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In drying suspensions, water loss leads to a capillary pressure build-up in the liquid phase. This effect
may also be observed in fresh cement-based materials subjected to evaporation at an open surface. If
under decreasing water content the near-surface solid particles are no longer covered by a plane water
film, menisci develop along with an associated build-up of negative capillary pressure, resulting in
shrinkage and possibly in cracking. A 2D model for simulating the described physical process is pre-
sented. For arranging the particles in the 2D specimen a stochastic-heuristic algorithm is used. Subse-
quently, the course of the water front between the particles is calculated by assuming a constant
curvature of the water surface. Particle mobility is taken into account by adopting interparticle forces
and performing equilibrium iterations. The model allows one to study the influences of the particle size
distribution as well as of the properties of the liquid phase on the capillary pressure build-up and on the
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cracking risk.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete members may crack already within the first few hours
after casting. At this early age, the material has not reached a sig-
nificant strength yet and it may be regarded as a drying suspension
rather than a solid material. The predominant reason for volume
changes and cracking at this age are the capillary forces built up
in the liquid phase of the material leading to the so-called capillary
shrinkage [1,2]. It is also referred to as plastic shrinkage since it is
observed when the cement-based material is still in its plastic
stage. Resulting damage is usually in the form of cracks that appear
in a relatively regular pattern, see Fig. 1. Such early age cracks oc-
cur predominantly in concrete floors and slabs where the upper
surface is subjected to a high evaporation rate. The cracks shown
in Fig. 1 were formed in a concrete slab on grade probably when
the material was still in its plastic stage. Capillary shrinkage cracks
may have widths of up to 2 mm and depths of up to 10 cm in thick
members [2]. In slabs, they may run through the whole depth of
the member [3]. Normally, capillary shrinkage cracks are consider-
ably deeper than those formed by drying induced hygral gradients
in hardened concrete [4]. During construction work, early age
cracks are sometimes superficially covered by using surface
smoothing equipment. However, these cracks tend to open observ-
ably under tensile stresses occurring during the hardening or at la-
ter ages [2,5]. They may influence the durability of the structure
[4]. Crack patterns detected during the service life of concrete
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members are sometimes quite similar to those formed by capillary
shrinkage and may only be explained satisfactorily by taking into
account the early age material behavior. Although the physical pro-
cess leading to capillary shrinkage cracking is well known in the
concrete research community and has been investigated experi-
mentally [1,3,5-9], its practical consequences are frequently disre-
garded in concrete technology leading to extra construction
expenses for evaluation and repair [10].

Fig. 2 schematically shows the process of capillary pressure
build-up in a drying suspension. A more detailed description as
well as corresponding experimental observations may be found
in a previous paper [7]. In the material considered here, the solid
particles may be either cementitious or inert since the physical
process explained in the following discussion takes place in both
types of materials [1,2,7]. The liquid phase consists mainly of
water. When the material is cast into a form, bleeding may occur,
i.e. the solid particles settle due to gravitational forces and on the
surface a plane water film is formed (Fig. 2A). Evaporation at the
upper surface continuously reduces the thickness of the water film
and, eventually, the near-surface particles are no longer covered by
a plane water surface (Fig. 2B). Adhesive forces and surface tension
result in a curved water surface. Menisci are formed between the
solid particles and a negative water pressure is built up. The latter
depends on the water surface tension y and on the main radii R of
the curved water surface, i.e. maximum R; and minimum R, of the
radius of curvature, as expressed by the Gauss-Laplace equation.
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Fig. 1. Early age shrinkage cracks in a concrete slab on grade.
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Fig. 2. Capillary pressure build-up in a drying suspension.

In the vicinity of the surface, i.e. up to a depth of at least 10 cm,
the water pressure within the interconnected pores is almost uni-
formly distributed [3]. Fig. 3 shows the capillary pressure mea-
sured at several sensor positions. The curves obtained for
different distances from the surface follow almost the same path.
The maximum absolute pressure values, however, are different.
Hydrostatic pressure differences, in this case 0.2 kPa between the
sensor positions at depths of 2 cm and 4 cm, respectively, are small
when compared to the absolute capillary pressure values.
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Fig. 3. Capillary pressure at different sensor positions in a concrete specimen with a
thickness of 6 cm.

In cementitious materials, the hydration may be an additional
cause for the water loss leading to the described capillary pressure
build-up [5]. This is of relevance especially for low water-cement
ratios.

The negative capillary pressure acts on the particle faces and
causes a reduction of the specimen volume. This results first in a
settlement or vertical shrinkage strain [2] and later, after the sam-
ple is separated from the side faces of the form or cracked, in a hor-
izontal shrinkage strain [7]. The continuing capillary pressure
build-up, however, cannot be prevented by the reduction of the
interparticle distances. Up to this stage, the specimen volume
change is almost equal to the volume of the evaporated water
[2,7]. If a certain pressure is reached, the largest gaps between
the particles at the surface can no longer be bridged by the menisci
and air penetrates locally into the pore system accompanied by a
local pressure break-down (Fig. 2C). The pressure value at the first
event of air penetration into the pore system is referred to as the
air entry value [7,11]. Due to the irregular particle arrangement,
the air does not penetrate into all the surface pores simultaneously.
The latter are drained successively starting with the larger ones.
Therefore, when measuring the capillary pressure at different loca-
tions, the corresponding break-down values, i.e. the maximum
absolute pressure values, are different and depend on the individ-
ual sensor positions. In addition, the capillary pressure might break
down locally due to air bubbles reaching the sensor tip [3]. Fig. 4
shows measured pressure versus time curves for different sensor
positions at the same depth as well as the corresponding specimen
deformations starting from the time of casting. The experimental
set-up described in [7] and [10] has been used. It may be seen that
the different pressure curves follow the same path as long as the
sensor tip is in contact with the pore water. The pressure break-
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Fig. 4. Capillary pressure, vertical (settlement) and horizontal (shrinkage) strain
versus time in a suspension made of fly ash and water (A) and in cement paste (B),
specimen thickness 6 cm, identical drying conditions.
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down values, however, are different and not representative for the
material [3,5].

It has to be considered that in the regions air has penetrated
into, the solid particles remain connected by water sleeves in
which the negative pressure continues to rise [1]. However, the
resulting contracting forces are not increasing proportionally to
the pressure since with decreasing main radii of the water surface
the pressurized surface area of the particles is also getting smaller.

Due to the non-uniform air penetration, the water pressure
might impose resultant forces on the particles with components
parallel to the specimen surface where evaporation takes place.
Thus, the “breaches” formed by air entry are widened and the
neighboring material is compacted. This strain localization might
eventually lead to visible cracks. When the pressure reaches the
air entry value, the cracking risk is high because the air filled pores
are weak points on the specimen surface. The causality between air
entry and cracking has been demonstrated by electron microscopic
observations [7] as well as by force measurements [4]. In drying
suspensions, cracking requires air entry. However, air entry does
not necessarily result in cracking. For the latter, sufficient particle
mobility is also a prerequisite.

It has been shown that by controlling the capillary pressure
build-up the risk of cracking at an early age, i.e. within the first
about 6 h after casting, may be reduced significantly [4]. In the fol-
lowing, the term capillary pressure is used for the absolute value of
this quantity.

A method of closed-loop controlled concrete curing has been
proposed which is based on the in situ measurement of the capil-
lary pressure [4,10]. If this pressure reaches a previously defined
threshold value, the concrete surface is rewetted and, conse-
quently, the pressure decreases. The threshold value needs to be
lower than the air entry value in order to prevent cracking. By
using a closed control circuit, it is possible to terminate the rewet-
ting before the capillary pressure becomes zero. In this way, the
development of a continuous water film on the concrete surface
is prevented. Adding too much water might have an unfavorable
effect on the surface quality of the concrete member.

The method of controlled rewetting requires an upper threshold
value for the capillary pressure which should be equal to the air
entry value of the specific material reduced by an appropriate
safety margin. It appears to be possible to identify the air entry va-
lue as a material parameter in laboratory experiments. Under con-
tinuous water loss, reaching the air entry value is in certain tests
accompanied by an increasing deviation between specimen vol-
ume change and evaporating water volume, by a temporary max-
imum of the settlement as well as by a sudden drop of electrical
conductivity [7].

The numerical simulation of the drying process would be an
alternative way of determining a critical capillary pressure value.
As an intermediate step on the way towards this type of analysis,
the work presented here was undertaken. It is based on two major
simplifications. Firstly, the simulation approach is limited to two
dimensions and, secondly, it does not account for chemical reac-
tions in the cement paste which would result in age-dependent
properties of the liquid phase and of the solid particles. Hence,
the proposed model may be considered to be adequate for inert
materials such as suspensions consisting of water and fly ash.
The latter is characterized by spherical particles shapes and, corre-
spondingly, circular particles are assumed in the 2D model pre-
sented here. The particle sizes of cement and fly ash are for the
most part in the same order of magnitude.

Despite its simplifications, the model allows the demonstration
of some early age effects occurring in cementitious materials. Cap-
illary pressure build-up, early age shrinkage and cracking are not
only dependent on the water evaporation rate but also on the
material composition, on the specimen geometry and on mechan-

ical constraints. The air entry value as a material property of the
suspension depends on the particle size distribution, on the parti-
cle content, on the air content as well as on the mobility of the par-
ticles. The Ilatter has also a significant influence on strain
localization and cracking. The presented model allows one to study
some of these influences and to discuss them with regard to the
early age cracking risk.

2. Description of the model
2.1. Generation of the 2D geometrical model and simulation of drying

The model consists of circular solid particles dispersed in a li-
quid phase. In the study presented here, all specimens had a rect-
angular shape. For allocating the particles inside the specimen, a
stochastic-heuristic algorithm was used which had been originally
developed for generating concrete mesolevel models [12,13].
According to this algorithm, the particles are consecutively placed
in the specimen starting with the largest ones. The initial position
of the respective particle is randomly chosen. If the latter overlaps
previously located ones or the specimen boundaries, several at-
tempts of translational movements are undertaken until an accept-
able position has been found. This strategy allows higher particle
volume contents and requires significantly shorter computing
times than purely stochastic algorithms.

It has to be considered that the particle size distributions in a
3D specimen and in a 2D section of the same are not identical since
not all the spheres are cut centrically. This discrepancy was disre-
garded here, i.e. the diameters of the circles in the 2D model were
assumed to be the same as those of the real particles. By adopting
this simplification, the particle diameters in the 2D model are
about 15% larger on average than those of the actual spheres
(diameter of a section through the quarter point of a sphere with
unit diameter = sin (60°) ~ 0.866). However, in this way the inter-
particle forces were obtained for the real particle diameters.

In the simulation of the drying process, the water content of the
system is continuously decreasing. As stated before, this water loss
may lead to the formation of menisci in the water front between
the particles and to the corresponding capillary pressure build-
up. For computational reasons, in the presented simulations the
water pressure served as a control parameter and was increased
incrementally. Accordingly, for each pressure increment the course
of the water front was calculated by assuming constant surface
curvature between adjacent surface particles and a wetting angle
of zero, see Fig. 5. Once the water front had been determined for
a given pressure, the water volume in the specimen could be calcu-
lated. Here, the 2D simplification again caused some difficulties. It
was decided to determine the water pressure for a double-curved
surface with constant radius r.

Water front

Forces resulting
from capillary
pressure

Interparticle forces

Fig. 5. Forces acting on solid particles: interparticle and capillary forces, gravita-
tional forces not shown.
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The forces resulting from this pressure, see Fig. 5, were calcu-
lated under the assumption of spherical particles, i.e. the pressure
was acting on the surface of spherical caps. Gravitational and uplift
forces were also determined for spherical particles. However, the
water volume in the system was calculated on the basis of the
2D model assuming unit thickness, i.e. the solid particles were re-
garded as cylinders. These assumptions were considered to be
appropriate in view of the 2D model simplification.

2.2. Interparticle forces

The interaction between the solid particles is described by
interparticle forces, see Fig. 5, whereby only those between neigh-
boring particles are considered, i.e. between particles separated
exclusively by a liquid interlayer. This simplification is justified
by the comparably strong decrease of the interparticle forces with
increasing particle distance. Fluid viscosity as well as inertia of the
solid particles is neglected because of the low particle velocity. Fur-
thermore, frictional forces are disregarded since the spherical solid
particles do not have direct contact.

The interparticle forces considered here include van-der-Waals
and electrostatic forces. They depend on particle distance and radii
as well as on the physical and chemical properties of the solid and
liquid phases. By superimposing the different types of physical
interaction a resulting interparticle force is obtained, see Fig. 6,
which is also referred to as disjoining pressure [14,15]. This result-
ing interparticle force effectively describes the complex interaction
between two solid particles and the liquid interlayer.

The van-der-Waals force comprises several types of interaction
between electrically neutral particles and is always attractive be-
tween surfaces of the same material. Flatt [16,17] proposed the
simplified approach according to Eq. (3) where r are the particle ra-
dii, a the particle distance and Ay the Hamaker constant. The latter
is a material property and, according to Flatt [17], for cement-like
materials nearly linearly dependent on the solid density. The sim-
plified calculation according to Eq. (3), which was adopted for the
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Fig. 6. Interparticle forces versus particle distance.

simulations presented here, is justified for cementitious suspen-
sions which are characterized by high ion concentrations in the
pore solution and small particle distances [16].

2-r1-r2
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For determining the electrostatic force, Eq. (4) is used which was
also proposed by Flatt [18]. This force describes the repulsion of
the ion clouds which are surrounding particles in aqueous solutions.
It strongly depends on the properties of the liquid phase, especially
on the ion concentration and on the pH value. In Eq. (4), & is the
vacuum permittivity, ¢ the relative permittivity of water, { the
zeta-potential, kg the Boltzmann constant, T the absolute tempera-
ture, e the elementary charge, z. the valence and n® the concentra-
tion of an equivalent symmetric electrolyte. The parameter § is the
so-called Debye length.
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(4)
Once the van-der-Waals and electrostatic forces are known, the
resulting interparticle force F,.s may be calculated.

Fres:FudW+Fel (5)

In addition to the electrostatic and van-der-Waals forces, there are
other types of interaction between particles in aqueous solutions
which are not explicitly considered in the model. The effect of the
Brownian motion on the solid particles may be neglected since
the considered particle sizes are too large. If polymer-based super-
plasticizers are used, additional repulsive and far-reaching steric
forces hinder the close approach of particles. Steric forces have
not been taken into account yet, but may be implemented in the
model. Solvation forces as the structural component of the disjoin-
ing pressure [15] result from the orientation of the water molecules
surrounding solid particles. It becomes significant only for short
particle distances and may be considered to be included in the sim-
plified approach used here. In addition, the interaction of the adja-
cent electron clouds causes the so-called Born repulsion which also
is of relevance only for very small particle distances.

Although approaches for the quantitative determination of the
last mentioned near-field repulsive forces have been proposed, they
are not directly implemented in the model presented here. The
description of the short-distance particle interaction rather depends
onrequirements given by the numerical solution method. This is not
expected to significantly affect the final results since the calculated
particle distances are normally larger than those at which solvation
and Born forces become decisive. During the iterative solution, how-
ever, very short particle distances and even overlapping might occur.
As aconsequence, in the short-distance and overlapping range a con-
tinuous force function with comparably steep slope is adopted, see
Fig. 7. This force, although not physically justified, qualitatively
resembles the real repulsive force. In the overlapping range, i.e. for
negative distances, it may be regarded as a penalty force required
for the numerical solution scheme. As a mathematical expression
for the assumed short-distance interparticle force, see Fig. 7, a para-
bolic function, Eq. (6), is used. The considered interparticle force re-
sults from Eq. (6) for particle distances smaller than or equal to ap,
which is a multiple of the Debye length, and from Eq. (5) for larger
distances. At the transition point ap, value and slope of the two func-
tions are equal. Based on this condition, the coordinates of the parab-
ola vertex (aps; Fps) may be calculated if a distance ap and a shape
parameter fp are assumed.

Fp=—fp-(a— aP.s)2 + Fps (6)
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Fig. 7. Assumed curve for interparticle force versus particle distance in the short-
distance range.

The 2D simplification of the model requires a modification of the
force-distance relationship outlined above. As shown in Fig. 6, the
resulting interparticle force is zero at a certain particle distance.
This equilibrium distance depends on the solid and fluid properties,
but not on the particle sizes. Under the action of external forces, for
instance gravitational or capillary forces, the equilibrium distance
changes; usually it becomes smaller. In a 2D section of a suspen-
sion, the apparent equilibrium particle distances are considerably
larger than in the real sample since not all the centroids of the par-
ticles are located in the intersecting plane. Out-of-plane interparti-
cle forces are not accounted for in the 2D model. For this reason, the
force-distance relationship has to be scaled on the distance axis.
For the simulations presented here, this was done by specifying a
mean equilibrium particle distance for the 2D model and accord-
ingly calculating a distance scale factor to be used for the determi-
nation of interparticle forces. This 2D mean equilibrium particle
distance has been derived on the basis of the measurable porosity
of real materials. In experiments performed with suspensions made
of fly ash and water [19], the initial porosity was 40%. By the time
the air entry value was reached it had decreased to about 35%. Con-
sequently, the porosity of the 2D models has been adjusted to this
range. Firstly, a comparably uniform particle arrangement was ob-
tained by gradually increasing the minimum particle distance in the
stochastic-heuristic model generation, see Section 2.1. After cen-
tering the particles with respect to their neighbors, the average par-
ticle spacing has been regarded as the mean equilibrium particle
distance in the 2D model. For particle sizes ranging from 2 pm to
63 pum a value of 1.5 um was identified and for those ranging from
4 pm to 32 pm a value of 1.6 pm. These mean equilibrium particle
distances were then used in the 2D simulations. It has to be pointed
out that the real equilibrium particle distance in a cement suspen-
sion calculated on the basis of the physical and chemical properties
proposed by Flatt [16] amounts to only 4.3 nm. Using this value in a
2D simulation, however, would result in an unrealistically dense
structure which does not resemble the real material. Furthermore,
unrealistically high capillary pressure values would be reached in
the simulations.

As stated before, the 2D mean equilibrium particle distance was
introduced for taking into account the out-of-plane supporting
forces acting on the particles. Magnitude and direction of these
forces are varying and, therefore, the mean equilibrium particle
distance in the 2D model should also show a variance. In the pre-
sented simulations, a Gaussian distribution has been adopted with
99.85% of the values being larger than 1% of the mean value. For
preventing negative equilibrium particle distances, values smaller
than 1% of the mean value were dismissed.

2.3. Iterative solution

Taking into account the forces resulting from capillary pressure
as well as gravitational and interparticle forces, a state of equilib-
rium is searched for by using an implicit solution scheme. The anal-
ysis bases on a truss model and the solution is obtained by an
iterative matrix stiffness method. In each of the iterations, the con-
nectivities between the particles are updated, a new water front is
calculated, see Section 2.1, and the particles are shifted towards
directions which minimize the potential energy of the system. For
determining the internal portion of the potential energy, the secant
slope of the force-distance curve, see Section 2.2, serves as “mem-
ber” stiffness. When previously set convergence limits are met, the
next capillary pressure increment is applied. Several convergence
criteria based on particle displacements and unbalanced forces are
used. When no water front connecting the side faces of the mould
can be found anymore or a further pressure increase does not yield
physically sound results, the maximum capillary pressure is consid-
ered to be reached and the simulation is terminated.

Fig. 8 shows a model of a drying suspension under increasing
capillary pressure, from top to bottom. In the first line, i.e. at zero
pressure, all particles (dark circles) are located below the surface of
the water (gray). When water is evaporating, menisci are formed in
the water front between the particles at the surface and a capillary
pressure is built up in the water-filled pore system. This pressure
results in downward forces on the superficial particles leading to
a settlement of the material. It may be seen that the air entry into
the system does not occur everywhere at the same pressure. A lo-
cal “gap” is formed and widened by the horizontal components of
the increasing capillary forces. Eventually, the attracting interpar-
ticle forces between the opposite sides of the “gap” have reached
a negligible value and a crack has developed. When evaluating
the simulation results, this phenomenon of strain localization
and separation is regarded as “cracking”.

It was found that despite the 2D simplification, numerically deter-
mined capillary pressure values are in good accordance with the experi-
mental results. However, the simulation results differ from the
experimental findings as far as the evaporated water volume is concerned
[7]. This may be attributed to the 2D simplification and also to the very
small specimen height in the simulations. In view of the identification
of a critical pressure value to be used for controlled concrete curing, the
capillary pressure is the more important outcome of the simulations
when compared to the evaporated water volume.

3. Numerical simulations and discussion of the results

In parametric studies, several influences on capillary pressure
and early age cracking risk were investigated [20]. Table 1 contains
the standard set of input parameters used in these simulations. As
stated before, the force-distance curve was scaled on the distance
axis in order to adjust the mean equilibrium particle distance to
the values mentioned in Section 2.2. As results of the simulations,
images showing particle arrangement and water front as well as
the capillary water pressure versus water loss curves were
evaluated.
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Fig. 8. Simulation of the capillary pressure build-up in a drying suspension, absolute capillary pressure value p increasing from top to bottom, particle sizes ranging from

4 um to 32 um.

Table 1
Material parameters assumed for suspensions made of fly ash and water.

van-der-Waals force Hamaker constant, Ay =2.91 x 102! ]

Zeta-potential, { = —0.035V

Valence of an equivalent symmetric electrolyte,
z,=3.52

Concentration of an equivalent symmetric
electrolyte, n? = 16.96 mol/m?

Electrostatic force

Parabola for the short-
distance range

Shape parameter?, f» = 10° N/m?
Transition distance, ap=6.433 6 (6 ... Debye length)

¢ This parameter is applied to the force-distance curves after they have been
scaled on the distance axis for adjusting them to the 2D mean equilibrium particle
distance, see Section 2.2.

When varying the specimen dimensions, it was found that
the width did not have an influence on the measured pres-
sure-water loss curves. However, a certain minimum width is

required for eliminating boundary effects and allowing strain
localization.

The specimen height strongly affects the slope of the pressure-
water loss curve. An almost linear relationship between height and
water loss was observed in the simulations. This effect has been
experimentally investigated by Radocea [6] and may be attributed
to the height dependent amount of water which is transported
from the inner pores to the specimen surface under the action of
the consolidating capillary pressure.

In the following, two different effects of the material composi-
tion on the behavior of drying suspensions are discussed.

3.1. Influence of the particle size

Shrinkage strain and cracking risk are significantly reduced if
the particle sizes are increased. The comparably high self-weight



V. Slowik et al./Cement & Concrete Composites 31 (2009) 461-469 467

of the larger particles results in a more stable structure and limits
particle mobility. Gravitational forces are in this case large when
compared to the interparticle forces. Therefore, the particles tend
to rest on each other and remain nearly unmoved under the action
of the capillary pressure. Furthermore, the slope of the capillary
pressure versus water loss curve is less steep for larger particles
because of the increased pore diameters. As far as the effect of
gravitational forces on the pressure-water loss curve is concerned,
simulations with maximum particle sizes of up to 63 um have
shown that this influence is negligible in the considered range of
particle sizes.

Fig. 9 shows drying simulations for suspensions with particle
sizes ranging from 4 um to 32 pm and 40 pm to 320 pum, respec-
tively. Similar size distributions and particle arrangements were
used. It may be seen that in the case of the smaller particles strain
localization and crack initiation take place whereas in the other case
the particle mobility appears to be much smaller and no major cracks
are formed. This result corresponds to observations in nature. Capil-
lary shrinkage cracks may be formed for instance in silts but are un-
likely to occur in sand with comparably large particle sizes.
However, air entry takes place in both types of material.

If the portion of fine particles is increased or if the smallest parti-
clesizeis decreased, the slope of the pressure versus water loss curve
becomes steeper and higher maximum pressure values are reached.
These effects may be explained by the smaller spaces between the
superficial particles. It was also found that the material tends to be
more vulnerable to cracking which may be partially attributed to
the higher pressure values, but also to the increased particle mobil-
ity. Fine particles are more mobile than larger ones because of their
comparably small self-weight. As explained before, this allows a
stronger strain localization which may eventually lead to cracking.
Fig. 10 shows the drying simulation for a suspension with particle
sizes ranging from 2 pm to 63 pm. In general, the simulations with
this particle size distribution yielded higher maximum pressure val-
ues than those with particle sizes ranging from 4 um to 32 pm.

3.2. Influence of the equilibrium particle distance

The equilibrium particle distance, see Section 2.2, also has an ef-
fect on the material behavior under drying. It depends on the prop-
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Fig. 10. Simulation of capillary pressure build-up, absolute values from top to
bottom: 0 kPa, 24 kPa, 48 kPa, 72 kPa, pmax =88 kPa, particle sizes ranging from
2 um to 63 pm.

erties of the solid as well as of the liquid phase. In the case of
cementitious materials, it may be influenced by additives like
superplasticizers. The equilibrium particle distance affects the
behavior of drying suspensions in two different ways. On one hand,
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Fig. 9. Simulation of capillary pressure build-up, absolute values from top to bottom: 0 kPa, 16 kPa, 32 kPa, 40 kPa, p;qy; left: particle sizes ranging from 4 pm to 32 pm,
Pmax = 56 kPa; right: particle sizes particle sizes ranging from 40 um to 320 um, pqey = 40 kPa.
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particle mobility will increase with this distance and, on the other
hand, the pressure increase will be less steep. The last mentioned
effect results from the wider particle spacing in the case of larger
equilibrium distances.

Fig. 11 contains the results of drying simulations with two dif-
ferent mean equilibrium particle distances ap»p, but with the same
initial porosity. The upper part of the figure shows the particle
arrangement in both simulations under the same capillary pres-
sure of 72 kPa. For the larger mean equilibrium particle distance,
“crack” initiation has already occurred at this pressure level. As ex-
pected, larger equilibrium distances increase particle mobility and
promote crack initiation. When comparing the capillary pressure
versus water loss curves, it may be seen that in the case of the
small mean equilibrium particle distance a comparably large
amount of water needs to evaporate before the capillary pressure
decisively increases. This is due to the higher potential for consol-
idation of the material. Because of the difficulties with the calcu-
lated water loss values, see Section 2.3, these values were
multiplied by a constant factor of 37 before displaying them in
Fig. 11 in order to ease comparisons with measured pressure—
water loss curves [7].

The lower part of Fig. 11 shows results of the same simulations.
However, when plotting the capillary pressure versus water loss
curves, it was assumed that the initial porosity was small enough
to prevent further consolidation during the beginning capillary
pressure build-up. Accordingly, the curve for the small mean equi-
librium particle distance has been shifted in the direction towards
zero water loss. Under this assumption, the comparison of the two
curves shows the expected steeper slope in the case of small parti-
cle distances. For a certain water loss value, i.e. at a certain point in
time for a given evaporation rate, the capillary pressure will be
higher. As a consequence, strain localization may possibly occur

>
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earlier when the equilibrium particle distance is small, see lower
part of Fig. 11.

As far as the cracking risk is concerned, the two effects ex-
plained above counteract each other. Simulation results have
shown, however, that with increasing equilibrium particle distance
the material tends to form a more pronounced crack pattern.

4. Concluding remarks

By using a 2D particle model, physical processes taking place in
drying suspensions have been numerically simulated. These pro-
cesses also occur in cement paste at a very early age, i.e. before
the material has reached a significant strength. The presented
model allows one to simulate the capillary pressure build-up due
to water loss, the resulting particle displacements, and possibly
crack initiation. These phenomena may also be observed in exper-
iments and their investigation is aimed to a better understanding
of capillary shrinkage and cracking. On the basis of the numerical
simulations, it is possible to identify several influences on the early
age cracking risk and to systematically study their significance.

A number of simplifying model assumptions had to be made,
most of them because of the restriction to two dimensions. For a
quantitative evaluation of the simulation results, the model would
require extensions and refinements. Especially the method of
determining a representative value for the evaporated water vol-
ume on the basis of the 2D simulation results needs to be improved
in order to allow a direct comparison with measured data.

Despite the limitations of the model, some effects of the mate-
rial composition on the behavior under drying could be demon-
strated. The early age cracking risk increases with decreasing
particle sizes. As far as the influence of the equilibrium particle dis-
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Fig. 11. Simulation of capillary pressure build-up with different mean equilibrium particle distances aop, particle sizes ranging from 4 pm to 32 pm, absolute values of

capillary pressure are shown.
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tance is concerned, a tendency of an increased cracking risk for
high equilibrium distances was observed in the simulations.

So far, only the behavior of suspensions with inert solid parti-
cles has been simulated. The evolution of particle sizes due to ce-
ment hydration and age-dependent properties of the fluid phase
have not been considered yet. In future simulations, the effect of
additives on early age cracking will also be investigated.
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