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Abstract

During the hydration process of Portland cement a nanoporous gel is formed. The high internal surface of the hydration products, mainly
calcium-silicate hydrates, and the numerous adsorbed cations interact with water. At an equilibrium moisture content below 50% adsorbed
water molecules reduce the surface tension of the solid particles. Water adsorbed at higher relative humidity is at the origin of disjoining
pressure acting in small gaps between particles. Both processes are major mechanisms of shrinkage and swelling of hardened cement paste.
Results of investigations into the disjoining pressure are summarised. The relevance of disjoining pressure for the behaviour of cement-based

materials will be discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is generally admitted that four major mechanisms are
involved in the drying shrinkage or wetting swelling of
cementitious materials. For relative humidities below 50%
hygral volume changes are mainly due to the Bangham’s
law [1] which describes the relationship between the
macroscopic length change and the change of surface
tension of an adsorbent. Practically, this means for hardened
cement paste that when the relative humidity of the
environment of hydration products is increased, water
molecules are gradually adsorbed, surface tension decreases
[2] and, consequently, the nanoparticles expand [3,4].

At relative humidities above 50% the interaction is
getting more complex and the interpretation of results
remains controversial until now. Both capillary and disjoin-
ing forces are assumed to act in combination so as to fulfil
the equilibrium of mechanical forces and equality of the
chemical potentials [5]:

Pe—IT = — (RT/vm)In(p/ps) (1)
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where P, is the capillary underpressure, II is the disjoining
pressure, v,, is the molar volume of the liquid and pj is its
saturation vapour pressure.

The first open question concerns the lower limit of
validity of the Laplace equation. Two limiting effects are
to be considered at least. The water within the range of
surface forces (physically adsorbed water) and the struc-
tured water surrounding the cations is significantly
different from bulk water. Therefore, the simple model of
a regular (spherical) shaped meniscus with the contact
angle close to zero is questionable at low relative
humidities. Furthermore, in pores containing bulk water,
the macroscopic liquid—vapour surface tension ought to be
corrected in order to allow for the discrete structure of
water at nanometer scale.

The second open question concerns the magnitude of the
disjoining pressure which develops in a cement based
material. Based on findings of several authors one can
conclude that disjoining pressure is of the order of
magnitude of 1 MPa. But higher values have also been
observed. Churaev and Sobolev [6] have determined
disjoining pressures of non freezing films as large as
8 MPa, and Pashley and Kitchener [7] measured values up
to 15 MPa on quartz systems. In parallel, the swelling
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pressure of clays has been determined experimentally in
different types of geotechnical test set-ups such as oedo-
meter and triaxial cells. The values measured on bentonite
for instance vary between 10° and 10® Pa according to [8] or
between 3 MPa (at 95% RH) and 50 MPa (at 45% RH)
according to [9].

These questions are obviously crucial if one wants to
determine the relative humidity above which the system
may be supposed to experience a dominant capillary
underpressure. Fig. 1 shows a precise length change
isotherm as measured on cement paste by Feldman [10].
At low relative humidities, say HR<50%, one or two
molecular layers of water are built up and the expansion
finds its origin in the Bangham effect [1,3,4] and in the
decrease of the van der Waals attraction in the region of
0%<RH<30% [3,11]. Additional swelling occurs because
water molecules are gradually incorporated between the
layers of the C—S—H particles. At RH>50%, up to five
water layers cover the surfaces of the pores and at least two
water layers surround cations [12]. As soon as opposite
water layers and hydration shells join within the smallest
nanopores (1 <r<3 nm) structural forces move the C—S—H
particles apart until equilibrium between actual water
vapour and structured water is reached. Thus when finally
capillary condensation of bulk water occurs the relative
humidity may be expected to be as high as 90%, or even
higher.

Based on values of P calculated by means of the
Laplace equation and comparing these values with the
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Fig. 2. Gap height between two flat quartz surfaces versus RH (after
Splittgerber [13]).

much lower measured or calculated values of II, shrinkage
should be observed as soon as the point of capillary
condensation is reached. The isotherm (Fig. 1) just as
other published data show, however, that considerable
expansion occurs in the whole range of increasing relative
humidities.

The main objective of this paper is to investigate and
discuss the nature of dominant phenomena of shrinkage. It
is common to assume that volume changes of hardened
cement paste above 50% RH are controlled by capillary
forces exclusively. There is indeed no doubt that one driving
force of hygral shrinkage is the decrease of the radius of
menisci if capillary water is present. But, on the other hand,
the observed value of shrinkage must be the resultant of the
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Fig. 1. Weight change (I) and hygral length change (II) isotherms of hardened cement paste, w/c=0.5 (after Feldman [10]).
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Fig. 3. Displacement between two spherical surfaces versus RH; the curves differentiate with the force applied (after Ferraris [14]). Left: quartz surfaces. Right:

mica surfaces.

joint action of capillary underpressure and disjoining
pressure since both are involved in establishing thermody-
namical and mechanical equilibrium.

2. Results
2.1. Surface separation experiments

The action of disjoining pressure has already been
evidenced by numerous experiments. The length change
isotherm as shown in Fig. 1 suggests that disjoining
forces dominate the macroscopic swelling of a nanopor-
ous material in the range RH>50%. This statement is
further verified by results obtained from experiments on
surfaces initially in contact. These comparatively simple
systems allow to measure separations of two opposing
surfaces at nm scale. Again, none of the published

Fig. 4. Experimental set-up for observation of disjoining force between two
quartz spheres; the dimensions of the brass lamella are: @ =0.06 mm, »=2.0
mm and /=6.0 mm; the lamella is acting as a spring; thus, due to changing
humidity conditions, spheres are allowed to move apart and back; the
phenomenon has been investigated with ESEM.

surface separation versus RH diagrams show, at higher
relative humidities, any discontinuity which could sug-
gest the possible existence of dominating attractive
forces. This fact is illustrated by results found indepen-
dently by Splittgerber [13] (Fig. 2) and Ferraris [14]
(Fig. 3).

We have developed a simple mechanical device to
measure the action of disjoining pressure. Essential parts
are shown schematically in Fig. 4. Typical results are shown
in Fig. 5.

2.2. Influence of cation concentration

The disjoining pressure as measured with surface force
apparatuses on mica, quartz or glass systems shows a
pronounced dependence on the nature and bulk concentra-
tion of dissolved cations [15,16,17]. This effect is inter-
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Fig. 5. Separation distance between two quartz spheres as a function of RH
and NaCl concentration. The experimental set-up is shown in Fig. 4.
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Fig. 6. Exogenous hygral shrinkage of 0/16 concrete as a function of time and natural alkali content (Na,Ocq) of cement; w/c=0.40.

preted as a manifestation of ion hydration and its influence
on disjoining pressure. Similarly, results from clay swelling
and from hardened cement paste shrinkage experiments
suggest that the valency and ion concentration are of
decisive importance.

The global dependence of surface separation on NaCl
concentration has been clearly outlined by the results
shown in Fig. 5. However, the simplicity of the
experimental device and the complicated nature of
disjoining pressure, which is the sum of at least three
components, make any quantitative interpretation diffi-
cult. Shrinkage measurements on concrete and mortar
made with natural or alkali enriched cements indicate
that a change in the composition of pore solution
influences the hygral deformation. Shrinkage data of
concrete mixed with selected cements having different
natural alkali contents suggest that alkaline oxides
promote hygral shrinkage. A typical example is presented
in Fig. 6.

The latter observation has been confirmed by alkali
enrichment of mortars by adding sodium or potassium
hydroxide to the mixing water. Three enrichment series are
described in Tables 1 and 2. Reference mortars are referred
to as LT1 and WEI. Mix proportions are the same for all
mortar specimens. Water-to-cement ratio and sand-to-
cement ratio are 0.40 and 1.44, respectively. A typical
series of results is shown in Fig. 7. Moreover, 200 days data
have been extrapolated to ultimate shrinkage at /—oo for
each curve. The graph in Fig. 8 shows the relationship
between the total amount of alkali oxide and the ultimate
hygral shrinkage. This figure summarizes results of the
whole campaign.

3. Discussion of the results
3.1. Surface separation as a function of relative humidity

Evidence for the existence of repulsive forces and for the
influence of dissolved ions on the interaction between solid
surfaces and a liquid is provided by data shown in Fig. 5.
Two quartz spheres with a radius of 1 mm, in contact in the
dry state, are moving apart from each other when the
relative humidity is increased and hence water is adsorbed
and capillary condensed. When surfaces are clean (marked
with Milli-Q water) the spheres adhere up to 70% RH, then
they move slightly apart up to 90% and finally, close to
saturation, the spreading reaches 500 nm. This result is very
similar to the one obtained by Ferraris [14]. According to
Fisher [18], Deryagin and Churaev [19] and Pashley and
Kitchener [7], several structured water layers can adsorb on
quartz. Below 90%, the resulting film thickness remains
small but above 90% it diverges and allows a sharp
separation motion by disjoining pressure.

By adding monovalent salts spreading is amplified and
starts at a RH as low as 60—70%. Thus, there is clear
evidence that dissolved ions contribute considerably to
disjoining pressure, either by DLVO repulsion or by ion
hydration.

Fig. 3 shows results from a previous experiment by
Ferraris [14] carried out on both quartz and mica surfaces.
Mica separation increases continuously and exceeds by one
order of magnitude the more erratic quartz separation. This
distinct behaviour is in good agreement with the cation
exchange capacity of the two materials. This reaction is
negligible for quartz. Mica contains exchangeable cations

Table 1 Table 2
Alkali oxide enrichment of Portland cement LT Sodium oxide enrichment of Portland cement WE

LTI LT2 LT3 LT4 LTS LT6 LT7 LT8 WEI1 WE2 WE3 WE4
Na,O 0.19 040 0.80 1.00 1.20  0.19  0.19 0.19 Na,O 0.0 0.4 0.8 1.0
K,O 0.25 0.25 0.25 0.25 0.25 040  0.80 1.00 K,O 1.1 1.1 1.1 1.1.
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Fig. 7. Drying shrinkage measurement at 60% RH and 20 °C; measurements have been started 1 week after mixing; mortar’s mix proportions are w/c=0.40 and
s/c=1.44; LT1 is the mean curve obtained with reference samples whereas LT6, LT7 and LTS8 are obtained with mortars that have been enriched in potassium

oxide; the total amount is indicated in % by weight of cement (see Table 1).

which dissolve within the adsorbed liquid layer. Thus
additional disjoining forces are generated by the hydration
of ions and/or by the electrical double layer which builds up.

These general observations allow us to conclude that, in
the systems considered here, disjoining pressure exceeds
capillary underpressure and therefore it controls essentially
hygral volume change as a function of RH. Furthermore,
whenever electrolytes are present, repulsive forces become
even more pronounced and lead to surface separation
process. This statement is in obvious contradiction with the
assumption of capillary underpressure calculated according
to the Laplace equation being a decisive mechanism of
shrinkage or swelling of cement-based materials. There-
fore, two hypothesis are conceivable. Either capillary
underpressure is overestimated or it is not operating as
expected.

3.2. Capillary pressure at the scale of a few nanometers

Based on their experiments carried out on capillary
forces, Fisher [18], Crassous et al. [20] and Schubert [21] do

not agree in all details but they all accept the limiting effect
of the thickness of the anisotropic liquid—vapour transition
layer. The following equation predicts the actual surface
tension y as a function of the mean meniscus radius r,
[18,21]:

7= V(1 = 20/rm) (2)

where 7., is the macroscopic surface tension and § is the
thickness of the liquid/vapour interface, estimated for water
to be one layer of 0.3 nm [21]. Eq. (2) implies that the
capillary pressure which occurs at very small dimensions of
the meniscus is much smaller than predicted by the
macroscopic Laplace equation. Figs. 9 and 10, respectively,
show the calculated capillary underpressure and Kelvin
radius according to y =7, and y=v,(1 —0.6/ry,).

This scale dependent limitation of the Laplace equation
is valid for all curved liquid/vapor interfaces. In some
solid/liquid/vapor systems, however, additional features
have to be taken into account. This is typically the case
for smectite clays and by analogy for hydrated cement
paste in presence of water vapor. The nanopores of these
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Fig. 8. Extrapolated final exogenous drying shrinkage as a function of total alkali oxide % by weight (see Tables 1 and 2); cements LT and WE are

distinguished by squares and circles, respectively.
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solids are not principally filled with capillary condensate
but with several layers of adsorbed water due to the
hydrophilicity of their surfaces. Furthermore, a high
surface charge density is partially compensated by the
adsorption of dissolved cations each of them being
surrounded by a hydration shell. As a consequence the
water/vapor interface is not comparable to a capillary
meniscus and the validity of Laplace equation in this range
is all the more questionable.

Since the nanopores of C—S—H are primarily filled with
structured water, capillary underpressure is negligible and
the principal mechanism involved in hygral shrinkage or
swelling is of colloidal nature, namely disjoining pressure.

3.3. Role of alkali cations in gel pores
In anhydrous cement alkalis are present either as

impurities in C3A and C,S or as sulphate. After mixing
cement and water K,SO, is readily soluble while Na,O is
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Fig. 10. Kelvin radius of curvature according to Laplace: AP=2y/ry,.
Surface tension y has been corrected in order to allow for the discrete
structure of water at nanometer scale: y=7.(1 —2d/r,). The thickness J of
the water—vapour transition layer corresponds to one molecular diameter,
ie. 0.3 nm.

released as hydration proceeds. The following substitution
takes place

Ca(OH), + K,804 + 2H,0 < CaS0,2H,0 + 2KOH ~ (3)

which produces secondary gypsum and increases the pH of
the pore solution.

Moreover, according to the solubility product of
portlandite

[Ca* JOH " =K, (4)

an increase in KOH and NaOH concentration induces a
decrease of Ca(OH), solubility. The negatively charged
surfaces of the hydration products adsorb preferentially the
Ca”*", K" and Na" cations. A hydration shell of at least two
molecular layers surrounds the cations. The gap width
between two neighbouring C—S—H surfaces growing into
the pore solution depends on the volume of structured
water which covers each surface. This volume consists of
adsorbed water films (+5 molecular layers) and hydration
shells. The gap width becomes all the more important as
the available cations become more numerous.

When in the course of desiccation structured water
evaporates, disjoining pressure is reduced and due to
attractive forces the surfaces come closer. Macroscopic
shrinkage deformation occurs. Since the relative distance of
two opposite surfaces is proportional to the amount of
structured water lying between them, it may be assumed that
alkali concentration in the pore solution influences hygral
shrinkage of hardened cement paste. Experimental results
shown in Figs. 6, 7 and 8 illustrate this clearly.

The attractive forces mentioned in the previous section are
van der Waals and ion—ion correlation forces. The latter has
first been modelled by Kjellander et al. [22] as a deviation of
the classical Poisson-Boltzmann theory. The ion—ion corre-
lation force is only significant at high surface charge densities
and in the presence of bi- or trivalent ions. Later, Lesko et al.
[23] have been able to confirm the accuracy of the model by
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AFM measurements on C—S—H. Further, it should be
mentioned that van Damme [24] attributes the cohesion and
therefore the mechanical strength of cementitious materials to
the Ca—Ca correlation. From this it may be inferred that the
hygral deformation potential of the C—S—H structure is all
the more important as the Ca>" concentration of the pore
solution is high. As the solubility of Ca(OH), is inversely
proportional to the alkali concentration (Eq. (4)), cements
with high alkali content lead to a C—S—H structure which is
more deformable. Both effects, i.e. a higher volume of
structured water and a lowered cohesion, lead to more hygral
shrinkage at high alkali concentration.

4. Conclusions

The following conclusions can be drawn from results
compiled in this contribution:

¢ Equilibrium hygral length change increases steadily with
increasing relative humidity.

 Hygral expansion above 50% RH is explained by the fact
that disjoining pressure is clearly the dominant mecha-
nism since the pore solution at a scale of a few
nanometers cannot form a capillary meniscus.

*Na" and K" content of the pore solution influences
disjoining pressure and as a consequence hygral length
change.

 Shrinkage may be significantly reduced by optimizing
the chemical composition of the pore solution.

* Further research is needed to fully understand the
complex interaction between hydration products and
the pore solution.
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