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Prior to initial setting, cement paste may be regarded as a suspension consisting of solid particles and
water. Drying leads to a curved water surface in the spaces between the solid particles at the specimen
boundary. A negative capillary pressure is built up which results in shrinkage strain and, possibly, crack-
ing. The concept of discrete modeling has been employed for simulating these processes. In 2D models
consisting of circular solid particles and a liquid phase, the drying induced capillary pressure build-up
and the corresponding particle displacements are simulated by using the Distinct Element Method. Under
certain conditions, crack initiation due to capillary forces may be observed. The simulations allow the
demonstration of different influences on the risk of plastic shrinkage cracking.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The present work aims at the modeling of drying induced con-
crete cracking in the very early age; i.e., within approximately 4 h
after casting when the material is still in its plastic stage. In this
early age, the hardening process has not yet led to a significant ten-
sile strength of the material. The predominant reason for volume
changes and cracking are physical phenomena rather than the
beginning chemical reactions. The latter are not decisive for the
material behavior in this age, although they do have an influence.

In the following, the material behavior of a drying suspension is
described. The corresponding physical processes may be observed
in cement paste before initial setting as well as in drying suspen-
sions with inert solid particles. A more detailed description may
be found in [1–3].

After the material has been placed in a mold, the solid particles
tend to settle due to their self-weight. That is, water is transported
to the upper surface. If the water content of the system is high en-
ough, a plane water film is formed on top of the near-surface par-
ticles; cf. Fig. 1A. This process is also referred to as bleeding.

Evaporation at an open surface leads to the loss of water from
the system. If the solid near-surface particles are no longer covered
by a plane water film, the water surface will be curved. In the inter-
particle spaces, menisci are formed; cf. Fig. 1B. Accordingly, a cap-
ll rights reserved.
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illary pressure is built up in the water phase [1,3–5]. It will be con-
sidered as a positive quantity in the following discussion, although
the water pressure is lower than that of the surrounding air.

The capillary pressure results in inward forces acting on the
particles at the specimen face where evaporation takes place. As
a consequence, shrinkage deformations may be observed; i.e., the
so-called capillary shrinkage. For cementitious materials, the term
plastic shrinkage is also used since this deformation is taking place
in the plastic stage.

In the beginning of the capillary pressure build-up, only vertical
shrinkage strain may be exhibited; i.e., deformation in the direc-
tion perpendicular to the open surface. Subsequently, the material
might crack or separate from the side faces of the mold. This allows
for horizontal shrinkage strain. The volume change of the drying
material is in this stage almost equal to the volume of the evapo-
rating water [1,3,6].

If a certain material specific pressure is reached, not all the
inter-particle spaces at the original surface of the drying suspen-
sion can be bridged by the menisci anymore. Air penetrates locally
into the system, forming weak spots at the surface and allowing
crack initiation. It has been shown by scanning electron micro-
scopic observations [1,3,7] and force measurements [3,8] that the
local air entry may lead to crack formation in the plastic concrete.
However, air entry does not necessarily result in cracks since suf-
ficient particle mobility is also a precondition.

Fig. 2 shows a series of four electron microscopic images taken
from the same spot at the surface of a drying suspension made of
fly ash and water. In the top image; i.e., at the beginning of the
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Fig. 1. The surface of a drying suspension. Plane water film covering the solid
particles at the surface (A) and formation of menisci in the inter-particle spaces (B).

Fig. 2. Electron microscopic images showing the surface of a drying suspension of
fly ash and water, at the magnification factor 300, with water content decreasing
from top to bottom.
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drying process, all solid particles at the surface are surrounded by
water. The contours of these particles are sharper in the second im-
age because the water content of the suspension has been reduced
and the particles are sticking out of the water surface. In the third
image, dark spots may be seen at the locations where local air en-
try has taken place. The fourth image shows a crack originating
from one of these dark spots demonstrating that air entry may lead
to crack initiation. The intention of the presented work was to
numerically simulate the complete process illustrated in Fig. 2.

The capillary pressure reached at the first event of air entry is
referred to as air entry value. The latter is a material parameter
of the suspension and may be identified in laboratory experiments
[1,3].

If the capillary pressure in a drying suspension is always lower
than the air entry value, cracking is prevented. This is because
crack initiation requires air entry. On this basis, a concept of con-
trolled concrete curing in the plastic material stage has been pro-
posed [1,3,7,9]. The capillary pressure build-up in plastic
cementitious materials appears to be reversible [3,4]. Hence, it is
possible to decrease the capillary pressure by rewetting the sur-
face. Fig. 3 shows the capillary pressure versus time in a cement
paste sample. When a predefined threshold of 15 kPa had been
reached, the sample was shortly rewetted by dispersing fog above
the surface. Only a few seconds of rewetting were required for a
significant temporary reduction of the pressure. The rewetting
was terminated after the pressure reached a certain lower limit.
It is not advisable to reduce the capillary pressure down to zero
since, in that case, a plane water film would be created on the sur-
face which might degrade the surface properties of the hardened
material. The closed-loop control allows us to keep the capillary
pressure within a noncritical range; i.e., between certain prede-
fined limits.

It has been demonstrated that the capillary pressure controlled
rewetting of the surface is possible under site conditions and that,
in this way, the cracking risk in the plastic stage may be reduced
significantly [3,8]. The method requires an in situ capillary pres-
sure measurement which is possible by using wireless sensors
[3,9,10]. For rewetting the surface, commercially available fogging
devices may be utilized. It must be pointed out that water supply
from the concrete surface requires sufficient permeability of the
material. This condition is fulfilled in ordinary plastic concrete.
However, if the loss of water is predominantly caused by self-
desiccation at a later age, rewetting of the surface might be
ineffective since the water will not penetrate the material already
featuring a reduced permeability. Under such conditions, internal
curing might be an appropriate method [11].

The method of controlled concrete curing requires the identifi-
cation of a critical capillary pressure which should not be exceeded
while the concrete is in its plastic stage. As mentioned before, this
threshold should be lower than the material’s air entry value. The



Fig. 3. The capillary pressure versus time during controlled curing of a cement
paste sample [7]. The surface of the sample has been rewetted after the threshold
value was reached.

V. Slowik, J.W. Ju / Cement & Concrete Composites 33 (2011) 925–935 927
latter may be determined experimentally and depends on the sur-
face tension of the liquid, on the particle content and size distribu-
tion as well as on the mobility of the particles [3].

In order to obtain a better understanding of the processes lead-
ing to air entry and crack initiation, numerical simulations by using
Discrete Element Methods are performed. Potentially, the simula-
tion results will also allow us to estimate the critical capillary pres-
sure of a certain material as well as the early age cracking risk. In
[2,3], corresponding simulation results were presented and the
model assumptions concerning the inter-particle forces were ex-
plained. The present paper contains numerical results which are
obtained with a different computational solution strategy permit-
ting more extensive and versatile simulations of the underlying
problems. Whereas in [2,3] an implicit solution scheme has been
adopted, the results presented here were obtained by using an ex-
plicit solution scheme which appears to be more efficient from the
computational point of view.
2. Outline of the model

2.1. Simulation concept

To simulate the characteristic material behavior of suspensions
subjected to drying, the concept of discrete modeling appears to be
attractive and appropriate. 2D particle models with circular solid
grains are generated. The grains represent cementitious or inert
particles of a drying suspension. They are rigid and dispersed in a
liquid phase which represents the water. The interaction between
the grains is controlled by inter-particle forces. Under the action of
external forces, for example of those resulting from capillary pres-
sure or gravitation, the individual solid particles will undergo dis-
placements which may result in global deformations of the
specimen or in the formation of cracks.

Particle-based modeling has proved to be a suitable means for
simulating the behavior of granular materials. It was applied to
fresh cementitious materials for the modeling of particle packing
[12,13] as well as for the modeling of microstructural development
of cement paste [13]. Recently, particle-based numerical simula-
tions of the drying of suspension droplets in the production pro-
cess of ceramics were reported [14]. Continuum mechanics based
models do not appropriately resemble the granular structure of
such materials characterized by changing neighborhood relations
between the grains and displacements being larger than the grain
sizes.

For the generation of the initial particle structure, a stochastic-
heuristic algorithm is adopted here, which was originally devel-
oped for concrete meso-level models [15]. The particles are placed
in the sample one after the other according to size, starting with
the largest one. Firstly, the respective particle is placed at a random
position. If it overlaps with previously allocated particles or the
specimen boundaries, it is lineally shifted so as to resolve the con-
flict. If no acceptable position is found after several translational
movements, a new random position is generated and tested. This
algorithm permits us to obtain considerably higher particle con-
tents than those achieved by a purely stochastic procedure.

Drying of rectangular specimens is simulated [2,3]; see Fig. 4.
The top face of the respective specimen is assumed to be open;
i.e., evaporation may take place. The other three faces of the spec-
imen are considered to be in contact with the mold. Initially, all
particles are completely covered by water. Then, water loss is sim-
ulated by incrementally increasing the capillary pressure and cal-
culating the corresponding course of the water front under the
assumptions of a wetting angle of zero and a constant curvature
according to the respective pressure value. Due to capillary action,
this pressure value is inversely proportional to the radii of curva-
ture of the water surface [1–5]. It has a resultant force acting on
the particles which are not completely surrounded by the water,
i.e., on those at the surface, cf. Fig. 1B, and may lead to particle dis-
placements. After the course of the water front has been calculated,
i.e., when the geometry of the specimen surface is known, the total
water loss with respect to the initial state may be calculated. In this
way, a curve of the capillary pressure versus water loss is obtained.
In addition to this curve, the drying simulation yields the pressure
dependent particle arrangement on the basis of which shrinkage
deformation and crack initiation may be studied.

Despite the limitation of the model to two dimensions, the sur-
face pores are assumed to be axi-symmetric with respect to an axis
normal to the surface; i.e., the water menisci are considered to be
double-curved forming a spherical surface. Hence, the radius of
curvature of the liquid surface is calculated by

r ¼ 2c
p

ð1Þ

where r is the radius of curvature; c the surface tension of the li-
quid; and p is the absolute value of the capillary pressure.

For the calculation of the total water loss, however, cylindrical
menisci in the water front as well as cylindrical solid particles
are assumed. The different assumptions concerning the pore shape
are made in order to allow a realistic modeling in spite of the two-
dimensionality.

Fig. 4 shows the model of a drying suspension under increasing
capillary pressure. In the first line, the initial particle arrangement
at zero pressure can be observed. All particles (dark circles) are be-
low the water surface. When water (in gray color) evaporates, me-
nisci are formed in the water front between the particles at the
surface and, accordingly, a capillary pressure is built up in the li-
quid phase. This pressure results in downward forces acting on
the particles and leading to a settlement of the material. The verti-
cal displacement of the near-surface particles appears to be non-
uniform, and air entry into the system does not occur everywhere
at the same pressure. It is observed that a local breach is formed at
the pressure of approximately 35 kPa. This breach is later widened
by the horizontal components of the increasing capillary pressure,
and the attracting inter-particle forces decrease to a negligible va-
lue. This phenomenon of strain localization and separation is re-
garded as the crack initiation.

From the results of individual numerical simulations, we can
evaluate the curves of the capillary pressure versus water loss as
well as the images exhibiting the particle arrangement and the
water front under increasing capillary pressure; cf. Fig. 4. The range
of capillary pressure values in the simulations is in good agreement
with available experimental observations [1,3,7].



Fig. 4. The simulation of the capillary pressure build-up in a drying suspension. The specimen width is 2 mm, the specimen height is 0.2 mm, and the particle sizes range
from 4 lm to 32 lm. The absolute capillary pressure values from top to bottom in kPa are: 0; 4; 10; 15; 20; 25; 30; 35; 40; 45; 50; 54; 55; 56 (approximate values).
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2.2. Forces acting on the solid particles

The solid particles are subjected to the following types of forces:

� Gravitational forces.
� Forces resulting from capillary pressure.
� Inter-particle forces.

Gravitational forces are calculated under the assumption of
spherical particles. Buoyancy in the liquid phase is taken into
account. The capillary pressure results in inward forces
acting on those particles which are not completely surrounded
by water; see Fig. 5. For the calculation of these resultants,
spherical particles are assumed as in the case of gravitational
forces.

Between neighboring grains, inter-particle forces are consid-
ered; see Fig. 5. They include both the electrostatic Fel and the
van-der-Waals force FvdW. For the van-der-Waals force which is al-
ways attractive between particles of the same material, a simpli-
fied approach according to Flatt [16,17] was used:

FvdW ¼ AH �
R

12 � a2 with R ¼ 2 � r1 � r2

r1 þ r2
ð2Þ

where r1 and r2 are the particle radii, a is the particle distance, and
AH is the Hamaker constant. This force describes the interaction of
electrically neutral particles.



Fig. 5. The forces acting on the solid particles. Gravitational forces are not shown.

Fig. 6. Inter-particle forces versus particle distance (not to scale).
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The electrostatic force results from the repulsion of the ion
clouds which are surrounding particles in aqueous solutions. It
strongly depends on the properties of the liquid phase. The ap-
proach used here was also proposed by Flatt [17]:

Fel ¼ �2 � p � e0 � er � f2 � R � 1
d
� e�

a
d

1þ e�a
d

with

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0 � er � kB � T
2 � e2 � z2

þ � nb
þ

s
ð3Þ

In Eq. (3), e0 is the vacuum permittivity, er the relative permittivity,
f the zeta-potential, kB the Boltzmann constant, T the absolute tem-
perature, e the elementary charge, z+ the valence and nb

þ the concen-
tration of an equivalent symmetric electrolyte. The parameter d is
the so-called Debye length.

By superposition, a resulting force Fres is obtained; see also
Fig. 6:

Fres ¼ FvdW þ Fel ð4Þ

The resulting force is characterized by repulsion in the short-
distance range and by attraction at larger particle distances. At
the equilibrium particle distance, the value of the resulting force
is zero. This distance appears to be particle size independent. The
magnitude of the inter-particle forces depends on the properties
of the solid particles as well as on the properties of the surrounding
liquid. More details of the model assumptions concerning inter-
particle forces were given in [2,3].

It should be pointed out that for the inter-particle force in the
short-distance and overlapping range, a parabolic function FP(a)
has been adopted which is not directly derived from physical con-
siderations [2,3]:
FP ¼ �fP � ða� aP;SÞ2 þ FP;S ð5Þ

where a is the particle distance; (aP,S; FP,S) are the coordinates of the
parabola vertex; and fP is the shape factor. At the transition point,
the functions of the original inter-particle force and of the parabola
have the same value and the same slope. From these conditions the
coordinates of the parabola vertex are derived.

The chosen parabolic function must meet certain requirements
of the numerical solution method and may be regarded as a pen-
alty force function which prevents the particle from overlapping
and direct contact. In reality, solvation forces [18] and the Born
repulsion [19] are acting in the short-distance range. These forces
have been included in the aforementioned parabolic function.

Frictional forces are not considered here since the solid particles
do not have direct contact. Furthermore, viscosity of the liquid
phase is disregarded since the drying induced particle movement
is comparably slow. However, the explicit solution method which
will be explained later requires the application of damping forces
which might be interpreted as an effect of viscosity although they
are not derived from the actual physical properties of the liquid.

The physical properties of the solid and liquid phase are kept
constant during the simulations. This means that all influences of
the cement hydration are disregarded. The modeled material
may be considered as a suspension made of inert solid particles
and water. Experimental results have shown that in drying suspen-
sions with fly ash the same effects as in plastic cement paste may
be observed [1,3].

For the type of material under consideration, the equilibrium
particle distance; i.e., the distance at zero inter-particle force in
Fig. 6, amounts to a few nanometers. In a 2D model, however, a lar-
ger equilibrium particle distance must be assumed. The 2D model
represents a section through a 3D specimen. The shortest connect-
ing lines between neighboring particles lie not necessarily within
this section. Therefore, the apparent particle distances in the 2D
section are larger than in the spatial particle structure. For the sim-
ulations presented here, the equilibrium particle distance is ad-
justed so that the particle content in the unloaded model is in
the same order of magnitude as the one in the real material
[2,3]. The standard value for the equilibrium particle distance
adopted here was 1.5 lm.

2.3. Solution methodology

Previously published simulation results were obtained by using
an implicit solution scheme [2,3]. This type of analysis is based on
an imaginary truss model, the members of which were the con-
necting lines between neighboring particles. The latter were con-
sidered to be the joints of the truss. External forces resulting
from capillary pressure as well as gravitational forces are acting
on these imaginary joints. By an iterative matrix stiffness method,
a state of equilibrium is searched. In each of the iterations, the con-
nectivity between the particles is updated, i.e., pairs of neighboring
particles are identified between which an inter-particle force is
acting, and the course of the water front is recalculated. The parti-
cle displacements in each iteration depend on the solution of a lin-
ear system of equations:

dPðD1; . . . ;Di; . . . ;DnÞ
dDi

¼ dðWint �WextÞ
dDi

¼ 0 ð6Þ

where P is the potential energy of the system; Wint and Wext the
internal and external work, respectively; Di the displacement at de-
gree of freedom i; and n is the number of degrees of freedom. In this
way, 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 in Fig. 6 serves as the



Fig. 7. The capillary pressure versus water loss curves for eight simulations with
different random seeds and two different specimen widths; four simulations with
width 1 mm and four simulations with width 2 mm. The specimen height is
0.2 mm, and particle sizes range from 4 lm to 32 lm.
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‘‘member’’ stiffness. When previously set convergence limits are
reached, the next load step is applied; i.e., the next capillary pres-
sure increment. The convergence criteria are based on particle dis-
placements related to those of the first iteration and on the sum of
unbalanced forces related to the maximum ‘‘member’’ force. When
the water front is no longer continuous between the side faces of
the mold, the simulation is terminated.

In order to reduce the computing time for the simulations, an
explicit solution scheme was to be tested as an alternative to the
previously described method. Another reason for this is the poor
convergence behavior of the implicit solution in the case of larger
models. The application of an explicit algorithm was expected to
permit a larger particle number in the simulations.

The applied explicit solution scheme is based on the Distinct
Element Method (DEM). For consecutive time steps, the accelera-
tion of the particles is calculated:

€u ¼ F
m
¼ Fe

m
þ g ð7Þ

where u is the displacement of the respective particle; F the sum of
forces acting on the particle; Fe the sum of forces acting on the par-
ticle without gravitational force; m the mass of the particle assum-
ing spherical shape; and g is the gravitational acceleration. Here,
forces, displacements and accelerations are all vectors.

On the basis of the acceleration, the velocity and the displace-
ment of the respective particle are calculated by using the central
difference method. In order to ensure numerical stability as well as
computational efficiency, the length of the time step is adjusted
according to the current maximum stiffness:

Dt ¼ 2b �
ffiffiffiffiffiffiffiffiffiffi
mmin

kmax

r
; 0 < b 6 1 ð8Þ

where Dt is the time step; mmin the minimum particle mass in the
system; and kmax is the maximum contact stiffness in the system. In
the simulations presented here, the parameter b was set as 0.1.

Using the comparably small time steps obtained by Eq. (8) on
the real time scale which is linked to the actual water evaporation
rate would result in a prohibitively high number of required time
steps. Therefore, a pseudo-time scale must be adopted for the ex-
plicit numerical solution which is separated from the real time
scale of the physical process to be simulated. On this pseudo-time
scale, the capillary pressure increase is applied at a higher rate,
which shortens the computing time for the simulations. In the sim-
ulations presented here, this rate was 105 kPa s�1 (2 � 104 kPa s�1

in the simulations for Fig. 13). It has to be considered that the set-
tlement of the solid particles due to their self-weight is also a time
dependent process. On the pseudo-time scale it is taking place too
slowly, when compared with the capillary pressure build-up. How-
ever, for the small particle sizes used here, this discrepancy is not
considered to have a significant effect on the simulation results ob-
tained for the consolidated material. Previous simulations with the
implicit solution scheme showed that for small particle sizes al-
most identical results were obtained with and without consider-
ation of the particle’s self-weight [20]. The gravitational forces
acting on these small particles are negligible when compared with
inter-particle and capillary forces.

Forces F and Fe in Eq. (7) include a damping force which is re-
quired for numerical stability. In the simulations presented here,
a mass dependent damping force has been applied:

Fd ¼ �am _u ð9Þ

where Fd is the damping force; m the particle mass; and a is the
damping factor. The latter was set to 105 s�1 for the presented sim-
ulations, except for one of those shown in Fig. 8. With this damping
factor numerical stability of the solution was ensured. By using an
additional stiffness dependent damping force, the performance of
the algorithm would not be improved further.
3. Simulation results

3.1. General remarks on the model parameters

In previous parametric studies which were performed by using
the implicit solution scheme, some effects of the material compo-
sition on the behavior of drying suspensions could be demon-
strated [2,3]. The results presented in the following are obtained
by using the foregoing explicit solution scheme based on the Dis-
tinct Element Method. It is found that with both solution schemes
qualitatively the same results are obtained and similar conclusions
may be drawn.

For determining the inter-particle forces, generally the same
material parameters as in the previous simulations are employed
[2,3]. However, for computational reasons, the shape factor fP

determining the opening of the parabola in Eq. (5), which replaces
the force–distance curve in the short-distance range, is 107 N/m2 in
the simulations presented here; i.e., it is 100 times lower than be-
fore. This leads to the parabola branch being less steep, although
still significantly steeper than that of the original force–distance
curve resulting from electrostatic and van-der-Waals forces. With
the chosen material parameters [2,3], the parabola branch replaces
the actual inter-particle force for distances smaller than the equi-
librium particle distance. As stated before, the inter-particle force
in the short-distance range is not rigorously derived from physical
considerations. It is an artificial penalty force and characterized by
a steep increase with reducing particle distance. In the consoli-
dated material stage, this steep increase results in a particle
spacing wider than the one arriving from the physically derived
force–distance curve. In this treatise, the effect of finer grains not
explicitly included in the model but filling the spaces between
the actually modeled particles is indirectly taken into account.

If not stated otherwise, a particle area content of 50% was
adopted. It relates to the total specimen area including the bleed-
ing film; see Section 3.2.

The scatter of the capillary pressure versus water loss curves
obtained in the simulations is remarkably small; i.e., for different
random seeds almost identical curves are obtained; see Fig. 7.
These curves appear to be material dependent properties. How-
ever, they also depend on the specimen height and on the initial
particle spacing as will be explained later. Fig. 7 also displays that
for different widths of the specimens the same water loss values in



Fig. 8. The capillary pressure versus water loss curves obtained with different
solution schemes and parameters, with the specimen width 1 mm, the specimen
height 0.2 mm, and particle sizes ranging from 4 lm to 32 lm.
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kg/m2 are obtained. It can be concluded that the model dimensions
are large enough to yield representative results. In contrast to the
pressure–water loss curves, the particle arrangement and the pro-
cess of crack initiation vary strongly among the individual simula-
tions. Specific conclusions may only be drawn on the basis of
repeated simulations with different random seeds.

The curves presented in Fig. 7 have a progressively increasing
branch up to a capillary pressure of about 30 kPa and a rather lin-
ear branch at higher pressure. Whereas the first branch relates to
the consolidation stage, the second branch describes the behavior
of the consolidated material, i.e., when the minimum particle spac-
ing for a given external load is reached. This interpretation is based
on observations made during the simulations and explained in the
following.

For simplicity, the drying suspension may be considered as a
one-dimensional vertical series of solid particles and inter-particle
spaces. On the upper layer of solid particles, the resultant of the
capillary pressure is acting in the downward direction. Between
the solid particles, inter-particle forces are present according to
the respective particle distance. In addition, damping forces
depending on particle mass and velocity are acting. Gravitational
forces are also present, but they do not have a significant influence
if the solid particles are small; see Section 2.3. If the forces acting
on a solid particle are unbalanced, the particle experiences a mass
dependent acceleration and a respective inertia force is built up. In
this system of particles and inter-particle spaces, the relationship
between the capillary pressure and the total water loss depends
on both the compliance of the system with respect to the resultant
of the capillary pressure and on the capillary pressure value built
up due to water loss at the surface. The aforementioned capillary
pressure build-up is characteristic for a certain geometry of the
surface pores. For the same amount of water disappearing from
the surface pores, smaller pore sizes result in a larger curvature
of the menisci and, consequently, a higher capillary pressure. The
compliance of the system with respect to the resultant of the cap-
illary pressure will depend on the inter-particle forces, on the ini-
tial particle spacing, and on the mass of the solid layers, since both
inertia and viscous damping are mass dependent. If the model has
been consolidated, i.e., if the particle packing is as dense as possible
for a given external load, the particle displacements, accelerations
and damping forces are small. Hence, the compliance of the system
is controlled by the inter-particle force–distance curve; cf. Fig. 6. In
the simulations presented in Fig. 7, this is the case above approxi-
mately 30 kPa. The steeper the inter-particle force versus distance
curve in the short-distance range, the smaller the compliance of
the system and the steeper the capillary pressure versus water loss
curve will be in the consolidated stage. For a lower pressure, i.e., in
the consolidation stage, it can be shown that not only the inter-
particle forces have an influence on the course of the capillary
pressure versus water loss curve but also the rate of the capillary
pressure increase, the damping factor a in Eq. (9), and the initial
particle spacing before the capillary pressure is applied. These
influences do have an effect on the mobility of the solid particles,
on the forces acting on them and, consequently, on the compliance
of the system under the action of the increasing capillary pressure.
For the consolidated material, however, the capillary pressure ver-
sus water loss curve follows a path which is (for a given particle
collection) mainly dependent on the formulation of the inter-
particle force. The aforementioned other influences vanish.
However, if the total particle content varies, the height effect
occurs as explained in Section 3.2. Furthermore, smaller particle
sizes result in higher capillary pressure and, therefore, a steeper
capillary pressure versus water loss curve; see Section 3.3.

The influence of the damping factor a on the capillary pressure
versus water loss curve is illustrated in Fig. 8 which shows four
curves already presented in Fig. 7. They were obtained for a spec-
imen width of 1 mm by using the explicit solution scheme and the
standard value of the damping factor a = 105 s�1. The thick curve
was obtained with a = 2 � 105 s�1. It may be seen that the damping
factor does have an influence in the consolidation stage, but not in
the consolidated stage. Higher damping forces impede the move-
ment of the near-surface particles into the water film on the spec-
imen’s top face; see last paragraph of Section 3.2. Hence, these
particles get in contact with the water front and start to directly re-
sist the capillary forces at higher water loss values. This results in
the comparably moderate pressure build-up in the consolidation
stage.

Fig. 8 contains in addition capillary pressure versus water loss
curves obtained by using the implicit solution scheme; see Sec-
tion 2.3. It may be seen that the differences between the two solu-
tion schemes are essential only in the consolidation stage. They
may be attributed to the different particle mobility in this stage.
Once the material is consolidated, the material behavior is almost
exclusively controlled by the inter-particle forces and the two solu-
tion strategies yield comparable results.

It is concluded that the water loss values obtained in the
numerical simulations are strongly dependent on the assumptions
concerning the inter-particle forces. In consideration of the simpli-
fications required for the presented simulations, it seems to be
inappropriate to exactly match the water loss values measured in
experiments. Moreover, the simulation results concerning influ-
ences of material parameters on capillary pressure build-up and
crack initiation are of much higher interest. Nevertheless, in Sec-
tion 3.2 an attempt is made to extrapolate the numerically ob-
tained water loss values to heights of laboratory sized specimens.
3.2. Effect of specimen height

It is well known that the water loss values measured under
increasing capillary pressure depend on the specimen height
[3,5]. This effect may be attributed to the larger compressibility
of a higher specimen. As expected, in simulations with different
specimen heights, the resulting capillary pressure curves seem to
be scaled on the water loss axis; cf. Fig. 9. Table 1 contains the
water loss values at a capillary pressure of 40 kPa. These values
show linear height dependence as expected. The higher the speci-
men, the more inter-particle spaces may be compressed under the
action of the increasing capillary pressure. In the simulations pre-
sented here, a water film on top of the initial particle structure
with the standard thickness of 50 lm for a specimen height of
0.2 mm is considered. It represents an initial bleeding film and al-
lows for some movement of the near-surface particles within the



Table 1
Water loss values at a capillary pressure of 40 kPa for different specimen heights,
determined on the basis of the curves shown in Fig. 9.

Specimen
height
(mm)

Thickness of the
initial bleeding
film (lm)

Total water
loss at 40 kPa
(kg/m2)

Total water loss without
initial bleeding film at
40 kPa (kg/m2)

0.1 25 0.0293 0.0043
0.2 50 0.0578 0.0078
0.3 75 0.0870 0.0120
0.4 100 0.1158 0.0158

Linearly extrapolated
40 0 1.5483
60 0 2.3223

100 0 3.8703

Fig. 9. The capillary pressure versus water loss curves for different specimen
heights, with the specimen width 1 mm, the particle content 50%, and particle sizes
ranging from 4 lm to 32 lm.
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liquid phase prior to the water loss. It has to be pointed out that the
value adopted for the film thickness is an assumption. In real
experiments, this value would depend on the actual water–solid
volume ratio. The bleeding film thicknesses assumed for the differ-
ent specimen heights are also given in Table 1 and have been con-
sidered in the calculation of the water losses specified in the last
column. If these data are linearly extrapolated, water loss values
in the order of magnitude of experimentally determined values
are obtained. Fig. 10 shows measured capillary pressure versus
water loss curves for fly ash suspensions [3,20]. In the simulations,
the water loss is overestimated by a factor of about two. Consider-
ing the simplifications with regard to model size, inter-particle
Fig. 10. The experimentally determined capillary pressure versus water loss curves
for fly ash samples of different heights [3].
forces and particle size distribution (see Section 3.3), this fidelity
confirms the general applicability of the proposed simulation con-
cept. It must also be taken into account that the curves in Fig. 10
show a non-zero slope in the beginning meaning that some consol-
idation had already taken place before the water loss was recorded.
Hence, the total water loss might have been slightly
underestimated.

As explained in Section 3.1, in the consolidation phase the ini-
tial particle spacing does have an influence on the capillary pres-
sure versus water loss curve. In order to obtain comparable
results, the simulations performed with the explicit solution
scheme are started in the following fashion. When generating the
random particle structure, a minimum distance between the parti-
cles and the top face of the specimen is enforced. This distance rep-
resents the initial bleeding film thickness. Since the generation
algorithm is based on geometrical conditions (avoiding particle
overlapping) but not on equilibrium considerations (equilibrium
of inter-particle forces acting on the individual grain), the particle
positions have to be corrected prior to the actual drying simula-
tion. This is done by applying the Distinct Element Method until
convergence criteria based on displacements and unbalanced
forces are met. Thereafter, the capillary pressure is incrementally
applied. During the preceding position adjustment, the particles
are allowed to move into the bleeding film; see particle arrange-
ment for zero pressure in Fig. 4. This phenomenon is regarded as
realistic and results in a steady capillary pressure build-up, as it
can be observed in experiments [3]. A dense particle packing at
the surface leads to an unnaturally abrupt pressure increase.
3.3. Effects of particle size distribution

Three different particle size distributions have been adopted;
see Table 2. In the simulations presented so far the particle sizes
were ranging from 4 lm to 32 lm. The particle size distribution
does have a significant influence on the capillary pressure versus
water loss curve. The smaller the minimum particle size, the smal-
ler the surface pores and the higher the curvature of the menisci
formed under water loss will be. This generally results in a steeper
capillary pressure versus water loss curve, especially in the consol-
idation phase. Fig. 11 displays curves obtained under different par-
ticle size distributions but featuring the same particle content of
50%. The considerably lower water loss values for the particle size
distribution 2 . . . 32 lm come from the fact that the potential for a
further consolidation of the system is limited because of the high
total number of solid particles. This characteristic results in a high
number of inter-particle spaces with the same equilibrium particle
distance as in the case of the other size distributions with fewer
particles. In other words, while more and smaller particles are
present, the particle spacing is not equally downsized. As a matter
of fact, the thickness of the initial bleeding film had to be reduced
to 40 lm for the simulations with 2 . . . 32 lm in order to fit all the
particles into the specimen. For the other two particle size distribu-
tions, the total number of particles is significantly lower.
Table 2
Particle size distributions.

Particle sizes (lm) Area content (%)

2 . . . 64 lm 2 . . . 32 lm 4 . . . 32 lm

2 . . . 4 11.84 18.24
4 . . . 8 14.29 22.01 26.93
8 . . . 16 16.05 24.73 30.24
16 . . . 32 22.73 35.02 42.83
32 . . . 64 35.09
Sum 100 100 100



Fig. 11. The capillary pressure versus water loss curves for different particle size
distributions, with the specimen width 1 mm, the specimen height 0.2 mm, and the
particle content 50%.
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The effects of input parameters on the capillary pressure versus
water loss curve may be discussed with the help of the simplifying
one-dimensional concept outlined in Section 3.1. It would also be
possible to use for the actual analyses a one-dimensional approach
on the basis of a multi-layer model consisting of permeable solid
layers and interlayers representing the inter-particle spaces. The
investigation of strain localization and crack initiation, however,
requires the usage of a model with at least two dimensions as in
the present simulations. Fig. 12 shows exemplarily the particle
arrangement under increasing pressure for the different particle
size distributions. In most of the simulations, the formation of a
‘‘gap’’ may be observed which is interpreted as air entry or crack
initiation. However, no clear trend is found with regard to the
influence of the particle sizes on the pressure level at crack initia-
tion, referred to as air entry value in the following. Whereas the
scatter of the capillary pressure versus water loss curves is small,
the air entry value hardly manifests significant dependency upon
the particle sizes, due to its comparably large variance. Possibly,
the used specimens are still too small for this task. The simulation
results, nevertheless, confirm the observation that plastic concrete
is more vulnerable to capillary shrinkage cracking when the mini-
mum particle sizes are small [3]. This may be attributed mainly to
Fig. 12. The simulation of the capillary pressure build-up in drying suspensions, with
(approximate values), with particle sizes ranging from 4 lm to 32 lm (left column), fr
specimen width is 1 mm, the specimen height 0.2 mm, and the particle content 50%.
the steeper increase of the capillary pressure during the evapora-
tion of water. For a certain water loss, the built up capillary pres-
sure is higher; see Fig. 11.

3.4. Effects of particle spacing

If polyanionic organic polymers are employed as superplasticiz-
ers in cementitious materials, then an additional inter-particle
force is acting; i.e., the so-called steric force [17]. It arises from
polymers being adsorbed at the surface of cement particles and
is characterized by a steep increase of the repulsion with decreas-
ing particle distance if the polymeric layers, also referred to as ste-
ric layers, of two particles begin to overlap. Approaches for
calculating the steric force in cement suspensions were published
[17,21]. They reproduce the steep increase of the repulsive force
between approaching particles. The steric layer acts like a ‘‘wall’’
hindering further approach. In the present simulations, the short-
distance inter-particle force-distance curve is replaced by a parab-
ola with a comparably steep slope; see Section 2.2. This slope may
also be considered to act like a ‘‘wall’’ when the particle distance
becomes sufficiently small. For this reason, the effect of an addi-
tional hindering layer, the steric layer, is simulated by increasing
the equilibrium particle distance.

Fig. 13 shows the ‘‘crack patterns’’ obtained in 14 simulations
with different random seeds. Seven of these simulations are per-
formed with a 2D equilibrium particle distance of 1.5 lm (particle
content 50%) and seven simulations with 3 lm (particle content
40%). These distance values are already up-scaled ones to be em-
ployed in the 2D model; cf. Section 2.2. As explained before, it ap-
pears to be difficult to identify significant trends concerning a
critical capillary pressure from the simulation results. Only on
the basis of repeated numerical experiments tendencies may be
found. In Fig. 13 the particle arrangements for the larger equilib-
rium particle distance (right hand side) show a more pronounced
formation of ‘‘gaps’’ which might result in cracks. Due to the in-
creased particle mobility in the case of the large equilibrium parti-
cle distance, the air entry value (i.e., the pressure at the first event
of air entry) seems to be lower than in the case of the small equi-
librium particle distance. This observation suggests a higher crack-
ing risk. The same tendency has been found by using the implicit
solution scheme [2,3]. It is noted, however, that some of the simu-
lations shown in Fig. 13 do not confirm this tendency.
absolute capillary pressure values from top to bottom in kPa as 0; 20; 35; 45; 50
om 2 lm to 32 lm (center column), and from 2 lm to 64 lm (right column). The



Fig. 13. The particle arrangement in different simulations of the capillary pressure build-up in drying suspensions, for the capillary pressure value 30 kPa (approximate
value), particle sizes ranging from 4 lm to 32 lm. The left column involves the equilibrium particle distance 1.5 lm, and particle content 50%. The right column: equilibrium
particle distance 3.0 lm, particle content 40%. The specimen width is 1 mm, the specimen height 0.2 mm.

Fig. 14. The capillary pressure versus water loss curves for different equilibrium
particle distances, specimen width 2 mm, specimen height 0.2 mm, particle sizes
ranging from 4 lm to 32 lm, particle content 50%.
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Fig. 14 exhibits curves of the capillary pressure versus water
loss for the two different equilibrium particle distances. In order
to facilitate a comparison, the particle content is equal to 50% in
all these simulations. It may be seen that the material with the
smaller equilibrium particle distance shows a higher water loss
in the beginning and a stronger consolidation under the increasing
capillary pressure. When the material is consolidated, however, the
slope of the curve is steeper in the case of the smaller equilibrium
particle distance. This may be explained by the smaller surface
pores resulting in a higher pressure increase for a certain water loss
rate from the surface; see Section 3.1. Despite this steeper increase,
a larger equilibrium particle distance is still expected to be accom-
panied by an increased capillary shrinkage cracking risk. Assuming
identical initial porosity, the capillary pressure build-up will start
earlier in the material with the larger equilibrium particle distance;
i.e., earlier in time for a given water loss rate. In addition, the wider
particle spacing results in an increased mobility of the particles
and, thereby, promotes strain localization and crack initiation.

4. Concluding remarks

The behavior of drying suspensions has been simulated by using
a discrete particle-based model. Effects such as capillary pressure
build-up, shrinkage and crack initiation have been demonstrated,
and conclusions concerning the cracking risk in plastic cement
paste can be drawn.

In general, smaller particle sizes result in a steeper capillary
pressure increase which might lead to an increased capillary
shrinkage cracking risk. Whereas the curves of the capillary pres-
sure versus water loss show a remarkably small scatter, the ob-
tained particle arrangement and water front images differ
strongly and do not permit the identification of significant trends
concerning air entry and crack initiation. However, a slight ten-
dency towards an increased cracking risk with increasing equilib-
rium particle distance is found.

Whereas for previously published results [2,3] an implicit solu-
tion scheme was applied, the results presented here were obtained
by using the Distinct Element Method as an explicit solution
scheme. The findings of the previous simulation work could be
confirmed.

It should be indicated that the model does not yet include age-
dependent material properties and the evolution of the particle
sizes due to cement hydration. However, plastic cement paste
and suspensions with inert solids show a similar drying behavior.
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