◦C (Figure 6).
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Figure 5. Capillary porosity calculated from SEM image
analysis of cement (VAZ) paste at several ages, W/C = 0.4.

Figure 6. Micro structure development of cement paste
(VAZ) at 85◦C (Up) and 20◦C (dawn), W/C = 0.4.

However the difference with 20◦C is not so great,
which could be related to the small porosity beyond the
range of measurement. All cement pastes with higher
W/C (W/C = 0.4) show larger quantity of porosity.
However, as shown in the section before, the degree of

hydration is almost the same in different curing con-
ditions. The only difference concerns the quantity of
capillary porosity. This could be interpreted as equal-
ity between the mass of hydration products. The only
change concerns the volume of hydration products that
is much higher at low temperature.

To conclude, at early age, due to the higher reaction
rate, cement pastes cured at 85◦C show lower capil-
lary porosity. However, an inverse trend is seen from
28 days up to 6 years. Capillary porosity is lower at
20◦C. At 6 years, the porosity of the samples stored
only 3 days at 85◦C is close to those iso-thermally
cured at 20◦C. The short curing at early age with
high temperatures has little influence on the capillary
porosity.

6 CHEMICALLY BOUND WATER IN CSH

The chemically bound water in cement pastes can be
understood as the amount of water needed for cement
to react, which includes water in CSH, CH, AFm, and
Aft phases (Taylor, 1997).

The complex structure of CSH makes the definition
of chemically bound water arbitrary. The bound water
in CSH (Taylor, 1997) includes the interlayer water in
CSH and adsorbed water, but not water in micropores
or in large pores.

Several different methods to determine the bound
water are described in the literature (Koster & Odler,
1986) (which is defined as non evaporable water by
Taylor (Taylor, 1997) ). The bound water defined in
different ways gives different results, but comparison
can be made on the values determined from the same
method. In mature OPC and C3S pastes at 20◦C, it
was found to be significantly higher than in the same
pastes hydrated at 90◦C (Koster & Odler, 1986; Odler
et al., 1987).

In CSH, usually, the H/S ratio is used to express the
water content. Since the reacted Si in the C3S and C2S
are known from SEM image analysis and it only exists
in the CSH, the content of silica in CSH can be thus
calculated using the mass balance of the material.

Thus, H/S molar ratio in CSH is obtained using
the amount of combined water and SiO2. The results

Table 1. Calculation of chemically bound water Data at 6
years, percentage in cement (VAZ) paste, temperature range
in TG: 50–1150◦C.

20◦C 85◦C Measurement

WCSH (%wt) 8.53 7.79 TG and XRD
Reacted SiO2 (%wt) 12.89 12.59 XRD
H/S in CSH (molar ratio) 2.82 2.24
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are shown in Table 1 It should be noticed that
when temperatures increase from 20 to 85◦C, the
chemically bound water in CSH decreases, from 2.8
to 2.2.

7 CSH RELATIVE BRIGHTNESS IN BSE MODE

In BSE images of well polished cementitious sample,
several sources of grey level contrast appear. The dif-
ferences are related to a dominant factor that is the
atomic number contrast. For compounds, the bright-
ness is determined by the weighted average of the
backscattered coefficients of its elementary compo-
nents. However, the backscattered coefficient is also
affected by microporosity in a way that is not clearly
understood. Thus the apparent brightness of CSH in
a backscattered image is determined by the microp-
orosity and the composition of CSH, i.e., C/S and H/S
ratio.

In a first step, the relative brightness under dif-
ferent curing conditions is investigated. Then all
factors linked the to CSH microstructural variation are
checked to have a better understanding of temperature
effects.

As discussed in section before, a two-tone inner
CSH rim (Figure 7) has formed in cement pastes
cured at high temperature for different periods. These
phenomena have been reported elsewhere (Famy
et al., 2002). The difference in grey level has
been attributed mainly to a different nanoporosity of
CSH formed at normal and elevated temperatures,
the latter having a lower nanoporosity, and there-
fore, higher density and higher backscattered electron
coefficient.

The backscattered coefficient of CSH increases
when chemically bound water proportion decrease.
Thus, at higher temperatures, the CSH appears to be
brighter.

Inner CSH  
Formed at 85˚C 

Inner CSH  
Formed at 20˚C 

Outer CSH  
Formed at 85˚C 

Figure 7. CSH rim formed in cement (VAZ) pastes cured at
2 different temperature (3 days at 85◦C followed by 6 years
at 20◦C, 2 different grey levels.

8 CONCLUSION

Temperature influences the relative brightness, den-
sity, and composition of CSH.

The relative brightness of CSH in BSE images
is mainly due to its composition and nanoporosity.
Indeed, the Ca/(Si+Al) ratio does not almost change
over the time and under different curing temperatures.
The increase in relative brightness of CSH with tem-
perature can be attributed to the increase in density
and decrease in chemically bound water.

For nonisothermally cured cement pastes, a two-
tone microstructure is found, which shows similar
relative brightness to that isothermally cured at cor-
responding high temperatures and 20◦C, respectively.

Temperature has a kinetically effect that allows
the acceleration of the hydration. However it doesn’t
limit the hydration in the long term. This is probably
due to the effect of the temperature on the diffusion
of ions and water that dominates the hydration pro-
cess. At higher temperatures, the density of CSH
increases and the gel porosity decreases, but the dif-
fusion rate of water increases that leads consequently
to the continuous formation of inner CSH instead of
outer CSH.

This was reflected in previous studies (Scrivener,
1992) at lower temperatures from the continuous
increase in inner CSH thickness and no change in
capillary porosity.

The previous study will be continued in order to
determine the effect of loading and relative humidity
on CSH and thus to include these parameters in the
modelling. Indeed the determination of the different
physical parameters that could influence the CSH vis-
coelastic parameters will be the most important part
of future study.
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Pore and nano-structural changes in C-S-H during drying at 50◦C
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ABSTRACT: Changes in specific surface area of hardened cement pastes and silicate anion structures in
C-S-H, subjected to drying and wetting/drying cycles, were studied by means of gas sorption and NMR to
clarify the reasons of coarsening of pore structure observed with MIP after drying at 50◦C. Decrease in specific
surface area due to drying was observed with nitrogen adsorption, and water vapor adsorption associated with
Excess Surface Work (ESW) analysis suggested a development of cohesive structure in C-S-H. NMR confirmed
polymerization of silicate anion chains. The drying-induced coarsening of pore structure is probably attributed
to polymerization of silicate anion chains and development of cohesive structure in C-S-H.

1 INTRODUCTION

Pore structure of hardened cement paste (HCP) is
believed as a decisive factor determining properties,
such as durability, of cement-based materials. Authors
reported that pore structures around 100 nm of diame-
ter of hardened cement paste (HCP) obtained by MIP
were coarsened with wetting/drying cycles or drying
at 50◦C, while frost resistance of HCP (Aono et al.
2007, 2008). In the mean time, the true density of HCP
obtained by under-water weighing increased, namely
the true specific volume decreased. Change in pore
structures of HCP probably connects with change in
nano-structures of C-S-H, the main constituent of HCP.

Gas adsorption method is a useful technique
that has been applied to nano-structural analysis of
C-S-H by many authors (Powers 1947, Brunauer
1962 and Feldman 1968). Specific surface area
obtained on the basis of BET method have been
mainly discussed, while recently, nano-structure of
C-S-H was discussed referring to the difference in BET
specific surface areas obtained using nitrogen and
water vapor (Odler 2003, Jennings & Thomas 2004).
Bentur et al. (1979) pointed out that BET specific
surface area is significantly affected by the prereq-
uisite drying of HCP. However, because the applicable
relative pressure range of the BET method is lower
than 0.35, nano-structure identification of C-S-H by
BET method is limited, and information based on
entire relative pressure range is not available, which is
nevertheless important to identify pore structure and
nano-structure of C-S-H. Adolphs & Setzer (1996a, b,

1998) proposed Excess Surface Work (ESW) model
capable of covering entire relative pressure range while
no attempt has been made to analyze HCP subjected
to drying with the ESW model.

Silicate anion chains of C-S-H are also affected by
drying, while according to the review of Thomas &
Jennings (2006), some different opinions have been
reported regarding the polymerization of silicate
anions with Trimethylsilylation (TMS) technique
(Bentur et al. 1979, Parrot & Young 1981, Milestone
1980). Recently, 29Si-NMR, which is more reliable
than the TMS, is widely used for analysis of silicate
anion structures (Grimmer 1994, Klur et al. 1998).

As mentioned above, the drying of HCP poses an
impact not only on the pore structure but also on
the specific surface area and polymerization of sili-
cate anions, while systematic studies of this issue are
very few. In this paper, we focused on the relation-
ships between pore structural change in HCP, subjected
to wetting/drying cycles or drying, obtained by MIP
and nano-structural change in C-S-H, the major con-
stituent of HCP, by means of 29Si-NMR, H2O and N2
adsorption.

2 EXPERIMENTS

2.1 Specimen preparation

Specimens of HCP were same as the report of authors
in this proceeding (Aono et al. 2008) or previous report
(Aono et al. 2007). Curing conditions are listed in
Table 1.
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Table 1. Curing conditions.

Environmental change
Sample W/C Water curing condition

35W20 0.35 2 weeks Water curing for 4 weeks
at 20◦C

35DW30 at 20◦C [Air curing for 5 days at
30◦C↔ water curing
2 days at 20 ◦C] ×
4 cycles

35DW50 [Air curing for 5 days at
50◦C↔ water curing
2 days at 20 ◦C] ×
4 cycles

35D50 Air curing for 4 weeks at
50◦C

Table 2. Test methods.

Item Method

Specific surface area N2 sorption isotherm
(Quantachrome
NOVA1000)

H2O sorption isotherm (BEL
Japan, BELSORP
18 PLUS-T)

Silicate anion structure 29Si-NMR MAS (Bruker,
Biospin Avance 400)

After environmental change curing, specimens
were crushed into particles with a diameter of approx.
2.5 to 5 mm, treated with acetone to suspend hydration
and kept under the D-dry, carbonation-free, condition
until the test. Specimens for nitrogen and water vapor
sorption isotherms and for NMR were finely ground
in a mortar.

2.2 Test method

Test methods are summarized in Table 2.
Nitrogen sorption isotherm was determined after

degassing for two hours using Quantachrome
NOVA1000. Specific surface area was calcu-
lated using BET (Brunauer-Emmett-Teller) method
(Brunauer et al. 1938) and pore size distribution was
obtained according to DH (Dollimore-Heal) method
(Dollimore & Heal 1964). A nitrogen molecular area
of 0.162 nm2 was adopted for the specific surface area
calculation (McClellan & Harnsberger 1967).

Water vapor sorption isotherm was determined at
25◦C after a prerequisite drying in vacuum at 20◦C
for 24 hours using Bell Japan’s BELSORP P18-Plus.
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d = 0
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Figure 1. Plots of ESW model (a): ESW (�) vs. amount
adsorbed (b): plots of logarithm method.

Analysis was performed not only with BET method
but also with the ESW model proposed by Adolphs &
Setzer (1996a, b, 1998). ESW � is defined with the
following Equations,

� = nads�μ (1)

ln |�μ| = − 1

nmono
· nads + ln |�μ0| (2)

where nads is the amount adsorbed and�μ is a change
in chemical potential defined as �μ = RT ln(p/ps).
Figure 1 shows the plots of Eqs. (1) and (2) represented
with the ESW model, where a minimum is shown in
Figure 1(a). ESW has a physical content of the adsorp-
tion energy of molecule per unit mass of adsobent
and shows a minimum at monolayer adsorption nmono.
A line with a negative gradient is shown in Figure 1(b)
where the inverse of the gradient gives nmono. Specific
surface area can be obtained multiplying nmono by the
molecular area of gases. Moreover with Figure 1(b),
changes in the specific surface area with an increase in
nads, i.e. with changes in adsorption state at multilayer
adsorption, can be discussed (Adolphs & Setzer 1998).
A water molecular area of 0.114 nm2 was adopted
for the specific surface area calculation (Brunauer &
Greenberg 1962).

NMR measurement was performed according
to 29Si-NMR (MAS) method at a frequency of
79.45 MHz, acquisition time of 10 seconds and
number of points of 5000 using Bruker Biospin
AVNCE400. The obtained spectrum was subjected
to deconvolution using Gaussian/Lorenzian scheme
of the dedicated software Bruker WinFit. When
29Si nuclei are subjected to NMR, silicate anions
(SiO4−

4 ) in a calcium silicate compound show Q0 to Q4
peaks in the spectrum representing their chain struc-
tures. In C-S-H, the major constituent of HCP, Q1
(chain end) and Q2 (within chain) are the major chain
configuration and neither Q3 (branching chain) nor Q4
(networked chain) can be observed (Grimmer 1994).
Klur et al (1998) separated Q2 peaks into three types
by ligand ions: Q2p (H+ coordination), Q2i (interlayer
Ca2+ coordination) and Q2Ca (CaO layer coordina-
tion), but the separation is normally difficult because
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Figure 2. Schematic structure of C-S-H and assignment of
Qn (redrawn of Klur et al. 1998).

Q2i peak is not intensive and overlapping with Q2Ca.
Figure 2 shows the schematic silicate anion structure
with coordination of Q1, Q2Ca and Q2p.

Because silicate anion chain of C-S-H resulting
from cement hydration is a straight chain, the geomet-
rical relation gives averaged polymerization degree N
using Equation (3).

N = 2× Q2total/Q1 + 2 (3)

where Q2total = Q2p +Q2Ca is assumed. According to
the method of Parry-Jones et al. (1989), peak intensity
ratio Iq0 of Q0 originated from unreacted cement is
determined and the degree of cement hydration a was
obtained using Equation (4).

α = 1− IQ0 (4)

3 RESULTS AND DISCUSSIONS

3.1 MIP and under-water weighing

Figure 3 shows the comparison of specific volume of
pore and solid in HCP (Aono et al. 2007, 2008). With
an increase in degree of drying, vtr decreases and VHg
increases, and Vtotal−VHg decreases accordingly. This
implies that the solid part of HCP shrunk with a devel-
opment of cohesion and increase in large pores with a
diameter greater than 8 nm.

3.2 Nitrogen adsorption

Nitrogen sorption isotherms for HCP are shown in
Figure 4 where specific surface areas determined
with BET method are also shown. Compared to the
non-treated specimen (35W20), amount of nitrogen
adsorption, hysteresis and BET (N2) specific surface
area generally decreased according to the drying con-
dition. The decrease of hysteresis implies changes in
pore structure of HCP or nano-structure of C-S-H.
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Figure 3. Comparison of specific volume of pore and solid
in HCP (Aono et al. 2007, 2008).

Note: *; (Vtotal-VHg): Pore volume less than 8 nm in pore
diameter (d). H2O can enter, Hg can not.
**; VHg: Cumulative pore volume evaluated by MIP, more
than d = 8 nm.
***; vtr : Volume of solid (C-S-H in hcp) corresponding true
specific volume.

0

5

10

15

20

25

0 0.2 0.4 0.6 0.8 1
Relative pressure P/Ps

N
2 

ad
so

rb
ed

 (
cm

3 /g
) 35W20

35DW30
35DW50
35D50

BET N2 (cm2/g)

8.4

5.7
3.6

9.5

Figure 4. N2 sorption isotherm of HCP.

Decrease in BET (N2) surface area due to drying
may be explained by the Colloid Model proposed by
Jennings (2000), where unit particles, the basic build-
ing blocks with a diameter approx. 1 nm, are forming a
colloidal particle, a higher-order structure called Glob-
ule. C-S-H can be classified in LD C-S-H and HD
C-S-H according to the cohesive structure of Globules,
where LD C-S-H allows nitrogen gas to enter while
HD C-S-H does not. When C-S-H is subjected to dry-
ing, LD C-S-H becomes more cohesive and prevents
nitrogen gas molecules from entering in the structure
resulting in the decrease in BET (N2) specific surface
area. This implies the drying-induced densification
of C-S-H and corresponds to the decrease in the true
specific volume of HCP as shown in Figure 3.

Pore size distributions for HCP calculated with
DH method (Dollimore & Heal, 1964) are shown
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Figure 5. Pore size distribution of HCP with N2 by DH
method.

in Figure 5. Compared to the non-treated specimen
(35W20), total pore volumes measured with nitrogen
decrease according to the drying condition, i.e. in an
order of 50 ◦C drying and wetting (35DW50) and 50 ◦C
drying (35D50). A marked decrease in pore volume
can be found at a pore volume with a pore diame-
ter around 7 nm showing good agreement with the
decrease in pore volume with a diameter less than 8 nm
(Vtotal−VHg)measured with under-water weighing as
shown in Figure 3.

3.3 Water vapor adsorption

Water vapor sorption isotherms of specimens are
shown in Figure 6. Compared to the non-treated spec-
imen (35W20), amount of adsorption and hysteresis
decreased according to the drying condition, also
BET (H2O) specific surface areas decrease with an
extent of drying. Applicable relative pressure range of
BET method is limited between 0.05 and 0.35 and
the resulting specific surface area is based on the
monolayer adsorption, while the difference in water
vapor sorption isotherms as shown in Figure 6 occur
at higher relative pressure range implying that the
drying-induced structural changes are represented at
multilayer adsorption states.

This assumption was verified with ESW model
proposed by Adolphs & Setzer (1996, 1998) using
Equations (1) and (2). The results are shown in Figure 7
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where the ESW minima at the monolayer adsorption
show positive increase due to drying implying the low-
ering of adsorption energy at the monolayer adsorption
as shown in Figure 7(a). It is also shown in Figure 7(b)
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Table 3. Specific surface area.

Nitrogen
adsorption
(m2/g) Water vapor adsorption (m2/g)

BET BET ESW
Specimen BET N2 BET H2O S1 H2O* S2 H2O**

35W20 8.4 133.5 124.8 118.2
35DW30 9.5 118.1 112.5 105.8
35DW50 5.7 113.6 117.7 88.0
35D50 3.6 107.6 109.6 52.7

*: ESW S1 H2O; mono-layer.
**: ESW S2 H2O; multi-layer.

that a knick point is present at the monolayer adsorp-
tion state and the gradient, corresponding to a specific
surface area, increases with an intensity of drying,
implying the lowering of the specific surface area of
C-S-H at multilayer adsorption states.

Specific surface areas at monolayer and multilayer
adsorption states can be calculated using Equation (2).
The results of analysis of specific surface area obtained
by N2 and H2O adsorptions are shown in Table 3. BET-
N2 shows a single digit smaller specific surface area
than those using water vapor. Drying-induced changes
in specific surface areas with water vapor are almost
equal to those with BET-H2O and ESW S1-H2O while
that of ESW S2-H2O is much larger.

Jennings (2000) attributed the drying-induced
changes in specific surface areas of BET-H2O to an
aggregation of LD C-S-H while the result of ESW
S2-H2O further suggests that the specific surface area
at multilayer adsorption decreases significantly.

Conventional knowledge showed that specific sur-
face areas of HCP with BET-H2O is almost constant
regardless of water-cement ratio, age and prerequi-
site drying condition and is always greater than that
with BET-N2 (Feldman 1968, Odler 2003). This is a
consequence of calculating the specific surface areas
using monolayer capacity. Because water molecules
can access to the nano space of HCP, ESW analy-
sis of changes in specific surface area at multilayer
adsorption is likely to figure out the aggregation of
C-S-H. The result of ESW analysis may also attribute
the coarsening of pore structure observed with MIP
(Aono et al. 2007, 2008) the drying-induced aggrega-
tion of C-S-H.

3.4 Nuclear Magnetic Resonance

NMR output was analyzed following the chemical
shifts shown by Klur et al (1998) and Q2 was separated
into Q2p and Q2Ca. Drying-induced changes in peak
intensity are compared in Figure 8 where Q1 decreases
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Figure 8. Comparison of relative peak intensity of C-S-H
in HCP by 29Si NMR MAS.

Table 4. Degree of polymerization N and degree of
hydration α.

Degree Degree
of polimerization of hydration

Specimen N (Eq. (3)) α (Eq. (4))

35W20 4.1 81.1
35DW30 3.9 87.7
35DW50 5.0 85.8
35D50 11.2 88.1
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Figure 9. Average of degree of hydration N vs. degree of
hydration α.

and Q2Ca increases. The average of the degree of sili-
cate anion polymerization and the degree of hydration
calculated with Equation (3) and (4) are shown in
Table 4. As shown in Figure 9, the polymerization
of silicate anion does not depend on the degree of
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cement hydration. This is supported by the report of
Brough et al. (1994) showing that Q2 increased with
decrease in Q1 after the fully hydrated ages of more
than 100 days. This implies that polymerization of
silicate anions coordinated with CaO layer developed
when C-S-H was subjected to drying.

3.5 Pore structure and nano-structural changes
due to drying

Above results show that pore structural changes
in HCP during drying can be attributed mainly to
changes in C-S-H structure at nano levels. Relation-
ship between specific surface area with BET-N2 and
degree of polymerization of silicate anions (Q2total) is
shown in Figure 10. With an increase in Q2total, BET-
N2 decreases significantly implying that the drying-
induced changes in specific surface area with BET-N2
is associated with polymerization of silicate anions,
which was also noted by Jennings (2000, 2004).

Relationship between specific surface area with
BET-H2O, ESW S1-H2O and ESW S2-H2O, and
Q2total is shown in Figure 11. Change in specific sur-
face area at monolayer adsorption state (BET-H2O and
ESW S1-H2O) with an increase in Q2total is slight while
at multilayer adsorption (ESW S2-H2O), it decreases
significantly. This also implies an aggregation of
C-S-H as seen in BET-N2.

Relationships of pore volumes (Vtotal and VHg) and
specific volume of solid (vtr)with respect to Q2total are
shown in Figure 12, where Vtotal shows no or slight
increase but VHg tends to increase. This leads to a
conclusion that the drying-induced pore coarsening
was caused by the development of polymerization of
silicate anion chains resulting in a formation of new
pore spaces.
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4 CONCLUSIONS

When HCP was subject to drying at 50◦C, pore
structure and C-S-H nano-structure changed in the
following manner:

1. Pore volume with a diameter greater than 8 nm
increased as measured by MIP.

2. True specific volume measured by the underwater
weighing decreased and pore volume with a diame-
ter smaller than 8 nm decreased while the total pore
volume remained unchanged.

3. Specific surface area measured with BET-N2
decreased significantly.

4. Specific surface area measured with BET-H2O
showed good agreement with that obtained by
ESW model at monolayer adsorption state (ESW
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S1-H2O) and decreased slightly by drying, while
that at multilayer adsorption state (ESW S2-H2O)
decreased significantly in the same manner as in
BET-N2.

5. Polymerization of silicate anion chain was induced
by drying as observed in 29Si-NMR and no corre-
lations between silicate anion polymerization and
degree of hydration of HCP were recognized.

6. Specific surface area measured with BET-N2 and
ESW S2-H2O decreased significantly with an
increase in polymerization of silicate anions in
C-S-H, implying that the drying was responsi-
ble to the polymerization and the development of
cohesive structures of C-S-H.

7. The drying-induced pore coarsening of HCP, as
measured with MIP, was attributed to the for-
mation of cohesive structures resulting from the
polymerization of silicate anion chains in C-S-H.
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Carbonation shrinkage mechanism of a tobermorite-based material

F. Matsushita, Y. Aono & S. Shibata
Sumitomo Metal Mining Siporex Co., Ltd, Mie, Japan

ABSTRACT: A tobermorite-based material (autoclaved aerated concrete) sometimes shows carbonation
shrinkage, resulting in the durability problems such as deflection and cracking. In this study, carbonation
shrinkage mechanism was studied by the changes of micro-pore structure and silicate-chain structure. A car-
bonated tobermorite-based material shows no shrinkage at a carbonation degree approximately less than 20%,
and, however, shows shrinkage gradually at a carbonation degree from approximately 20% to 60%. The 29Si
MAS NMR spectrum showed that, at a carbonation degree less than 25%, the typical double-chain silicate anion
structure of tobermorite-1.1nm was well maintained and interlayer Ca ions were exchanged with protons. It
corresponded to the absence of carbonation shrinkage at a carbonation degree less than 20%. When carbonation
degree exceeded from 25% to 60%, double-chain silicate anion structure of tobermorite-1.1nm was decomposed
and Ca ions in the Ca-O layers was dissolved, showing a possible mechanism of carbonation shrinkage.

1 INTRODUCTION

One of the most harmful factors affecting the
durability of autoclaved aerated concrete (AAC)
is carbonation, in which tobermorite-1.1 nm
(5CaO·6SiO2·5H2O), the principal binding mineral of
AAC, reacts with atmospheric carbon dioxide gas in
the presence of moisture, and decomposed to silica-gel
and calcium carbonate as shown below.

5CaO · 6SiO2 · 5H2O+ 5CO2

→ 5CaCO3 + 6SiO · nH2O+ (5− n)H2O

Carbonation leads to degradation such as the
decrease of strength, the increase of deflection and the
growth of lattice-like cracking (Goodier & Matthews
1997, Matsushita & Shibata 2000). They are mainly
caused by the carbonation shrinkage.

In the microstructure change of AAC during car-
bonation (Matsushita et al., 1999), the planer parti-
cle shapes of tobermorite-1.1 nm and the associated
inter-particle pores were not changed significantly,
although the double-chain silicate anion structure of
tobermorite-1.1 nm was decomposed to silica-gel-
like structure and drying shrinkage increased with
carbonation.

Numerical values of carbonation shrinkage of AAC
were reported from 0.1 to 1.0% for laboratory carbon-
ation though it varied according to the raw materials,
carbon dioxide concentration and relative humidity

(Fedin et al., 1970, Sauman 1972, Novikova et al.,
1978, Nireki et al., 1990, Ochiai 1993).

However, the relation between carbonation shrink-
age and change of tobermorite-1.1nm crystal struc-
ture as well as microstructure of AAC has not been
reported. We studied the mechanism of carbonation
shrinkage of AAC, carbonated under an accelerated
condition, with 29Si MAS NMR spectroscopy.

2 EXPERIMENTAL

2.1 Specimens

AAC blocks made by Sumitomo Metal Mining Siporex
Co., Ltd. were used for laboratory carbonation. They
were shaped in 40× 40× 160 mm and dried at 105◦C
for 2 hours. After that, a pair of 20 mm-brass pins
was fixed on both ends by an adhesive for the length
change measurement. A surface part from 0 to 10 mm
was used for determining the carbonation degree and
analyses.

2.2 Carbonation

Laboratory carbonation samples were pre-treated at
a temperature of 20◦C and relative humidity of 90%
for 1 week. Subsequently, they were carbonated under
conditions of CO2 concentration of 3 and 0.3 vol.% at a
temperature of 20◦C and an ambient relative humidity
of 90%.
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2.3 Carbonation degree

The amount of combined carbon dioxide and calcium
oxide were measured to determine the carbonation
degree. TG-DTA was used for determining the amount
of combined carbon dioxide except for the amount
of adsorbed carbon dioxide gas and carbonated salt
other than calcium carbonate. The amount of com-
bined carbon dioxide was measured as the weight loss
during heating from 600 to 800◦C corresponding to the
decomposition of calcium carbonate. The amount of
calcium oxide was analysed by ICP. The carbonation
degree (Dc) can be given by

Dc(%) = [(C− C0)/(Cmax − C0)] × 100, (1)

where C, C0 and Cmax are the amount of combined car-
bon dioxide in a sample, that of an untreated AAC and
that when all calcium oxide transformed to calcium
carbonate (Matsushita et al., 2000).

2.4 Carbonation shrinkage

Shrinkage strain δ due to carbonation can be given by,

δ = [(l − l0)/l0] × 100, (2)

where l and l0 were current length and initial length
after pre-treatment under conditions of 20◦C and 90%
R.H. for 1 week. Measurement was always done in the
carbonation chamber under conditions of 20◦C and
90% R.H.

2.5 Analysis of crystalline phases

Crystalline phases were analyzed by XRD using
RIGAKU RINT 1000 with CuK α radiation under the
conditions of 40 kV and 30 mA.

2.6 Analysis of microstructure

The microstructure was analyzed by mercury
porosimeter, EPMA and SEM. Mercury porosimetry
was measured with Shimadzu Autopore-9200. EPMA
cross-section analysis of Si and Ca were measured
with Shimadzu EPMA-2300. Jeol JSM-5410 was used
for SEM observation. The specimens measured were
untreated AAC and laboratory-carbonated AAC under
conditions of CO2 concentration of 3 vol.% and field-
carbonated AAC with various carbonation degrees up
to 60%.

2.7 Analysis of silicate-chain structure

Silicate-chain structure was analyzed by 29Si MAS
NMR. 29Si MAS NMR spectra was recorded by the
Jeol JNM-�-400 WB with an observation frequency

of 79.42 MHz, a repeating time of 7.0 s, a contact
time of 6.4 μs is and a cumulative number of 3000 to
12000 scans. The specimens measured were untreated
AAC and laboratory-carbonated AAC under condi-
tions of CO2 concentration of 3 vol.% with carbonation
degrees of 25, 50 and 60%.

3 RESULTS AND DISCUSSION

3.1 Carbonation degree

Carbonation degree as a function of treated time is
shown in Figure 1. The higher the carbon dioxide
concentration, the faster was the increase in carbon-
ation degree. Carbonation degree reached saturation
approximately at 60% after 35 days under a CO2
concentration of 3 vol.% and 120 days under a CO2
concentration of 0.3 vol.%.

3.2 Carbonation shrinkage

Carbonation shrinkage reached approximately 0.25%
after 40 days for 3 vol.% CO2 and 160 days for 0.3
vol.% CO2 showing that a higher CO2 concentration
led to a quicker shrinkage (Figure 2). The maximum
value of carbonation shrinkage was approximately
0.27% for 3 vol.% CO2 and approximately 0.25% for
0.3 vol.% CO2.

Length change during carbonation as a function of
carbonation degree is shown in Figure 3. Regardless
of carbonation conditions, the relation between car-
bonation degree and carbonation shrinkage showed
nearly the same tendency. Carbonation shrinkage
didn’t occur when carbonation degree was less than
20%. When carbonation degree ranged from 20%
to 50%, carbonation shrinkage occurred gradually
and reached approximately 0.1%. When carbona-
tion degree ranged from 50% to 60%, carbonation
shrinkage occurred significantly and reached approx-
imately 0.25%.
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Figure 1. Carbonation degree as a function of treated days.
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3.3 Crystalline phases

The XRD patterns for the untreated and laboratory-
carbonated AAC at various Dc are shown in Figure 4.
For untreated AAC, tobermorite-1.1 nm, α-quartz,
anhydrite (CaSO4) and bassanite (CaSO4 · 1/2H2O)
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Figure 6. Pore size distributions of untreated and
laboratory-carbonated AAC.

were found. Calcium carbonate was found as calcite
and vaterite in laboratory-carbonated AAC. The XRD
peak intensities of tobermorite-1.1 nm (002, 2θ =
7.8◦), calcite (110, 2θ = 35.95◦) and vaterite (102,
2θ = 32.71◦) as a function of Dc are shown in Figure 5.
Tobermorite-1.1 nm decreased and calcite increased
with an increase of Dc, and vaterite began to increase
at a Dc approximately 30%.

3.4 Microstructure

Pore size distributions of the untreated and laboratory-
carbonated AAC with different Dc by mercury
porosimeter are shown in Figure 6. The total pore
volume decreased from 0.8 ml/g to 0.5 ml/g by carbon-
ation, particularly in the characteristic pores of AAC
of approximately 10 to 100 nm that correspond to the
inter-particle pores of tobermorite-1.1 nm (Prim and
Wittmann 1983).

Figure 7 shows Ca and Si distributions by EPMA
cross-section analysis for the untreated and laboratory-
carbonated AAC. In these figures, ‘‘A’’ represents air
pores, where both the Si and Ca distributions are
shown in dark, and ‘‘Q’’ represents α-quartz particles,
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Figure 7. Ca and Si distributions by EPMA cross-section
analysis: (a) untreated AAC and (b) laboratory-carbonated
AAC (Dc = 50%).

Figure 8. SEM images in air pores for (a) untreated AAC
and (b) laboratory-carbonated AAC (Dc = 60%).

where the Si and Ca distributions are shown in bright
and dark, respectively. For the untreated AAC, the
Si distributions and Ca distributions might represent
the distribution frequencies of tobermorite platy parti-
cles as the distributions of these shows a resemblance.
Therefore, Ca atoms and Si atoms were considered
to be distributed homogeneously in the matrix unlike
for α-quartz particles. The homogeneous distribution
of Ca atoms in untreated AAC changed to uneven
distribution in the laboratory-carbonated AAC, which
suggest that Ca atoms were deposited cohesively in
the matrix during carbonation. On the other hand, the
distribution of Si atoms in the matrix was unchanged
in the laboratory-carbonated AAC. It was obvious that
Ca ions were deposited from tobermorite-1.1 nm and
reacted with carbon dioxide, while Si ions remained.

From the SEM images in Figure 8, inter-particle
pores by geometrical arrangement of tobermorite

particles are not changed significantly during
carbonation.

Therefore, it is most likely that the decrease in pore
volume during carbonation was the deposition of cal-
cium carbonate into the inter-particle pores at a pore
diameter of approximately 10 to 100 nm. The reason
for the absence of swelling during carbonation was
attributed to the deposition of calcium carbonate into
the inter-particle pores.

3.5 29Si MAS NMR spectrum
29Si MAS NMR spectra of untreated AAC and
laboratory-carbonated with carbonation degrees of 25,
50 and 60% are shown in Figures 9 (a) to (d). The
29Si MAS NMR chemical shifts by peak separation
are shown in Table 1.

When carbonation degree ranged from 0%
(untreated) to 25%, 29Si MAS NMR spectra were
almost unchanged, which implied the double-chain sil-
icate anion structure of tobermorite-1.1nm was well
maintained, however at peaks around −100 ppm a
little change was observed at a carbonation degree
of 25%. On the other hand in the same progress of
carbonation degree of 25%, 29Si MAS NMR spec-
tra of specimens with a carbonation degree ranging
from 25% to 50% changed considerably. Further-
more, when carbonation degree ranged from 50%
to 60%, 29Si MAS NMR spectra changed remark-
ably in spite of only 10% advance of the carbonation
degree. During this process, double-chain silicate
anion structure of tobermorite-1.1 nm (Q2 and Q3) was
supposed to be rearranged to 3-dimentional silica-gel
like structure (Q4).

3.5.1 Untreated specimens
For untreated AAC, signals at −80.6, −85.3, −92.0,
−96.0 and −107.4 ppm were observed, which cor-
responded to Q1, Q2, Q3 (1Al) Q3 (0Al) and Q4,

50 0 -50 -100 -150

50 0 -50 -100 -150

50 0 -50 -100 -150

50 0 -50 -100 -150

ppm

ppm ppm

(d) Labo-AAC Dc=60%

(c) Labo-AAC Dc=50%

(b) Labo-AAC Dc=25%

(a) Nontreated-AAC

-111.29
-107.72
-102.68

-96.53
-92.35
-86.14
-83.44
-80.43

Q1

Q2

Q3

Q4

Q1

Q2

Q3
Q4

Q2

Q3

Q4

Q3

ppm

Figure 9. 29Si MAS NMR spectrum for untreated-AAC and
laboratory-carbonated AAC.

44



Table 1. 29Si MAS NMR chemical shifts of samples.

Q1 Q2 Q3 Q4
ppm from TMS
(Relative Intensity) Q1 Q2p Q2i Q2Ca Q3(1Al) Q3 Q3(1OH) Q4 Q4(Quartz)

−80.6 −85.3 −92.0 −96.0 −107.4
Untreated (28) (100) (16) (17) (4)

−80.4 −83.4 −86.1 −92.4 −96.5 −102.7 −111.3 −107.7
Labo Dc = 25% (15) (51) (100) (23) (42) 54 (48) (14)

−82.8 −86.1 −98.0 −102.3 −111.1 −107.7
Labo Dc = 50% (5) (21) (60) (90) (100) (15)

−102.8 −110.3 −107.5
Labo Dc = 60% (100) (68) (5)
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Figure 11. Change of silicate structure and mechanism of carbonation shrinkage.

respectively (Wieker et al., 1982, Komarneni et al.,
1985). Q4 signal at −107.3 ppm corresponded to α-
quartz, one of the raw materials of AAC. The value of
Q3/Q2 of the untreated specimen was approximately
1/3, although the theoretical value is 1/2. Therefore
the bridging tetrahedra were supposed to comprise
approximately 25% of Q2 and approximately 75%
of Q3.

3.5.2 Carbonation degree of 25%
When carbonation degree reached 25%, signals at
−83.4 ppm, −102.7 ppm and −111.3 ppm appeared
in the laboratory-carbonated specimen. The signal at
−111.3 ppm corresponds to Q4 of silica-gel (Grim-
mer et al., 1982), which differs from Q4 of α-quartz
(−107 ppm). Sato et al., (1992) and Sasaki et al.,
(1996) concluded from 29Si MAS/CPMAS NMR
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spectrum that the signal around −82 ppm corre-
sponded to the protonated silicate ions in the sili-
cate chain. Klur et al., (1997) proposed to attribute
−482.1 ppm to bridging tetrahedra bonded to two
protons ‘‘Q2p’’, −83.9 ppm to bridging tetrahedra
bonded to one proton and one calcium ion ‘‘Q2i’’, and
−85.3 ppm to silicate tetrahedra coordinated to the
calcium ions ‘‘Q2Ca’’. In short, Q2Ca called by Klur
et al., (1997) means the ordinary Q2. −83.4 ppm for
laboratory-carbonated specimen corresponded to Q2i.
A signal at −102.7 ppm corresponds to the bridging
tetrahedra bonded to one proton and one silicate ion,
‘‘Q3 (1OH)’’ (Cong et al., 1993). The silicate struc-
ture model in tobermorite-1.1 nm including Q3 (1OH),
Q2p, Q2i and Q2Ca bonds is shown in Figure 10. The
appearance of Q2i and Q3 (1OH) including the proto-
nated silicate ions during the early carbonation periods
signified the exchange of calcium ions by protons in
the interlayer space of tobermorite-1.1 nm.

3.5.3 Carbonation degree more than 50%
When carbonation degree reached 50%, Q1 disap-
peared, Q2 peaks around −82 ppm to −86 ppm got
relatively lower and Q3 and Q4 appeared or got higher
in carbonated specimens. Q2i (−83.4 ppm) disap-
peared, a slight signal of Q2p (−82.8 ppm) appeared
and the highest signal changed from Q2 to Q4.

When carbonation degree reached 60%, Q3 (1OH)
and Q4 were detected for laboratory-carbonated spec-
imens. Therefore, double-chain silicate anion struc-
ture of tobermorite-1. 1nm was finally decomposed,
shrunk and polymerized to a silica-gel-like structure
in the final stage of carbonation.

3.6 Mechanism of carbonation shrinkage

During the early carbonation periods at a carbon-
ation degree less than 25%, double-chain silicate
anion structure of tobermorite-1.1 nm maintained
well and protonated silicate ions in the silicate chain
appeared. Komarneni & Tsuji (1989) studied the ion
exchange properties of Ca ions in the interlayer space
of tobermorite-1.1nm. The Ca ions in the interlayer
and the Ca-O layer occupied 20% and 80% of Ca atoms
in tobermorite-1. 1nm, respectively (Taylor 1964).
Carbonation shrinkage didn’t occur when carbonation
degree was less than 20%. Therefore, the absence of
carbonation shrinkage until the carbonation degree of
20% may be attributed to the retaining of the main
structures of tobermorite-1.1 nm, the double-chain sil-
icate anion structure and the Ca-O layer, as shown in
Figure 11.

During the carbonation periods of carbonation
degree from 25 to 60%, Ca ions dissolved from the Ca-
O layer and the double-chain silicate anion structures

was decomposed, shrunk and polymerized to silica-
gel structure. This is the most likely mechanism of
carbonation shrinkage of a tobermorite-based mate-
rial, as shown in Figure 11. It can also support the
relation that both of the progress of carbonation shrink-
age and the change of silicate anion structure during
carbonation degree ranged from 50% to 60% were
more remarkable than that during carbonation degree
ranged from 20 or 25% to 50%.

4 CONCLUSION

1. For laboratory-carbonated specimens under CO2
concentrations of 3 and 0.3 vol.%, the rela-
tion between carbonation degree and carbonation
shrinkage was nearly the same. Carbonation shrink-
age was not observed when carbonation degree
was less than 20%. Carbonation shrinkage reached
approximately 0.1% and 0.25% at a carbonation
degree of 50% and 60%, respectively.

2. Tobermorite-1.1 nm decreased and calcite increased
with an increase of Dc and vaterite began to
increase at a Dc of approximately 30%.

3. The total pore volume decreased from 0.8 ml/g
to 0.5 ml/g by carbonation at approximately 10 to
100 nm that correspond to the inter-particle pores.
Ca ions were deposited from tobermorite-1.1nm
and reacted with carbon dioxide, while Si ions
remained. The reason for the absence of swelling
during carbonation was attributed to the deposition
of calcium carbonate into the inter-particle pores.

4. When carbonation degree was less than 25%, 29Si
MAS NMR spectrum suggested that the double-
chain silicate anion structure of tobermorite-
1.1nm was maintained well and calcium ions
were exchanged by protons. It was suggested
that the reason for the absence of carbonation
shrinkage until the carbonation degree of 20%
was the retaining of the double-chain silicate
anion structure and the Ca-O layer, the main struc-
tures of tobermorite-1.1nm. When carbonation
degree ranged from 25 to 60%, Ca ions dissolved
from the Ca-O layer and the double-chain sili-
cate anion structures were decomposed, shrunk
and were polymerized to silica-gel-like structure.
This is the most likely mechanism of carbonation
shrinkage of AAC, a tobermorite-based material.
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Drying shrinkage mechanisms of hardened cement paste

C. Duckheim & M.J. Setzer
Institute of Building Physics and Materials Science, University of Duisburg-Essen, Essen, Germany

ABSTRACT: Drying shrinkage has been experimentally investigated by means of a newly developed
laser-supported measuring principle. Further—mainly novel—methods have been applied for examining sorp-
tion behaviour as well as inner volume and density change. Divided into de- and adsorption, different sections of
relative humidity are found with each varying dominating mechanisms. In the lower humidity range shrinkage
and swelling are proportional to change in surface free energy. However, an energy reduction during adsorption
does not lead to an expansion as assumed up to now (Munich Model), but to a contraction of csh-particles,
while pore volume increases simultaneously (and vice versa during desorption). For this reason the influence of
surface energy has to be attributed to the dispersive component of disjoining pressure which prevails in the lower
humidity range, whereas in the range of condensation repulsiv components and capillary tension dominate the
processes in hcp.

1 INTRODUCTION

As far as design and optimisation of new kinds of
concrete are concerned, but also with regard to mod-
elling the characteristics of this building material,
the exact understanding of chemical and physical
relations in hcp which significantly determines the
material attributes, is of fundamental relevance. How-
ever, due to its hygroscopic character, many hcp-
properties vary extensively depending on the water
content of the pore system. Furthermore, with its
highly dispersed microstructure, mainly consisting
of nanosized csh-particles and its large internal sur-
face area hcp has features of a colloidal material so
that surface interactions play a prevailing role. Pre-
cise experimental data of hygric properties as drying
shrinkage/swelling or density change are necessary to
explain the underlying mechanisms such as disjoining
pressure, surface energy change and capillary ten-
sion. For this reason detailed measurements regarding
various hygric characteristics of the so-called solid-
liquid gel-system are conducted at the Institute of
Building Physics and Materials Science at the Uni-
versity of Duisburg-Essen. With a high resolution
drying shrinkage is measured using a newly devel-
oped laser-supported method, a magnetic suspension
balance allows the dynamic determination of sorption
isotherms and inner volume changes are detected by
helium pycnometry.

2 THEORETICAL BACKGROUND

In the past hygric strains of hcp have been explained
by means of several different mechanisms. The most
important certainly are

• disjoining pressure �
• surface energy F and
• capillary tension pc.

The disjoining pressure is defined as the difference
between the pressure in a liquid under undisturbed
bulk conditions and the pressure in an interphase (here
pore solution between csh-particles). Following Der-
jaguin et al. (1987) it is combined of two repulsive
components (only active in water filled pores) - the
electrostatic part�e, which is attributed to the electri-
cal double layer of the adsorbed water molecules and
the structural term �s due to solvation effects -on the
one hand and an attractive interaction force, the molec-
ular or dispersive component �m, which is based on
the electromagnetic dipole-dipole interaction on the
other hand:

� = �m + �e + �s (1)

Here the molecular component, which leads to a strong
attraction in gas filled pores, but only to low attraction
forces in water filled pores, has a negative sign. An
increase of disjoining pressure due to the adsorption
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of water increases the distance between particles and
therefore leads to a structural swelling of hcp.

In the lower humidity range shrinkage and swelling
are often explained by means of surface free energy
change �F due to the de-/adsorption of water on the
surfaces of csh-particles:

�F = −
∫ μ

μ0
ηadsdμ (2)

Here nads is the ad-/desorbed amount of water, μ the
chemical potential with

μ = −R · T · ln(p/p0) (3)

and μ0 the chemical potential where adsorption starts.
Further details regarding the interpretation of this
energy change (modification of particle size due to
surface tension) as described in the Munich Model
(Setzer 1977, Wittmann 1977) can also be found in
Setzer (2008).

The capillary tension pc of pore water is another
effect which can explain hygric strains in porous
solids. During drying in narrow pores a meniscus is
formed at the interface between vapour and liquid so
that the pore water is in a state of tension (depression).
With decreasing humidity the radius of curvature is
reduced and tension rises:

pc = ρH20 · RD · T · ln(p/p0) (4)

Here ρH2O is the density of water, RD the specific
gas constant of water vapour, T the absolute tem-
perature and p/p0 the relative humidity. This tensile
stress is balanced by compressive stress of the solid
matrix, which results in shrinkage. Following Equa-
tion 5 which is based on a theory of Mackenzie (1950)
these hygric strains ε can be estimated by means of
a coefficient S which represents the degree of satura-
tion (here: normalised sorption isotherm) and the bulk
moduli of porous hcp K and of pure solid Ks:

ε = �l

l0
= pc · S ·

[
1

3 · K −
1

3 · Ks

]
(5)

3 EXPERIMENTS

Drying shrinkage of filigree hcp samples is dynam-
ically measured by means of a new laser-supported
measuring principle. In this setup the thin sample is
placed—approximate stress-free—between a special
measuring lever at the bottom and a micrometer screw
at the top (Fig. 1). A length change of the speci-
men results in a corresponding lever inclination (α).
This inclination is detected with a laser beam which is

Figure 1. Principle of measuring hygric strains.

reflected by a mirror attached at the other end of the
lever and measured by means of a position sensible
detector (PSD).

From this position change (�d) the length change
of the specimen (�l) is calculated subjected to the
system geometry:

�l = �d · a

2 · L (6)

The current setup affords the simultaneous measure-
ment of four samples with a resolution of 20 nm and a
random error of measurement<1%. In order to verify
and to complete the results shrinkage strains of seven
more specimens are determined using feather touch
digital probes.

Sorption isotherms are detected with a magnetic
suspension balance which affords the dynamic mea-
surement of ten specimens in an enclosed climate with
a resolution of 10 μg.

Relative humidity and temperature inside the mea-
suring chambers are precisely controlled over the
complete range between about 0% r.h. and 100%
r.h. by a climate generator which adjusts a dewpoint
accuracy and a temperature stability of ±0.15 K. A
purge-gas-generator reduces the CO2-concentration of
the carrier gas to values<1 ppm (v) so that carbonation
of the thin samples is completely avoided.

Inner volume change of hcp can be analysed
using helium pycnometry. Pressure differences of the
monoatomic gas between a reference chamber and
the measuring chamber allow the determination of
the pure volume of the solid-liquid gel-system, since
helium intrudes even smallest pores in hcp. Further
explanations concerning these only shortly presented
experimental methods can be found in Duckheim
(2008).
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4 MATERIALS AND SAMPLE PREPARATION

For the experiments filigree hcp specimens consisting
of a CEMI 32.5 R with w/c-ratios of 0.35, 0.4, 0.5,
and 0.6 are used. Slabs with dimensions 120 mm ×
80 mm × 5 mm are produced for this purpose. After
casting the slabs remain in the formwork for 48 to
72 hours, afterwards they are stored in a saturated cal-
cium hydroxide solution for more than twelve months.
In this way side-effects due to further hydration and
chemical shrinkage during the course of the measure-
ment can be reduced to a negligible amount. A few
days before the start of the testing the slabs are cut to
strips with a cross-section of 5 mm × 1.4 mm using
a precision saw during constant wetting. For drying
shrinkage measurements these strips are cut to a length
of 50 mm, sorption and density measurements are
carried out with samples of various lengths. Till the
beginning of the analyses the specimens are stored
in the solution further on so that they are completely
saturated when measurements start.

5 RESULTS

Hygric strains plotted versus relative humidity are
shown in Figure 2 (first cycle, all w/c-ratios) and
Figure 3 (both cycles, w/c= 0.40), the corresponding
sorption isotherms in Figures 4–5. While desorption
has to be subdivided into three parts (100% − 35%,
35%− 25%, 25%− 0%), two different ranges can be
found during adsorption (0 %− 60%, 60%− 100%).

When drying starts, the upper humidity range fea-
tures a distinct linearity, followed by a stagnancy or
even a slight swelling at 30%, although here sorption
isotherms show a markedly mass loss. Further drying
leads to moderate water loss and shrinkage at first, but
results in considerably increasing values at a humid-
ity below 5%. Concerning adsorption both sorption
isotherms and swelling strains are characterized by a
declining range till 60%, where water is adsorbed on
the internal surface and a following progressive range,

Figure 2. Hygric strains against relative humidity.

where the pore system is filled successively due to
capillary condensation.

The influence of w/c-ratio becomes obvious in
Figures 2 and 4. The higher the w/c-ratio the higher are
water content and length change of the hcp specimens;
but also irreversible shrinkage and mass loss rise with
increasing w/c-ratios. First desorption and adsorption
form an open hysteresis over the entire humidity range
with an irreversible shrinkage of 2 mm/m—3 mm/m
and an irreversible mass loss of 1% − 8%, whereas
the second cycle forms a closed loop. This applies for
hygric strains as well as for sorption isotherms. How-
ever, hysteresis nearly completely vanishes if hygric
strains are plotted against water content of the struc-
ture (Fig. 6). Here we also find a distinct linearity
in the upper humidity range, which correlates with
a decrease during desorption or an increase during
adsorption respectively of the repulsive (electrostatic
and structural) components of disjoining pressure,
which is the driving force regarding shrinkage in
this range. Furthermore, capillary tension in the pore
solution increases during drying and thus induces an
additional deformation. Noticeable is the stagnancy
or little swelling in the transition range between 35%
and 25%. This phenomenon can be explained by a
capillary tension effect. Due to the high water loss at
30% where the rest of the remained condensate leaves

Figure 3. Hygric strains, both cycles of w/c = 0.4.

Figure 4. Water content against relative humidity.
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Figure 5. Water content, both cycles of w/c = 0.4.

Figure 6. Hygric strains versus water content.

Figure 7. Estimated and measured hygric strains.

the pore system, a basic fraction of this low-pressure
vanishes. Since the main part of shrinkage deforma-
tion is caused by the decrease of disjoining pressure,
the structure only expands slightly instead of a com-
plete reversion. A corresponding estimation following
Equation 5 can be seen in Figure 7. A distinct quali-
tative agreement of calculated and measured strains is
obvious.

In the lower humidity range the rest of pore water is
basically existent in the form of adsorbed layers on the

internal surface. Here shrinkage and swelling are pro-
portional to surface free energy change �F (Fig. 8)
calculated from sorption isotherms (Equation 2) as
shown before in the Munich Model. However, in
the following it will be demonstrated, that an energy
reduction during adsorption does not lead to an expan-
sion of csh-particles because of a reduction of surface
tension as assumed up to now, but to a contraction of
particles, while simultaneously pore volume increases
significantly and vice versa during desorption. For
this reason the influence of surface energy has to be
attributed to the dispersive (attractive) component of
disjoining pressure. Results of helium pycnometry
confirm this assumption. With increasing humidity
capillary condensation in the gel pores leads to an
increasing swelling due to rising repulsive forces of
disjoining pressure during adsorption in the upper
range from 60% on (Fig. 2 and Fig. 4).

Pure density of hcp consisting of solid and water,
shown in Figure 9, increases with decreasing w/c-
ratio. Values between 1.8 g/cm3 and 2.4 g/cm3 can
be found. Density rises distinctly due to loss of water
in the course of first desorption to about 20% r.h. and
remains nearly constant during the following drying.

Wetting only causes marginal changes in density
up to 60% r.h. With beginning capillary condensation
of water in pores density decreases significantly, but

Figure 8. Hygric strains versus energy change.

Figure 9. Pure density versus relative humidity.
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does not reach the initial values. If at a first approxi-
mation the measured volume changes are attributed to
the desorption and adsorption of pore water only and
thus a deformation of the matrix is neglected, density
of pore water can be estimated (slope of the regression
line in Figure 10). In case of a w/c-ratio of 0.60 the
bulk density of 1.00 g/cm3 is found at first drying, but
a significantly higher value of about 1.19 g/cm3 for the
following adsorption. This applies for the other w/c-
ratios as well, pore water densities between 1.10 g/cm3

and 1.20 g/cm3 have been found primarily for all dry-
ing and wetting cycles, first des-orption—in all cases
the bulk density of water has been calculated—ex-
cepted (see Table 1). These elevated values are due to
the intense interaction of the condensate with the large
internal surface and affirm the structuring of the pore
solution and therefore the existence of the structural
component of disjoining pressure.

Considering the range of low humidities and hence
of low volume and mass changes we find a distinct
deviation. The relation between mass change and vol-
ume change would mean a pore water density of
2.0 g/cm3 and higher, which is impossible. For this
reason the solid matrix must change its volume in
this range. A calculation of the density of the pure
solid phase (2.2 g/cm3− 2.6 g/cm3) shows a consid-
erable decrease during drying from 30% to 0% and
an increase during rewetting up to 60% (Fig. 11).
This means an expansion of csh-particles during de-
sorption and a contraction during adsorption as stated
above. In combination with the external shrinkage

Figure 10. Calculation of pore water density.

Table 1. Pore water density in g/cm3.

w/c 1 st des. 1 st ads. 2nd des. 2nd ads.

0.35 0.99 1.30 1.19 1.17
0.40 0.98 1.27 1.17 1.20
0.50 1.00 1.22 1.13 1.15
0.60 1.01 1.19 1.14 1.13

Figure 11. Density of solid versus relative humidity.

Figure 12. Volume change and water-cement-ratio.

the simultaneous swelling of particles leads to a pro-
nounced decrease of pore volume due to drying and
vice versa in case of rewetting. The volume differ-
ences of solid as well as of filled and empty pore
space—estimated by means of a combination of outer
shrinkage and inner volume change data—depending
on the w/c-ratio of the hcp-samples between the situ-
ation at the beginning of the measurement (100% r.h.)
and the end of first de- (0% r.h.) and adsorption (100%
r.h.) are demonstrated in Figure 12 (starting volume
V0 = 100 cm3).

6 CONCLUSIONS

Precise measurements of drying shrinkage by means
of a new laser-supported method and of inner volume
change by means of helium pycnometry are the basis
of some new cognitions regarding drying shrinkage
mechanisms of hardened cement paste. The applica-
tion of a humidity generator which provides exactly
controlled climatic boundary conditions and the use
of very thin specimens allow the determination of the
hygric changes as an approximate material behaviour
in a comparatively short time. By varying w/c-ratios
the influence of different hcp-structures could be
detected. The results of the conducted experiments can
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Figure 13. Drying shrinkage mechanisms.

be summarized as follows: Both shrinkage strains and
sorption isotherms form a hysteresis over the complete
range of humidity. Irreversible parts are due to first
drying exclusively, following desorption-adsorption
cycles form closed loops. However, hysteresis van-
ishes if shrinkage and swelling are plotted against
water content of the structure. Therefore, hygric
strains of the solid-liquid gel-system are closely asso-
ciated with the pore water contained in the hcp matrix.
In the range from 0% r.h. to 100% r.h. des-orption
and adsorption must be divided in different sections
with each varying dominating mechanisms. Starting
with fully hydrated water saturated specimens, dur-
ing first drying we find a linear shrinkage strain down
to about 35% due to decreasing disjoining pressure
and increasing capillary tension with the desorption
of condensate. From 35% to 25% the rest of this con-
densate is abruptly desorbed and the structure slightly
expands since the low-pressure due to capillary ten-
sion is reduced. In the lower humidity range shrinkage
as well as swelling are proportional to change in
surface free energy. However, the influence of this
change has to be attributed to the dispersive compo-
nent of disjoining pressure. This increasing attraction
between the surface of particles leads to a significant
reduction of pore volume and an expansion of the csh-
particles during desorption between 25% and 0% and
vice versa during adsorption in a range from 0% to
60%. Above this point pores are filled due to capillary
condensation and the repulsive components (electro-
static and structural term) of disjoining pressure now

Figure 14. Influence of water-cement-ratio.

again are the dominating mechanisms. The structur-
ing of pore water is affirmed by its elevated density.
Figure 13 shows a schematic delineation of the above
described relations, the influence of w/c-ratio of the
structure on the analysed properties can be seen in
Figure 14.
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Study on influence of the alkali contents on volumetric change of cement
paste due to dry and wet change
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ABSTRACT: The hydration product in the hardened concrete is made by a layer structure, and the pore surface
takes on a positive electric charge. In the case of high R2O density in concrete, the electric repulsion occurs
between the surface and the alkali ion and then it seems to be thought that the alkali contents are influence on
the dry shrinkage behavior. However, the qualitative and quantitative evaluation has not been performed. In this
study, the measurement of the volumetric change of cement paste due to dry and wet change was performed as
a parameter of W/C, the atmospheric temperature and the alkali contents and then the influence of the alkali
contents on the volumetric change behavior was evaluated. As a result, it is noted that the alkali contents influence
on volumetric change of cement paste due to dry and wet change.

1 INTRODUCTION

The influence of drying shrinkage is an important
problem in a concrete structure that is a typical porous
material. The factors effected on a mechanism of vol-
umetric change due to dry and wet change of concrete
are relative humidity, atmospheric temperature, pore
structure, migration of capillary water and gel water
etc. Until now, a lot of studies on that mechanism have
been performed in the past.

The concrete structure which is under the actual
environment possesses a different alkali contents by
scattering antifreezing admixture, carbonation and a
kind of cement. However, a study on (hereinafter, R2O
density) influence of alkali contents on volumetric
change of concrete due to dry and wet change has been
scarcely performed in the past research. F. Beltzung
pointed out that the hydration product in hardened con-
crete is made by a layer structure and these surfaces
take on a high electric charge.

And then when R2O density of concrete is high, the
electric repulsion occurs between hydration products
surface which takes on a electric charge and the alkali
ion. Therefore, it seems that the volumetric change
due to wet and dry change is influenced by electric
repulsion.

In this study, the measurement of volumetric change
of cement paste due to drying and wetting was per-
formed with a parameter of W/C, atmospheric tem-
perature and alkali contents and then the influence
of alkali contents on the characteristic of volumetric
change was discussed.

2 EXPERIMENTAL

2.1 Used materials and experimental parameter

In experiments, an ordinary Portland Cement is used
(density: 3.16 g/cm3, surface area: 3290 cm2/g) that
contains the amount of alkali 0.51% in R2O density
(Na2O + 0.658K2O). The mix proportion of cement
paste was shown in Table 1, and NaOH was used for
the adjustment of R2O density. W/C of cement paste
is 30, 50 and 60%, and the atmospheric temperature is
20 and 40 degrees Celsius. NaOH which is amounted
to 0, 2 and 4% of cement weight was added to mixing
water. The example of specimen name is shown in
Figure 1.

A mixing is performed by mortar mixer and NaOH
is added to. The mortar mixer is moved at low speed
for 60 seconds and after that moved mixing water, at
high speed for 90 seconds.

The prismatic specimen of which size is 40 mm ×
40 mm × 160 mm is used. Three specimens for the
measurement of length change were made and the
temperature the center of specimen was measured
for each parameters. The specimen’s surface is pro-
tected by glass plate to prevent water dissipation. The
specimen was removed from the form at 24 hours
after placing and then cared in water with the tem-
perature of 20 degrees Celsius for 6 days. And then,
the specimen is cared with the atmospheric tempera-
ture of 20 degrees Celsius and R.H. 60% for 20 days
and then the experiment was performed at the age of
28 days.
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Table 1. Mix proportion (No. 1).

Unit content (kg/m3)

Atmospheric Chemical Amount of NaOH
temperature (◦C) W/C (%) Water Cement admixture addition Specimen

0 M-30-0-20
30 469 1621 C× 0.01 C× 0.02 M-30-2-20

C× 0.04 M-30-4-20
0 M-50-0-20

20 50 602 1227 C× 0.02 M-50-2-20
C× 0.04 M-50-4-20
0 M-60-0-20

60 645 1090 C× 0.02 M-60-2-20
C× 0.04 M-60-4-20
0 M-30-0-40

30 469 1621 C× 0.01 C× 0.02 M-30-2-40
C× 0.04 M-30-4-40
0 M-50-0-40

40 50 602 1227 C× 0.02 M-50-2-40
C× 0.04 M-50-4-40
0 M-60-0-40

60 645 1090 C× 0.02 M-60-2-40
C× 0.04 M-60-4-40

2.2 Measuring method

Measuring method of length change was shown in
Figure 2. The length change is measured by 1/1000 mm
displacement sensor. Two teflon seats of 0.2 mm in

M  :  NaOH addition to mixing water 

Atmospheric temperature

Amount of NaOH additionW/C

Figure 1. The specimen name of an example.

Thermo couple

Specimen for inside temperature

Teflon sheet

Connected to data logger

Acrylic board

Specimen for measurement of a strain

Digital gauge

Figure 2. Measuring method of length change.

Table 2. The relative humidity of each region.

Wet stage Dry stage

I II III I’ II’ III’
reg- reg- reg- reg- reg- reg-

Stage ion ion ion ion ion ion

Relative 40→ 60→ 80→ 95→ 80→ 60→
humi- 60 80 95 80 60 40
dity %

time
(hour) 24 28 28 28 28 28

thickness were paved under the specimen to decrease
the friction.

Relative humidity was controlled by three regions
in the process of wet and dry stage as shown
in Table 2. Measurement was performed with the
order of drying stage after wetting stage. In wet
stage, I∼III regions correspond to the R.H. region of
40%→ 60%, 60%→ 80% and 80%→ 95% respec-
tively. In dry stage conversely, I′∼III′ regions corre-
spond to the R.H. region of 95% → 80%, 80% →
60% and 60%→ 40% respectively. The measurement
was begun when the length change of specimen has
disappeared and the temperature of specimen becomes
uniform under cared in 40% and 95% of R.H. at the
wetting stage and drying stage, respectively.

The measurement of mass change due to dry and
wet change was performed. The setting of time on

58



measurement mass change was same as measurement
of length change. The rate of mass change was showed
by the percentage of mass at each measurement time
based on mass of the specimen during the early stages
of dry.

2.3 Measurement of pore size distribution

The measurement of pore size distribution was per-
formed by mercury porosimeter. The sample was
adjusted to particle size of 2.5∼5 mm. The prepro-
cessing was done at−45 degrees Celsius for 3 days by
using the freeze-drying machine.

3 RESULTS

3.1 Length change of cement paste NaOH addition
to mixing water

Figures 3 and 4 shows the strain history in the wetting
and drying stage, respectively. The strain increases
with the increase of amount of NaOH addition in each
W/C as shown in Figures 3 and 4.

Figure 5 shows the relationship between the final
drying shrinkage strain shrinkage strain is larger with
the increase of R2O density at each W/C. The tendency
is more remarkable in case of large W/C

Figure 6 (a) and (b) shows the relationship between
the strain and mass change rate at W/C 60% and
Figure 6 in wet stage, the expansion strain increases
in proportion with the increase of the mass rate. In
dry stage, it seems that the increase rate of dry shrink-
age strain to the rate of mass reduction is small in the
early stage and then the increased rate becomes large
gradually at each additional amount of NaOH. More-
over, the less amount of NaOH addition, the increased
rate is the more sharply. From above all, it seems that
NaOH addition makes internal pore organization of
cement paste sparse and then the enough capillary ten-
sion does not occur by waters in relatively large pore
being dissipate.

3.2 The pore size distribution of cement paste
NaOH addition to mixing water

Figure 7 shows the pore size distribution of cement
paste with W/C of 60%. It seems that the pore with
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Figure 5. Relationship between dry shrinkage and R2O
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large diameter increases with the increase of NaOH
addition as shown in Figure 7.

Figure 8 shows the relationship between the R2O
density (Na2O+0.658K2O) and the total pore volume.
It can be seen that the total pore volume increase as
R2O density becomes larger in W/C 30% cement paste.
This tendency appears remarkably in case of high W/C.
This phenomenon is thought that the hydration reac-
tion at the early stage was promoted by added NaOH in
mixing water. In liquid phase of high R2O density, the
C-S-H gel with high density is generated on the sur-
face of cement particle by a rapid hydration reaction.
Therefore, the hydration reaction is restrained in the
unhydrate cement part for a long terms and then growth
of Ca (OH)2, C-S-H and Ettringate is prevented. As a
result, the pore structure with relation large diameter
occurs. Moreover, the phenomenon is discussed bases
on the viewpoint of solubility product. Ca2+ exists in
the minute pore solution and then its density is kept by
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equilibrium state as shown in Eq. (1).

Ca(OH)2 ⇔ Ca2+ + 2OH−

Ksp = [Ca2+][OH−]2 = const (1)

Namely, Ca2+ density decreases with increase of
OH− density and then the hydration reaction of cement
is prevented. As a result, it seems that pore structure
becomes porous.

In the past research, it is reported that the change of
pore structure greatly influence on volumetric change
due to dry and wet change. Therefore, the R2O den-
sity is not the sole cause of length change because the
change of pore structure influence on length change
of cement paste. In the next chapter, the specimen
of which pore structure is identical and only the R2O
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density is different was made and then the influence
of R2O density on volumetric change of cement paste
was discussed.

4 EXPERIMENT OF LENGTH CHANGE
IN CEMENT PASTE WITH SAME PORE
STRUCTURE

4.1 Experimental outline

The specimen, of which pore structure is identical and
only the R2O density is different, was made. The mak-
ing method is that the specimen was made at same
batch and then the specimens were soaked into the
aqueous sodium hydroxide of which concentration was
0, 2 and 4%. Table 3 shows a soaking period. The soak-
ing period of low W/C cement paste was long, on the
other hand, soaking period of high W/C cement paste
was short. Table 4 shows the concentration of aqueous
sodium hydroxide and mix proportion. The example
of specimen name is shown in Figure 9. The measuring

Table 3. Period to soak.

W/C Aqueous sodium hydroxide
(%) soaking period (Day)

30 16
50 28
60 36

method of length change, material age, size of speci-
men and method of mixing are same as shown in 2.1
section.

4.2 R2O density and pore size distribution
of cement paste

Figure 10 shows a pore size distribution of cement
paste with the 60% of W/C and then Table 5 shows R2O
density of cement paste with the 50 and 60% of W/C.
It is noted that the pore structure of W/C 60% cement
paste is identical without the concentration of aqueous
sodium hydroxide. Therefore, there is no influence of
R2O density on the change of pore structure at each
parameter.

4.3 Length change of cement paste

Figures 11 and 12 show the strain history of cement
paste with the 50 and 60% of W/C at the temperature of

W/C Atmospheric temperatureW/C

P Soak a specimen in aqueous sodium hydroxide

Concentration of aqueous
sodium hydroxide

Figure 9. The specimen name of an example.

Table 4. Mix proportion (No.2).

Unit content (kg/m3)
Atmospheric
temperature W/C Chemical Concentration of aqueous
(◦C) (%) Water Cement admixture sodium hydroxide (%) Specimen

0 P-30-0-20
30 469 1621 C × 0.01 2 P-30-2-20

4 P-30-4-20
0 P-50-0-20

20 50 602 1227 2 P-50-2-20
4 P-50-4-20
0 P-60-0-20

60 645 1090 2 P-60-2-20
4 P-60-4-20
0 P-30-0-40

30 469 1621 C × 0.01 2 P-30-2-40
4 P-30-4-40
0 P-50-0-40

40 50 602 1227 2 P-50-2-40
4 P-50-4-40
0 P-60-0-40

60 645 1090 2 P-60-2-40
4 P-60-4-40
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Figure 10. The pore size distribution of W/C 60% cement
paste.

Table 5. R2O density of cement paste.

R2O
Specimen (Na2O+ 0.6258K2O) (%)

P-50-0 0.48
P-50-2 1.10
P-50-4 2.87
P-60-0 0.49
P-60-2 1.27
P-60-4 2.39
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Figure 11. Relationship between wet expansion and time at
20 degrees Celsius.

20 degrees Celsius in wetting and drying stage, respec-
tively. The strain is increasing with the increase of R2O
density in each W/C as shown in Figures 11 and 12.

The charge model on surface of hydration product is
shown in Figure 13. The surface of hydration product
is charged and then it seems that the alkali ion that is
attracted with a negative electric charge for existence
of SiO− is adsorbed. As a result, the outside edge of
the hydration product takes on positive electric charge
in appearance. To discuss the increase of strain based
on this model, the electric repulsion occurs between
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Figure 12. Relationship between dry shrinkage and time at
20 degrees Celsius.
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Figure 13. The charge model on the surface of hydration
product.

free alkali and the adsorption alkali and then it seems
that this electric repulsion promote length change of
cement paste.

4.4 Relationship between length change due
to R2O density and atmospheric temperature

Figures 14 and 15 show the strain history of cement
paste with the 50 and 60% of W/C at the tempera-
ture of 40 degrees Celsius in wetting and drying stage,
respectively. In wet stage, the strain is increasing with
the increase of R2O density in each W/C as shown in
Figures 14 and 15.

Table 6 shows the increasing rate of a final strain
with the increase of atmospheric temperature calcu-
lated by the following Equation.

εf−40

εf−20
= ΔεT (2)

⎧⎪⎨
⎪⎩
εf−40: The final strain at 40 degrees Celsius
εf−20: The final strain at 20 degrees Celsius
Δ εT : Increase of the strain with increase of

autmospheric temperature
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Figure 14. Relationship between wet expansion and time at
20 and 40 degrees Celsius.

In dry stage, the increasing rate of increase of a
final strain is constant without the temperature. How-
ever, in wet stage, the atmospheric temperature has a
considerable influence on the rate of increase of a final
strain.

Table 7 shows the increasing rate of the strain of
unit alkali, calculated by Eq. (3).

εfD − 4−εfD − 0

R2O
= �εA (3)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

εfD−4: The final strain which is sorked 4%
aqueous sodium hydroxide

εfD−0: The final strain which is sorked 0%
aqueous sodium hydroxide

�εA: Increase of the strain of unit alkali

In both dry and wet stage, the higher W/C is the
larger the increasing rate of the strain of unit alkali.
Moreover, the same tendency occurs remarkably in
the condition that is atmospheric temperature is high.
It seems that the solubility product of alkali ion such
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Figure 15. Relationship between dry shrinkage and time at
20 and 40 degrees Celsius.

Table 6. The rate of increase of a final strain with increase
of atmospheric temperature.

Specimen Wet stage Dry stage

P-50-0 1.46 1.29
P-50-4 1.38 1.31
P-60-0 1.51 1.10
P-60-4 1.45 1.12

as Na+ and K+ was changed by atmospheric temper-
ature. The solubility product of alkali ion increases
under the high atmospheric temperature and then the
dissolution of alkali ion in pore solution is activated.
The electric repulsion which occurs between free alkali
and the adsorption alkali grow up with increase of
R2O density. As a result, it seems that the rise of elec-
tric repulsion contributes to promote length change of
cement paste. Moreover, when W/C is high, the sur-
face area of hydration product is large and then the
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Table 7. The ratio of increase of the strain of unit alkali.

Increase of the
Atmospheric Strain of

Stage W/C (%) temparature (◦C) unit alkali

Wet stage 50 20 18.4
40 17.2
20 22.6
40 25.3

Dry stage 50 20 33.1
40 46.0

60 20 51.6
40 68.9

amount of adsorption alkali grows up. Therefore, the
electric repulsion power grows up with increase of R2O
density. However, it will be necessary to examine it in
the future because this mechanism is not enough to be
clear yet.

5 CONCLUSIONS

The finding obtained in this study is shown below.

1. It is clear that the pore with large diameter tends
to increase by adding NaOH to mixing water and
then the change of pore structure greatly influence
on volumetric change due to dry and wet change.

2. Measurement of length change was performed by
using the specimen of which pore structure is iden-
tical and only the R2O density is different and then
it is clear that length change of cement paste tends
to increase with increase of R2O density. More-
over, this tendency appeared remarkably at high
atmospheric temperature.
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Stress induced shrinkage of concrete in tension
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ABSTRACT: The paper deals with shrinkage and creep experiments under tensile loading on three types of
self-compacting concrete. The experiments have been conducted on specimens which were wrapped in foil in
order to simulate the interior of a mass concrete structure. The superposition of creep and shrinkage turned out
to be questionable. The results could not be explained without assuming a stress-induced shrinkage component
which is the largest for low-strength concrete and the smallest for high-strength concrete.

1 INTRODUCTION

Creep and shrinkage are time-dependent phenomena
which have been investigated many times. Most inves-
tigations concern the compressive behaviour where
shrinkage strain and creep strain follow the same
direction. There are some theories which claim that
shrinkage of a loaded specimen is different from
shrinkage of a non-loaded specimen due to suppres-
sion of microcracks (Alvaredo 1994). Bazant and
Wittmann postulate other causes of stress induced
shrinkage (Bazant & Yunping 1994, Wittmann 1993).
If stress induced shrinkage is independent of the load-
ing direction does it also occur under tensile loading?
That was the question which will be looked into in the
following.

2 EXPERIMENTAL

2.1 Material

Three concrete compositions have been investigated
which are given in Table 1.

All mixes had self-compacting properties. There-
fore, the fresh properties are given in detail. The mix
of strength class C30/37 contains limestone powder as
addition, the C45/55 had a mixture of limestone pow-
der and flyash as additions, and the C60/75 had only
flyash as a second binder component.

The cement was in all three cases a portland
composite cement CEM II/A-LL which contains lime-
stone powder up to 20%. The equivalent water to
cement ratio taking account of 0.4 for the k-value
of the flyash varied between 0.70 and 0.34. The vol-
ume of the cementitious paste which is responsible
for shrinkage and creep varied considerably. With
3.05 g/cm3 the density of cement, 2.30 g/cm3 the

density of flyash, and 1.00 g/cm3 the density of water
the cementitious paste volume of C30/37 amounted
to 245.4 litres/m3, of C45/55 306.7 litres/m3, and
of C60/75 405.1 litres/m3. The mechanical properties
are listed in Table 1.

2.2 Free shrinkage measurement

There were three types of free shrinkage measurement:
one on prisms of 100× 100× 530 mm3 starting at an
age of 1 day in 20◦C and 65% RH. The second and
third measurement type was performed on dog-bone
shaped specimens with a central prismatic portion of
80 × 100 mm2 cross-section. In both cases the spec-
imens were stored up to an age of 7 days moist, then
wrapped into foil and stored in 20◦C and 65% RH
until the shrinkage measurement started on the 29th
day in a room with 20◦C and 50% RH. The specimens
prepared for the second type of shrinkage measure-
ment remained inside the wrapping during the whole
observation period. The specimens of the third mea-
surement type have been unwrapped at an age of 29
days. The wrapping should simulate a thick-walled
structural element which dries only very slowly.

2.3 Sustained loading

Sustained loading was performed on dog-bone shaped
specimens with a central prismatic portion of 80 ×
100 mm2 cross-section. The specimens were wrapped
in foil in the same manner as some shrinkage speci-
mens. A lever type loading frame was used. Details
are described in (Wüstholz & Reinhardt 2007).

2.4 Humidity sensing

The humidity around the specimens inside the foil
wrapping was measured continuously by a sensor.
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Table 1. Mixture proportions and concrete properties.

Strength class C30/37 C45/55 C60/75

Cement content mc [kg/m3] 239 298 495
Cement type CEM II/A-LL 32.5R CEM II/A-LL

42.5R
Total water content mw [kg/m3] 167 166 188

(incl. water from
superplasticizer)

Equivalent
water-cement ratio (w/c)eq

1) mw
mc+0.4·mFA

[–] 0.70 0.49 0.34
Superplasticizer (type: PCE) %SP [% by mass of cement] 1.25 1.25 1.45
Fly ash mFA [kg/m3] 0 99 126
Limestone powder mLS [kg/m3] 337 133 0
Aggregates: magg [kg/m3] 1601 1640 1510

rounded river sand and gravel
Powder content mp [kg/m3] 576 530 621

(cement + filler)
Paste volume VPaste [litres/m3] 385 370 420

(inclusive 15 litres of air)
Water-powder ratio (by volume) Vw/Vp [–] 0.82 0.87 0.86

Fresh properties
Slump flow sf [mm] 750 770 770
V-funnel flow time tV [s] 10.5 12.9 12.0
J-ring: sf J [mm]
Slump flow t500,J [s] 750 700 730
Flow time 5 7 8

Hardened properties
(age of 28 days)
Compressive strength fcc,150 [MPa] 41.1 60.2 77.6

(cubes of 150× 150× 150 mm3)
Modulus of elasticity Ec [MPa] 29770 34720 38900

(compression)
Tensile strength fct [MPa] 3.2 3.9 4.7

1) With max. mFA = 0.33 ·mc, according to DIN 1045-2.

This measurement turned out to be important when
evaluating the results.

3 RESULTS

3.1 Free shrinkage

Figure 1 summarizes the shrinkage measurement
results. The left plot shows the results received with
the wrapped specimens, the middle one the measure-
ments starting on the 29th day, and the right plot the
measurements starting on the 1st day.

The wrapped specimens show a slow increase of
shrinkage with time which has been expected since
drying is hindered by the wrapping foil. The middle
plot shows a rapid increase of drying during the first
100 days of measurement. Thereafter, there is only
a small increase of shrinkage. One should mention

that the specimens were wrapped in foil up the 29th
day. Then, the measuring instruments (LVDT) were
attached and the specimens could dry. The right plot
is the picture of prisms which were placed in a cli-
mate controlled room on the 1st day. The shrinkage is
very fast up to almost 100 days, decelerates then, and
comes to an end on 500 days. The specimens, which
could dry after 29 days are closest together. Thinking
in terms of autogenous shrinkage and drying shrink-
age (Carbonation skrinkage is thought to be negligible)
the autogenous part had developed in moist condition
before the measurements started. What can be seen is
that the drying shrinkage part is very similar. This pic-
ture changes drastically looking to the plot of prisms
which could dry from the 1st day (right plot). There,
autogenous and drying shrinkage are superimposed.
The lines deviate strongly from each other.

Most shrinkage is observed at the high strength con-
crete C60/75, least shrinkage at the C30/37. The same
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Figure 1. Shrinkage measurement results. Left: Wrapped dogbone shaped specimens in 20◦C 50% RH starting on 29th day,
Middle: Non-wrapped prisms in 20◦C 50% RH starting on 29th day, Right: Non-wrapped prisms in 20◦C 65% RH starting
on 1st day.

order is seen also with the wrapped specimens where
the C60/75 shrinks the most and C30/37 the least.

There must be reasons for this behaviour. First,
C60/75 has the largest autogenous shrinkage. How-
ever, using the prediction of Model Code 90 (Müller
et al. 1999) the autogous shrinkage part of C60/75 is
only 0.15 mm/m and of C 30/37 it is 0.05 mm/m. This
can explain the difference between the shrinkage of
the middle and the right figure. But it cannot explain
that C60/75 shrinks more than the other two concrete
mixtures. The reason for that must be the different
cementitious paste content of the mixtures. According
to Grube (Grube 1991) the cementitious paste content
is the key parameter for the extent of shrinkage. He has
found an almost linear relation between paste content
and shrinkage of concrete. If we assume a shrink-
age amount of unity for C45/55 then C30/37 should
have a reduction factor of 0.80 and the C60/75 should
have an increase factor of 1.32. If we analyse the data
such that only the drying part (total shrinkage minus
autogenous shrinkage calculated acc. to (Müller et al.
1999) is considered then the ratios from the measure-
ments read 0.87 and 1.32, i.e. the agreement is rather
good. It is difficult to predict a comparative ratio for
the wrapped specimens since the final shrinkage is
not yet reached. There is only a strong trend that the
samples shrink more the more cementitious paste is
in them.

3.2 Total strain in creep test

Figure 2 shows the total measurement of the sustained
loading test. The loading ratio was 69% of the mean
short time loading strength. Although the tensile load-
ing should lead to a tensile strain one can observe
that the total strain tends to a negative strain, i.e.
the shrinkage strain prevails. After 50, 100, and 150
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Figure 2. Total strain from an age of 29 days. The load ratio
is 69% (r = 0.69).

days, resp., the C60/75, C45/55, and C30/37 intersects
the zero strain value. So, shrinkage strain has com-
pensated creep strain. After 600 days of loading, all
conrete types showed a negative strain of 0.17 mm/m.
Thereafter, they deviate a little from each other.

The usual assumption is that concrete with a high
water to cement ratio creeps more than a concrete
with a low water to cement ratio. This is also pos-
tulated by the Model Code (Müller et al. 1999) but
one should keep in mind the amount of cementitious
material which is different from each other as always
discussed in chapter 3.1. So, the total strain is mainly
determined by the shrinkage strain rather than by the
creep strain.
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3.3 Humidity around the specimens

The humidity inside the foil wrapping has been
measured continuously. It was obvious that the humid-
ity decreases as a function of time because the
wrapping is not absolutely air tight and the concrete
consumes water during hydration. The outside humid-
ity was kept constant at 50% RH. But it was also
obvious that the loaded specimens were surrounded
by a relative humidity that is lower than the humid-
ity of the load-free specimens. Although the scatter
is considerable the trend is clear. This phenomenon
has been found already by others (Alexandrovsky &
Desov 1968). The difference is the largest with the
C30/37 and is almost negligible with the C60/75. The
reason for that is that the supply of free water is the
highest with the C30/37 whereas most of the water
is consumed with the low water to cement ratio con-
crete C60/75. This aspect will play a mayer role in the
analysis of the creep results.

4 DISCUSSION OF RESULTS

4.1 Superposition of strain components

In order to specify creep, usually, one measures the
total strain in a sustained loading experiment and
subtracts the instantaneous strain and the shrinkage
strain which is simultaneouly measured on load-free
specimens, from the total strain. The carbonation
shrinkage is neglected since the experiments do not
last long and the carbonation influences only the sur-
face of the specimens. Micro-cacking of concrete is
also neglected. Shrinkage has then two components:
autogenous and drying shrinkage, and, as supposed in
the creep tests, the stress induced shrinkage. As creep
is concerned there is basic and drying creep which
cannot be separated in the experiments.

4.2 Free shrinkage

The shrinkage strain has been predicted by the Model
Code (Müller et al. 1999) and compared with the test
results. Figure 3 shows the experimental and calcu-
lated curves. The full lines belong to the calculation
and the lines with symbols belong to the experimental
results. One can observe that the measured shrinkage
strain of C30/37 is much smaller and that the measured
strain of C60/75 is much larger than the pedicted ones.
The values for the C45/55 is in good agreement with
the prediction. The deficiency of the model is that the
composition of the concrete is not taken into account,
the only parameter is the compressive strength.

The model allows to separate autogenous from dry-
ing shrinkage. The high-strength concrete exhibits the
largest autogenous shrinkage and the smallest drying
shrinkage, whereas the low-strength concrete shows
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Figure 3. Experimental and calculated shrinkage strain for
unwrapped specimens from an age of 1 day at 20◦C and
65% RH.

-0,60

-0,55

-0,50

-0,45

-0,40

-0,35

-0,30

-0,25

-0,20

-0,15

-0,10

-0,05

0,00

0 100 200 300 400 500 600 700 800

Concrete age [d]

S
tr

a
in

[m
m

/m
]

C30/37 (Test)

C45/55 (Test)

C60/75 (Test)

C30/37 (Model)

C45/55 (Model)

C60/75 (Model)

Figure 4. Shrinkage strain from experiments and calcula-
tion from an age of 29 days at 20◦C and 50% RH.

the opposite. The results will be used later when creep
is discussed. The results of the tests which started only
after 29 days are compared in Figure 4. The impression
is the same as before, namely that the shrinkage strain
of C60/75 is greatly underestimated and the shrink-
age strain of C30/37 is overestimated. One should
mention that the climatic conditions of the results of
Figures 3 and 4 are different.

The shrinkage after 500 days of drying has been
also calculated according to (Bazant et al. 1993).
This model takes account of the cement content, the
aggregate content, the water to cement ratio, the com-
pressive strength, and the humidity. The outcome of
shrinkage for the specimens wrapped in foil were
0.56 mm/m for C30/37, 0.57 mm/m for C45/55, and
0.81 mm/m for C60/75. These values are much larger
than the measured results. They are also larger than
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the values received on those specimens which were
not wrapped in foil (see Figure 1, middle diagram).

The B3 Model (Bazant 1995) has been applied to the
specimens which were not wrapped in foil and which
could dry in a 50% RH atmosphere. The shrinkage
after 500 days of drying was predicted as 0.51 mm/m
for C30/37, 0.48 mm/m for C45/55, and 0.53 mm/m
for C60/75. The prediction is rather close to the mea-
sured values. An evaluation of numerous shrinkage
results came also to the conclusion that the B3 Model
leads to the best fit (Fernandez-Gomez & Landsberger
2007).

4.3 Creep and shrinkage

The Model Code (Müller et al. 1999) has also been
used for the prediction of creep. Since the humidity
inside the foil wrapping was not constant the calcu-
lations have been made for 50, 65, and 80% RH.
Figure 5 contains various lines: the line with the des-
ignation εtot represents the total measured strain in the
creep experiment, the black line which crosses the line
of the total strain represents the free shrinkage as mea-
sured on companion specimens, the dotted line shows
the instantaneous or elastic strain, the three almost
parallel lines on top are the calculated creep strains,
and the three lines at the bottom are the shrinkage
strains which should occur in order to explain the
total behaviour. There is one line in between which
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Figure 5. Strain components of creep experiments on
C30/37 with loading ratio of 69%.

represents the free shrinkage as measured on compan-
ion specimens, the dotted line shows the instantaneous
or elastic strain, the three almost parallel lines on top
are the calculated creep strains, and the three lines
at the bottom are the shrinkage strains which should
occur in order to explain the toatl behavoiour. There is
one line in between which represents the total minus
free shrinkage strain. This should, if superposition
were valid, be conventionally the creep strain. But the
line tends to negative values which is physically not
possible. That means that the shrinkage of the loaded
specimens must be larger than the shrinkage of the
load free specimens. There is one aspect which may
have led to the difference, i.e. the local humidity. As
discussed in 3.3 the humidity around the loaded speci-
mens was about 10% RH lower which leads, according
to the model, to a difference of 22%. That means that
the line for shrinkage would shift by 22% downwards
but this is by far not enough to explain the decreasing
line of the total strain minus shrinkage strain. There-
fore, one must assume that an extra amount of shrink-
age is present which is called stress induced shrinkage.

A similar behaviour has been found with C45/55
which is shown in Figure 6. The humidity difference
between loaded and load free specimens is here only
5% RH and, thus, the correction term of shrinkage
according to the model (Müller et al. 1999) is only 2%
which is within the scatter of experimental results. So,
also here, stress induced shrinkage can be recognized.
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The last example concerns the concrete C60/75
which can be found in Figure 7. As stated in chapter 3.3
there was a small difference in humidity and Figure 7
shows almost no stress induced shrinkage because the
measured line of total minus shrinkage strain coincides
with the predicted creep curve. It can be concluded
from Figures 5 to 7 that stress induced shrinkage exists
and that it is larger with lower strength class.

One should recall the test conditions. The load-
ing ratio was quite high, it amounted to 69% of the
mean tensile strength as measured at the time of load
application. Tests have also been performed with 75%
loading ratio, but the specimens failed after a few days
(Wüstholz & Reinhardt 2007). That means that the
stress was very close to the sustained tensile strength.
The specimens were wrapped in foil in order to simu-
late the interior of a mass concrete structure. The tests
do not allow to extrapolate the results to other humid-
ity conditions, for instance to specimens which dry
quicker than the ones tested. Comparing the three con-
crete types it is not only the strength class which makes
them different but also the composition. C30/37 had
a large amount of limestone powder whereas C60/75
had a large quantity of flyash. C45/55 contained
both types of fillers. Flyash is a pozzolanic addition
whereas limestone powder is inert. It seems that the
inert addition led to more stress induced shrinkage.

Bazant (Bazant & Yunping 1994, Bazant & Chern
1985) has potulated stress induced shrinkage which
is due to microdiffusion from capillary pores to gel

pores. He has validated the hypothesis with creep tests.
During our experiments, one could observe that the
moisture around the specimens which were wrapped
in foil was lower for those which were laded compared
to those which were load-free. This could mean that
moisture is more consumed in the loaded specimens.
This could be due to microdiffusion. The water which
diffuses into the gel pores react with unreacted cement
and causes chemical shrinkage and self-desiccation
which in turn produces autogenous shrinkage. A sec-
ond effect which has been reported is that specimens
which were loaded for long time show a higher tensile
strength after unloding compared to specimens which
were load-free (Reinhardt & Rinder 2006). This would
support the idea of continued hydration. It could also
happen that microcracks appear which enhance diffu-
sion and cause the same effect as microdiffusion does.

5 CONCLUSION

Shrinkage and sustained tensile loading tests have
been carried out on three types of concrete: a low-
strength concrete C30/37, a medium-strength concrete
C45/55, and a high-strength concrete C60/75. All were
self-compacting. The specimens were wrapped in foil
in order to simulate the interior of a mass concrete
structure. The main conclusions are:

– The results show a great influence of concrete com-
position on shrinkage which could not accurately be
predicted by current prediction models.

– The usual method to determine creep from sustained
loading tests by subtracting elastic and shrinkage
strain from the total strain showed a further compo-
nent which is called stress-induced shrinkage.

– The stress-induced shrinkage was the largest for
low-strength concrete and the smallest for high-
strength concrete.

– The phenomenon of stress-induced shrinkage
deserves more attention and research.
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Relationship between creep and chemical potential of concrete
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ABSTRACT: In this study, in which the internal moisture is treated as changes in the internal relative humidity,
uni-axial creep tests are conducted to determine the relationship between the creep and the changes in the internal
humidity. The chemical potential of water is focused as one of the properties of internal moisture, and migration
of internal moisture is evaluated in terms of changes in the chemical potential of water. The linkage between such
changes and the compressive and tensile creep is then elucidated. The relationship between creep development
and changes in the chemical potential associated with moisture migration was investigated from the aspect of
thermodynamics. As a result, linear correlations were recognized between them. This indicates a possibility of
formulating a creep prediction equation using the chemical potential of water in concrete as a parameter.

1 INTRODUCTION

The creep behavior of concrete, which strongly affects
early cracking, is also strongly affected by moisture
migration in concrete. It is therefore vital for elucidat-
ing the creep mechanism of concrete to treat creep
as the deformation behavior of concrete involving
moisture migration, thereby grasping the relation-
ship between creep and moisture migration. Despite
the wide variety of studies on the creep of concrete
in the literature, few have given sufficient consid-
eration to the relationship between internal moisture
and creep deformation. Vigorous discussion has been
conducted on the drying creep of concrete since the
report by Pickett (Pickett. G. 1947) that the sum of
the basic creep strain and the drying shrinkage strain
is always smaller than the creep strain under air-
dry conditions (the Pickett effect). Bazant reported
that the Pickett effect can be explained by the micro
prestress-solidification theory (Bazant. Z.P. et al.,
1997). Wittmann pointed out in regard to the Pick-
ett effect that the drying shrinkage strain evaluated
as the difference between the drying creep and the
basic creep is not identical to the drying free shrink-
age strain (Wittmann. F.H. 1982). Asamoto reported
that internal moisture is related to the creep behav-
ior of concrete. This study aims to experimentally
elucidate the linkage among the creep of concrete,
water migration in concrete, and the properties of such
water, thereby obtaining fundamental data for formu-
lating a creep prediction model (Asamoto. S. et al.,
2000). In this study, in which the internal moisture
is treated as changes in the internal relative humid-
ity, uniaxial creep tests are conducted to determine
the relationship between the creep and the changes

in the internal humidity. The chemical potential of
water is focused as one of the properties of internal
moisture, and migration of internal moisture is eval-
uated in terms of changes in the chemical potential
of water. The linkage between such changes and the
compressive and tensile creep is then elucidated.

2 EVALUATION OF MOISTURE MIGRATION
IN CONCRETE

Moisture migration in concrete was evaluated as
changes in the chemical potential of water (Tada. S.,
2005) (Gordon. M. et al., 1999). A chemical poten-
tial is evaluated as the Gibbs free energy per mol of a
substance.

Equation (1) gives the chemical potential of water,
μw. The term μw ◦ represents the standard gener-
ated chemical potential. This study focuses on the
amounts of chemical potential associated with changes
in the vapor pressure of water, μw∗. In Eq. (1), which
describes the chemical potential of pure liquid, the sec-
ond term of the right side, μw∗ is focused in this study
as the chemical potential of water in concrete.

μw = μw ◦ + μw∗ = μw ◦ = RT ln(RH ) (1)

μw ∗ = RT ln(RH ) (2)

where μw = chemical potential of water (J/mol),
μw ◦ = standard generated chemical potential (J/mol),
μw ∗ = chemical potential associated with changes in
the vapor pressure of water (J/mol), R = gas constant,
T = Temperature (K), RH = Relative Humidity.
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3 OUTLINE OF CREEP TESTS

3.1 Specimen fabrication

Table 1 gives the specified mixture proportions of con-
crete. Normal portland cement with a specific surface
of 3,360 cm2/g and density of 3.15 g/cm3 was used as
the cement at a water-cement ratio (W/C) of 57%. The
fine and coarse aggregates were river sand with a den-
sity of 2.62 g/cm3 and a fineness modulus of 2.63 and
crushed stone with a density of 2.61 g/cm3 and max-
imum size of 25 mm, respectively, both from Nagara
River. Table 2 gives the as-mixed slump, air content,
and temperature. Table 3 gives the types of specimens.
Two types of specimens were prepared for creep tests
to be subjected to compressive and tensile loads. The
factors of experiment included dry and sealed con-
ditions. Free deformation specimens, sealed and dry,
were also prepared for correcting the measured strain.
Figures 1 and 2 show the geometries of compressive
and tensile creep specimens, including the locations of
strain gauges and humidity sensors. The compressive
creep specimens measured 150 by 150 by 300 mm,
whereas the tensile creep specimens measured 100 by

Table 1. Mix proportion.

Unit weight (kg/m3)

Water Fine Coarse
cement s/a aggre- aggre- Admix-
ratio (%) (%) Water Cement gate gate ture

57 44.2 180 316 851 926 3.16

Table 2. Properties of fresh concrete.

Slump Air Temperature
(cm) (%) (◦C)

17 5.4 22

Table 3. Category of specimens.

Drying Size of
Type of Load- condi- specimen Num-
loading ing tion (mm) ber

Compression Yes Sealed 150× 150× 300 1
Unsealed

No Sealed
Unsealed

Tension Yes Sealed 100× 100× 400
Unsealed

No Sealed
Unsealed

100 by 400 mm, with a loading plate on each end
to transfer the tensile stress via four deformed bars
(diamiter: 10 × 80 mm) embedded in the specimen.
The free deformation specimens were of the same size
as the specimen to be loaded. The measurement items
included the strain in the longitudinal direction of
specimens and the relative humidity and temperature
within specimens. Embedded strain gauges manufac-
tured by T company were used for measuring the
longitudinal strain. Non-heating-type ceramic humid-
ity sensors manufactured by N company were used
for measuring the internal humidity of specimens.
These were placed in the cross-sectional centers of
sealed specimens and at 5, 10, and 75 mm (cross-
sectional center) from the surfaces of dry specimens.
After being demolded (placing after lday), specimens
were wet-cloth-cured in a thermo-hygrostatic room at
a temperature of 20◦C ± 3◦C and relative humidity
of 80 ± 5%. Loading and drying began at an age of
28 days. Table 4 gives the compressive strength, elastic
modulus in compression, tensile strength, and elastic
modulus in tension at 28 days. The tensile strength was
determined by uni-axial tension tests using specimens
of the same size as those used for tensile creep tests.

:RH sensor

:Embedded Strain Gages

100 100

150

150

100

75
75

5

10

Figure 1. Size and shape for Creep specimens of compres-
sive tests (Unit: mm).

100

100

100 150150 50

5 10

Fixed plates

:RH sensor

:Embedded Strain Gages

Figure 2. Size and shape for Creep specimens of tensile
tests (Unit: mm).

74



3.2 Creep testing apparatus

In this study, hydraulic compressive and tensile creep
testing apparatuses shown in Figures 3 and 4, respec-
tively, were used. Their maximum capacities were 500
and 200 kN, respectively. After loading the specimens
using load cells, the strain and load were recorded
using data loggers at every 2 hours. The specimens
were re-loaded when the reduction in the load due to
creep has became approximately 5% of the initial load.
Meanwhile, the shrinkage strain of free deformation
specimens placed under the same environmental con-
ditions was measured to correct the strain measured in
the creep tests. Figure 5 shows the preset humidity his-
tory of the creep testing room. As shown in the figure,
the relative humidity of the atmosphere in the room

Table 4. Strength and elastic modulus at age of 28 days.

Fc Ecc Ft Ect
N/mm2 kN/mm2 N/mm2 kN/mm2

35.9 28.1 2.68 29.6

Hydraulics jack

Load cell

Sealed specimen

Unsealed specimen

PC bar

Figure 3. Compressive creep test apparatus.

Sealed specimen

Unsealed specimen

Load cell

PC bar

Figure 4. Tensile creep test apparatus.

was set at 80± 5% for the first 40 days and reduced to
40±5% thereafter. The air temperature was set at 20±
2◦C. Figure 6 shows the loading stress histories for the
compressive and tensile creep testing. Compressive
and tensile stresses of 6.0 and 0.80 N/mm2, respec-
tively, were adopted in consideration of the strength
test results at 28 days and the capacities of the loading
apparatuses.

3.3 Method of measuring relative humidity
in concrete

3.3.1 Non-heating ceramic humidity sensor
(Nan-to. Y. 2000)

Figure 7 shows the sensing element of the non-
heating-type ceramic humidity sensor (HLD5AT
manufactured by N company) used in this study.
The humidity sensor consists of a humidity sensing
element (ceramic), and resistance thermometer for
temperature correction of measurement values. Its
ranges of humidity measurement in air and sensitiv-
ity are 20 to 90% and ± 3%, respectively. In order
to confirm the operation of these sensors in concrete
(an alkaline solid), a humidity preconditioning test
was conducted by embedding them in concrete to
determine the calibration line.
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3.3.2 Humidity preconditioning test (Nanto. Y. 2000)
The measured values with the humidity sensor in atmo-
spheric air and in concrete under a same humidity
condition may be different. For this reason, a humidity
preconditioning test was conducted to confirm the
operation of the humidity sensor in concrete. Table 5
gives the salts used in the test and the preset rela-
tive humidities. Three salts were used, with the preset
humidities being 85%, 59%, and 33%. The specimens
encasing the sensors were cylinders 50 mm in diame-
ter and 100 mm in height. A ceramic humidity sensor
and measuring resistor were embedded in the cross-
sectional center of each specimen. Three specimens
were prepared for each preset humidity (nine in total).
A concrete was proportioned similarly to Table 1 and
wet-screened after mixing using a 5 mm sieve to obtain
the mortar phase. Specimens were fabricated with this

Ceramics RH sensor

Resistance thermometer bulb Unit:mm

Figure 7. RH sensor.

specimens

Dedicator

Saturated aqueous solution

Figure 8. RH sensor calibration test.

Table 5. Setting up for RH sensor.

RH(%)

Salts Reference values Measured values

KCl 85 86
NaBr 59 66
MgCl2 · 6H2O 33 40

mortar, demolded one day after placing, and water-
cured for a month. These specimens were then placed
in desiccators containing saturated salt solutions in the
bottom space until the specified humidity equilibrium
is attained. We had run the humidity preconditioning
test for 400 days. We judged the equilibrium condition
by confirming a static state of the internal humidity
together with the ambient humidity. The humidity and
temperature were monitored once every day. Figure 8
shows the state of the humidity preconditioning test.

4 TEST RESULTS

4.1 Humidity measurement in concrete

Figure 9 shows the results of the humidity precon-
ditioning test on humidity sensors. The relationship
between the humidity in concrete and the ambient air
humidity in equilibrium was approximated by a lin-
ear function (Eq. (2)), which was used as a calibration
function.

y = 1.45x − 26.1 (3)

where y= calibrated humidity in concrete (%) and
x=measured humidity in concrete (%).

4.2 Compressive creep tests

4.2.1 Time-related changes in strain and internal
humidity of free deformation specimens

Figure 10 shows the time-related changes in the strain
and internal humidity of free deformation specimens.
The fluctuation range of ambient humidity is shown in
the figure. The same goes for the following figures 11
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Figure 9. RH calibration line.
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-6

Figure 10. Relationship between shrinkages strains and
internal RH (Compression).

Figure 11. Relationship between creep strains and internal
RH (Compression).

to 13. This figure reveals an autogenous shrinkage
of around 50 × 10−6 in sealed specimens at the end
of a 90 day test period. Also, the internal relative
humidity of sealed specimens was as high as 97%
after 90 days. In regard to dry specimens, a shrink-
age of around 273 × 10−6 occurred after 40 days,
during which the ambient humidity was 80%. After
the ambient humidity was lowered to 40%, the strain
ended up at around 546 ×10−6 at the end of 90 days.
The relative humidity at a depth of 5 mm was around
82% after the first 8 days, which then decreased to
73% (42nd day, at which the ambient humidity was
reduced to 40%) and then to 48% (90th day). The rel-
ative humidity at 10 mm from the specimen surface
and cross-sectional center slowly decreased from the
beginning of drying, ending up being around 70% after
90 days.

4.2.2 Time-related changes in compressive creep
strain and internal humidity

Figure 11 shows the time-related changes in the strain
and internal humidity of creep specimens. This figure
reveals that the basic creep strain was around 200 ×

10−6 at the end of the 90 day test period, whereas the
internal relative humidity remained 100% even after
90 days. On the other hand, the drying creep strain was
140× 10−6 after 40 days with an ambient humidity of
80% but progressed further after the ambient humid-
ity was reduced to 40%, being around 375 × 10−6 at
the end of the 90 day test period. The relative humid-
ity at a depth of 5 mm began to decrease from the
beginning of drying, reaching around 70% after 7 days.
The reduction was slower thereafter, being 65% at the
42nd day. After the ambient humidity was reduced
to 40%, the humidity at 5 mm tended to level off
at a level similar to the ambient humidity. The rela-
tive humidities at a depth of 10 mm and in the center
slowly decreased from the beginning of drying, reach-
ing around 87% at the end of the 90 day test period. In
creep specimens, the rate of humidity reduction near
the surfaces tended to be higher than that of free defor-
mation specimens during 7 days. Acceleration of water
migration due to loading pressure can be regarded as
another possible factor for the difference in the rate of
internal humidity between creep specimens and free
specimens.

4.3 Tensile creep tests

4.3.1 Time-related changes in strain and internal
humidity of free deformation specimens

Figure 12 shows the time-related changes in the strain
and internal humidity of free deformation specimens.
This figure reveals that the autogenous shrinkage
strain of sealed specimens was around −53 × 10−6

80 days after the beginning of measurement. The
shrinkage strain of dry specimens was around 311 ×
10−6 after the first 40 days, during which the ambient
humidity was 80%. Following the subsequent reduc-
tion in the ambient humidity to 40%, the strain further
progressed to around−663×10−6 at the 80th day. The
internal humidity at the cross-sectional center of sealed
specimens remained nearly 100% throughout 80 days,
whereas that at a depth of 5 mm of dry specimens
decreased to 91% during the first 10 days in an environ-
ment with an ambient humidity of 80%. The humidity
decreased more slowly thereafter, being around 91%
after 40 days of testing. Drying further progressed
after the relative ambient humidity was reduced to
40%, with the humidity reaching 67% after 80 days
of testing. The internal humidity at a depth of 10 mm
began to change on the third day from the beginning
of testing, decreasing to around 100% 7 days later, but
leveled of thereafter. Drying at 10 mm from the sur-
face progressed again after the ambient humidity was
reduced to 40%, with the humidity reaching 80% at the
80th day. The internal humidity at the cross-sectional
center remained 100% for the first 70 days but grad-
ually decreased thereafter, being 96% after 80 days of
testing.
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4.3.2 Time-related changes in the tensile creep
strain and internal humidity

Figure 13 shows the time-related changes in the tensile
creep strain and internal humidity. This figure reveals
that the basic creep strain was around 18× 10−6 after
80 days from the beginning of loading. In regard to the
drying creep, a strain of around 18 × 10−6 occurred
after loading for 40 days at an ambient humidity of
80%. The drying creep further progressed thereafter,
with the ambient humidity being reduced to 40%, end-
ing up with a strain of 130×10−6 at the end of 80 days.
The relative humidity at the cross-sectional center of
sealed specimens was retained nearly at 100% until
80 days from the beginning of testing, showing that
the internal humidity was generally kept high. The
relative humidity at a depth of 5 mm of dry speci-
mens rapidly decreased to 81% during the first 7 days
of testing in an environment with an ambient humid-
ity of 80%. The relative humidity decreased more
slowly thereafter, reaching 79% by the 40th day, but
the reduction in the ambient humidity to 40% acceler-
ated the drying again, reducing the internal humidity
to end up at around 61% at the 80th day. At a depth

Figure 12. Relationship between shrinkages strains and
internal RH (Tension).

Figure 13. Relationship between creep strains and internal
RH (Tension).

of 10 mm, the internal humidity began to change on
the third day from the beginning of testing, decreas-
ing to around 100% at the 10th day, but leveled off
thereafter at around 100%. When the ambient humid-
ity was reduced to 40%, the drying rate gained again,
to a humidity of 80% after the 80th day. The relative
humidity at the cross-sectional center remained 100%
for the first 5 days but gradually decreased thereafter,
reaching 98% at the end of the 40th day. With a reduc-
tion in the ambient humidity to 40%, the humidity in
the center decreased further to 88% at the end of the
80th day. In regard to the difference in the moisture
migration rate between free deformation specimens
and creep specimens, the migration rates near the sur-
faces tended to be higher during 7 days, similarly to
the case of compressive creep.

5 RELATIONSHIP BETWEEN DRYING CREEP
AND CHEMICAL POTENTIAL

Figure 14 shows the relationship between the com-
pressive and tensile drying creep and cross-sectional
average chemical potential. Figure 12 reveals that
both the compressive and tensile drying creeps lin-
early increase with the changes in the average chem-
ical potential of the cross-section (reduction in the
humidity). Equations (4) and (5) give the relational
expressions between the chemical potential and the
compressive and tensile creeps determined by least
squares.

εcrc = 0.702 · μave (4)

εcrt = −0.193 · μave (5)

Figure 14. Relationship between drying creep strain and
average chemical potential.
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where εcrc = compressive drying creep (×10−6),
εcrt = tensile drying creep (×10−6), μave = average
chemical potential (J/mol).

The relationship was found to be linear correlation
both in compression and in tension. This suggests that
the development of creep is closely related to the mois-
ture migration phenomenon, namely, changes in the
chemical potential. Moreover, the obtained relation-
ship between the creep and the changes in the chemical
potential suggests a possibility of formulating a creep
prediction equation using the chemical potential of
water in concrete as a parameter.

6 CONCLUSIONS

1. Humidity measurement in concrete was attempted
using non-heating ceramic humidity sensors for
measurement in air. As a result, the internal humid-
ity of concrete was found to be measurable with a
practical accuracy.

2. Whereas the basic creep was scarcely affected by
the ambient humidity, the drying creep changed in
response to changes in the ambient humidity. It is
therefore inferred that drying creep is significantly
affected by the internal moisture migration.

3. The relationship between creep development and
changes in the chemical potential associated with
moisture migration was investigated from the
aspect of thermodynamics. As a result, linear
correlations were recognized between them. This
indicates a possibility of formulating a creep pre-
diction equation using the chemical potential of
water in concrete as a parameter.
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Modelling creep by microstructural changes
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ABSTRACT: Models for creep have been developed in many different directions in the last decades. Every
special purpose or every detailed influence that affects the creep of shrinkage have been tried to fit into a model
in one way or another. The final result of all this work is that there still exists no real consensus about how creep
should be modelled properly and taken into account objectively. The current trend towards nano-level modelling
could be a serious attempt to improve creep models or to come up with a completely new approach on how creep
models should work. The model presented in this paper is based on the work as published by Lokhorst in 1998. He
developed a creep model which is based on de evolution of the volumes of hydration products during hardening
of the concrete. In this model, the so-called ‘‘hollowshell’’ concept has been embedded and the simulations show
very good agreement with experimental results. The model has shown to have the potential to calculate creep
directly from the microstructural changes. In order to show this potential, results of this microstructure-based
creep model will be compared with other existing creep models which are frequently used in creep calculations.
The paper will show results of the microstructure-based creep model versus other existing creep models and the
pros and cons of the models will be identified. It might provide an overview of the gaps where creep models
could be improved either by means of introducing advanced modelling technologies or by means of further
development of currently used modelling concepts.

1 INTRODUCTION

In this paper, a model will be presented that describes
how the development of creep can be related to the
development of the microstructural changes. This
microstructure is described schematically as a sys-
tem of expanding cement grains that come into contact
while hydrating. The different stages where the grow-
ing particles are going through are indicated as: initial
stage, early hydration, ‘‘clustering’’ and ‘‘bridging’’.
An overview of these stages is provided schematically
in Figure 1.

The deformational behaviour of the microstructure,
associating with the different stages of the particle

Figure 1. Development of microstructure; schematic repre-
sentation of the particle expansion process; from left to right:
initial stage, early hydration, ‘‘clustering’’ and ‘‘bridging’’.

growth, will strongly depend on the performance
of these contacts between the grains. These con-
tacts, indicated as inter-particle bonds, depend on
the morphological properties of the microstructure
determined by the water cement ratio and the parti-
cle size distribution. In the early beginning, all cement
grains are surrounded by water and hydration has not
yet commenced. During hydration, these grains will
gradually dissolve under formation of an expanding
shell (cement gel) subdivided into an inner and an
outer product (Breugel 1991). The expanding board-
ers of the original grain progressively grow in outward
direction with strong increase of the expanding vol-
ume. Gradually, with elapse of time, the hydrating
grains come into contact, become ‘embedded’ and
form a load bearing structure under the formation
of ‘‘clusters’’ (Figure 1). With the ongoing inclusion
of the smaller particles embedded in the shell of the
bigger particles, contacts are being formed between
theses growing cluster formations, called ‘‘bridg-
ing’’. The bridging volume can therefore be applied
as a measure for the formation of structure of an
evolving microstructure. With progress of the bridge
volume more and more contacts are being formed that
associate with the strength gain of the cementitious
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Figure 2. ‘Bar-model’ for the deformational behaviour of
hardening concrete (Lokhorst, 2001).

material. The strength and stiffness will only be
determined by those particles, which are partly embed-
ded and which are able to bridge the gaps to their
neighbouring particles.

Figure 2 provides an abstract illustration of the
structure of hardening cement paste and aggregates
of concrete. The model for the cement paste is split up
into an un-hydrated cement volume and volumes that
mimic the growth of the cement gel. The smallest vol-
ume is the ‘contact gel’, representing those grains that
have the ability to ‘bridge’. The stiffness of the model
can be calculated from a series system build up from
these three components as shown in Figure 2. The vol-
umetric ratios and the local stiffness of the anhydrous
cement and gel provide the necessary data to calculate
the modulus of elasticity of the system. If the cement
gel has, besides elastic, also time dependent proper-
ties, the effect of the hardening process, i.e. change
of the three volumes, on the creep behaviour of the
model, can be determined as well.

2 MATURING CREEP

If the model, represented by the cement matrix in
Figure 2, is loaded, an elastic deformation will occur
initially. After this loading stage, the strain in the
gel will progressively increase in time due to creep
effects. During this deformation enhancement, new
hydration products will be formed that add additional
load bearing capacity to the system. At formation,

Figure 3. Measured and calculated deformations of creep
on hardening concrete.

the newly formed gel products are stress-free, how-
ever, because of compatibility requirements, these gel
products will gradually start to carry a certain part
of the load. In the model, the development of the
new formed hydration products (gel) will be imitated
by gradually adding new ‘‘bars’’. These bars asso-
ciate with the volumetric increase of the hydration
products and enhance the load bearing capacity of
the microstructure proportionally. The bars all have
the same microstructural properties and vary in age
only. The deformational behaviour is determined by
simple constitutive relations and by the change of
the microstructures’ morphology. The deformational
behaviour of the concrete is simulated by schematizing
the elastic deformation of the aggregates, modelled
as a spring, and both the parallel and serial systems
embedded in the cement matrix model (Figure 2).
In Figure 3, five short creep experiments are simu-
lated by the Bar-model for hardening concrete (At five
different ages (16, 24, 40, 48 and 71 hours after cast-
ing) specimens are loaded up to 30% of their ultimate
compressive strength. Throughout the experiments the
load is kept constant. The specimens are hardened at
20◦C. In order to avoid drying shrinkage, the spec-
imens were sealed with foil after casing and during
testing. With the simulations, the total deformation
consisting of the elastic and shrinkage deformation
ε(t) of the bars is calculated by the formula:

ε(t) = σ

E
+ atnσ (1)

in which:
t = time in hours;
E = 30,000 N/mm2 (elastic modulus, similar for

cement gel loaded in compression and
tension);

a = 1.5− 10−5, aging factor;
n = 0.3, power factor.
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The influence of the loading history on the defor-
mations of the bars is taken into account by assuming
the superposition principle to be valid. In the model,
the anhydrous cement and the aggregates exhibit
elastic behaviour only and have assigned a modulus
of elasticity of 60,000 N/mm2 (both in compression
and tension). The age dependency, which is commonly
used in creep formulas, is solely related to a change
of the microstructure, i.e. the growth of the hydration
products in time. In Figure 3, the measured and cal-
culated total deformations (elastic deformations plus
creep deformations) are plotted against time. The elas-
tic deformations are plotted by a dashed horizontal
line. The results show that the elastic deformations as
well as creep deformations increase with increasing
age at loading. From the figure, it can be seen that those
trends can be simulated with the model quite well.

3 TOWARDS A HOLLOW SHELL MODEL

The ‘Bar-model’ is a refinement of the creep formula
as proposed by van Breugel (Breugel, 1980). Based
on this version of this Bar-model, the presence of
hollow shells in the cement paste’s micro-structure is
considered to play a dominant role in the early-age
deformational behaviour of concrete. The hollow shell
concept is based on microstructural observations con-
ducted by Kjellsen et al. (1996). With microscopic
imaging he discovered hollow spaces in between the
anhydrous hydrating cement core and the already
formed hydration products (Figure 4). The progres-
sively hydrating cement particle withdraws itself under
the formation of the hydration products. This implic-
itly leads to the occurrence of a thin intermediate layer
which doesn’t contain hydration products and, there-
fore, exhibit a low local paste density. The presence of
the hollow shell suggest a weak physical interaction,

Figure 4. Microscopic image of a micro structure with indi-
cated a hollow shell around the anhydrous cement particles.

or even an absence of physical interaction, between
the anhydrous cement grain and the surrounding shell
of hydration products. With elapse of time, hydra-
tion products are commencing to be formed and the
anhydrous cement core withdraws itself continuously.
Whenever applying the load to the concrete specimen,
these hollow shells might be subject to additional stress
that promotes creep deformations. This mechanism
implicates that the load applied to the specimen can
be transferred throughout the micro-structure some-
where in-between a fully connected non-hollow shell
model and a model where a hollow shell is present.
In Figure 5, the two concepts for transferring load are
provided schematically. To investigate the contribu-
tion of the anhydrous cement grains inside a hollow
shell concept to the elastic modulus of a system, in
this section, a modified version of the Bar-model will
be considered. In this model the anhydrous cement
is surrounded by a cement shell of hydration prod-
ucts (gel) and where the load can be transferred either
through the anhydrous cement core or this core does
not participate in the load-bearing capacity of the sys-
tem (see Figure 6). The model includes the volumes
occupied by the capillary pores, anhydrous cement
and volumes of cement that are already hydrated. The
figure gives an impression of how the volumetric con-
tributions change with elapse of time. The anhydrous
part will reduce and the volume of hydration prod-
ucts will be enhanced under a simultaneous reduction
of the capillary pore volume. The model indicates
that the shell volume capturing the anhydrous cement
grains act as ‘‘bridges’’ and are able to carry the load
imposed to the specimen. The changes of the volu-
metric components during hydration can be calculated
with the numerical simulation model Hymostruc. In
this model, these changing volumes are calculated as
a function of the water cement ratio, the particle size

Figure 5. In case full interaction exists between the anhy-
drous cement grain and the surrounding shell of cement gel
a load will be transferred via the shell and the grain (left). In
case no interaction exists, a load can only be transferred via
the shell of the hollow-shell model (right).
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Figure 6. Modified composite Bar-model for hardening
cement paste; a model where the anhydrous cement is
surrounded by cement gel.

Figure 7. Schematic representation of the volumetric
changes of the microstructural model.

distribution, the temperature, and the chemical com-
position of the cement. In (Lokhorst, 2001), it can be
observed that the volumetric parameters p, q and r are
defined as (see also Figure 7):

p(α) = (1− α) · Vcem

Vpaste

q(α) = Vcluster(α)− Vbridge(α)− (1− α)Vcem

Vpaste

r(α) = 1

(1− p(α)− q(α))
· Vbridge(α)

Vpaste

(2)

where: Vcem = initial cement volume

Vpaste = initial paste volume

Vcluster = actual cluster volume

Vbridge = actual bridge volume

α = degree of hydration

Table 1. Values of k used for determination of the effective
elastic modulus.

Type of cement Compression Tension

Blast Furnace Slag cement kc = 1.0 kt = 0.7
Portland cement kc =0.85 kt = 0.5

From the model as shown in Figure 6, the effective
elastic modulus Eeff is determined using a serial align-
ment of the elastic modulus for Ec and the hollow shell
elastic modulus Hc:

Eeff = k · Hc + (1− k) · Ec (3)

where k is a weighing factor between 0 and 1, Ec the
elastic modulus of concrete and Hc the hollow shell
elastic modulus, excluding the stiffness of the anhy-
drous cores of the cement particles in the stiffness of
the system. For k = 1 the cement grains are com-
pletely ineffective in the stiffness of the cement paste
and the effective elastic modulus Eeff is equal to the
hollow shell elastic modulus Hc. Indicative k values
for Portland cement and Blast furnace slag cement are
provided in Table 1.

4 TOWARDS A STRAIN ENHANCEMENT
FACTOR FOR EARLY-AGE CONCRETE

Based on the model as presented in Figure 6, a gen-
eral proposal is postulated for the development of a
model for the simulation of creep strains of early-age
loaded concrete. The model is based on the ‘‘regular’’
modulus of elasticity of concrete Ec and the effec-
tive elastic modulus Eeff (see eq. 3). In this paper, the
strain enhancement factor mimics the ultimate creep
strain for concrete loaded at early-ages. For the strain
enhancement factor eh it holds:

eh = Ee − Eeff

Eeff
(4)

The strain enhancement factor, in fact, represents
the ultimate strain that is to be expected due to the
creep effects. From the strain enhancement factor pro-
vided in eq. (3) the ultimate creep can be calculated
according to

εc = eh · εe (5)

where εe is the elastic strain at loading. The ulti-
mate creep strain εc also includes the effect of the
maturing microstructure. While deforming, the mi-
crostructure of the early age loaded concrete will still
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prolong its hydration, which leads to the generation of
newly formed (stress free) hydration products that will
become load bearing after the moment of formation.
This process, the evolving and maturing microstruc-
ture will participate in bearing the load that act on the
concrete and contribute to a decline of the developing
creep.

With progress of the hydration process, the vol-
umetric contributions p, q and r, representing the
change of the cement, paste, cluster and bridge vol-
ume, will gradually change. While hydrating, the
initial cement volume will decrease where the cluster
and bridge volumes will increase. The cluster volume
is the volume that is defined as the total volume of
the remaining anhydrous cores of the cement grains
plus the volume of the cement gel for all fractions.
The bridge volume, on the other hand, is consid-
ered to be equal to the volume of those particles that
are embedded in the outer shell of a free particle in
a cluster that are able to act as a bridge with the
neighbouring clusters (see also Figure 1). With these
definitions, the change of the volumetric contributions
within an evolving microstructure can be calculated.
For the mixture used in this paper (350 kg/m3 Portland
cement, wcr 0.5), the results of the changing volumes
are provided in Figure 8.

From the figure it can be observed that the initial
cement volume (p) reduces linearly with elapse of the
hydration process (see eq. 2) and that both the clus-
ter and bridge volumes increase with progress of the
hydration process. From these results, the develop-
ment of the regular Ec and the hollow shell modulus
Hc can be calculated. The results of this calculation is
provided Figure 9 and show that, due to the lacking
contribution of the stiffness of the anhydrous cement
cores, the stiffness of the hollow shell modulus is sig-
nificantly less in comparison with the regular elastic
modulus. The results also show that the hollow shell
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Figure 8. Change of the volumetric parameters p, q and r
as a function of the degree of hydration.

modulus starts to gain its stiffness at a higher value of
the degree of hydration.

From the results provided so far, strain enhancement
factor for estimating the magnitude of the ultimate
creep of early age loaded concrete can be calculated.
According to the definition provided in equation 5, and
the k-values for compression as provided in Table 1,
the strain enhancement factor is calculated for the
Portland cement-based mixture as used before (see
Figure 10).

The results are validated with creep data determined
from creep tests conducted by Lokhorst (see Figure 3
and/or Lokhorst, 2001). It should be noted that the
results represent the creep only. In order to achieve
the total creep deformation εtot, the following formula
should be adopted (see also eq. 5):

εtot = εe + εc = εe(1+ eh) (6)
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Figure 9. Elastic modulus of concrete Ec and the hollow
shell modulus Hc.
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Figure 10. Strain enhancement factor for the Portland
cement-based concrete 350 kg/m3 and a water/cement ratio
of 0.5.
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The strain enhancement factor eh can be compared
with the creep coefficient φ. The advantage of the
strain enhancement factor is that it is directly related
to the development of the microstructure and with this
to the composition of the mix. The model provided in
this paper is implemented in the Hy-mostruc model,
which makes its usage very convenient. Whenever a
designer wants to estimate the order of magnitude of
the creep that is to be expected for a given mix compo-
sition, a simple calculation will supply a clear insight
in this phenomenon.

5 RECENT DEVELOPMENTS

With respect to the development of visco-elastic
models based on microstructural changes, at TU Delft
research is being conducted where the effect of water
inside the hollow shell is taking into account as well
(Ham et al. 2008). The availability of water inside the
shell between the remaining anhydrous cement core
and the already generated shell of hydration products
will affect the development of the creep in general and
the development of the rate of loading in particular.
When considering the hollow shell model shown at
the right hand side of Figure 5, it can be observed that
water might accumulate insight the hollow shell and
that is will have a share in the load bearing mechanism
to simulate creep. In Figure 11, a schematic impres-
sion is provided of the background of this model.
Left, the hollow shell model is shown with water
available insight the hollow shell of a single hydrat-
ing cement particle. Whenever load will be applied
to this particle, the transfer of load will occur via
the shell built-up from hydration products, but also
via the remaining anhydrous cement core, where the
intermediate water layer act as a load transferring
layer. Due to this confined water layer, pressure differ-
ences will develop between the water confined in the
water accumulated shell and the surrounding capillary
water in the paste system. These pressure differences
will alter whenever the paste is loaded and induce

Figure 11. Schematic representation of the hollow shell
model for visco-elastic properties of the developing micro
structure.

the confined water to become under an inclined pres-
sure. Pressure differences between the confined shell
water and the capillary water will drive this confined
water to move from the shell towards the surrounding
capillary water while passing through the hydrated
shell layer that surrounds the cement particle. The
principle is schematically shown in Figure 11, in the
middle. Water withdrawn from the shell will force the
system to redistribute its load, causing more load to be
transferred through the hydrated shell. This additional
load will enhance the actual stress level in the hydra-
tion products and lead to an additional deformation of
this shell that surrounds the hydrating cement particle.
Whenever applying this principle to the particles in
all fractions, the total deformation of hardening load
bearing cement paste system can be simulated. The
mechanism behind this model is schematically shown
in Figure 11, right. The inter-particle movement of the
confined water in the shell is modelled in Hymostruc
using a FEM schematisation (Ham et al. 2008).

6 DISCUSSION AND CONCLUSIONS

Modelling creep by means of the volumetric changes
that occur in the microstructure during hydration is
the main principle addressed in this paper. In 2001,
Lokhorst published the first ideas about this mecha-
nism to model creep and showed the potential of this
method by postulating a model to simulate the relax-
ation of concrete, and validated this model by a series
of experiments for the stress development in early age
concrete, conducted with the TSTM. The model turned
out to be very promising.

Based on similar principles, in this paper the poten-
tial of a creep model is provided. The model shows that
taking into account the volumetric changes of a cemen-
titious microstructure, i.e. cement, cluster and bridge
volume, enables the possibility to identify the gov-
erning processes necessary to model the visco-elastic
properties. Encouraging results have been achieved so
far from the strain enhancement factor enabling the
potential of simulating the ultimate creep of early-
age loaded concrete. The results clearly show the
effect of early loading and the reduction of the strain
enhancement with progress of the hydration process.
The maturing microstructure demotes the creep rate
and declines the actual creep strain to develop. The
models shows good agreement with experimental data
achieved from laboratory tests conducted in Delft.
Extending the potential of the model with the hollow
shell to be a water accumulated load bearing interme-
diate layer will provide the opportunity to take into
account rate effects and other time dependent stiff-
ness variations into the creep calculations as well. The
final result will be a microstructural-based model that
enables the calculation of the visco-elastic properties
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of hardening cementitious materials. The model can
also be utilized to simulate the hardening stresses in
early age concrete elements.
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ABSTRACT: In the present study, we use the finite element method to examine the ability of various consti-
tutive relations to reproduce the response of a hydrated phase of hardened cement paste measured in a cyclic
nanoindentation experiment. It is found that the linear viscoelastic model, which fits very well a single loading-
dwell-unloading cycle, does not properly describe the subsequent cycles. Qualitatively the best results are
obtained with a combined viscoelastic and plastic constitutive law. A finite element model is also employed to
analyze the effect of material inhomogeneity in the vicinity of the indent. The results of the numerical study
provide a valuable feedback to experiments by helping to select appropriate indentation depths and loading
histories. The study also extends the knowledge about the micromechanical behavior of cement paste.

1 INTRODUCTION

Understanding and description of mechanical behavior
of hardened cement paste at the scale of its microstruc-
ture may, in conjunction with multiscale modeling
(e.g. Šmilauer & Bittnar 2006), facilitate the develop-
ment of new cement-based materials with properties
tailored to specific structural requirements.

Nanoindentation, since it allows measuring mech-
anical properties of a very small material volume,
appears to be a suitable experimental technique to
identify the behavior of individual phases of hard-
ened cement paste (e.g. Constantinides et al. 2003).
The principle of nanoindentation, which was orig-
inally developed for materials with homogeneous
microstructure and for films, consists in pressing an
accurately-shaped hard tip (indenter) into the tested
material, while simultaneously recording the applied
force P and the displacement of the indenter against
the tested specimen h. Standard processing of the mea-
sured P-h relation is based on the analytical solution
of a contact problem involving an indenter and a semi-
infinite solid body (Oliver & Pharr 1992) and provides
the hardness and Young’s modulus. However, material
properties obtained by this method may be contami-
nated by various nonlinear phenomena. For example,
results of nanoindentation commonly exhibit a size
effect (e.g. Wei et al. 2004). Creep of the tested mate-
rial was found to be one of the factors contributing
to the size effect. Ignoring creep in the evaluation of
nanoindentation results can lead to an overestimation
of the size effect on hardness and to a spurious size
effect on elastic properties.

Application of nanoindentation to materials such
as cement paste faces particular challenges arising
from the inhomogeneity and porosity of the material
microstructure as well as from the nonlinear response
of its individual phases.

Complementing nanoindentation with a finite ele-
ment (FE) analysis may further enhance this experi-
mental technique and address many of the challenges
mentioned above. On one hand, results of numeri-
cal simulations can provide a valuable feedback to
experiments by helping to select appropriate loading
histories and indentation depths (e.g. with regard to the
topology of the material microstructure). On the other
hand, by using more advanced nonlinear material mod-
els to fit the response obtained from a nanoindentation
test, it can become possible to retrieve characteristics
describing plastic and viscous behavior of the material
phases.

In the present paper, we focus on testing the ability
of various constitutive relations to qualitatively repro-
duce the response of a hydrated phase of hardened
cement paste measured in a cyclic nanoindentation
experiment. We also numerically analyze various
aspects of the nanoindentation experiments.

2 SPECIFICS OF NANOINDENTATION
OF CEMENT PASTES

Cement paste is a heterogeneous material with the
major constituents being hydrated phases (e.g. C-S-H
gels and portlandite), unhydrous phases (rest of
clinkers) and porosity. Due to its fine resolution,
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nanoindentation can be employed to measure micro-
mechanical properties of these individual phases.
To this end, a large number of indents is produced
and subsequently separated into specific phase groups
with the aid of electron microscope (ESEM). Since
the results usually exhibit a significant scatter (even
for one single phase), they are treated statistically
(Constantinides & Ulm 2004, 2007).

An example of an indented cement paste sample
is shown in Figure 1. The typical pyramidal shape
of indenter imprints is formed by the Berkowich
indenter tip.

Figure 2 shows a typical result of a single indent
in terms of applied force P and penetration depth h.

Figure 1. ESEM image of indented cement paste—matrix
with large indents (5500 nm in depth).

Figure 2. Typical result of nanoindentation test.

Figure 3. Experimental results of nanoindentation tests on
cement paste without and with dwell period before unloading.

The response during loading involves nonlinear
phenomena, such as plastic yielding and creep. The
holding (or dwell) period is sometimes included to let
the material creep before unloading. In the standard
evaluation procedure, it is assumed that the unloading
curve involves solely elastic deformations. Then the
elastic modulus is determined from the initial slope S
of the unloading branch by the method proposed by
Oliver & Pharr (1992).

Figure 3 shows the response of cement paste
samples when loading was immediately followed by
unloading and when the load was kept constant for
120 s before unloading. In the former case the unload-
ing branch has initially a negative slope (because h
increases due to creep, even at decreasing P) while in
the latter case most of the creep takes place during the
holding period and the unloading response is almost
elastic. This clearly shows the significant effect of
creep.

3 EXPERIMENTAL PART

Samples of white cement paste (CEM-I 52,5 White,
Holcim, SK) with water/cement ratio of 0.5 were pre-
pared and stored in water for 28 days. Before testing,
a 4 mm thick slice from the bulk material was cut
and polished on coarse to very fine emery papers to
achieve a smooth and flat surface. The specimens were
washed in an ultrasonic bath to remove dust. The
resulting surface roughness, which was verified by
atomic force microscopy (AFM), was in the range of
several tens of nm.

Indentation was performed with Nanotest (Micro
Materials, UK) nanoindenter equipped with Berko-
wich type indenter. Each indent was performed under
force control, with the loading history shown in
Figure 4. After identifying by ESEM those indents
that hit exclusively the hydrated phase, a cluster of
P-h curves was obtained. From these curves a typi-
cal one was selected for the forthcoming numerical
reproduction.

Figure 4. Nanoindentation loading history.
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4 NUMERICAL ANALYSIS PART

4.1 Performance of various constitutive models

In order to find a constitutive model that would be able
to represent the experimentally obtained behavior of
the hydrated phase, a series of numerical simulations
of the nanoindentation experiment was carried out.
Nanoindentation was modeled as a contact problem
of a deformable body (specimen), which was pushed
against a rigid conical indenter. Large deformations
and large displacements were taken into account. Note
that the constitutive relations discussed hereafter were
applied to the Cauchy stress and logarithmic strain.
The problem was reduced to two dimensions by assum-
ing axial symmetry. Figure 5 shows the FE mesh and
boundary conditions used. The analyses were carried
out with the general-purpose FE program ADINA.

4.1.1 Linear viscoelastic model
Vandamme & Ulm (2006) examined the ability of
several linear viscoelastic models to reproduce the
nanoindentation tests on cement paste. For a loading
and dwell period they derived analytical solutions of
the problem, which makes it possible to determine
parameters of the viscoelastic model directly from
the history of indenter displacement measured dur-
ing the dwell period at which P is kept constant. The
best results were obtained with a 5-parameter com-
bined Kelvin-Voigt-Maxwell deviator creep model.
The model was based on the assumption that the creep
behavior is associated with shear and employed the
functional formulation:

eij(t) =
∫ t

0
Cd (t − τ) ṡij(τ ) dτ (1)

where t = time; eij = deviatoric strain tensor;
sij = deviatoric stress tensor; the overdot denotes
differentiation with respect to time; and

Cd(t) = 1

G0
+ 1

GV

(
1− e−

GV
ηV

t
)
+ t

ηM
(2)

Figure 5. Axially symmetric FE model of nanoindentation
experiment.

is the shear creep function with material parame-
ters G0, GV , ηV , ηM . The volumetric behavior was
considered as purely elastic, with bulk modulus K0.

For our FE simulation we evaluated Young’s modu-
lus E0 from the first unloading branch by the standard
Oliver & Pharr (1992) method, and we derived the cor-
responding moduli G0 and K0 assuming that Poisson’s
ratio is 0.196. Then we determined the creep param-
eters GV , ηV , ηM by fitting the experimental response
(h-t curve) measured during a 240 s long dwell period
that followed the indenter loading up to 10 mN.

Interestingly, the simulation captured very well not
only the first dwell period, on which the parameters
had been fitted, but also the first loading period; see
Figure 6. However, in the second loading cycle, only
the later stage was accurately reproduced. A signifi-
cant deviation from the experimental curve occurred
during the unloading and reloading periods. Namely,
the analytical results exhibited a strong hysteresis. This
suggests that in the model significant viscous defor-
mation was taking place even during the unloading
period, whereas in reality this effect was much less
pronounced.

4.1.2 Nonlinear viscoelastic model
For the nonlinear viscoelastic model we used the creep
potential based formulation. The stress-strain relation-
ship involved the decomposition of strain tensor into
elastic and viscous parts:

σij = Delast
ijkl (εkl − εC

kl) (3)

where σij = stress tensor; εij = strain tensor; εC
ij =

creep strain tensor; Delast
ijkl = elastic stiffness tensor.

The evolution of creep strain was governed by a flow
rule with the Mises type potential, which again implied

Figure 6. Response calculated with the 5-parameter linear
viscoelastic model.
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association of the viscous behavior with shear:

ε̇C
ij = γ̇ ; sij (4)

The scalar parameter γ was determined such that,
under constant stress, the equivalent creep strain ε̄C

was linked to the equivalent stress σ̄ and to the time
by the power creep law:

ε̄C = a0σ̄
a1 ta2 (5)

where a0, a1, a2 = material parameters. Strain hard-
ening creep was assumed.

The main difference between this model and the
linear viscoelastic model consist in the nonlinear
dependence of the creep strain on the stress. The
dependence on time is given by a power function in-
stead of the combination of an exponential function
with a linear one but, for the present applications, this
is not so important since the time range remains limited
to a few minutes.

A parametric study was carried out to find the model
parameters such that the results of the FE simulation
provided the best fit of the first cycle of loading-
dwell-unloading. Figure 7 shows that this goal was
satisfactorily meet. However, the subsequent loading
cycles showed a significant deviation from the exper-
iment. In particular, the subsequent loading branches
lacked the typical kink that occurred shortly after
exceeding the maximum load from the previous cycle.
This resulted in the total displacement at the end of the
analysis lower than that obtained from the experiment.
On the other hand, the behavior during unloading was
matched fairly well.

Figure 8 shows the calculated distribution of resid-
ual effective creep strain after complete unloading
following the fifth cycle. It is obvious that intense
straining affected a core under the indenter with radius
of about 3 μm.

Figure 7. Response calculated with the nonlinear
viscoelastic model.

Figure 8. Residual effective creep strain after complete
unloading (nonlinear viscoelastic model).

4.1.3 Combined nonlinear viscoelastic
and plastic model

As a next step, the nonlinear viscoelastic model was
enhanced by a plastic element, assuming that the kink
during loading could be attributed to plastic yielding.
The stress-strain law was then extended as:

σij = Delast
ijkl (εkl − εC

kl − εP
kl) (6)

where εP
ij = plastic strain tensor. The evolution of

plastic strain was controlled by the associated flow
rule:

ε̇P
ij = λ̇;

∂f

∂σij
(7)

where λ is the plastic multiplier and

f = 1

2
sijsij − 1

3
σ 2

Y (8)

is the Mises yield function, with σY = yield stress.
A perfectly plastic behavior was assumed.

The present model involves two nonlinear phenom-
ena: creep and plasticity. These phenomena cannot be
simply separated in the force-controlled nanoinden-
tation test, since even under a constant force (dwell
period) the material creeps, which results in a vari-
able contact area with the indenter and therefore a
variable stress field under the indenter. Consequently,
the parameters were determined by a trial and error
approach, which probably did not provide the opti-
mum values. Nevertheless, this deficiency does not
prevent us from examining some general features of
the model.
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Figure 9. Response calculated with the combined nonlinear
viscoelastic and plastic model.

Figure 9 shows that the combined nonlinear vis-
coelastic and plastic model qualitatively reproduced
all the characteristic features of the measured nanoin-
dentation curve. As opposed to the previous models,
the present one did not exaggerate the hysteresis during
unloading-reloading and properly captured the kink
during the subsequent loading.

4.1.4 Viscoplastic model
In an attempt to reduce the number of model param-
eters, yet maintain the features of the combined
model (in particular, existence of the yield stress), the
viscoplastic constitutive law was implemented. The
stress-strain law was written as:

σij = Delast
ijkl (εkl − εVP

kl ) (9)

where εVP
kl = viscoplastic strain tensor. The evolution

of viscoplastic strain was described by the associated
flow rule:

ε̇VP
ij = λ̇

∂f

∂σij
(10)

with the Mises yield function (8).
For the viscoplastic model, the stress is allowed to

be outside the yield surface. The power relationship
between the norms of the overstressσVP

ij = σij−σ̄ij and
of the viscoplastic strain rate ε̇VP

ij was prescribed as:

‖σij − σ̄ij‖ = σY (tch‖ε̇VP
ij ‖)m (11)

where σ̄ij = projection of the stress on the yield
surface; tch = characteristic time; m = rate sensi-
tivity parameter. Equation 11 is known as Norton’s
power law.

The viscoplastic model differs from the viscoelastic
ones by the existence of an elastic domain in which the

Figure 10. Response calculated with Norton’s viscoplastic
model.

behavior is elastic and thus time-independent. Creep
or relaxation can occur only if the stress level exceeds
the yield limit. For simplicity, no plastic hardening
was considered; otherwise the number of material
parameters to be identified would be too high.

To find the best fit with the current model trial and
error procedure was utilized. As seen in Figure 10, this
model could capture the first loading-dwell-unloading
cycle. However for the second cycle there was a signif-
icant mismatch and the response resembles that of the
nonlinear viscoelastic model. A possible explanation,
which we still have to verify, is that the response was
governed by the behavior of an intensively strained
and yielded core under the indenter (Fig. 8). Since
hardening was neglected in the viscoplastic model,
the nonlinear viscoelastic model and the viscoplastic
model beyond yield gave a similar response.

4.2 Effect of material inhomogeneity on
the evaluation of Young’s modulus
by nanoindentation

As we have pointed out previously, one of the dif-
ficulties when nanoindentation is applied to cement
paste is due to inherent inhomogeneity and porosity
of the substrate. Then a sensible question to be asked
is whether it is appropriate to use the method based
on the assumption of a homogeneous elastic halfspace
(Oliver & Pharr 1992) to evaluate Young’s modulus.
To clarify this point, a series of numerical analyses was
carried out. The linear elastic material model was used;
however the indent was performed into a hemispheri-
cal inclusion with Young’s modulus different from that
of the surrounding matrix (Fig. 11). The value of Pois-
son’s ratio was assumed to be the same in the inclusion
and the matrix.

The simulation involved a single loading cycle. Dif-
ferent ratios between the elastic moduli of inclusion
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Figure 11. Axially symmetric FE model for the study of the
effect of inhomogeneity on Oliver & Pharr procedure.

Figure 12. Normalized difference between the elastic mod-
ulus evaluated by Oliver-Pharr procedure (Eop) and the actual
modulus of inclusion (E0) for different normalized indenta-
tion depths (h/R) and different ratios between matrix and
inclusion moduli (E1 − E0)/E0.

and matrix were studied. Young’s modulus was calcu-
lated by the Oliver & Pharr (1992) method at different
penetration depths. Figure 12 shows the dependence
of the error in the resulting modulus on the penetra-
tion depth for different ratios of matrix and inclusion
elastic moduli.

As seen in Figure 12, when E0 = E1, the elastic
modulus evaluated by the Oliver & Pharr procedure
from the FE analysis result was almost equal to the
elastic modulus of inclusion regardless of the penetra-
tion depth, as expected. Note that the small deviation
resulted from a numerical error of the FE calculation.
However, the presence of matrix with a different elas-
tic modulus distorts the results of the Oliver & Pharr
procedure. The error increases with increasing pene-
tration depth and increasing difference between elastic
moduli of matrix and inclusion (Fig. 12).

As found by Constantinides & Ulm (2007) and
Miller et al. (2008), the elastic moduli of C-S-H and
the surrounding unhydrated grains in cement paste
are in the ranges of 20–40 GPa and 110–120 GPa,
respectively. Then the ratio (E1 − E0)/E0 falls in the
range of 1.75–5. Considering that the typical size of
the hydrated phase inclusions is several μm, it fol-
lows from Figure 12 that reasonable values of Young’s
modulus (and perhaps other properties) are obtained
by indents with h in the order of few hundreds nm.

5 CONCLUDING REMARKS

In the present paper, we examined the ability of sev-
eral constitutive models to reproduce the response
of a hydrated phase of hardened cement paste mea-
sured in a cyclic nanoindentation experiment. The
model that combined nonlinear viscoelastic and plas-
tic elements provided the best qualitative match to
the experimentally measured response, which sug-
gests that both instantaneous yielding and creep are
phenomena that significantly affect the microscale
behavior of the hydrated phase. On the other hand, it
was found that identification of the model parameters
poses certain difficulties. Although it is not elabo-
rated in this paper, attempts were made to find the
parameters through rigorous mathematical optimiza-
tion. Nevertheless, this effort did not yield satisfactory
results since it was not possible to separate the viscous
and plastic behavior from the measured data. Presently,
we are developing a test method that uses a modified
loading history and exploits the depth-sensing ability
of a recently acquired nanoindenter to overcome this
difficulty.

By analyzing the sensitivity of the evaluation of
microscale Young’s modulus to the size of the indented
inclusion we were able to estimate the appropriate
indentation depth. The depths used in the present
study (up to 2 μm) appear to exceed the optimum
value, which means that the results may not represent
purely the behavior of the hydrated phase. However,
our recent tests with indentation depth up to 300 nm
show behavior which is qualitatively consistent with
that presented.
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Determination of the static elastic constant of concrete derived
from the elastic constant of cement paste
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ABSTRACT: Static Young’s modulus of concrete is an important factor as well as creep in order to evaluate
the long-term internal stresses on a concrete dam. Therefore, in this paper, the prediction method of Young’s
modulus of the dam concrete using moderate-heat Portland cement is discussed. Supposing that the concrete
is two phase material which is composed of cement paste and aggregate, Young’s modulus of the concrete is
calculated based on the compound theory. Here, the Young’s modulus of hardened cement paste is evaluated
from the experimental equation considering unbound water affected by the degree of hydration of cement and
the Young’s modulus of aggregate is estimated from the amount of water absorption. Measured static Young’s
moduli of concrete in existing dams are compared with those of concrete which are calculated based on the
compound theory, and it is shown that the both give a good agreement.

1 INTRODUCTION

In order to support electric power energy demand
after the World War II, many concrete dams for the
hydroelectric power generation were constructed in
Japan. More than 40 years have passed already after
construction of these dams and for appropriate main-
tenance it is expected to establish the safety evaluation
method reflecting the present state of a dam. That is,
to verify the long-term safety of the existing dam,
the mechanical characteristic of the concrete which
composes a dam must be correctly evaluated. For
this purpose, concrete creep-tests have been carried
out and the reports already accomplished, however,
research works on the long-term evaluation of Young’s
modulus of the concrete have been hardly performed.
Therefore, in this paper the prediction method of the
Young’s modulus of dam concrete was investigated
based on the compound theory for contributing to the
safety of concrete dams.

2 ESTIMATION METHOD OF YOUNG’S
MODULUS OF CEMENT PASTE,
AGGREGATE AND CONCRETE

2.1 Overview

To predict the static Young’s modulus of concrete,
the concrete was considered to be two phase material

composed of cement paste and aggregate. The Young’s
modulus of hardened cement paste was derived from
Kawasumi’s evaluation method and the Young’s modu-
lus of aggregate was estimated based on the absorption
coefficient of aggregate. Details are described below.

2.2 Estimation method of Young’s modulus
of the cement paste

Kawasumi showed the evaluation method of Young’s
modulus of hardened cement paste cured in the water
using moderate-heat Portland cement. At the first step
in this method the velocity of P- wave and S- wave
of the hardened cement paste is measured. Then a
pulse Young’s modulus and a pulse Poisson’s ratio are
calculated from these velocities. Moreover in the last
the static Young’s modulus and Poisson’s ratio of the
cement paste are evaluated by proposed experimental
equation.

2.3 Kawasumi’s research overview

Using cement paste specimens with w/c values of 0.25,
0.30, 0.35, 0.40, 0.45, 0.50 and 0.55 made with mod-
erate heat Portland cement and cured in water, their
P- and S-wave velocities were measured at ages of
3, 7, 14, 28, 91 days, 6 months, 1 year, and 2 years. One
average value was calculated from 9 specimens’ data.
Each of the P- and S-wave velocities was expressed as
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a linear function of unbound water content and air con-
tent. As these contents are calculated by the expression
of cement hydration with any w/c and at any age which
was derived by S. Seki et al. and Kamasumi, P- and
S-wave velocities in cement paste with any w/c at
any age can be calculated. From the calculated P-
and S-wave velocities, the pulse Young’s modulus
and pulse Poisson’s ratio can be taken. As the rela-
tion between pulse and static Young’s moduli and the
relation between pulse and static Poisson’s ratios have
been obtained by Kawasumi, it can be calculated the
values of static Young’s modulus and static Poisson’s
ratio of moderate heat Portland cement paste cured in
water with any w/c at any age. Thus these values were
calculated with the w/c prescrived above, at the ages
between 3 and 805 days.

2.4 Pulse velocity in cement paste

Kawasumi showed the pulse velocity in the cement
paste made with moderate heat Portland cement and
cured in water by the following equations.

Vp/COEF = 4924.18− 5729.98 φ1

− 4283.04 φg(m/s) (1)

VS/COEF = 2610.15− 3513.92 φ1

− 1927.00 φg (m/s) (2)

COFE =
[

1+
(

1 − D

1+ γ
)(

γ −W/C

D +W/C

)] 1
2

(3)

D = ρW

ρc
(4)

φ1(t) = W −WB

ρW
= W − γ · CH (t)

ρW

= W − γ · RH (t) · C
ρW

(5)

CH (t)

C
= RH (t)

= 1− exp{γ · C −W )k0 t1−m}
1− γ (C/W ) exp{(γ C −W ) k0 t1−m} ,

(W/C �= γ ) (6)

where, Vs = P- wave velocity (m/s); Vc = S-
wave velocity (m/s); γ = assumed perfect bound
water content to cement (this value is assumed to be
0.37) (kg/kg); W = water content per 1 m3 cement
paste (kg/m ); C = cement content per 1 m3 cement
paste (kg/m3); ρw = density of water (kg/m3); pc =
density of cement (kg/m3); WB(t) = bound (or com-
bined) water content per 1m3 cement paste (kg/m3);
φl = volume of unbound water per 1m3 cement

paste (m3/m3); φg = volume of air per 1m3 cement
paste (m3/m3); Ch (t) = hydrated cement content per
1m3 cement paste (kg/m3); Rh(t)= rate of hydration
of cement (kg/m3/kg/m3); and k0, n = experimental
constant.

2.5 Pulse Young’s modulus of cement paste

From the pulse velocities, pulse Young’s modules and
pulse Poisson’s ratio are obtained by the following
equations.

Ed = 2(1+ υd)ρV2
s × 10−7 (7)

Vd =
(

Vp

Vs

)2 − 2

2
{(

Vp

Vs

)2 − 1
} (8)

where, Ed = pulse Young’s modulus (N/mm2); ρ =
density of medium (g/cm3); νd = pulse Poisson’s
ratio; Vp = P- wave velocity (cm/s); Vs = S- wave
velocity (cm/s).

2.6 Static Young’s modules of cement paste

According to Kawasumi, Static Young’s modulus (Esp)
and Static Poisson’s ratio (νsp) in the cement paste are
obtained by the following equations from the pulse
Young’s modules and the pulse Poisson’s ratio.

Esp = 0.001628× (Ed/0.0981)1.315 (9)

υsp = υd/1.212 (10)

where, Esp = static Young’s modulus of cement paste
(N/mm2 ); and νsp = static Poisson’s ratio.

2.7 Young’s modulus of aggregate

In order to evaluate the Young’s modulus of fine-
aggregate and coarse-aggregate, following equation
based on the absorption coefficient was adopted.

Esa
Ega

}
= 5.89

μ0.22
× 104 (11)

where, Esa, Ega = Young’s modulus of fine-aggregate
or coarse-aggregate (N/mm2); μ = water absorption
of fine-aggregate or coarse-aggregate (%).
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The equation to calculate the Young’s modulus of
whole aggregate is shown below as a function of sand-
coarse aggregate ratio.

Ea = SaEsa + (1− Sa)Ega (12)

where Sa = sand-coarse aggregate ratio, Ea = the
Young’s modulus of whole aggregate (N/mm2).

2.8 Young’s modulus of concrete

There are many equations to evaluate a Young’s mod-
ulus of compound materials. In this study following
equation that was basically developed by Hashin-
Hansen and improved later was selected referring to
the investigation of Kiyohara et al. That is, in this
equation K factor is introduced to evaluate the influ-
ence of the micro crack occurred at the phase boundary
between the cement paste and the aggregate and the
boundary-layer of the aggregate.

EC = Esp · (1− Va)Esp + (1+ Va)(k · Ea)

(1+ Va)Esp + (1+ Va)(k · Ea)
(13)

where, Ec = static Young’s modulus of concrete
(N/mm2); Esp = static Young’s modulus of cement
paste (N/mm2); Ea = static Young’s modulus of aggre-
gate (N/mm2); Va = volume of aggregate per 1 m3

concrete (m3/m3); and k = compensation coefficient.

3 CALCULATION OF YOUNG’S MODULUS
OF EXISTING DAM CONCRETE

3.1 Mix proportion of dam concrete and physical
properties

For calculation of Young’s modulus of dam concrete
Kurobe and Tonoyama dam were selected because of
using a moderate heat Portland cement. Calculated
Young’s modulus based on the compound theory was
compared with the value obtained from experiment
and the validity of this technique is discussed.

The specified mix proportion of the concrete which
was used for Kurobe and Tonoyama dam is shown in
Table 1. Mix proportion of 40 mm wet-screened con-
crete is also shown in Table 2. Moreover, the physical
properties of the hardened concrete and aggregate are
shown in Table 3. and Table 4.

3.2 Calculation of the static elastic modulus
of cement paste and aggregate

Based on these data, the calculation result of P-and S-
wave velocity of cement paste is shown in Table 5.
The density of the cement paste is also shown in

Table 1. Mix proportion of full mix concrete.

Name of dam Kurobe Tonoyama

Max size of aggregate (mm) 180 80
Air (%) 3–4 4–5
W/C (%) 47.2 42.9
Water (kg/m3) 85 105
Cement (kg/m3) 180 245

Table 2. Mix of 40 mm wet-screened concrete.

Name of dam Kurobe Tonoyama

Water (kg/m3) 143 119.4
Cement (kg/m3) 304 285.5
W/C (%) 47.2 41.8
Cement paste (volume)

Water (%) 14.3 12.1
Cement (%) 9.48 9.00
Paste (%) 23.78 21.1
Air (%) 5.9 2.6

Table 3. Physical properties of concrete (Mix of 40 mm
wet-screened concrete).

Name of dam Kurobe Tonoyama

Age Ec∗ σ ∗∗c Ec∗ σ ∗∗c
days N/mm2 N/mm2 N/mm2 N/mm2

7 17,100 20.4 18,500 25.5
28 22,000 33.4 24,100 37.3
91 25,300 43.4 32,000 49.0

183 26,900 46.1 – –
365 29,700 48.6 – –

∗ Young’s modulus, ∗∗Compressive strength.

Table 6. Moreover, calculated dynamic and static elas-
tic constants of cement paste are shown in Table 7. For
the calculation of Young’s modulus of concrete using
Equation 13 Young’s modulus of the aggregate, abso-
lute volume of the cement paste and the aggregate per
1 m3 concrete are shown in Table 8.

Incidentally, here, Vm, Va is the capacity ratio of
the base material (cement paste) and the aggregate to
the whole product (concrete), respectively.

3.3 Calculation of static Young’s modulus
of dam concrete

Although the static Young’s modulus of dam concrete
can be estimated from Equation 13, in the equation
k value isn’t decided. According to a investigation of
Kiyohara et al. k = 0.87 was proposed. Using this
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Table 4. Physical properties of aggregate.

Name of dam Kurobe Tonoyama

Fine aggregate
Water absorption (%) 0.6 2.6
Specific gravity 2.59 2.56
Lithology Granite *

Coarse aggregate
Water absorption (%) 0.7 1.5
Specific gravity 2.64 2.60
Lithology Granite *

∗ Sandstone, shale and granule conglomerate.

Table 5. Calculation results of P- and S-wave velocity of
cement paste.

Kurobe

Age Vp Vs
days RH(t) m/s m/s

7 0.5716 3131.7 1497.1
28 0.7155 3534.5 1744.1
91 0.8201 3827.3 1923.7

183 0.8708 3969.4 2010.8
366 0.9121 4084.9 2081.6
730 0.9441 4174.5 2136.6

Tonoyama

Age Vp Vs
days RH (t) m/s m/s

7 0.5438 3279.4 1594.5
28 0.6818 3686.0 1843.9
91 0.7837 3986.4 2028.2

183 0.8344 4135.8 2119.8
366 0.8768 4260.7 2196.3
730 0.9118 4363.7 2259.5

Table 6. Density of cement paste.

Name of dam Kurobe Tonoyama

Water (kg/m3) 600.84 571.56
Cement (kg/m3) 1277.30 1366.72
Density (g/cm3) 1.878 1.938

value and Equation 13 the Young’s modulus of dam
concrete was calculated and the results are shown with
experimental data in Figure 1 and Figure 2. From the
figures considerable differences between them can be
seen. It seems that calculated values are larger than
experimental ones and the k value is not to be constant.

As a parameter reflecting to the Young’s modu-
lus of concrete Esp/Ea and Vp/Va are considered,

Table 7. Calculation results of dynamic and static elastic
modulus of cement paste.

Kurobe

Age Ed Esp
days νd N/mm2 N/mm2 νsp

7 0.3519 11,390 7,450 0.2903
28 0.3391 15,310 11,000 0.2798
91 0.3310 18,520 14,120 0.2731

183 0.3274 20,180 15,800 0.2701
366 0.3246 21,580 17,270 0.2678
730 0.3225 22,660 18,440 0.2661

Tonoyama

Age Ed Esp
days νd N/mm2 N/mm2 νsp

7 0.3452 13,270 9,100 0.2848
28 0.3331 17,590 13,190 0.2748
91 0.3254 21,160 16,810 0.2685

183 0.3219 23,050 18,820 0.2656
366 0.3191 24,690 20,600 0.2632
730 0.3168 26,080 22,170 0.2614

Table 8. Calculation results of Young’s modulus of
aggregate.

Name of dam Kurobe Tonoyama

Esa (N/mm2) 64,600 46,800
Esg (N/mm2) 62,500 52,900
Vsa (m3/m3) 0.322 0.319
Vsg (m3/m3) 0.376 0.446
Sa 0.4613 0.4170
Ea (N/mm2) 63,500 50,300
Vm (m3/m3) 0.238 0.209
Va (m3/m3) 0.762 0.791

however, the latter may be constant in every con-
crete. Then the relationship between k values obtained
from Equation 13 taken account of measured data of
concrete and parameter Esp/Ea was investigated. A
regression is shown below.

k = 0.075+ 2.017 · Esp

Ea
(Krobe) (14)

k = 0.231+ 1.168 · Esp

Ea
(Tonoyama) (15)

Calculated static Young’s moduli using Equation 13
with k values estimated from Equation 14 and 15 and
measured ones are presented in Table 9, Figure 3 and
Figure 4, respectively.
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Figure 1. Young’s modulus of dam concrete and cement
paste (Kurobe Dam).
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Figure 2. Young’s modulus of dam concrete and cement
paste (Tonoyama Dam).

These show a good agreement between calculated
values and actual measured ones of static Young’s
moduli of concrete.

As a result, if we have measured values of static
Young’s modulus of a dam concrete, the possibility
that the variation of long-term static Young’s modu-
lus can be estimated in this way was shown. Using a
described method calculated long-term Young’s mod-
uli are shown in Figure 5 and Figure 6 with measured
ones.

Table 9. Calculation of static elastic modulus of concrete.

Kurobe

Age Esp Ec(c) Ec(e)
days N/mm2 N/mm2 N/mm2 Ec(c) Ec(e)

7 7,450 17,200 17,100 1.01
28 11,000 21,700 22,000 0.99
91 14,120 25,500 25,300 1.01

183 15,800 27,500 26,900 1.02
366 17,270 29,200 29,700 0.98
730 18,440 30,600 – –

Tonoyama

Age Esp Ec(c) Ec(e)
days N/mm2 N/mm2 N/mm2 Ec(c) Ec(e)

7 9,100 18,100 18,500 0.97
28 13,190 25,200 24,100 1.04
91 16,810 31,400 32,000 0.98

183 18,820 34,900 – –
366 20,600 38,000 – –
730 22,170 40,700 – –

∗ Ec (c) = Ec (calculation), Ec (e) = Ec (experiment)
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Figure 3. Young’s modulus of dam concrete and cement
paste.

4 CONCLUSIONS

For contributing to the safety of existing concrete dams
the prediction method of Young’s modulus of the dam
concrete using moderate-heat Portland cement was
discussed. In the investigation the concrete was con-
sidered to be two phase material which was composed
of cement paste and aggregate, the Young’s modulus
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Figure 5. Young’s modulus of dam concrete dependent on
time (Krobe Dam).

of the concrete was calculated based on the compound
theory. Also the Young’s modulus of hardened cement
paste was evaluated from the experimental equation
considering unbound water affected by the degree
of hydration of cement and the Young’s modulus of
aggregate was estimated from the amount of water
absorption.

As a result, the actual measured values and the
calculated values of the Young’s modulus of the con-
crete were approximate well and the long-term Young’s
modulus of dam concrete would be calculated by this
method was shown.
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Figure 6. Young’s modulus of dam concrete dependent on
Dam).

Incidentally, it is necessary to clarify the estima-
tion method of Young’s modulus of aggregate and the
influence of parameter Esp/Ea on Young’s modulus of
concrete.
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Micro elastic modulus of blended cement pastes
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ABSTRACT: For improving the properties of concrete, fly ash and Blast furnace slag (BFS) is mixed with
ordinary Portland cement (OPC). These blended concrete has a high resistance to chloride ingress by reducing
large pores at later age. This is because fly ash and BFS is reacted with calcium hydroxide and then produce
calcium silicate hydrate (C-S-H) gel which expand in cement matrix. It was well known that blended concrete
has advantages such as low porosity and low calcium hydroxide content. However, the properties of C-S-H in
blended concrete are not cleared well because its structure is changed with mineral admixtures. To understand the
structure of C-S-H is important for predicting the properties of concrete. Recently, to determine the mechanical
property of C-S-H, nano-indentation method is applied for hardened cement paste by Ulm et al. In their study,
this method is only applied for OPC only or degraded OPC until now. Therefore, we applied this method for
measuring the elastic modulus of blended hardened cement paste and also measured compositions of blended
cement paste by backscattered electron image. As a result, the elastic modulus of HCP mixed with fly ash is
lower than that of HCP only. It is indicated that the elastic behavior of C-S-H in blended cement is different from
that in OC.

1 INTRODUCTION

For improving the properties of concrete, fly ash
(FA) and Blast furnace slag (BFS) is mixed with
ordinary Portland cement (OPC). These blended con-
crete has a high resistance to chloride ingress by
reducing large pores at later age. This is because
fly ash and BFS is reacted with calcium hydroxide
and then produce calcium silicate hydrate (C-S-H)
gel which expand in cement matrix. It was well
known that blended concrete has advantages such
as low porosity and low calcium hydroxide content.
However, the properties of C-S-H in blended con-
crete are yet not understood because its structure
is changed with addition of mineral admixtures. To
understand the structure of C-S-H is important for
predicting the properties of concrete. Recently, to
determine the mechanical property of C-S-H, nano-
indentation method is applied for hardened cement
paste by Bernard and Ulm (2003). In their study, this
method is only applied for OPC or degraded OPC
until now (Ulm, 2004). Therefore, we applied this
method for measuring the elastic modulus of blended
hardened cement paste and also measured component
compositions of blended cement paste by backscat-
tered electron image analysis. However, we are faced
with the problem that when the nano-indentation
method is applied, it is difficult to identify each phase
in cement paste at nano level. Hence we adopted

the micro-indentation method that can measure
the elastic modulus of component at micro level where
each phase can be easily determined by SEM.

2 EXPERIMENTAL

2.1 Sample preparation

Ordinary Portland cement (OPC) and Eco-cement
(ECO), Fly ash (FA) and Blast furnace slag (BFS) were
used in this study. Properties of cements and chemi-
cal composition of cements is shown in Table 1, 2,
respectively.

The water to binder ratio of the cement paste is
0.5 by weight. EC were also mixed with FA or BFS
from 0 to 0.7 by weight. Replacement ratio of FA is
0.1, 0.2, and 0.3 (EF10, EF20 and EF30), and that
of BFS is 0.3, 0.5 and 0.7 (ES30, ES50 and ES70).
Mixing time was 3 minutes. Cement pastes were cast
in cylindrical moulds. Each of them was sealed and left
in the room at 20◦C for 1, 3, 7, 28, 91 and 365 days.
The hydration degree of each paste was determined by
using the ignition loss technique (105–950◦C).

2.2 Backscattered Electron Image (BEI)
measurement

Specimens of 5 millimeters cubic of pastes were pre-
pared and immersed in acetone for approximately
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Table 1. Properties of materials.

Blaine surface
Sample area (cm2/g) Density (g/cm3) Ig. loss (%)

OPC 3450 3.16 0.83
EC 4310 3.17 1.02
FA 3530 2.27 1.6
BFS 6000 2.89 _

Table 2. Chemical composition of cements.

Chemical composition (%)

SiO2 A12O3 Fe2O3 CaO MgO SO3

OPC 20.93 5.16 2.97 64.16 2.48 2.11
EC 17.01 7.42 3.72 61.63 2.24 4.09

24 hours to remove most of the water by solvent
exchange. D-dry was applied to specimens to remove
most of the acetone. They were immersed in low
viscosity epoxy resin under vacuum at room temper-
ature. After the impregnated resin was hardened, the
surface of specimens was polished with sand paper
and then with diamond paste. Finally, carbon was
coated. The specimens were examined at 500 × at
15 KeV by SEM with BSE detector. Observation area
is 150 × 200 μm and each pixel size is 0.32 μm.
And degree of hydration αc is determined by following
equation,

αc = 1− Vci

Vc0
= 1− Aci

Ac0
(1)

where Vci, Vc0, Aci and Ac0 are volume of cement at
time i, volume of cement at initial, area fraction of
cement at time i and area fraction of cement at initial
respectively.

2.3 Energy Dispersive X-ray analysis (EDX)
measurements

The measurement condition of EDX is the same as
BEI measurement except for measuring pixel size. The
measuring pixel size is 256 × 256. In this study, the
elements of Na, Mg, Al, Si, P, S, K, Ca and Fe are
detected. Threshold value of each element is deter-
mined by measuring each phase using point count
analysis. The decision algorithm of the phase in hard-
ened cement paste is not reported, though Bentz (1999)
reported on the decision algorithm of distribution of
phases in the cement particle. Firstly, when the pixel in
BEI is brighter than that of Aluminate in unhydrated

cement particle, the pixel is unhydrated cement. When
it is darker than Aluminate, it is pore (Pore), C-S-H, FA
or other hydration products (C-S-H), Ca(OH)2 (CH) or
BFS. When the pixel of unhydrated cement contains
Al and Fe in unhydrated cement, it is Ferrite phase.
When the pixel does not contain Fe, it is Aluminate
phase. It is Alite phase in case the Ca/Si ratio of the
other pixels is high. The rest of pixels in unhydrated
cement are Belite phase. The pixel that does not indi-
cate the value of Ca is pore (≥0.32 μm), and the pixel
that shows no value of Si and high value of Ca is cal-
cium hydroxide and the other pixels are C-S-H or other
hydration products including fine pores (<0.32 μm).

2.4 Compressive strength measurement

The measurement of compressive strength was deter-
mined by using cylindrical specimen with a 100 mm
height and a 50 mm diameter.

2.5 Mercury intrusion method

Mercury intrusion method (MTP) is applied for mea-
suring pore size distribution. 5 mm cubic specimens
after drying were used for measurement.

2.6 Elastic modulus measurement by indentation

A loaded indenter was applied to the same sample as
in the above section 2.2 to measure the indentation.
Once a pre-determined load was achieved, the load was
removed. The elastic modulus can be calculated based
on the inclination measured upon removing the load
by Oliver (1992). The maximum load was 20 mN and
the loading speed was 1.0 mN/s. Once the maximum
load was achieved, it was held for five seconds. Then,
the load was removed at the same speed as reaching the
maximum load. Measurement conducts at 100 points
with 10 μm intervals. In the study, a Fisher’s scope
H100C was used. After the pushdown, there remain
the indentations, which are available for observation
by EDX and then determined component composition
such as C-S-H, CH and so on.

3 RESULTS

3.1 Compressive strength

Changes in compressive strength of paste with age are
shown in Figs. 1 and 2. The strength of all specimens
except the EC increased with time. In other words,
addition of fly ash and BFS had enhanced strength at
the long-term age. Therefore it is important to clar-
ify the mechanism on the improvement of strength
development due to mineral admixtures.
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Figure 1. Compressive strength with age.

Figure 3. Backscattered electron image.

3.2 BEI observation

BEI at 1 year curing are shown in Figs. 3 and 4. Black,
dark gray, light gray, white pixel show Pore, C-S-H or
Fly ash, CH or BFS, and UH, respectively. It is evident
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Figure 2. Compressive strength with age.

Figure 4. Backscattered electron image of ECwith FA of
Slag.

that many pores are left in the EC, but a pore is hardly
left with the case of OPC and ES30.

This leads to the change in microstructure of cement
pastes due to addition of mineral admixtures.
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Figure 6. Pore size distribution at 1 year.

The fraction in area of each phases (Pore, C-S-H,
CH, Slag and UH) of 1-years old paste, which calcu-
lated by BEI is shown in Fig. 5. Most of phases are
hydration products, and few unhydrated component
remain. In addition, there are not the coarse pores that
can observe by BEI.

3.3 Pore structure measured by MIP

Pore size distribution of specimens at 1 year from the
MIP measurement is shown in Fig. 6. Coarse pore
(>0.05 μm) is existed in EC, but not in specimens
mixed with mineral admixtures. It is confirmed that

Table 3. Porosity at 1 year measured by MIP (cc/g).

OPC EC

0.130 0.177

EF10 EF20 EF30

0.162 0.174 0.194

ES30 ES50 ES70

0.121 0.098 0.100
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Figure 7. Micro elastic modulus with age.

pore structure changed greatly by mineral admixtures.
There are a lot of fine pores in ES70 compared with
the other samples.

Porosity at 1 year measured by MTP is shown in
Table 3. As for the specimens with BFS, porosity
decreased greatly. The porosity in mixed with or with-
out FA was almost the same, but it was shown that pore
size distribution was different.
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Figure 9. Effect of micro elastic modulus on compressive
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3.4 Micro elastic modulus

Micro elastic modulus measured by indentation
method was shown in Fig. 7. Elastic modulus mea-
sured in this study and results from nano-indentation
(Oliver, 2003) was almost the same. Micro elastic
modulus of OPC and EC increased with age, but that of
specimens with high replacement ratio did not increase
with age.

4 DISCUSSIONS

Effect of porosity on compressive strength is shown in
Fig. 8. It was shown that relationship between poros-
ity and strength is almost linear, but the coefficient of
correlation is not so high. The effect of porosity on
strength is influenced by a kind of cement and min-
eral admixtures. Therefore it is difficult to estimate
the compressive strength only by porosity. Relation-
ship between of micro elastic modulus on compressive
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Figure 10. Relationship between measured and predicted
strength.

strength is shown in Fig. 9. It is clear that the bulk elas-
tic modulus is related to compressive strength. This
is consistent with the previous reports (Klink, 1992
and Boumiz, 1996). However, the relationship between
micro elastic modulus and compressive strength was
not good. In other words the prediction of the com-
pressive strength is not possible only by a micro
elastic modulus. ad Therefore, we cannot explain the
compressive strength by porosity or micro elastic mod-
ulus of matrix independently. Accordingly, we try to
estimate the compressive strength as a function of
both coarse porosity and the micro elastic modulus.
Following equation is obtained,

σc = 3.1× Em − 257× P (2)

where σc = compressive strength (MPa); Em =
elastic modulus (GPa); and P = porosity (cc/g). As
shown in Fig. 10, there is a good relationship between
measured and predicted strength. Therefore it is pos-
sible that compressive strength development can be
explained by these two parameters.

5 CONCLUSIONS

In this study, we investigated the effect of micro elastic
modulus of cement paste matrix on strength. It was
cleared that pore structure and micro elastic modulus
of matrix changed by adding mineral admixtures.

It is possible to predict the compressive strength
with considering both of coarse porosity and micro
elastic modulus. That is, it is indicated the compressive
strength is influenced by not only porosity but also
micro elastic modulus of matrix.

107



ACKNOWLEDGMENT

A part of this study is partially supported by the
Japan cement association. Eco-cement that used in this
study is offered from Taiheiyo Cement Corporation.
We would like to thank to Mr. Konno and Mr.
Matsushima at Hokkaido Industrial Research Institute
for their cooporation.

REFERENCES

Boumiz, A., Vernet, C. and Cohen, F. Tenoudji., 1996.
Mechanical properties of cement pastes and mortars at
early ages: Evolution with time and degree of hydration,
Advanced Cement Based Materials, Vol. 3, pp. 94–106.

Bentz, D.P., Stutzman, P.E., Haecker, C.J. and Remond, S.,
1999. SEM/X-RAY IMAGING OF CEMENT-BASED
MATERIALS, Proceedings of the 7th Euroseminar
on Microscopy Applied to Building Materials, Eds:
H.S. Pietersen, J.A. Larbi, and H.H.A. Janssen, Delft
University of Technology, pp. 457–466.

Bernard, Olivier., Ulm, Franz-Josef. and Lemarchand,
Eric., 2003. A multiscale micromechanics-hydration
model for the early-age elastic properties of cement-
based materials, Cement and Concrete Research, Vol. 33,
pp. 1293–1309.

Constantinides, G. and Ulm, Franz-Josef, 2004. The effect of
two types of C-S-H on the elasticity of cement-based mate-
rials: Results from nanoindentation and micromechan-
ical modeling, Cement and Concrete Research, Vol. 34,
pp. 67–80.

Kiyofumi, K., Toyoharu, N. and Yasutaka, H., 2007. Strength
development and its microstructure of ECO-cement paste,
Proceedings of the 12th international congress on the
chemistry of cement, Montreal.

Klink, S.A., 1992. Cement and the elastic constants of
concrete, Cement and Concrete Research, Vol. 22,
pp. 761–768.

Oliver, W.C. and Pharr, G.M., 1992. An improved technique
for determining hardness and elastic modulus using load
and displacement sensing indentation experiments, Jour-
nal of Materials Research., Vol. 7, No. 6, pp. 1564–1583.

108



Creep, Shrinkage and Durability Mechanics of Concrete and Concrete Structures – Tanabe et al. (eds)
© 2009 Taylor & Francis Group, London, ISBN 978-0-415-48508-1

Study of the hydration process of quaternary blended cements
and durability of the produced mortars and concretes

M. Katsioti & P. Pipilikaki
School of Chemical Engineering, National Technical University of Athens, Athens, Greece

K. Pavlou & E. Chaniotakis
Titan Cement Company S.A., Department of R&D and Quality, Elefsina, Greece

M. Fardis, E. Karakosta & G. Papavassiliou
NCSR Demokritos, Institute of Material Science, Ag. Paraskevi, Athens, Greece

ABSTRACT: This study aims to clarify the effect that quaternary blended cements have on the hydration
process and durability of concrete. Therefore, blended cements with two different proportions of high calcium
fly ash, natural pozzolana and limestone have been produced and have been compared with CEM I type cement.
Compressive strength was measured at different ages and the hydration kinetics was studied by means of Proton
Nuclear Magnetic Resonance (NMR-1H). Furthermore, the above mentioned cements have been used to produce
mortars and concretes and their durability have been determined. The aspects of durability that has been deter-
mined are: pore size distribution by means of NMR-1H and mercury intrusion porosimetry, chloride penetration,
carbonation and resistance to sulphates attack. The conclusion of the present study is that quaternary blended
cements can perform as well as CEM I cement as far as compressive strength are concerned and they produce
durable mortars and concretes.

1 INTRODUCTION

Clinker production is an energy intensive process asso-
ciated with the emission of large amounts of CO2,
hence amplifying greenhouse effect. Cement produc-
tion is also an energy intensive process, as well as
demanding from the raw materials perspective. Tech-
nical improvements by the cement industry to decrease
the environmental impact of the latter processes are
reaching their limit. One of the remaining options
could be the reduction of the clinker content in cement.
One way to achieve this is the production of blended
cements, through the use of supplementary cement-
ing materials such as granulated blastfurnace slag
(GGFS), fly ashes from power plants, natural and
industrial pozzolanas or limestone. The production
of blended cements results in lower emission and
lower energy consumption since less clinker is used.
[ECOserve, Taylor (1995)].

Different kind of additives have been used around
the world but the role of each additive and its effect on
the hydration process and durability of concrete is not
clearly understood especially in ternary and quater-
nary systems. This study aims to contribute clarifying
the effect that blended cements with four compo-
nents have on the hydration process and durability of
concrete.

2 MATERIALS AND METHODS

Two different blended cements (QBC1) and (QBC2)
and a CEM I cement of the same class as given in the
European Standard EN197-1 were produced using a
laboratory ball mill whose composition and specific
area are presented in Table 1.

The compressive strength of mortars was mea-
sured according to the European Standard EN196-1 at
1, 2, 7, 28 days while the hydration process was mon-
itored in cement pastes with water to cement ratio of
0.5 by means of Proton Nuclear Magnetic Resonance
(1H–NMR).

Table 1. Composition and specific area of produced
cements.

CEM I QBC1 QBC2

Fly ash (%) 0 6 15
Pozzolana (%) 0 17 12
Limestone (%) 0 8 15
Clinker (%) 95 66 55
Gypsum (%) 5 4 3
Blaine (cm2/g) 2660 4660 5240
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Moreover, the above mentioned cements have been
used to produce mortars and concretes and their dura-
bility was determined. In order to estimate the dura-
bility the following aspects have been measured:

a. pore size distribution by means of NMR-H and mer-
cury porosimetry in cement pastes with water to
cement ratio of 0.5 at the age of 6 months when the
hydration of the cement is almost complete,

b. penetration of chlorides measured according to
ASTM C1202-05 performed at the age of 28 days in
concrete with effective water to cement ratio of 0,5,

c. carbonation measured in concrete with effective
water to cement ratio of 0,6 that remained one day in
the mould and six days in a Ca(OH)2 saturated solu-
tion and then kept inside a carbonation chamber that
had concentration of CO2 1%, temperature∼20◦C
and RH ∼70% for 28d, 56d, 90d, 180d, 365d
(1 year) and 730 days (2 years) using the method
of phenolophaleine.

d. resistance against sulphates attack by measuring the
expansion of mortars with water to cement ratio
of 0,5 made according to the European Standard
EN196-1, that were first cured for 14 days in a
saturated lime solution and then immersed in a
5% Na2SO4 solution for 18 months (1,5 year).

3 RESULTS AND DISCUSSION

3.1 Compressive strength

The results of the measurements of the compressive
strength of the cements are presented in Table 2. It is
obvious that quaternary blended cements exhibit sat-
isfactory strengths both in the early and later ages that
are similar to those of the CEM I.

In fact quaternary blended cements present higher
early compressive strengths than the CEM I. On
the other hand, the compressive strength at the age
of 28 days is approximately the same for all three
cements. This behaviour can be attributed either to an
acceleration of the hydration reaction deriving from
the use of the additives or from the action of the addi-
tives as fillers which contribute to the early strength
evolution. In order to determine which mechanism
is more accurate a study of the hydration kinetics is
essential.

Table 2. Compressive strength of the cements.

1 day 2 days 7 days 28 days
Cement (MPa) (MPa) (MPa) (MPa)

CEM I 8,0 12,5 23,3 41,4
QBC1 12,5 19,4 30,3 41,4
QBC2 10,0 16,3 27,1 40,1

3.2 Study of the hydration process by means
of nuclear magnetic resonance (1H-NMR)

Proton Nuclear Magnetic Resonance (1H-NMR)
studies of porous systems such as cement monitors
the evolution of surface to volume ratio as function
of time. The 1H-NMRT1 spin-lattice relaxation time
of the water that takes part in the hydration process
is shown as a function of hydration time in Figure 1.
On these diagrams the basic periods of the hydration
reaction have been marked: the dormant period, the
acceleration period and the diffusion period.

The start of the acceleration period has been plot-
ted as a function of the clinker amount in the cement
which is the main component that hydrates and is pre-
sented in Figure 2. Furthermore it a linear line has
been fitted in these data. From the diagrams presented
in Figure 1 and 2 it is evident that the dormant period is
longer in the case of the quaternary blended cements.
Respectively longer is the accelaration period. Thus,
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quaternary blended cements present a delay in the
hydration reaction that can be attributed to the fact
that the clinker which is hydrated is less in the blended
cements.

Therefore, it is obvious that the hydration rate of
the quaternary blended cements is lower that that of
the CEM I.

It is possible to fit sigmoid curves in the hydration
kinetics data. The result of this adjustment is presented
in Figure 3.

The fitted curves help to estimate the derivatives of
the hydration kinetics and present the hydration rate
as a function of time. The derivatives are shown in
Figure 4. They must be examined only according to
the location of the peak and their width.

It is noticeable that a) the maximum of the hydration
rate shifts in later time in the case of the quater-
nary blended cements and b) the width of the peaks
increases significantly in the case of the quaternary
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Figure 3. Fit of sigmoid curve on the hydration kinetics
data.
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Figure 4. Diagrams of the derivatives of the hydration
kinetics versus time of hydration.

blended cements which means that hydration process
take a lot more time in comparison to the reference
cement.

From the above it is obvious that partial substi-
tution of the clinker of cement by additives delays
significantly the acceleration period of the hydration
of cement which is characterized by the creation of
the majority of the C-S-H gel through homogeneous
nucleation and growth. This information can only be
derived by the study of the hydration kinetics by means
of Proton Nuclear Magnetic Resonance.

3.3 Mercury intrusion porosimetry (MIP)

In this study the cumulative intruded volume curve
(Figure 5) and the incremental intrusion volume vs
radius curve (Figure 6) are presented in order to esti-
mate and evaluate the pore structure of the hardened
blended cements.

A parameter of particular interest that can be deter-
mined from the cumulative porosity curve is the
critical pore size.

The critical pore size (dcr) corresponds to the steep-
est slope of the cumulative porosity curve. The critical
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pore size controls the transmissivity of the material.
[Aligizaki 2006] The critical pore diameter is the most
frequently occurring diameter in the interconnected
pores that allows maximum percolation. [Winslow and
Diamond 1970] The critical pore size of each cement
cumulative porosity curve is marked on Figure 5.

From the results of the mercury intrusion porosime-
try tests it is obvious that when additives are introduced
in cements their critical diameter increases meaning
that additives presence in cement produce larger inter-
connected pores in the cement paste. It must be noted
that in the case of the quaternary blended cement that
has a larger quantity of clinker (QBC1) the critical
diameter is slightly smaller and that indicates that the
pore structure of the cement is controlled mainly by
the quantity of clinker. Finally, it is very important
that the critical diameter of all three cements is of the
same magnitude.

Classification of pore sizes is marked on Figure 6,
performed according to S. Mindess et al., (2002). Pores
sized from 50 to 10000 nm are called large capillaries.
Capillary porosity is assumed to have a major effect on
transport processes but only a minor effect on hydra-
tion rates. [Brown and Shi (1991)] Large capillaries
sized more than 100 nm decrease as content of addi-
tives increases. Pores sized from 10 to 50 nm are called
medium capillaries. These pores affect permeability
and they appear as a result of mineral admixtures addi-
tion. [Brown and Shi (1991)] As it was expected the
existence of additives created a larger amount of pores
of this size. In fact, the vast majority of pores of quater-
nary blended cements are presented in this area. Pores
sized from 2,5 to 10 nm are called small (gel) capillar-
ies. These pores are not connected with permeability
but they affect shrinkage. Pore of this size exist in all
examined hardened cements. The majority of pores of
the CEM I are presented in this area.

3.4 Nuclear magnetic resonance (NMR)
cryoporometry

The pore size distribution obtained by NMR cry-
oporometry is presented in Figure 7.

Firstly, as far as small (gel) pores are concerned
NMR cryoporometry investigation is in accordance
with the above mentioned Mercury Intrusion
Porosimetry results.

Pores sized from 0,5 to 2,5 nm that are exam-
ined with this method, are called micropores and
they are part of the gel porosity of the cement paste.
[S. Mindess et al., (2002)] The C-S-H gel is a colloidal
amorphous gel, which contains pores of approximately
few nanometers. Due to the small size of the gel pores,
which are only an order of magnitude greater than the
size of the water molecules and due to the great affinity
of water molecules to the gel surfaces, the movement
of water in gel pores does not contribute much to
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Figure 7. Pore size distribution of cement mortars obtained
by NMR cryoporometry.

Table 3. Results of chloride penetration test according to
ASTM C1202.

Cement Charged passed (C) Permeability class

CEM I 5907 High
QBC1 2368 Medium
QBC2 5160 QBC2

cement paste permeability. [Hearn et al. 1994] Gel
porosity has a major effect on hydration rates, because
gel pores exist inside the hydration products that accu-
mulate between the liquid phase and the anhydrous
cement grains. All hardened cements present a peak
(dm) in their pore size distribution at around 1,5 nm
which moves towards smaller radius as additives con-
tent increases. This means that quaternary blended
cements have smaller gel pores.

3.5 Chloride penetration

The of the rapid Chloride penetration tests results are
presented in Table 3. These results clearly show that
quaternary blended cements have a better performance
against chloride penetration. Specifically, CEM I has
half of the resistivity of QBC1.

In order to explicate this result the porosity results
mentioned above must be taken in consideration. Qua-
ternary blended cements present a distribution of pores
in the are of 10 to 50 nm in which transport processes
are controlled by electrostatic interactions between
the pore walls and the pore liquid that extend over
a significant fraction of the pores’ cross-sectional
area; for this reason, electrostatic effects may hin-
der transport processes through these pores. [Brown
and Shi (1991)] Chloride penetration is controlled by
transport phenomena and therefore influenced by this
effect. Furthermore, quaternary blended cements have

112



smaller interlayer micropores and there is evidence for
the binding of chlorides in CSH gel, possibly in inter-
layer space. [Papadakis (2000)] Lastly, it must be taken
in consideration that the rapid test is a measurement of
the electrical conductivity of concrete, which depends
on both pore structure and composition of the pore
solution. The addition of additives changes greatly the
chemical composition of the pore solution, which has
little to do with the pore structure itself. [Papadakis
(2000)].

In order to experimentally support the above men-
tioned assumptions, investigation is still in process.

3.6 Carbonation

The results of the carbonation test are presented in
Figure 8. The diagram shows that during the first
period (until 180 days) of exposure in CO2 all three
concretes presented approximately the same depth of
carbonation while after that age quaternary blended
cements presented higher carbonation than CEM I.

In order to better estimate the rate of carbonation of
the concretes the experimental data that are presented
in Figure 8 were fitted in the equation D = K · t0,5,
where D = depth of carbonation in mm, K = carbon-
ation coefficient in mm/y0,5 and t = time of exposure
in days, [Neville (1995)] and the value of K was esti-
mated for each concrete and are presented in Table 4.
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Figure 8. Progress of carbonation of concretes with time of
exposure.

Table 4. Estimated carbonation coefficients
K of the concretes.

Cement K (mm/y0,5)

CEM I 15,67
QBC1 17,96
QBC2 21,77

The results of Table 4 verify that CEM I has a lower
carbonation rate that quaternary blended cements. It
is noticeable that QBC1 has a carbonation rate very
similar to that of CEM I.

When pozzolanic additives substitute clinker there
is a reduction of the amount of portlandite due to the
pozzolanic reaction. Literature [Neville (1995)] men-
tions that the depth of carbonation is greater when the
amount of portlandite present is lower. It follows that
the presence of fly ash results in a more rapid carbon-
ation. This is the case of the blended cements used in
this study and as pozzolanic additives amount increase
carbonation is higher.

3.7 Resistance against sulfate attack

The results of the expansion measurements of the three
mortars are presented in Figure 9.

In the data derived by the expansion measurements
first order exponential growth (y = y0 + A1 · ex/t1)
was fitted and the curves are presented in Figure 9. The
detailed results of the fitting are presented in Table 5.

It is obvious that CEM I has a greater expansion;
the y0 value which represents the final expansion of the
cement is higher than quaternary blended cements.

This is due to the fact that blended cements have a
lower amount of C3A due to the reduction of clinker.
This is the first factor that controls sulfate resistance.
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Figure 9. Progress of expansion of mortars in sulfate
environment with time of exposure.

Table 5. Results of the fitting of first order expo-
nential growth in the expansion versus time results.

Cement Y0 A1 t1

CEM I 377 −352 −78
QBC1 187 −192 −149
QBC2 215 −211 −112
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Furthermore, the blended cements contain pozzolanic
additives that react with portlandite reducing it in that
way so that it won’t react with sulfates.

The two blended cements present approximately the
same expansion up to the age of 90 days and after that
QBC1 has a better behavior.

4 CONCLUSIONS

Concluding this study, quaternary blended cements
can perform as well as CEM I as far as compres-
sive strength is concerned. They display high early
strength that as proved by the study of the hydration
reaction by NMR-H1 is due to the filling effect of the
materials. They have pore distribution in the area of
medium and small capillary pores. As far as dura-
bility is concerned quaternary blended cements and
especially QBC1 present exhalent behavior against
chloride penetration and sulfate attack and a satisfying
low carbonation depth, while ordinary blended cement
behaves well only against carbonation. The conclu-
sion of the present study is that quaternary blended
cements can perform as well as CEM I cement as far as
compressive strength are concerned and they produce
durable mortars and concretes.
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ABSTRACT: This paper provides an overview of the mathematical modeling for time-dependent behaviour of
cementitious materials. Since the cementitious materials have complex and multi-scale structures, the modeling
need to bridge a very wide range of the order from nano-scale for material science level to meter-scale for
structural analysis. Furthermore the structure of the cementitious materials is formed through chemical reaction
and changes with time as a function of the environmental condition. Thus analytical models for observed
behaviour in the cementitious materials need to be sufficiently comprehensive and precise characterization for
material structure and measurement of the environmental conditions are essential for building up the constitutive
models.

1 INTRODUCTION

For durability design and/or prediction of life time of
concrete structures, nowadays it is essential to apply
some relevant mathematical models to simulate the
time-dependent behaviour of concrete.

Cementitious materials such as concrete have com-
plex multi-component and multi-scale structures that
first form through chemical reaction and then con-
tinue to change with time (e.g. Jennings et al. 2008).
As a result, various aspects of the behaviour have been
observed but sometimes the real mechanisms are not
clarified. If the observed behaviour is just simplified
as a material law, the potential of modern numerical
methods for computerized structural design is not fully
used.

It could be noticed that a lot of information on
the cementitious materials exists dealing with the var-
ious aspects of formation and development of the
micro-structure and strength. In the field of cement
chemistry, chemical reaction process, hydration prod-
ucts and micro-pore systems were deeply studied.

Material structure of the heterogeneous composite sys-
tem, mechanism of crack initiation and propagation,
and mass transportation through the internal network
of the porous micro-structure and cracks were studied
in the field of material engineering. For the analysis
and design of buildings and infrastuctures, however,
those scientific knowledges are limited to be trans-
ferred but averaged material laws have been obtained
by a large amount of experimental studies.

One way to come to more realistic and more reliable
material laws is to link the observed time-dependent
behaviour with details of the material structure and
with real mechanisms (Wittmann, 1983). However,
the observed behaviour of concrete cannot be linked
directly each other and a hierarchic system of at least
three different levels needs to be introduced. Table 1
shows an example proposed by Wittmann (1983). For
combining all of these observed behaviour into a uni-
fied system, conceptural modelings are essential to
integrate carefully all of the important findings on
these different levels into a general computational
framework based on mathematical modelling. Here
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Table 1. Three structural levels of concrete and corresponding characteristic features,
mechanisms and models. (Wittmann 1983).

Structural Characteristic
levels features Mechanisms Type of models

Micro-level Structure of Particle displaement, Materials science
Hardend cement Capillary tension, models
Paste, Xerogel Disjoining pressure,

Surface free energy
Mesco-level Pores, Cracks, Crack formation and Materials engineering

Inclusions Extension, Differential models
stress

Macro-level Quasi-homogeneous Apparent mechanisms Structural engineering
structural elements Models

Material laws

the modelling of concrete should cover microstruc-
ture, hydration, temperature, moisture content, state of
equilibrium, and mechanical and volumetric changes.
The integration is to be sought in terms of a com-
putational tool that can take into consideration the
development of micro-structure and various changes
of concrete exposed to any arbitrary environment.
Furthermore, for predicting the life time of concrete
structures, it needs to predict the structural perfor-
mance of concrete together with the transport of var-
ious external agents into the concrete microstructure
(Maekawa et al. 1999).

In this paper, some examples of such mathematical
modelling and computational tools together with some
experimental technologies to characterize the material
structure are overviewed.

2 MATHEMATICAL MODELING FOR
TIME-DEPENDENT BEHAVIOR OF
CEMENTITIOUS MATERIALS BASED
ON MICRO-MESOSCOPIC APPROACH

2.1 Microstructural modeling of concrete

As a starting point for predicting the time-dependent
behavior of concrete or concrete structures, i.e. heat
production and resultant thermal deformation, autoge-
nous shrinkage, drying shrinkage and creep behavior,
microstructural modeling of concrete is discussed.
For the initial state of concrete, which is deter-
mined by the properties and performance of raw
materials, mixture proportion, work operation, and
hydration process, a couple of models have been
proposed with which the evolution of the initial
state of the concrete can be predicted as a func-
tion of the mixture composition and curing condition.
The five most frequently discussed micro-structural
models are the HYMOSTRUC (van Breugel 1991),

CEMHYD3D (Bentz & Garboczi 1993), Navi’s model
(Navi & Pignat 1999), DuCOM (Maekawa et al.
1999, Maekawa et al. 2003) and CCBM (Maruyama
et al. 2007). Regarding, especially deformation phe-
nomenon, HYMOSTRUC, CEMHYD3D, CCBM,
and DuCOM are dealing with, and consequently, these
models are overviewed here.

HYMOSTRUC predicts the degree of hydration
from the data of water to cement ratio, mineral compo-
nents of cement, particle size distribution, and curing
condition (i.e. humidity and temperature). The parti-
cle size distribution is represented by Rosin-Rammler
function and the particles are uniformly placed in the
space in statistical way. Shape of cement particles is
assumed to be spherical, and it keeps the geometry
during hydration process. Inter-particle contact with
each other occurs when the cement particles grow. The
effect of inter-particle contact on the rate of hydration
is modeled with the concept of ‘cell density’.

The rate of hydration is described as a function
of basic rate of hydration and coefficients of dif-
fusion process in hydrates with Arrhenius’ law for
curing temperature effect. The basic rate of hydra-
tion is determined by the amount of C3S and C2S.
The coefficients of diffusion process in hydrates take
into account of density of hydrates, residual water and
relative humidity in pore structure.

Using HYMOSTRUC, van Breugel & Lokhorst
(2001) explained the creep behavior of early age con-
crete based on the concept proposed by Ghosh (1973).
Assuming inherent creep of cement hydrates and strain
conservation among cement hydrates, redistribution
of stress between old hydrates and new hydration
products was mathematically solved in his study.

Koenders & van Breugel (1997) developed a
model for autogenous shrinkage based on the
HYMOSTRUC. In this model, a simple pore size
distribution curve was used, and this pore size dis-
tribution, residual water, and adsorption curve gave
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the thermodynamic equilibrium, and relative humidity
in cement paste matrix. Thermodynamic equilibrium
and a similar approach to Munich model (Wittmann
1982), which is based on the surface tension con-
cept, can produce the deformation of cement paste in
early age.

CEMHYD3D is using the method of Cell
Automaton, and accumulation of reaction in local cells
represents the total reaction of cement paste and gives
the discrete (or voxel) 3-dimensional cement paste
structure. The accumulation is determined by the local
chemical reaction rule which is a function of density
of substances in target cell and neighborhood cells.
This unique model can take into account many chem-
ical reactions at once. But discrete system in size and
time, may produce some other problems, such as eval-
uation of time with changing curing temperature and
reaction of fine particles like silica fume. In spite of
these problems, combining with statistical approach,
CEMHYD3D has been successfully applied to many
engineering problems.

Regarding shrinkage problem, combining CEMH-
YD3D and geometrical algorithm (Bentz et al. 1995)
can take into account the thermodynamic equilib-
rium and relative humidity in the cement paste matrix.
Using these parameters, and considering specific sur-
face free energy and Bangham equation (Bangham &
Fakhoury 1931) it can simulate the deformation of
porous material (Bentz et al. 1998).

Recently, CCBM was proposed by Maruyama et
al. in Japan. This model is based on the fundamental
kinetic model for Portland cement developed by Tomo-
sawa (1974 &1997). The kinetic model is expressed
as a single equation composed of four rate determin-
ing coefficients which represent the rate of surface
solution, formation and destruction of initial imper-
meable layer (for dormant period), and the following
diffusion controlled process. This model also assumes
that cement is spherical and it keeps its shape during
hydration. Aiming for the universality, CCBM intro-
duced the particle size distribution, reaction of each
mineral compositions, coefficients for precipitation
rate, and difference of density of cement gel which
is affected by the temperature history. Model parame-
ters were determined according to the cement reaction
data obtained by X-ray/Rietvelt method (Hoshino et al.
2006, Matsushita et al. 2007). Phase composition
problem was also modeled according to experimen-
tal data (Maruyama et al. 2007). Fig. 1 shows the
comparison of degree of hydration between the exper-
imental results and calculated results by CCBM. This
model focused on the problem of early age crack-
ing in RC members. Heat capacity and coupling of
the heat and moisture transport were modeled pre-
cisely and succeeded in predicting the temperature
history and distribution (Maruyama et al. 2006). Using
capillary tension and disjoining pressure approach

for autogenous shrinkage, self-induced stress in RC
members coupled with thermal deformation and auto-
genous shrinkage was evaluated with FE analysis
(Maruyama & Sato 2005).

Another Japanese micro-structural simulation
model named DuCOM was also developed by
Maekawa, Ishida, Kishi and others in the University
of Tokyo (Maekawa et al. 1999, Maekawa et al. 2003).
The analytical system can simulate hydration reac-
tion, micro-pore structure formation, moisture trans-
port/equilibrium and their system dynamics based on
thermodynamics. DuCOM is comprised of mainly the
multi-component hydration heat model, microstruc-
ture development model and moisture transport and
equilibrium model. Each model is briefly explained
below.

In the multi-component hydration heat model of
DuCOM, the chemical compounds of Portland cement
are aluminate (C3A), alite (C3S), belite (C2S), ferrite
(C4AF), and gypsum. Other blending materials, such
as blast furnace slag, fly ash or limestone powder,
are incorporated into the model as individual compo-
nents. The total heat generation rate per unit volume
of such a blended cement is represented as the sum
of the specific heat generation rate of the individual
clinker component. The temperature-dependent heat
generation ratio of each clinker component is based
on the Arrhenius law. The heat generation rate can
be idealized by two material property parameters, i.e.
the reference heat rate and activation energy, when
temperature is constant at 293K. In the heat gener-
ation, the following factors are taken into account
as mutual interaction: retardation of the cement-slag
reaction at an early stage caused by the presence of
fly ash and organic admixtures, free water consump-
tion due to hydration progress, heat generation rate
change of slag and fly ash based on the amount of
calcium hydroxide in the liquid phase, the interdepen-
dence between C3S and C2S and relative fineness of
each mineral component. Finally, the temperature dis-
tribution and the degree of hydration of the concrete
can be obtained by applying thermodynamic energy
conservation to the space and time domain of inter-
est. The hydration degree of hardened cement paste in
this model is assumed to be the ratio of accumulated
heat Q of hydrated products to final heat generation
Q∞. According to the hydration model, the hydration
reaction process for an arbitrary cement powder can
be simulated rationally.

Next, the microstructure development model is
summarized. The model can simulate the microstruc-
ture formation process of the hardening cement paste
matrix for any mix proportion under arbitrary envi-
ronmental conditions based on the information from
the above multi-component hydration model. In the
microstructure model, micro-pores in the concrete are
classified into three types: capillary pores, gel pores,
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Figure 1. Experimental results of degree of hydration of C3S, C2S, C3A, and C4AF (dots), and calculated ones by CCBM
using fitted parameters (lines).

and interlayer pores. The capillary pores are located
in the relatively large interparticle spaces between
the powder particles; they act as free space for the
precipitation of hydrate products. The gel pores are
thermo-dynamically defined as the spaces where new
C-S-H gel grains conditionally precipitates only when
the temperature rises (Nakarai et al. 2007). The inter-
layer pores are located between the layer structures of
the C-S-H gel grains; the layer thickness is defined as
2.8 Å corresponding to water molecular size. From
the average degree of hydration and the weight of
chemically combined water computed in the hydra-
tion model, the volume of gel products and porosity of
capillary pores, gel pores and interlayer pores are cal-
culated in the model. The entire micro-pore structure is
idealized as the total porosity of the above-mentioned
capillary pores, gel pores and interlayer pores. The
pore distribution of each pore is represented by a sim-
ple Raleigh Ritz function, postulating that the pores
are cylindrical in shape.

Moisture in the cementitious microstructure can be
presented in both liquid and vapor phases in the mois-
ture transport and equilibrium model. The vapor and
liquid phase transports are formulated based on mass
conservation laws. The pore moisture is classified as
adsorbed water, condensed water in capillary pores

and gel pores, and interlayer water in the interlayer
pores in the model.

Firstly, the moisture equilibrium model is
explained. Considering the surface equilibrium
between the vapor and liquid phases in fine pores,
the relationship between the radius rs of pore where
the meniscus is formed and pore humidity can be
obtained from Laplace equation and Kelvin’s equa-
tion, when the interface is a part of an ideal spherical
surface. The amount of water in the microstructure
at a given ambient relative humidity can be calculated
because the porosity distribution of the microstructure
is known from the above mentioned microstructure
development model. Pores of radius less than rs would
be completely filled, while the other pores would be
empty. Thus, the model gives the saturation of pores by
integrating the total pores volume from zero to rs. The
pores include physically adsorbed water in their solid
walls. In the model, the adsorbed layer is idealized
based on the modified BET theory (Hillerborg 1985).
The degree of moisture saturation in concrete is then
given as the total of saturation in micro-pores consist-
ing of capillary pores, gel pores and interlayer pores,
and the volume of adsorbed layer. The adsorption-
desorption hysteresis is explained as the inkbottle
effect in the model. It is assumed that moisture can be
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trapped in inkbottle-shape pores owing to the complex
geometrical characteristics of the microstructure. Dur-
ing the wetting stage, as relative humidity increases,
liquid water can gradually condense in the smaller
pores. On the other hand, during the drying stage,
evaporation of moisture occurs from larger pores. Dur-
ing virgin drying, the evaporation of trapped water in
larger inkbottle-shaped pores can be inhibited due to
connection to smaller pores. The result is an appar-
ent adsorption-desorption hysteresis. In the model, the
saturation in monotonic drying is idealized based on
the inkbottle effect. Since the stability of the con-
densed water in inkbottle-shaped pores is strongly
dependent on the ambient temperature according to
experimental findings, the temperature sensitivity in
saturation-humidity paths is implemented (Ishida et al.
2007). The hysteresis of interlayer water is also mod-
eled based on the experiments that revealed the hys-
teresis has a temperature dependence, too (Ishida et al.
2007).

Next, the moisture transport model is described.
Moisture transport in a porous body is driven by the
pore pressure gradient and the temperature gradient.
Ishida et al. (2007) proposed a formulation of vapor
flux that can be applied to arbitrary temperature condi-
tions. The model takes into account of factors reducing
the apparent diffusivity of vapor, such as the complex-
ity of the pore network. The vapor flux is driven by the
gradient of absolute vapor density ρv of the system,
instead of by relative humidity.

2.2 Mesoscopic modeling for time-dependent
behaviour of concrete

Recently, a project has been in progress, which
couples the microscopic thermo-physical information
obtained from DuCOM with macroscopic structural
information such as stress, strain, deformation, crack-
ing and others computed by a 3D FEM structural
system named COM3 (Maekawa et al. 2003). One
of the targets of this project is the development of
a multi-scale constitutive model that can simulate
the time-dependent deformation of concrete such as
shrinkage and creep based on the hydration reac-
tion, pore structure and moisture state in the pores
(Maekawa et al. 2003, Zhu et al. 2004, Asamoto et al.
2006). Outline of the multi-scale constitutive model is
described below.

In the model, concrete is idealized as a two-phase
composite with aggregate and hardening cement paste.
The aggregates are modeled as elastic particles with a
stiffness determined by their density, while the hard-
ening of cement paste is expressed by the progressive
formation of finite fictitious clusters as the hydration
proceeds based on solidification theory (Bazant &
Prasannan 1989). The number of clusters is depen-
dent on the degree of hydration as obtained from

DuCOM. The stress in the hardening paste is given as
the summation of stresses applied to all clusters. Both
volumetric terms and deviation of stress and strain are
computed, taking into account of interactions between
aggregate particles and the cement paste matrix.

According to the model, the mechanical behavior
of a fictitious cluster is associated with the ther-
modynamic state of moisture in micro-pores such
as capillary pores, gel pores and interlayer pores.
Recently, moisture migration in gel pores was divided
into moisture transport through the internal pores of
C-S-H gel grains and water in motion within the inter-
particle spaces of hydrate micro-products (Asamoto
et al. 2006). The motion of moisture in capillary and
gel pores is idealized based on seepage theory, which
describes moisture in the pores migrating gradually
under sustained stress.

Since the rate of motion depends on pore size, it
takes longer for moisture in smaller pores to reach the
equilibrium. The moisture in interlayer pores diffuses
and causes the volumetric change only at high tem-
perature. Each component is composed of an elastic
spring, a dashpot and a slider whose parameters are
determined by temperature, moisture saturation, pore
size distribution and other factors of the hardening
cement paste.

The driving force behind volumetric change in the
model is assumed to be related to capillary pres-
sure and solid surface energy. These phenomena are
computed, coupling with the thermodynamic state of
moisture in the micro-pores. The capillary force is
calculated based on the Laplace equation, the Kelvin
equation and the degree of saturation of capillary
and gel pores subjected to pore pressure. Shrinkage
under a relatively high humidity condition is caused
mainly by the capillary force in the model. On the
other hand, in the case of a relatively low humidity
condition, the increase in the solid surface energy
of gel particles due to desorption of water is ideal-
ized as the main mechanism to drive the shrinkage.
By coupling the above volumetric stress depending
on moisture states in pores with the C-S-H skeleton
stress, the equilibrium between skeleton stress and
external loading can be satisfied. Thus, the time-
dependent deformation can be computed according to
the boundary conditions without conventional classi-
fication such as autogenous/drying and basic/drying
creep. Currently, the model is able to reasonably sim-
ulate the time-dependent deformation of cementitious
composites under arbitrary boundary conditions (Zhu
et al. 2004, Asamoto et al. 2006). Fig. 2 summarizes
DuCOM and multi-scale constitutive model concept.

2.3 Experiments for verifying models

Some of model components, especially related with
the phenomena in micro-pores, are dependent on
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Figure 2. DuCOM and multi-scale constitutive model.
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Figure 3. Schematic illustration of the linkage of phenomena, characterization of structures and modeling.

various macroscopic assumptions arising from experi-
ments. Regarding CCBM, model parameters of hydra-
tion process are determined according to the experi-
mental data of X-ray/Rietvelt analysis, DSC, and MIP
with several assumptions for amorphous phase com-
ponent. And the accuracy of the model is discussed
with experimental data of ig. loss, calorimeter, and
X-ray/internal standard method. In the case of

DuCOM, the modeling of the temperature-dependent
hydration process and microstructure formation of
gel pores is based on indirect information obtained
from the adiabatic temperature test and the thermo-
gravimetric analysis. The hysteresis and the temper-
ature sensitivity of moisture such as trapped water in
inkbottle-shaped pores and interlayer water are sim-
ply idealized according to macroscopic experimental
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findings. The ultimate recoverable and irrecoverable
time-dependent deformation in the model is also based
on the various experimental data of shrinkage and
creep. The hydration, microstructure, moisture states,
and time-dependent deformation in fine pores have
been extensively studied over several decades, but it
has been difficult to directly observe the phenomena
and verify the theories, particularly at nanometer scale.
Thus, the modeling must be postulated from macro-
scopic information and remain empirical. According
to the model, the computational prediction can give a
good agreement with the phenomena that have been
experienced, while the unusual extending conditions
and phenomena in the far future are hardly predicted
at convincing level. In order to predict the long-term
durability of RC structures and to utilize a vari-
ety of cementitious materials for various structures,
the intrinsic micro information from experimental
analysis is necessary.

Recent remarkable development of the experimen-
tal technique is expected to reveal the above unclear
microphysical phenomena. It may enable us to inves-
tigate the microstructure and moisture behavior at
micrometer and nanometer scale. Directly observing
the time-dependent behavior of cement hydrates in
fine pores, each phenomenon can be clarified and
the various theories assuming from macroscopic infor-
mation can be verified. Since the molecule behavior
is dominant at nanometer scale and should be mod-
eled not only by classical thermodynamics but also
by molecular dynamics, statistical theories and others,
the experimental studies are useful for idealizing the
phenomena at nanometer level. Identifying the dom-
inant phenomenon and physics in each scale for the
time-dependent behavior at macro-scale, the mod-
eling of the time-dependency of cement hydrate at
the multi-scale is possible and enables to predict the
deterioration process of RC structures under arbitrary
boundary conditions. Thus, as shown in Fig. 3, the
linkage between the phenomenon, experimental anal-
ysis and modeling based on theories at each scale is
quite important. In the next chapter, the state-of-the-
art of experimental techniques to verify the theory at
each scale will be described.

3 EXPERIMENTAL TECHNOLOGY
AND METHODOLOGY TO MEASURE
MICROSCOPIC INFORMATION
OF CEMENTITIOUS MATERIAL

3.1 Propagation and distribution of micro-crack
and moisture transport in micro-crack
(1 mm∼1μm level)

3.1.1 Time-dependent behavior in micro-crack
The behavior of microcracks in cementitious materi-
als has been extensively studied because the micro-

cracks can affect the diffusivities of chloride ion,
CO2 and other harmful agents in concrete and they
lead to the reduction of the durability. Gran (1995)
reported an impregnation technique based on flu-
orescent ethanol that can be slowly replaced with
the pore water. This technique is called as Fluo-
rescent Liquid Replacement (FLR) technique and
does not need traditional preparation procedures such
as drying and evacuation that may induce microc-
racks. The FLR technique gives impregnation depths
that are several orders of magnitude larger than
the measurable impregnation obtained with tradi-
tional procedure using epoxy. According to him, the
FLR technique can be used to observe the crack
development due to loading, freezing/thawing, cor-
rosion etc., even in the case of low W/C con-
crete with dense porosity (Gran 1995). Ammouche
et al. (2000 & 2001) proposed an image analysis
technique for the quantitative assessment of micro-
craks in cement-based materials. The highlighted
microcracks and other microdefects of the polished
samples were observed by using an optical micro-
scope. The various micro information such as poros-
ity, air bubble and microcracks was extracted from
the observed image conducting a pretreatment of
the color image and an automatic thresholding on
the gray level histogram. The characteristics of the
crack network were quantified using classical stere-
ological methods. The technique enabled to deter-
mine the specific crack length, the degree of ori-
entation and other crack pattern characteristics and
seemed to lead to the basis of the micromechanical
discussion.

Recently, the development of laser microscopes
and digital microscopes has been progressive. The
advantage of these technologies is to observe the phe-
nomenon in micro-pores with high resolution and
color under arbitrary conditions such as wetting con-
ditions, while SEM, X-ray diffraction and others need
some preprocessing of samples, for example, vac-
uum drying and evaporation coating. In the case of
laser microscopes, 3D laser scanning technology has
been advanced and enables us to examine the sur-
face roughness of specimens at high resolution of
nm level (http://www.keyence.co.jp/microscope/lase
r/vk_9700/index.jsp?). The observable 2D range of
3D laser microscopes and latest digital microscopes
is about from 1 μm to 1 mm. Although these tech-
nologies are not applicable for studying phenomena
at nanometer scale, it is expected that the prop-
agation of micro-crack under sustained stress and
the meniscus formation in micro-meter pores are
observable because they are able to continuously
measure such behavior. An example of observation
on the surface of hardened cement paste by using
the above mentioned 3D laser microscopes is shown
in Fig. 4.
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Figure 4. Observation of cement paste surface by 3D laser microscopes.

Figure 5. W/C = 50%, crack width 0.05 mm, relative water content 30% (Kanematsu et al. 2007).

3.1.2 Moisture transport around crack and between
aggregate and cement paste matrix

Recently, Neutron Radiography (NR) technique was
adopted for the observation of moisture transport
behavior around crack. Kanematsu et al. (2007)
observed moisture behavior in different crack width
ranging from 0.05 to 0.3 mm in the specimen whose
size was 100×100×20 mm. Relative water content in
the concrete was also the one of parameters. Accord-
ing to the experiment, it was confirmed that the speed

of penetration of moisture in the crack is affected by
the relative water content in the concrete. The typical
figure of NR is shown in Fig. 5.

For mitigation of autogenous shrinkage, recently
saturated porous aggregate was applied to the concrete
of low water to binder ratio. For the performance-
based design of these kinds of material and eval-
uation of concrete performance, effect of water in
porous aggregate on the reduction of shrinkage of
concrete should be evaluated. Regarding this aspect,
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Figure 6. Moisture transfer between different porous media
during hydration process.

Lura (2003) used ink for the observation of the
effective distance from the aggregate surface, and
this experiment revealed that the range within 1mm
from the cement paste matrix to the aggregate sur-
face was colored, and, at least, 1mm distance from
the aggregate was supplied water from the aggre-
gate. Bentz et al. (2006) used the X-ray tomography
technique for getting the information of water dis-
tribution around saturated light weight aggregate.
From this experiment, water was supplied to the
position of 2 mm away from the aggregate surface.
Maruyama et al. (2007) also carried out a simi-
lar experiment using NR, which is shown in Fig. 6.
In this experiment, porous aggregate was limitated
by hardened cement paste with W/C = 0.55, and
W/C of cement paste matrix was 0.30. Subtrac-
tion of water strength obtained by NR test, that
the range of supplied water in hardening cement
paste was 4 mm from the surface of imitated aggre-
gate was detected. Fig. 6 shows the distribution of
water strength of NR around cement paste matrix—
aggregate interface.

3.2 Microstructure and moisture state
in micro-pores (1 μm∼10 nm level)

3.2.1 Pore distribution and volume
The mercury intrusion porosimetry has been widely
used to study the microstructure of hardened cement
paste. It measures the volume of mercury which
infiltrates into sample pores according to injection
pressure. By converting the injection pressure of the
test results into the cylindrical pore radius, and assum-
ing the mercury intrusion volume as volume of the
pores which corresponds to the cylindrical shaped
pores, the relationship between the pore radius and vol-
ume can be obtained. This relationship is said to be the
cumulative pore capacity curve and is the most basic

relationship which describes the distribution charac-
teristics of pores in the microstructure. The specific
surface area of sample pores is also evaluated from the
mercury intrusion porosimetry results. Based on the
modeling which assumes the geometry as the cylin-
drical shape, specific surface area is evaluated as a
total sum of pore surface of cylindrical shape.

A gas adsorption test is also an accepted method-
ology to examine the pore structure. It measures the
specified volume of gas adsorption to adsorbent which
it balances in relative humidity under an isothermal
environment, that is, the test measures the adsorp-
tion isotherm. In the gas adsorption test, as well as
the mercury intrusion porosimetry, the volume of gas
adsorption corresponds to sample pore volume. There
are various gases that can be used in the gas adsorption
tests. From a viewpoint of microstructure evaluation,
nitrogen is often used because it is an inert gas. Kelvin
equation is generally used to analyze the pore size
distribution from the adsorption isotherm. Applying
the Kelvin equation to the results of the adsorption
isotherm relationship, the accumulated pore capacity
curve similar to the mercury intrusion porosimetry
is gained. The adsorption volume is obtained with
the volumetric method, while the mercury intrusion
volume in the mercury intrusion porosimetry directly
corresponds to the volume of pores.

The BET theory is used for evaluating the specific
surface area based on the adsorption isotherm. The
theory is expanded from the Langmuir theory and
multilayer adsorption state is considered, assuming
the adsorption site on the adsorbent. The adsorption
isotherm expressed with the BET theory nearly corre-
sponds to the II type adsorption isotherm. The range of
relative humidity in which the BET theory is accepted
is about from h= 0.05 to 0.35 in the case of hardened
cement paste. The monolayer adsorption volume and
interaction constant are determined from the results of
the BET plot within this range. In Fig. 7, the solid line
in the graph is the fitting results of the relative humid-
ity range of h = 0.05 to 0.35 in a straight line. The
monolayer adsorption volume, specific surface area
and interaction constant are calculated based on the
fitting results and are marked in each graph.

Davis (1984) showed the correlation of the
BET specific surface area using nitrogen adsorption
isotherm and the mercury intrusion porosimetry by tar-
geting a variety of samples. Davis pointed out that the
mercury intrusion porosimetry gives a larger specific
surface area than the BET methods does. However, the
results in both methods are not so different and they
can be directly compared for practical purposes. Fig. 8
shows the comparison of the specific surface of hard-
ened cement paste measured with these two different
methods. In these results, the mercury intrusion meth-
ods tend to give larger specific surface area than the
BET method does.
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Figure 7. BET plot of hardened cement paste; N2 adsorption (Chiba Institute of Technology, Utsumi Lab).
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Figure 8. Comparison of surface area of hardened cement
pastes with W/C= 0.3, 0.4 and 0.5 obtained from N2 adsorp-
tion isotherms and mercury intrusion porosimetry (Chiba
Institute of Technology, Utsumi Lab).

Samples to be used in the mercury intrusion
porosimetrys and gas adsorption tests need to be dried
before the tests. Gallé (2001) studied porosity obtained
in the mercury intrusion porosimetry results at the
maximum injection pressure of 413 MPa by target-
ing the dried sample using each drying method. It
was found that samples executed in an oven-drying
at 105◦C have the highest porosity in the mercury
intrusion porosimetry. Juenger et al. (2001) deliber-
ated the differences of the BET specific surface area
and the pore volume based on the drying conditions
targeting the nitrogen adsorption test. According to
their experimental results, the oven drying at 105◦C
has the lowest BET specific surface area compared to
that of D-dry and a combination of methanol elution
and D-dry in the nitrogen adsorption. The measured
porosity is dependent on not only test method but also
pre-drying conditions.

Odler (2003) deliberated on the difference of the
BET specific surface area depending on each type
of adsorbate. Fig. 9 shows the summarized results
of the BET specific surface of H2O adsorption and

N2 adsorption described in references (Odler 2003,
Mikhail & Abo-El-Enel 1972, Mikhail & Selim 1966).
From these results, it is found that water vapor adsorp-
tion evaluates the higher specific surface area than that
of the nitrogen adsorption. Feldman and Sereda (1968)
explained the difference in the specific surface area
between water vapor adsorption and nitrogen adsorp-
tion in terms of the filling of interlayer pores only
by water. Daimon et al. (1977) pointed out that the
only water could absorb into intercrystallite pore of
C-S-H gel and interlayer pores, while nitrogen can-
not enter such small pores. Recently, Jennings and
his co-workers (Thomas et al. 1999, Jennings 2000,
Tennis & Jennings 2000) suggested that the calcium
silicate hydrate (C-S-H) in cement paste is classified
into two types: a high density C-S-H (HD C-S-H) and
a low density C-S-H (LD C-S-H). HD C-S-H is made
of densely packed particles into which nitrogen can-
not penetrate. Particles of LD C-S-H are not packed
as tightly as those of HD C-S-H, and nitrogen can
penetrate partially into this structure. On the other
hand, water can infiltrate into both types of C-S-H and
as a result the difference in the specific surface area
by vapor adsorption from nitrogen adsorption arises.
There is, however, no unified explanation about the
variation of surface area due to adsorbents.

Due to the characteristic and theory of each test
method, the range of pore size of the analysis target is
specified. In the case of mercury intrusion porosime-
try, the pore radius in which mercury can be infiltrated
shall be specified depending on the injection pres-
sure. Currently, equipment which can pressurize up to
400 MPa is widely used, and the minimum pore radius
which the mercury can infiltrate during pressurization
is about r = 1.8 × 10−9[m] according to Washburn
equation. That is, based on the maximum injection
pressure of the equipment to be used, the minimum
limit value of the theoretically evaluable pore radius
in mercury intrusion porosimetrys is specified.

On the other hand, the evaluable minimum pore
diameter in the gas adsorption test is the minimum
value of pore diameter whose molecule diameter to
be used can be detected from the gas adsorption tests.
Generally, since adsorption potential of micro pores
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with less than 2.0× 10−9 [m] is extremely large, it is
thought that Kelvin equation is not approved in such
fine pores. Dubinin equation (Dubinin 1960) is also
used for evaluating micro pore size. In gas adsorption
test, the maximum value of pore diameter is theoret-
ically infinitely large. At the area close to saturated
vapor pressure, however, the experimental error is per-
ceptively sensitive to temperature control and pressure
control, and practically, pore radius range which can

50 100 150 200 250 3000

50

100

150

200

250

300

0

B
E

T
 s

ur
fa

ce
 a

re
a 

(N
2)

[m
2 /

g]

BET surface area (H2O)[m2/g]

Figure 9. Comparison of BET surface area obtained
from H2O adsorption and N2 adsorption isotherms�: Odler
2003,©: Mikhail & Abo-El- Enel 1972, �: Mikhail & Selim
1966).

be evaluated with Kelvin equation is assumed to be
about from 1 to 100 nm (see Fig. 10).

3.2.2 Internal humidity
Grasley et al. (2007 & 2006) developed a new internal
relative humidity measurement system and proposed
a model to predict drying stress gradient in concrete.
The system involved embedding of a small, and digi-
tal, RH and temperature sensor in a small plastic tube
with Gore-Tex caps into fresh concrete. The sensors
were a capacitive type RH sensor and used a ther-
mistor to measure temperature. In the system, the
internal humidity could be measured at the accuracy
of±1.8% (when RH is less than 80%) and the tempera-
ture sensor had an accuracy of±0.3˚C (at 20˚C). Using
the system, the potential free shrinkage strain based on
Kelvin-Laplace equation was calculated and the dry-
ing stress induced by internal and external restraint
at any point across the cross-section was determined.
The model revealed that the tensile stress in the sur-
face layer routinely exceeded the tensile strength of
concrete in drying concrete, even in the case of free
shrinkage.

Ceramic humidity sensor is also used to mea-
sure internal pore humidity in concrete. When water
vapor within a porous ceramic material diffuses and
is adsorbed on its crystal surface, moisture dissoci-
ates into hydroxyl and proton on the surface, reducing
the electric resistance of the ceramic. The humidity-
sensing mechanism of a humidity sensor utilizes this
phenomenon, ionic conduction by water adsorption.
Among the wide variety of ceramic humidity sensors
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Figure 10. Measurement range of mercury porosimetry and gas adsorption.
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Electrode

Figure 11. Configuration of sensor element.

Figure 12. Sensor element.

available with various materials, sensors made with
NASICON ceramic materials have the potential to be
used as humidity sensors for concrete, as they show
a high ionic conductivity while having relatively high
durability and long-term stability (Yagi & Saiki 1991,
Ozawa et al. 2007). Fig. 11 shows the configuration of
a sensor element, which consists of an alumina sub-
strate on which a ceramic moisture-sensitive film is
deposited between two electrodes. With its body being
small and thin (5× 13× 0.8 mm) as shown in Fig. 12,
this type of sensor embedded in concrete allows mea-
surement of humidity in concrete without significantly
disturbing the humidity profile of concrete.

The measurement range and accuracy of this sen-
sor are 20 to 90% RH and ±3 to 5%, respectively,
within the effective temperature range of 0 to 50◦C.
When embedding this sensor in concrete, it is neces-
sary to calibrate its sensing characteristics beforehand
by conducting controlled humidity testing, as various
ions contained in the moisture in concrete can affect
the ion conduction. Fig. 13 and Fig. 14 show typical
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Figure 13. Characteristics of sensor in air.
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Figure 14. Characteristics of sensor in concrete.

sensing characteristics of this sensor in air and in con-
crete, respectively, obtained from controlled humidity
testing for 400 days. Fig. 13 reveals that the measure-
ment error tends to increase as the humidity decreases
in air. In concrete, however, the measurement error
tends to increase both in the high and low humidity
ranges as shown in Fig. 14. When using this sensor, the
measured data should be corrected accordingly based
on the recognized sensing characteristics.

Fig. 15 shows typical humidity measurements at
depths of 5, 10, and 50 mm from the surface of a
concrete specimen with a cross-sectional size of 10 by
10 mm.
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Figure 15. Typical humidity measurements.

Figure 16. Pore water distribution during drying (Valck
enborg et al. 2001).

3.3 Measurable information in nano-pores

The microphysical information in nano-pores is con-
siderable to evaluate the durability of concrete struc-
tures because it is known that the moisture in fine
pores greatly affects long-term creep, shrinkage under
low humidity and others. It has been, however, very
difficult to measure or observe the structure and the
moisture behavior in nano-pores because the prepro-
cess, for example, vacuum drying and evaporation
coating for experimental technologies such as SEM,
X-ray diffraction and others can cause the destruction
of the nano-pores structure and dispersion of mois-
ture in nano-pores. Recently, the study focusing on
the microstructure and the moisture behavior in pores
of nanomater scale has been progressive using latest
experimental technologies.

Nuclear Magnetic Resonance (NMR) is one of
interesting technologies to be able to investigate the
time-dependent behavior in fine unsaturated and sat-
urated pores. Valckenborg et al. (2001) examined the
drying process and the pore water distribution of satu-
rated mortar by means of NMR. It was found that the
moisture cannot be extracted from gel pores (<10 nm)
until the water in capillary pores (10–1000 nm) is
drained as shown in Fig. 16. Hazrati et al. (2002)
measured water content profiles using proton nuclear
magnetic resonance imaging (NMRI) technique dur-
ing the capillary absorption of water in unsaturated
mortar samples. The water diffusivity coefficient
obtained in the experiment is strongly dependent on the
water content and can be approximated by the sum of
two exponential functions. Heijden et al. (2007) built
a dedicated NMR setup in order to study the moisture
transport in heated concrete. One-dimensional mois-
ture profiles in fire-clay brick, calcium-silicate brick
and concrete during heating were measured and com-
pared with their model. Aono et al. (2007) investigated
the change of microstructure of hardened cement paste
due to drying and drying-wetting cycle using MIP,
Archimedian method and Si29-NMR. It was found
that the pore distribution is coarser due to drying
because the condensation polymerization of silicate
anion is progressive during drying. Small-angle scat-
tering techniques (SAS) using neutrons (SANS) or
X-rays (SAXS) are also powerful method to study the
microstructure of hardening cement paste. The angu-
lar profile of the small-angle scattered intensity from
the sample is effectively a Fourier transform of the
microstructure and can in principle be analyzed to
determine the size distribution, volume fraction, and
shape of the scattering features (Jennings et al. 2008).
The advantage of the technique is also to examine
the microstructure in saturated state. Thomas et al.
(1998) reported the variation on the surface area of
OPC with aging by SANS (Allen & Thomas 2007).
They found that the surface area increases slightly with
long-term curing and is greater in the case of higher
water-to-cement ratio. In addition, it was suggested
that the dense and inner product of C-S-H cannot be
observed by SANS or SAXS and they interpreted the
experimental findings as evidence for two-different
morphologies of C-S-H. Allen et al. (2007) inves-
tigated the mean formula and mass density of the
nanoscale C-S-H gel particles in hydrating cement
by combining SANS and SAXS data and by exploit-
ing the hydrogen/deuterium neutron isotope effect
both in water and methanol. They have established a
C-S-H formula (CaO)1.70(SiO2)(H2O)1.80 with a mass
of density 2.604 Mgm−3 and a water mass fraction of
0.174.

Studies by NMR and SAS techniques on
microstructure and moisture behavior in micro-pores
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Figure 17. surface area (solid circles) and heat evolved
(line) for OPC/H2O at 30◦C and W/C = 0.4 (Thomas et al.
1998).

have been in progress recently. The nanoscale informa-
tion may lead to further modeling of time-dependent
behavior of cementitious materials under arbitrary
conditions.

3.4 Summary of current technologies
and future prospects

As described above, recent development of experimen-
tal techniques to study microphysical information has
been remarkable and progressive. It is expected that the
development enables us to reveal the classical assump-
tion about time-dependent behavior of cementitious
materials and to enhance the numerical models. Some
of techniques, however, show different results even
in the same measuring target. Since these differences
appear to be caused by the characteristic and limitation
of each test method, it is indispensable to understand
the technique correctly and to analyze the varying test
results comprehensively.

In order to verify various theories about microme-
chanics of cementitious materials, study on the
microstructure related with moisture behavior in
micro-pores is essential because hydration pro-
cess, microstructure formation, transportation of ion,
shrinkage and creep are strongly affected by moisture
state in pores. Currently, NMR or SAS seems to be
one of the effective techniques to examine such time-
dependent behavior under various conditions. For
further investigation for microphysical information,
the application of various experimental techniques
should be taken into account. Thus, the collaborative
studies with researchers in other scientific fields such
as chemical engineering, biotechnical engineering,
nano-technology and others are necessary.

4 MATHEMATICAL MODELING FOR
TIME-DEPENDENT BEHAVIOR OF
CONCRETE COMPOSITES BASED
ON MESO-MACROSCOPIC APPROACH

4.1 Effect of aggregates and interaction with
cement paste phase (1μm∼1–10mm level)

Aggregates are used to reduce the shrinkage of con-
crete by restraining the shrinkage of the matrix paste.
The roles of the type and amount of aggregate to
reduce shrinkage were addressed by Pickett (1956),
Roper (1959), and Hansen & Nielsen (1965) as shown
in Fig. 18. They also indicated that some types of
aggregates often exhibit a large degree of shrinkage.
Consequently, the selection of the type of aggregate
can have a significant effect on the long-term behav-
ior of a concrete structure. The water absorption of
aggregates is directly related to the shrinkage strain
of concrete in the same types of rocks. However, this
correlation decreases when different types of rocks are
used (Snowdon & Edwards 1962). It is well known
that artificial lightweight aggregate does not exhibit
so much large shrinkage strain in spite of its large
water absorption ratio. Fujiwara (1984) found that
internal specific surface areas (SSAs) of coarse aggre-
gates measured by the BET method using nitrogen
were in close agreement with the shrinkage strains,
as shown in Fig. 19. Larger SSA will be associated
with a greater surface energy or disjoining pressure
(Powers 1965), resulting in a higher shrinkage (or
expansion) strain. On the other hands, a previous
research showed that the measured SSAs vary with the
adsorbates used (Brunauer et al. 1938). Hence, BET
surface area of the shrinking aggregate using water
vapor will be reasonable information. Fig. 20 shows
that the SSAs using water vapor have a good agreement
with concrete shrinkage strains with various kinds of

Figure 18. Volume of aggregates versus shrinkage strain
ratios (Hansen & Nielsen 1965).

130



aggregates (Imamoto & Arai 2007). Furthermore, the
evaluation of the shrinkage behavior from the view-
point of the SSA will provide a perspective for new
mixture design methodologies for concrete.

Recently, it was reported that a prestressed rein-
forced concrete (PRC) bridge in Japan had suffered
severe cracking of RC member surfaces even though
only three years had passed after the construction.
A number of cracks were found on the surface of
the RC members and vertical cracks were observed in
the web even though it was horizontally prestressed.
According to the emergency committee set up by
JSCE, one of the reasons for this serious damage

Figure 19. BET(N2) versus aggregate shrinkage strain
(Fujiwara 1984).
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Figure 20. BET(H2O) versus concrete shrinkage strain (constant aggregate volume) (Imamoto & Arai 2007).

might have been excessive shrinkage of the concrete
(JSCE Concrete Committee 2005). Since such seri-
ous concrete shrinkage was thought to be associated
with aggregate properties, the committee studied the
influence of aggregate properties on concrete shrink-
age. Shrinkage experiments of three types of concretes
with different types of aggregates were conducted. The
aggregates for mix A were from the same source as
used for the bridge concrete, while the aggregates for
mix B were standard ones extracted from a different
site. The sand in mix C was standard but the gravel was
the same as that in mix A. The test results are shown
in Fig. 21. The concrete with the same type of aggre-
gates as that of the PRC bridge exhibits extremely large
shrinkage, about twice larger than that of concrete
containing standard aggregates. Although little atten-
tion has been paid to the characteristics of aggregates
themselves in the design process considering concrete
mix proportion, structure size and boundary condi-
tions, the above mentioned findings suggested that the
effect of each property on mechanical behavior of con-
crete should be studied and taken into account in the
design.

Asamoto et al. (2008) investigated quantitatively
the influence of various aggregate properties on con-
crete shrinkage behavior using the multi-scale con-
stitutive model described in Section 2.2. One of the
aggregate properties could be possibly responsible for
the large shrinkage of the bridge concrete. For exam-
ple, the targeted aggregate had relatively softer elastic
modulus in comparison with normal aggregate, (JSCE
concrete committee 2005). According to the numerical
simulation, however, such large shrinkage due to the
soft stiffness of aggregate takes place only in the case
of extremely low Young’s modulus (1.0 GPa) as shown
in Fig. 22. Since aggregate shrinkage appeared to be
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