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a b s t r a c t

In order to quantify the internal damage of saturated cement paste caused by frost action, a damage
model is proposed based on the thermodynamics of ice growth and fracturing of hydrated cement paste.
According to the pore structure of cement paste from the HYMOSTRUC3D model, the penetration of crys-
tals of ice through the pore network is simulated and stresses on the pore walls caused by the crystalli-
zation pressure of ice are first calculated. Then, the stresses in the solid skeleton of the microstructure of
cement paste are calculated with the help of a three-dimensional (3D) lattice fracture model. Local dam-
age, expressed as micro-cracks, is created if the local damage criterion is satisfied. The creation of micro-
cracks in saturated cement paste during freezing is illustrated in this paper. The simulated results show
that the number of micro-cracks in the microstructure of cement paste increases with decreasing temper-
ature and the volume of cement paste increases with decreasing temperature when the temperature is
below zero. To validate the model, strains of cement paste during freezing by simulations in this study
are further compared with those by experiment. The reliability of the pore size distribution of cement
paste by HYMOSTRUC3D simulation is also discussed.

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

Deterioration of concrete caused by frost action (freezing and
thawing cycles) is an important issue with regard to the service life
of concrete structures in cold climates. The mechanism of frost
damage has been investigated for several decades [1–5]. Powers
indicated that harmful stresses could result from hydraulic pres-
sure created by the volume increase when water transforms into
ice [1]. Scherer argued that the primary source of stresses during
freezing should be the crystallization pressure of ice, and not
hydraulic pressure [3]. He gave evidence for the importance of
crystallization pressure, for a case where hydraulic pressure would
not be created, namely the experimental results from Beaudoin
ll rights reserved.

y of Construction Materials,
t University, Nanjing 211189,

iu), g.ye@tudelft.nl (G. Ye),
eu.edu.cn (H. Chen), Z.Qian@-
anbreugel@tudelft.nl (K. van
and MacInnis [5]. In their experiments, the length change of con-
crete during freezing was measured after the pore water had been
exchanged with benzene. The fact is that the concrete still
expanded, even through the volume of benzene decreases during
freezing, and consequently no hydraulic pressure is created in this
situation.

Based on the mechanism of frost damage, there are many com-
peting theories to model cement-based materials exposed to freez-
ing temperatures [4,6–8]. Nevertheless, only a few models provide
a quantification of internal damage. Regarding the internal freezing
damage of cement paste, there are still issues left unaddressed,
such as how ice crystals form in the complex pore structure of
cement paste, where and how the micro-cracks are created in
the microstructure of cement paste, and how the microstructure
of cement paste responds to the decreasing temperature. These
questions are important for the analysis of freezing damage of
cement-based materials, multi-scale modeling of concrete deterio-
ration, and service life prediction. The aim of this study is to
explore these issues.

In this paper, from a virtual microstructure of cement paste ob-
tained from HYMOSTRUC3D [9–11], the ice growth process is cap-
tured as the temperature decreases. Stresses on the pore walls,
locally exerted by crystals of ice, are calculated from the thermody-
namics of ice growth and the geometric characteristics of the
pores. The stresses in the solid skeleton of the microstructure can
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Fig. 1. Flowchart of modeling the response of a microstructure of cement paste on
the freezing process.
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be calculated with the help of a three-dimensional (3D) lattice frac-
ture analysis [12,13]. Damage is created when the local damage
criterion is satisfied. The creation of micro-cracks in the micro-
structure of cement paste is simulated and the volumetric dilation
of saturated cement paste is obtained during the freezing process.
Finally, the strain due to freezing and the simulated pore size dis-
tribution are discussed.

2. Theoretical background

During the freezing process, big flat crystals of ice are first
formed when the temperature is below its freezing point, Tm. As
the temperature subsequently decreases, the crystals of ice start
to grow into small pores. The smaller the pore size, the lower the
freezing point is, because of the surface contributions to the free
energy. For a crystal of ice with a hemispherical end, at equilib-
rium, the relationship between its radius, rc, and temperature, T,
can be expressed as the well-known Gibbs–Thomson equation
[3,4]:

rc ¼ �
2ccl cos h

DSfvðTm � TÞ ð1Þ

where ccl is the energy of the water/ice interface, ccl � 0.0409 J/m2

[3,4]. DSfv is the entropy of fusion per unit volume of crystal. For ice,
DSfv � 1.2 MPa/K [2–4]. h is the contact angle between the crystal
and the pore wall. In order to minimize the energy of the crystal,
the contact angle is assumed as 180� and the crystal of ice is sur-
rounded by a layer of liquid water [2]. Eq.(1) could then be rewrit-
ten as:

rp ¼
2ccl

DSfvðTm � TÞ þ d ð2Þ

where d is the thickness of the liquid film between the crystal and
the pore wall. In cement paste, d � 1.0–1.2 nm [14]. rp represents
the radius of a pore entry. It is the threshold for ice penetration into
a pore. It indicates that the ice can grow into any saturated pores
whose entrance is large enough according to Eq. (2).

If a small crystal of ice has the biggest curvature at its free end,
jE

cl, its crystal pressure, pc, can be given by Laplace’s equation
[2,15]:

pc ¼ pl þ cclj
E
cl ð3Þ

where pl and pc are the pressure in the liquid and the crystal. jE
cl is

the curvature of the crystal/liquid interface at the free end of the
crystal, m�1. At the non-free sides of the crystal of ice, its curvature,
jM

cl , may be smaller than that at the free end, jE
cl, due to the confine-

ment of pore walls. Therefore an additional pressure, pa, must be
supplied by the pore wall to balance the crystal pressure, pc. It could
be expressed as [2,3,15]:

pa ¼ cclj
E
cl � cclj

M
cl ¼ cclj

E
clð1� kÞ ð4Þ

where k is a pore shape factor, which is in the range of 0–1. For a
large pore with small entries, stresses on the pore walls are locally
exerted by the crystals of ice because of the curvature difference.
These stresses are assumed as the primary sources of stress which
cause the frost damage of porous materials under the condition that
the hydraulic pressure is negligible.

3. Modeling the freezing process of virtual cement paste

In this study, suppose that the nucleation of ice occurs at 0 �C,
so that the ice grows slowly through the pores as the ambient tem-
perature drops. In this case, the hydraulic pressure may be negligi-
ble. Therefore, the stresses on the pore walls are locally exerted by
crystals of ice during the freezing process (see Eq. (4)). The stresses
on the pore walls will result in stresses in the solid skeleton of the
microstructure of cement paste. In order to calculate the stresses in
the solid skeleton, a 3D lattice model is used. The 3D lattice struc-
ture is generated based on the connectivity of the hydrated cement
particles. Local damage is caused if the local stress in the solid skel-
eton is high enough that the local damage criterion is satisfied. The
flowchart of modeling the response of a microstructure of cement
paste to the freezing process is shown in Fig. 1. The freezing pro-
cess is divided into a series of temperature steps, DTi. The initial in-
put is a virtual 3D microstructure of cement paste and an initial
temperature, T0.

The computational procedure for determining the frost damage
consists of the following steps: Step 1: the pore structure informa-
tion is extracted from a virtual microstructure of cement paste and
a corresponding 3D lattice structure based on the solids is also gen-
erated from the microstructure. Step 2: at the current temperature
step, DTk, crystals of ice, formed at any previous temperature step,
penetrate into the pores whose entries satisfy Eq.(2). Step 3: the
stresses on the pore walls are calculated according to Eq.(3). Step
4: the resultant forces on the pore walls are applied on the 3D lat-
tice structure and the stress in the solid skeleton of the microstruc-
ture is calculated. Step 5: Determine if there is any local damage
created according to the local damage criterion. If there is local
damage created in the solid skeleton, the damage is considered
as micro-cracks and a new microstructure of cement paste is
formed. The computation then goes back to step 1. The newly
formed microstructure is used as input for the next calculation un-
til no additional local damage is created at the current temperature
step. If no additional local damage is created, the temperature con-
dition goes to the next temperature step, DTk+1, and the computa-
tion goes to step 2. This is repeated until the freezing process is
finished by reaching the final desired temperature.

3.1. Virtual microstructure of cement paste

The 3D microstructure of cement paste can be obtained from
experiments or from numerical simulations. Experimental tech-
niques, often used to detect the 3D microstructure of cement paste,
include X-ray micro-tomography (micro-CT) [16], focused ion
beam [17] and so on. The experimental results are influenced by
limitations of resolution. Computer models, used to provide a
microstructure of cement paste, include HYMOSTRUC3D [9–11],
CEMHYD3D [18], lic [19] and so on. In this study, the microstruc-
ture of cement paste is simulated by the HYMOSTRUC3D model.
Before hydration, 51,072 cement particles with a Blaine surface



Fig. 3. Pore structure of hydrated cement paste (w/c = 0.4, a = 0.69).
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area value of 420 m2/kg and a discretized particle size distribution
between 1 lm and 50 lm with an interval of 1 lm, are randomly
distributed in a 3D body with the dimension of 100 � 100 �
100 lm3. Periodic boundary conditions are utilized during the par-
ticle placement. CEM I 42.5 N with a potential Bogue phase compo-
sition of 64% C3S, 13% C2S, 8% C3A, and 9% C4AF by mass is used. The
hydrating cement grains are simulated as growing spheres. As ce-
ment hydrates, the cement grains gradually dissolve and a porous
shell of hydration products is formed around the grain. This results
in an outward growth of particles. For cement paste with a water-
to-cement ratio (w/c) of 0.4 at the degree of hydration (a) 0.69, a
3D image of the microstructure is shown in Fig. 2. In the 3D image
of hydrated cement paste, the solid phases are, going from the cen-
ter of a cement particle outwards, unhydrated cement particles
(gray), inner hydration product (red) and outer hydration product
(yellow), respectively. The corresponding pore structure of cement
paste is shown in Fig. 3.

The pore size distribution of simulated cement paste can be ob-
tained by dividing the 3D continuum microstructure into voxels of
various sizes. The schematic diagram of computing the pore size
distribution of a two-phase structure in 2D is illustrated in Fig. 4.
For a voxel of size d1, if it is totally occupied by pore phase, it is
considered as a pore whose size is larger than d1. If the voxel is par-
tially occupied by solid phase and partially occupied by pore phase,
it is considered to be a mixed-phase voxel. This voxel needs to be
sub-divided further. After defining the new size of voxels as d2, the
phases comprising the newly formed voxels are determined. In this
paper, d2 is half of d1. If one of the newly formed voxels is totally
occupied by pore phase, it is assumed as a pore whose size is larger
than d2 but smaller than d1. The simulated pore size distribution
curve in 3D for cement paste with w/c = 0.4 at a degree of hydra-
tion of 0.69 is plotted in Fig. 5. The cumulative porosity with
decreasing pore size and the differential curve are illustrated,
respectively. In this case, the pore connectivity is not considered
and it would seem to correspond best to the pore size distribution
data obtained from an adsorption isotherm. However gas adsorp-
tion method is often used to characterize the pores up to 30 nm
[20], which does not cover all the pore sizes in the simulation. A
burning algorithm is utilized to determine the connectivity of
pores of different sizes and a simulated MIP curve can be obtained
Fig. 2. 3D image of hydrated cement paste (w/c = 0.4, a = 0.69).
[21].The pores’ ‘‘burning’’ start from the surfaces of the 3D micro-
structure. The cumulative pore volume is the volume summation
of all the connected pores at such a pore size. For example, the con-
nected pores of size d2 depend on the connectivity of pores with
sizes no less than d2. A discrepancy between the simulated pore
structure and that obtained by mercury intrusion porosimetry
(MIP) and SEM is found because of both computational and exper-
imental limits. Those will be discussed in Section 5.1.
3.2. Pore structures during freezing

This section will show the progress as crystals of ice progres-
sively penetrate through the pore network of cement paste.
According to the IUPAC definition, there are three types of pores,
i.e., micropores with diameters less than 2 nm, mesopores with
diameters between 2 nm and 50 nm and macropores with diame-
ters larger than 50 nm [20]. At the mesopore scale, the effects of in-
pore confinement upon phase transition is dominant and the pore-
size dependence of freezing point can be generally expressed as the
Gibbs–Thomson equation (Eq. (1)) [4,22]. In this study, the freezing
behavior of water in mesopores and macropores is dealt with. At
the microscopic scale, local thermal equilibrium is assumed [23].
Therefore, at static equilibrium without temperature gradients,
the freezing order of pores with different sizes as temperature de-
creases is given by Eq.(2). According to the condition for ice grow-
ing into smaller pores, when the temperature decreases to �1 �C,
the crystal of ice can penetrate into any pore whose radius at the
entrance is larger than 68 nm. When the temperature decreases
to �20 �C, the condition for ice penetration is about rp > 4.5 nm.

According the threshold of pore radius for ice growing in small
pores (see Eq. (2)), the frozen and unfrozen pores are distinguished
according to the following algorithm. For example, in a two-
dimensional case, at a certain temperature T1, a big crystal of ice
is already formed, illustrated as ‘‘ice1’’ in Fig. 6. The other pores
are filled with water. When the temperature decreases to T2, the
pore threshold that ice can grow into becomes rp. The minimum
distances of the pores between particles are calculated, i.e., the
minimum distance of the pore between particles A and C is repre-
sented by lAC, see Fig. 6. Since lAC > 2rp, the pore between particles A
and C is filled with ice. Similarly, the ice can penetrate through the
pore between particles A and D, because lAD > 2rp. However, the ice
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Fig. 6. 2D Schematic diagram of ice growth in irregular pores.

L. Liu et al. / Cement & Concrete Composites 33 (2011) 562–571 565
cannot penetrate through the pore between particles B and D, be-
cause lBD < 2rp. Then the pore space between these two particles is
partially filled with ice and partially filled with water. The ice front
goes to a circular arc, where a circle of a radius rp is externally tan-
gent to spheres B and D simultaneously. It means a crystal of ice
with circular segment end rp can be placed into the pore between
particles A and D. The newly formed ice at temperature T2 is illus-
trated as ‘‘ice2’’ (see Fig. 6). Since the ice cannot penetrate through
the pore between particles B and D, the pore between particles B
and E also remains unfrozen. In this way, all the pores between
any two hydrated cement particles are judged to be frozen or un-
frozen in the simulation. Fig. 6 illustrates the progressive growth of
ice into smaller pores as the temperature decreases in the two-
dimensional case. In this study, the modeling work is focusing on
the situation in three dimensions. The algorithm for 3D is similar
to that for 2D, except that the growing front of ice is a spherical
cap, instead of a circular segment. At temperature T2, the ‘‘ice1’’
can grow into any pore space where spherical caps with a radius
rp can infiltrate. The minimum distances of pores between any
two hydrated cement particles can be calculated according to the
positions and the diameters of particles, which are kept in com-
puter memory.

At 0 �C, suppose the nucleation of ice starts from the surfaces of
the microstructure. Then, the crystals of ice penetrate through the
pore network from the outside in. An example of the pore space of
cement paste during freezing is shown in Fig. 7. At T = �0.2 �C, the
unfrozen space of pores where water remains unfrozen is illus-
trated in Fig. 7a, and the frozen space of pores where water turns
into ice is illustrated in Fig. 7b. The ice saturation, UC, (i.e., the ratio
of the ice volume to the total volume of capillary pores) is temper-
ature-dependent. For cement paste with w/c = 0.4 at the degree of
hydration 0.69, the curve of UC versus temperature is plotted in
Fig. 8. The curve shown in Fig. 8 is different from the data in the
literature [4]. This might because the pore structure from HYMO-
STRUC3D might provide more open networks relative to a real ce-
ment paste for ice penetration. The percolation threshold of
capillary porosity is about 3.5% in the HYMOSTRUC3D model, while
is about 20–22% in the NIST model [26]. The simulated ice satura-
tion curve during freezing does not correspond well to the experi-
mental results in [4,24,25]. Due to super cooling effects, the ice
nucleation may not happen at 0 �C.

In concrete science, mesopores cover a large amount of capillary
pores and gel pores. Attention should be drawn to the fact that the
size division of capillary and gel porosity is to a large extent arbi-
trary and there is no agreement between different researchers
[20,27,28]. Experimental studies on cement pastes indicate that
the freezing of water in C–S–H gel pores takes place at least below
�23 �C [24,25,29]. Therefore, it is reasonable to consider that the
freezing of gel pores does not take place in the temperature range
of 0 �C to �20 �C. Assuming gel pores are smaller than 8 nm (the
frozen threshold at �23 �C according to Eq. (2)), the pore space
mentioned in this paper refers to the capillary pores. Based on
the virtual microstructure of cement paste from HYMOSTRUC3D,
the gel pores are included in the C–S–H product and are considered
as an intrinsic part of the C–S–H gel.

3.3. Stresses on pore walls

The foregoing indicates that the developed pressure for the
crystal of ice is dependent on the curvature difference between
the crystal/liquid interface and the pore walls (see Eq. (4)). For sim-
plicity for explaining the frost damage [2,8], the shape of the pores
is often assumed as cylindrical or spheroidal. For a cylindrical pore
with a radius of rp, see Fig. 9a, at the hemispherical end of the crys-
tal, the curvature is jE

cl = 2/(rp � d). At the cylindrical sides of the
crystal, the curvature is jM

cl = 1/(rp � d). It follows that the imposed
pressure by the pore wall is pa = ccl/(rp � d). In this case, the pore
shape factor k equals 0.5.



Fig. 7. At T = �0.2 �C, (a) Pore space where water remains unfrozen. (b) Pore space where water turns into ice (cement paste with w/c = 0.4, a = 0.69).
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However, the shape of pores in cement paste is not regular
because of its complex microstructure. In this situation, the
Fig. 9. Crystallization of
crystals of ice still grow into pores which satisfy the condition
for ice penetration. Fig. 9b shows the growth of ice in the irregular
pores of hardened cement paste. At the free end of the ice, its shape
is still assumed to be hemispherical and the curvature is, jE

cl = 2/
(rp � d). At the confined side of the ice, however, its curvature is
dependent on the curvature of the irregular pore walls. Hydrated
cement particles constitute the solid skeleton of cement paste,
which are acting in the role of pore walls. If the radius of a hy-
drated cement particle is Rhc (see Fig. 9b), then it is curvature is
2/(Rhc + d). For ice at the confined side which is in contact with this
hydrated cement particle, its curvature then is, jM

cl = �2/(Rhc + d). It
follows that the imposed pressure by the pore wall is pa = 2ccl/
(rp � d)+2ccl/(Rhc + d). Because Rhc� rp, pa � 2ccl /(rp � d). The pore
shape factor k approaches 0. According to the principle of mechan-
ical equilibrium, stresses on the pore walls, rc, are exerted by the
crystals of ice simultaneously. The stress on the pore wall, rc, is
equal to pa but with an opposite direction. The stresses on the pore
walls will result in stresses in the solid skeleton of cement paste,
and consequently can cause local damage in the cement paste.
The following procedure is developed to capture the damage
ice in small pores.



Fig. 11. Schematic of generation of one beam element [13,30].

Fig. 12. 3D lattice mesh of hydrated cement paste (w/c = 0.4, a = 0.69).
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locally created in the microstructure of cement paste during the
freezing process.

3.4. Resultant forces caused by frost action

The resultant force on each hydrated cement particle is an inte-
gration of the stress generated on the pore wall rc on the surfaces
¶Oc. ¶Oc represents the surfaces of the hydrated cement particle
that is in contact with ice. It can be written as:

fi ¼
Z

›Xc

rc � ›X ð5Þ

where fi is a tensor, representing the external force on the ith hy-
drated cement particle. rc represents the stress generated on the
pore wall and can be obtained according to Section 3.3. As shown
in Fig. 10, for the hydrated cement particle A, the surfaces that
are in contact with ice, are represented by ¶Oc1 and ¶Oc2, respec-
tively. The stresses on the surface ¶Oc1 and ¶Oc2 are rc1 and rc2,
respectively. The resultant force on hydrated cement particle A, fA,
is:

fA ¼
Z

›Xc1

rc1 � ›Xþ
Z

›Xc2

rc2 � ›X ð6Þ

Then the resultant force, fA, is imposed at the center of particle A,
see Fig. 10. Similarly, the resultant force on hydrated cement parti-
cle B, fB, can be calculated and imposed at the center of particle B. In
this way, all the resultant forces on each hydrated cement particle
can be established in the 3D microstructure of the hydrated cement
paste.

3.5. Fracturing of the lattice structure of cement paste

To obtain the stress in the solid skeleton of the microstructure, a
3D lattice structure of cement paste is first generated according to
the following principles:

Every hydrated cement particle is considered as a node and every
two connected hydrated cement particles are considered as one
beam element. The geometry parameter of a beam element (l and
h) is determined by the distance between the two nodes and the
diameter of the contact area with which two hydrated cement par-
ticles are connected (see Fig. 11). The Young’s modulus and shear
modulus (En, Gn) of a node are the weighted averages of those of
its component solid phases, and the Young’s modulus and shear
modulus (E, G) of an element are the weighted averages of those of
its two component nodes [13,30]. A lattice structure of cement paste
with w/c = 0.4 at 0.69 degree of hydration is shown in Fig. 12.

The next step is to define the boundary conditions for the lattice
structure and to apply the forces caused by ice crystallization on
Fig. 10. 2D Schematic diagram of imposing resultant forces in the microstructure of
cement paste.
each node. Here, free expansion of the sample is assumed. The
forces caused by ice crystallization are obtained and imposed on
each node according to Section 3.4 and then a stress analysis is
conducted. The stress analysis, in principle, is a sequence of elastic
stress calculations for the lattice structure. A detailed description
of the lattice analyses of cement paste can be found in the litera-
ture [31]. It is assumed that when the tensile stress is larger than
the tensile strength of a beam element, the beam element frac-
tures. This is the local damage criterion. The tensile strength of
an element is determined based on its weakest zone by weighted
averaging. As shown in Fig. 11, the weakest zone is on plane AB,
and the tensile strength of the element, ft, is:

ft ¼
R2

i

R2
o

fi þ
R2

o � R2
i

R2
o

fo ð7Þ

where Ri and Ro represent the radii of inner product and outer prod-
uct for the cross-section, respectively. fi and fo represents the tensile
strength of inner product and outer product, respectively. The val-
ues of elastic properties and tensile strength of solid phases are
listed in Table 1 [32–34]. Research is ongoing to determine the true
relationship between tensile stress analyzed with the model and
tensile strength of the local material. This might lead to corrections
in a later stage, because of model parameters and size effects on
strength.



Table 1
Elastic properties and tensile strength of solid phases [32–34].

Solid phase Young’s modulus E
(GPa)

Shear modulus G
(GPa)

Tensile strength
(GPa)

Unhydrated
cement

135 52.0 1.80

Inner product 30 12.0 0.24
Outer product 22 8.9 0.15

Fig. 13. Schematic representation of a micro-crack created due to freezing.
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In the stress analysis of the 3D lattice model, the displacement
of each node (i.e. hydrated cement particle) can be obtained.
Therefore, the new position of every hydrated cement particle is
known. Then the volume change of the 3D microstructure of ce-
ment paste can be calculated. At every temperature step, by calcu-
lating the cube length of the structure, the volume change of
cement paste can be predicted. In this study, the solid shrinkage
is taken into account as the temperature decreases. The thermal
expansion of the solid skeleton, in terms of length change of a
beam element, is calculated according to the following equation:

Dl ¼ as � ðT � T0Þ � l ð8Þ

where Dl is the length change of the beam element because of a
temperature change. l is the initial length of the beam element. as

is the linear thermal dilation coefficient of the solid skeleton. as is
generally adopted as the thermal coefficient of mortar or concrete
without phase transformation in pores, as = 10 � 10�6 K�1 [3,15].
T is the current temperature and T0 is the initial temperature. After
calculating the length change of every beam element, the final dis-
placements of nodes can be obtained. The final displacement of a
node is a summation of the displacement caused by the thermal ef-
fect and that caused by ice crystallization. Since a boundary condi-
tion of free expansion is used, the stress in the solid skeleton
contributed by the thermal effect is zero. The thermal expansion
of ice during freezing is ignored, even if the thermal expansion coef-
ficient of ice (50 � 10�6 K�1 [3,15]) is higher than that of the solid
skeleton. Because as temperature drops, ice contracts more than
the solid skeleton, and the gaps between the crystals of ice and solid
pore walls will be compensated by being filled with water/ice
through water flow. One of the basic assumptions in this study is
that the nucleation occurs at 0 �C and ice is formed in static equilib-
rium. Therefore, excess water can be driven out and nearly no
hydraulic pressure is generated in the microstructure. In this case,
the stresses on walls will be exerted by ice only because of the cur-
vature difference according to Eq. (4). And the thermal expansion
effect of ice does not contribute to the harmful stresses during
the freezing process. Conversely, the thermal expansion of ice will
contribute to the damage of the microstructure during the heating
process, because it expanses more than the solid skeleton.

3.6. The role of micro-cracks

The fracturing of beam elements results in the creation of mi-
cro-cracks in the microstructure of cement paste. The micro-cracks
are assumed to have the shape of a cylinder. For the newly created
micro-crack, its length Lc is the elongation of the element (see
Fig. 13a and b) and its cross-section is equal to the cross-section
of the element. The micro-crack behaves as a pore, which is as-
sumed to be filled with water or ice during freezing. When the size
of the micro-crack is small, Lc < 2rp, the micro-crack is assumed to
be filled with water (see Fig. 13c). When Lc P 2rp, the crystal of ice
can penetrate into it. The freezing of water in micro-cracks will
contribute to stresses in the solid skeleton, as illustrated in
Fig. 13d. This may cause severe damage.

According to the flowchart of the simulation (see Fig. 1), the
freezing process is sub-divided into a series of temperature steps.
At a certain temperature, micro-cracks are created. When temper-
ature further decreases, new micro-cracks are created. To distin-
guish the micro-cracks created at different temperatures, they
are divided into old micro-cracks and new micro-cracks. The old
micro-cracks are created before the current temperature step and
the new micro-cracks are created at the current temperature step.
It should be noted that the length of the old micro-cracks will
change at different temperatures steps, because the position of
the nodes will change as the temperature decreases.
4. Simulation results

The damage introduced by ice crystallization could be repre-
sented by broken elements in the lattice structure. Fig. 14 shows
the creation of micro-cracks (i.e., broken elements) in a 3D lattice
structure of hydrated cement paste (w/c = 0.4, a = 0.69) at progres-
sively decreasing temperatures. The interval of the temperature
steps is 1 �C. It is found that the micro-cracks are created ran-
domly. The weak beam elements which are subjected to tensile
stress break first. As the temperature decreases, relatively stronger
beam elements break. It also can be observed that the number of
micro-cracks increases with the decreasing temperature.

The number of micro-cracks can be quantitatively predicted
with the decreasing temperature. The number of micro-cracks ver-
sus temperature is illustrated in Fig. 15. It indicates that the degree
of damage of cement paste contributed by ice crystallization in-
creases with decreasing temperature. Because the lower the tem-
perature is, the higher is the pressure applied on pore walls
according to Eq.(2) and Eq.(4). Although Fig. 8 shows nearly all of
the ice was formed at �1 �C, the pressure applied on the pore walls
by ice at �1 �C is not large enough to break a lot of elements.

The volumetric dilation of cement paste obtained from the sim-
ulation is shown in Fig. 16. As the temperature decreases, the vol-
umetric change of saturated cement paste is caused by thermal
expansion and crystallization pressure of ice. When the tempera-
ture is above 0 �C, the volume change of the microstructure is only
caused by the thermal expansion/shrinkage of the solid skeleton.
The cement paste shrinks uniformly due to the decreasing temper-
ature. When the temperature is below 0 �C, cement paste expands
upon freezing. The contribution to volume change from the crystal-
lization pressure of ice is more than that from thermal expansion.
A comparison of strains by simulation and by experiments is dis-
cussed in Section 5.2.
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5. Discussion

5.1. Comparison of pore size distributions by simulation and by
experimental techniques

As indicated in Section 3.2, the pore structure of cement paste is
important for analyzing the freezing behavior of cement paste.
Therefore the reliability of the simulated pore structures (i.e., pore
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Fig. 16. Contributions to the volumetric dilation of cement paste (w/c = 0.4,
a = 0.69) with decreasing temperature.
size distribution) of cement paste by HYMOSTRUC3D simulation is
discussed in the current study. By use of a burning algorithm on
the 3D microstructure, a MIP pore size distribution is simulated.
The pore size distribution by simulation is compared with those
measured by standard MIP test [11], pressurization-depressuriza-
tion cycling (PDC) MIP test [35] and BSE images analysis [11], see
Fig. 17. The specimens used by those experiments are ordinary
Portland cement pastes (CEMI 42.5 N, w/c 0.4) with 28 days hydra-
tion. According to the cement hydration model HYMOSTRUC3D,
the degree of hydration of cement paste (CEMI 42.5 N, w/c = 0.4)
is about 0.69 after hydration for 28 days.

By comparing to experiments, it is observed that the shape of
the simulated pore size distribution curve is similar to those ob-
tained by processing BSE images of cement paste and the PDC-
MIP test. ‘‘An ‘accessible effect’’’ can be obviously observed when
the pore size is no less than 1 lm and disappears at 0.5 lm in
the simulation, because pore percolation occurs at 0.5 lm pore
size. Discrepancies of the pore size distribution between simula-
tion and experimental tests shown in Fig. 17 might result from
some basic assumptions in cement paste simulation from the
HYMOSTRUC3D model. The pores with sizes larger than 2 lm are
not seen in the simulation, while they exist in the experimental re-
sults. This may be related to the real world flocculation of cement
particles, which is not included in the HYMOSTRUC3D simulation.
Because of computational limitations, the minimum diameter of
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w/c 0.4, age 28 days).
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cement particles is assumed to be 1 lm in this study. However, real
cements have a certain number of particles with sizes smaller than
1 lm. Additionally, HYMOSTRUC3D models hydration as the
expansion of concentric shells around the original cement particles
and does not include precipitation of products such as calcium
hydroxide within the pore spaces between particles. A detailed dis-
cussion about the pore structure characteristics with the HYMO-
STRUC3D model can be found in literature [26].

5.2. Comparison of strains by simulations and by experiments

The simulated linear strain of cement paste during freezing is
compared with the experimental result from Powers [36], see
Fig. 18. For cement paste with w/c of 0.6, the discrepancy between
the measured and simulated strains is significant. A delayed nucle-
ation is observed from the experiment. Crystals of ice nucleate at a
temperature of about �5 �C. This might be the reason that, in the
temperature range of �1 �C to �7 �C, the experimental result is
lower than the simulated one, which assumes that nucleation oc-
curs at 0 �C. The simulated strain is higher than that by experi-
ments when the temperature is lower than �12 �C. This might
result from the experimental conditions. Experimental results
may be influenced by the temperature decreasing rate, the speci-
men size, the saturation degree of specimens and so on. In addi-
tion, the microstructure of cement paste from HYMOSTRUC3D
model has a high connectivity of capillary pores [26]. As a conse-
quence, the ice propagation through the pore network might be
faster than that in real cement paste specimens (see Fig. 8).

6. Conclusion

Based on the assumption that the primary source of stress dur-
ing freezing is the crystallization pressure of ice, the internal dam-
age of saturated cement paste exposed to low temperatures is
simulated at a microscopic scale. On the basis of a virtual micro-
structure of cement paste obtained from HYMOSTRUC3D, the for-
mation of ice in the pore structure of cement paste is simulated.
The microstructural change of cement paste is analyzed and the
creation of micro-cracks in the microstructure of saturated cement
paste is predicted quantitatively. The simulated results show that
the number of micro-cracks increases with the decreasing temper-
ature and the volumetric dilation of cement paste increases with
decreasing temperature when the temperature is below zero. By
comparing to experimental results, it is found that the overall high
connectivity of the HYMOSTRUC3D pore structure with its stated
percolation threshold of 3.5% is considered as a major contribution
to the differences between experimental and model results in Figs.
8, 17 and 18.
This study focused on assessing the internal damage of cement
paste caused by the crystallization pressure of ice during the freez-
ing process. The influence of liquid pressure is not considered un-
der a drained condition at the microscopic scale. The assessment of
the internal damage caused by hydraulic pressure and a compari-
son with the internal damage caused by ice crystallization will be
studied in future research. In addition to the internal damage of
saturated cement paste, this model will be extended to consider
the effects of air voids and the cryo-suction action during the freez-
ing process in the future.

The damaged microstructure of cement paste provides informa-
tion for predicting mechanical and transport properties of cement
paste through its life and can be used as an input for multi-scale
modeling of concrete or mortar properties. A future study will be
devoted to a systematic comparison of the numerical results with
experimental data.
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