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ABSTRACT: 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, in
cracking. The concept of discrete modeling has been used 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. Under certain conditions, crack initiation due to capillary
forces may be observed. The simulations allow the demonstration of different influences on capillary shrinkage cracking.
1 INTRODUCTION
The present work aims at the modeling of drying induced concrete cracking in the very early age; i.e.,
within approximately four hours 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 tensile 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 suspensions
with inert solid particles.
After the material has been placed in a mould, 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 enough, a
plane water film is formed on top of the near-surface
particles; Figure 1(A). This process is also referred
to as bleeding.
Evaporation at an open surface and in the case of
cement paste also self-desiccation lead 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 interparticle
spaces, menisci are formed; see Figure 1(B). Accordingly, a capillary pressure is built up in the water phase (Wittmann 1976, Radocea 1992). Although

this pressure is lower than the pressure of the surrounding air, it will be considered as a positive
quantity in the following discussion.
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, 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.

A

B
Figure 1. Surface of a drying suspension. Plane water film
covering the solid particles at the surface (A) and formation of
menisci in the interparticle spaces (B).

In the beginning of the capillary pressure buildup, only vertical shrinkage strain may be observed;
i.e., deformation in the direction perpendicular to the
open surface. Later, the material might crack or
separate from the side faces of the mould. This al-

lows for horizontal shrinkage strain. The volume
change of the drying material is in this stage almost
equal to the volume of the evaporating water.
If a certain material specific pressure is reached,
not all the interparticle spaces at the surface of the
drying suspension 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 electron microscopic observations (Schmidt et al. 2007, Slowik
et al. 2008a) and force measurements (Slowik et al.
2008b) that the local air entry is a precondition for
crack formation in the plastic concrete. However, air
entry does not necessarily result in cracks since sufficient particle mobility is also a precondition.
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 (Slowik
et al. 2008a).
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 controlled concrete curing in the plastic material stage has been
proposed (Schmidt et al. 2007, Slowik et al. 2008a).
The capillary pressure build-up in plastic cementitious materials appears to be reversible (Wittmann
1976). Hence, it is possible to decrease the capillary
pressure by rewetting the surface. Figure 2 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 had 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 surface
which might degrade the surface properties of the
hardened material. The closed-loop control allows to
keep the capillary pressure within an uncritical
range; i.e., between certain predefined 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 (Slowik et al. 2008b). The method requires an
in situ capillary pressure measurement which is possible by using wireless sensors (Schmidt et al. 2009).
For rewetting the surface, commercially available
fogging devices may be utilized. It has to 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
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more, viscosity of the liquid phase and inertia are
disregarded since the drying induced particle movement is comparably slow.
The physical properties of the solid and liquid phase
are kept constant during the simulations. This means, 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 suspensions with fly ash
the same effects as in plastic cement paste may be observed (Slowik et al. 2008a).
For the considered type of material, the equilibrium particle distance; i.e., the distance at zero interparticle force, see Figure 4, amounts to a few nanometers. In a 2D model, however, a larger equili
brium particle distance has to be assumed. The 2D
model represents a section through a 3D sample. The
shortest connecting 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 simulations presented here, the equilibrium
particle distance was adjusted so that the particle
content in the unloaded model is equal to the one in
the real material (Slowik et al. 2009). The standard
value used here was 1.5 µm.
2.3 Solution method
Previously published simulation results were obtained by using an implicit solution scheme (Slowik
et al. 2009). This type of analysis is based on an
imaginary truss model the members of which were
the connecting lines between neighboring particles.
The latter were considered to be the joints of the
truss. 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 connectivities between the particles are updated and a new water front is calculated.
The particle displacements in each iteration are the
solution of a linear system of equations:
d

Π( ∆1 , ... , ∆ i , ... , ∆ n ) d ( Wint − Wext )
=
=0
d∆ i
d∆ i

(2)

where Π = potential energy of the system; Wint and
Wext = internal and external work, respectively; ∆i =
displacement at degree of freedom i; and n = 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, see Figure 4, serves as “member” stiffness.
When previously set convergence limits are reached,
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The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs)
= age-dependent sorption/desorption isotherm
(Norling Mjonell 1997). Under this assumption and
by substituting Equation 1 into Equation 2 one
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
By the way, if the hysteresis of the moisture
isotherm would be taken into account, two different
relation, evaporable water vs relative humidity, must
be used according to the sign of the variation of the
relativity humidity. The shape of the sorption
isotherm for HPC is influenced by many parameters,
especially those that influence extent and rate of the
chemical reactions and, in turn, determine pore
structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

Figure 6. Simulation of the capillary pressure build-up in a drying
suspension,
sizes flux,
rangingTfrom
µm toabsolute
32 µm,
where
q is particle
the heat
is 4the
equilibrium particle distance 3 µm, absolute capillary pressure
temperature,
λ is inthe
values
from top and
to bottom
kPa:heat
0; 12;conductivity;
24; 36; 44; 46;in47;this
49
(approximate values).

Figure 6 shows a similar simulation, however
with a comparably large equilibrium particle distance of 3 µm. For the generation of the initial particle structure, the same particle content has been used
as in the case of the smaller equilibrium particle distance; see Figure 5. However, the initial minimum
particle distance was larger.
Due to the increased particle mobility in the case
of the large equilibrium particle 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
equilibrium particle distance. This points towards a
higher cracking risk. The same tendency has been
found by using the implicit solution scheme (Slowik
et al. 2009).
Figure 7 shows the corresponding curves of the
capillary pressure versus water loss. The discontinuities in the beginning of the pressure build-up
may be attributed to the rearrangement of particles.
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Figure 7. Capillary pressure versus water loss for the simulations presented in Figures 5 and 6, respectively.

It appears to be difficult to retrieve out of the 2D
simulation results realistic water loss values which
may be compared to corresponding experimentally
determined values. For this reason, no numbers are
assigned at the abscissa in Figure 7. The capillary
pressure values, however, are in good accordance
with experimental observations. 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
and corresponds to experimental observations. The
smaller the pores at the surface of a drying suspension, the steeper the pressure increase will be.
4 CONCLUDING REMARKS
The behavior of drying suspensions has been simulated by using a discrete particle-based model. Ef-
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