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Assessing Hydrated Cement Paste Properties Using
Experimentally Informed Discrete Models

Branko Šavija1; Hongzhi Zhang2; and Erik Schlangen3

Abstract: Properties of concrete are, to a large extent, dependent on the properties of its binding constituent, hydrated cement paste. There-
fore, knowledge of properties of hydrated cement paste is crucial for predicting concrete behavior. This paper presents an experimentally
informed approach for modeling elastic and transport properties of cement paste. The models used realistic microstructural information—
obtained by X-ray computed tomography—as input for property determination. The properties were then determined using discrete numerical
models, namely, models based on a lattice approach. Modeling results were compared with literature data, showing excellent correlations.
Furthermore, dependence of properties of cement paste on the total porosity, based on the modeling results, was explored. Finally, a corre-
lation between elastic and transport properties for the explored range of portland cement pastes was established. It is seen that the models can
be used for property prediction, but also for exploring correlations between different parameters. DOI: 10.1061/(ASCE)MT.1943-
5533.0002772. This work is made available under the terms of the Creative Commons Attribution 4.0 International license, http://
creativecommons.org/licenses/by/4.0/.

Author keywords: Cement paste; Young’s modulus; Chloride diffusion; Lattice model; X-ray computed tomography.

Introduction

Properties of concrete are, to a great extent, determined by the
properties of its main constituent: cement paste (Powers and
Brownyard 1946). This is valid for the mechanical properties,
such as strength (Toutanji and El-Korchi 1995) and elastic modu-
lus (Hirsch 1962), but also for the durability, measured through,
e.g., transport properties such as permeability (Ye 2003). Simula-
tion and prediction of property development in cement pastes is
therefore a major topic of research in the field of cementitious
materials.

In the past decade or so, numerous approaches for simulating
property development of cement paste have been proposed. In gen-
eral, these approaches comprise two parts: simulation of hydration
and microstructure development, and simulation of the property
(e.g., elastic modulus, strength, or diffusivity) itself. Therefore, a
good description of the microstructure is the first step. A number
of computer models for microstructure development have been pre-
sented. In most models, cement particles are simulated as spherical
(Bishnoi and Scrivener 2009; Ye 2003), which has a certain influ-
ence on the resulting microstructural properties such as porosity

and pore connectivity. Models that consider realistic particle
shapes provide an improved description of the morphology (Bentz
2006; Liu et al. 2018). An additional possibility is to use a real
microstructure—obtained by, e.g., scanning electron microscopy
in two dimensions (2D) (Çopuroğlu and Schlangen 2008; Luković
et al. 2014) or X-ray computed tomography (CT) in three dimen-
sions (3D) (Gallucci et al. 2007)—as a basis for determining the
properties of the material. Compared to computer-generated micro-
structures, these approaches provide a more realistic description of
the microstructure. However, this is limited by the spatial resolution
of the acquired image. Despite this drawback, this approach was
used in this research. Since microstructures obtained experimentally
(as opposed to simulated microstructures) are directly used as input
for numerical simulations, this approach is considered to be exper-
imentally informed. Since commonly used microstructural models
can only describe the real microstructure in a simplified way, this
paper proposes an approach that avoids this issue by using exper-
imental microstructural data as input.

The next step is the use of a (numerical) model to determine
the effective properties of the material based on its micro-
structure. Models based on micromechanics are commonly used
(Damrongwiriyanupap et al. 2017; Haecker et al. 2005; Pichler
et al. 2009). Numerical approaches like finite-element models
(Montero-Chacón et al. 2014) or lattice-type models (Sherzer
et al. 2017) are also widespread. While each of these approaches
has advantages and drawbacks, all are dependent on the microstruc-
tural input for providing reliable results. In this research, experi-
mentally obtained microstructures were directly used as input
for simulating transport (diffusivity) and mechanical (elastic modu-
lus) properties of cement pastes of various ages. Simulation results
were first validated by comparing them to experimental observa-
tions. Then properties of cement pastes for different water-to-
cement (w:c) ratios and ages were determined. This work had
two aims: first, it tried to establish the experimentally informed
modeling procedure as a viable option for obtaining properties
of multiphase porous materials such as cement paste; and second,
it explored relationships between mechanical and transport proper-
ties (chloride diffusivity) of cement paste.
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Experiments

Materials

Specimens of cement paste with three w:c ratios (0.3, 0.4, and 0.5)
were prepared by mixing ordinary portland cement (CEM I 42.5 N,
ENCI, Maastricht, Netherlands) and demineralized water. After
mixing, pastes were cast in plastic cylinders with 24-mm diameter
and 39-mm height. Fresh mixtures were compacted on a vibrating
table to remove air bubbles. In order to prevent bleeding, sealed
cylinders were rotated slowly (2.5 rpm) for 24 h. Afterward, the
specimens were cured under sealed conditions in a laboratory

environment (approximately 20°C) until reaching testing age. At
this point, they were demolded and cut into 2-mm slices using a
precision saw. These slices were then used for preparing the
specimens for X-ray computed tomography. Hydration of the
specimens was stopped by solvent exchange using isopropanol
(Scrivener et al. 2016). Slices were immersed in the solution and
taken out five times for a period of 60 s. This procedure was fol-
lowed by 72 h of specimen immersion in isopropanol. Afterward,
the specimens were taken out and the solvent removed by evapo-
ration in ambient conditions. Specimens with hydration times of
7, 28, and 60 days were prepared.

X-Ray Computed Tomography

In order to perform X-ray computed tomography, microbeam
specimens with a 500 × 500 μm cross section were prepared. Spec-
imens were prepared for each w:c ratio and testing age. The speci-
men preparation procedure is described in detail in Zhang et al.
(2017). Microbeams were then clamped by a holder and placed in-
side of the chamber of a CT scanning system (Phoenix Nanotom,
Universal Systems, Manchester, New Hampshire) (Fig. 1). In total,
2,800 images were acquired on a digital GE DXR detector (Univer-
sal Systems, Manchester, New Hampshire) (3,072 × 2,400 pixels)
using a 12 keV=60 μA of X-ray source for a spatial resolution of
0.5 × 0.5 × 0.5 μm. Phoenix datos|x CT software was used for
reconstruction. In order to reduce the computational effort in the
subsequent simulations, the original resolution was reduced to
2 μm after the reconstruction. The resulting image can then be used
for phase segmentation: the grayscale value histogram can be seg-
mented into four distinct phases: pore phase, outer hydration prod-
uct phase, inner hydration product phase, and unhydrated cement
phase. The segmentation procedure is described in detail in Zhang
et al. (2016). A short description of the procedure is given here
(Fig. 2): (1) the first inflection point in the cumulative fraction
curve of grayscale values (T1) was used to segment the solid
phases; (2) a critical point at which a tangent slope of the histogram
experiences a sudden change (T2) was used to distinguish unhy-
drated cement from hydration products; and (3) the relative amount
of the two hydration products (i.e., inner and outer product) was

Fig. 1. Microbeam specimen clamped on the holder prior to X-ray
computed tomography experiment. (Reprinted from Cement and Con-
crete Research, Vol. 102, H. Zhang, B. Šavija, S. Chaves Figueiredo,
and E. Schlangen, “Experimentally validated multi-scale modelling
scheme of deformation and fracture of cement paste,” pp. 175–186,
© 2017, with permission from Elsevier.)

Fig. 2. Segmentation process of phases in cement paste based on grayscale value histogram of CT images. (Reprinted from Cement and Concrete
Research, Vol. 102, H. Zhang, B. Šavija, S. Chaves Figueiredo, and E. Schlangen, “Experimentally validated multi-scale modelling scheme of
deformation and fracture of cement paste,” pp. 175–186, © 2017, with permission from Elsevier.)
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subsequently adjusted to obtain their theoretical ratios (Tennis and
Jennings 2000) by selecting a proper threshold point (T3).

From each scanned image, 10 cubic subsamples of 100 × 100 ×
100 μm (i.e., 50 × 50 × 50 voxels) were extracted to be used for
numerical simulations. Examples of the microcubes are shown
in Fig. 3 for 7 days and Fig. 4 for 60 days of hydration, respectively.
Properties of each microcube were simulated in three orthogonal
directions to capture the anisotropy in the material behavior. This
provided 30 measures for the elastic modulus and chloride diffu-
sivity for each w:c ratio and testing age.

Model Description

Discrete (lattice) models (Nikolić et al. 2018; Pan et al. 2018) have
been used for more than two decades to simulate deformation and
fracture in quasi-brittle materials such as concrete (Bolander and
Sukumar 2005; Grassl et al. 2012; Schlangen and van Mier 1992),
rock (Sands 2016; Schlangen and van Mier 1995), and nuclear
graphite (Šavija et al. 2016, 2018). In recent years, discrete models
have been also used to simulate transport processes in concrete
(Abyaneh et al. 2014; Šavija et al. 2014; Wang and Ueda 2011).

Furthermore, coupled mechanical and transport models, which
consider the effect of cracking on transport, have been developed
(Asahina et al. 2014; Benkemoun et al. 2017; Grassl and Bolander
2016; Luković et al. 2016). In the mechanical lattice model, the con-
tinuum is discretized as a set of truss or beam elements that can trans-
fer forces. On the other hand, in the transport lattice model, the
continuum is discretized as a set of one-dimensional conduit (pipe)
elements through which the transport takes place.

The spatial domain is discretized as follows. First, the domain is
divided into a number of cubic cells. A subcell is then defined in the
middle of each cell. A node is generated randomly within each sub-
cell using a pseudorandom number generator. This is followed by a
Voronoi tessellation of the domain with respect to the defined no-
des, wherein nodes in adjacent Voronoi cells are connected with
lattice elements (Yip et al. 2005) [Fig. 5(a)]. The ratio between
the subcell and the cell size controls the degree of randomness
of the lattice. Introducing randomness is especially important for
the fracture analysis, where it has been observed that a regular lat-
tice results in crack patterns that are mesh dependent (Schlangen
and Garboczi 1997). On the other hand, lattice randomness has
no effect on the transport simulation results, as shown by Bolander
and Berton (2004).

Fig. 3. Examples of 100 × 100 × 100 μm cement paste microcubes obtained from X-ray computed tomography after 7 days of hydration and sub-
sequently segmented: (a) w∶c ¼ 0.3; (b) w∶c ¼ 0.4; and (c) w∶c ¼ 0.5.
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Fig. 4. Examples of 100 × 100 × 100 μm cement paste microcubes obtained from X-ray computed tomography after 60 days of hydration and
subsequently segmented: (a) w∶c ¼ 0.3; (b) w∶c ¼ 0.4; and (c) w∶c ¼ 0.5.

Fig. 5. (a) Node and mesh generation procedure; and (b) example of the overlay procedure for cement paste, shown in 2D for simplicity. (Shading
used is the same as in Figs. 3 and 4.)
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Material heterogeneity is easily considered in lattice models by
utilizing the particle overlay procedure [Fig. 5(b)]. As input, either
a computer-generated microstructure or a microstructure obtained
by X-ray computed tomography can be used. Each node in the lat-
tice mesh is assigned with a pixel-voxel value based on the material
structure used. This is then used to define properties of each lattice
element, which are made dependent on the pixel-voxel value of its
end nodes. This way, different mechanical or transport properties
can be assigned to different phases in the material.

Mechanical Lattice Model

In the Delft lattice model, the material is discretized as a set of
Timoshenko beam elements (Schlangen and Qian 2009). These
beams discretize the space as described. They are assigned to differ-
ent phases present in the hydrated cement paste using the described
overlay procedure. The elastic modulus of a lattice element i − j
connecting phases i and j is determined using a Reuss (series)
model as (Zhang et al. 2016)

2

Ei−j
¼ 1

Ei
þ 1

Ej
ð1Þ

where Ei and Ej = elastic moduli corresponding to phases i and j,
respectively. When either voxel i or voxel j is a pore voxel, no
element is created in the lattice mesh.

For determining the elastic modulus of the paste, the specimen is
subjected to a unit displacement on the one end, while it is clamped
at the other end (Fig. 6). Since the material shows some anisotropy,
this procedure is repeated for all three orthogonal directions, result-
ing in three measures of Young’s modulus for each microcube.

For determination of the Young’s modulus of cement paste, only
Young’s moduli of individual phases are needed as input (apart
from the microstructure description, which is obtained by X-ray
computed tomography in this work). Therefore, moduli obtained
from nanoindentation experiments were used in this paper. Values
for individual cement phases are given in Table 1.

Lattice Transport Model

The lattice transport model treats concrete as an assembly of
one-dimensional (1D) conduit (pipe) elements through which
the chloride transport takes place. An assembly of these elements
in a three-dimensional space enables simulation of transport in 3D.
In the current study, chloride transport was assumed to be governed
by diffusion only, i.e., water-saturated conditions were assumed.
Furthermore, binding of chloride ions was not considered.

Chloride diffusivity of cement paste can be determined from
steady-state diffusion experiments. Steady-state diffusion can be
described by Fick’s first law as (Garboczi 1990)

J ¼ −D ∂C
∂x ð2Þ

where J = flux of the diffusing species (chloride) per unit area; D =
chloride diffusivity; C = chloride concentration; and x = spatial
coordinate.

Eq. (2) can be discretized using the standard Galerkin procedure
[for full derivation of the weak form of Fick’s second law, of which
Fick’s first law is a special case, the reader is referred to Šavija et al.
(2013)]. The following system of equations results (in matrix
form):

KC ¼ f ð3Þ
whereK is the element diffusion matrix; and f is the forcing vector.
Element matrices are given as

K ¼ DA
l

�
1 −1
−1 1

�
ð4Þ

f ¼
�−qiA
−qjA

�
ð5Þ

where A = uniform cross-sectional area of each 1D element; l and
D = length and diffusion coefficient of each element; and qi and
qj = prescribed nodal fluxes at nodes i and j. Cross-sectional areas
of individual elements were determined using the so-called Voronoi
scaling procedure (Yip et al. 2005). For each element, the cross-
sectional area of an element was set equal to the facet of a Voronoi
cell that was common to its end nodes (Fig. 7). Element matrices
are the same as those of standard one-dimensional linear finite
elements (Lewis et al. 2004).

Elements in the transport lattice mesh were assigned diffusion
coefficients based on the voxel values of their end nodes [as de-
scribed in Fig. 5(b)]. For each element i − j, the diffusion coeffi-
cient was determined as (Kamali-Bernard and Bernard 2009; Liu
et al. 2013)

Di−j ¼
2

1
Di
þ 1

Dj

ð6Þ

where Di and Dj = diffusion coefficients of phases to which
voxels at the end nodes (i and j, respectively) belong. Diffusion

Fig. 6. Example of boundary conditions used for calculating the
Young’s modulus in the vertical (Y) direction. (Shading used is the
same as in Figs. 3 and 4.) The boundaries are considered clamped
(i.e., lateral contraction is restrained).

Table 1. Young’s moduli measured by nanoindentation and used in the
simulations

Phase Young’s modulus (GPa)

Unhydrated cement 99
Inner product 31
Outer product 25

Source: Data from Hu and Li (2014).

© ASCE 04019169-5 J. Mater. Civ. Eng.
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coefficients of individual phases were set as follows (Liu
et al. 2013): for pores, 1.07 × 10−10 m2=s; for outer hydration
product, 3.4 × 10−12 m2=s; and for inner hydration product,
8.3 × 10−13 m2=s. These values were determined using inverse
analyses based on experimental data (Bary and Béjaoui 2006;
Pivonka et al. 2004). Unhydrated cement particles were consid-
ered impermeable.

The diffusion coefficient of the material was calculated by
solving the steady-state diffusion equation. In order to simulate a
concentration gradient, fixed chloride concentrations were set at
two opposing sides of the cubical domain (termed the inlet and
the outlet, respectively). These values have been set to 1 (ci)
and 0 (co) mol=m3, respectively. The chloride diffusion coefficient
of the material can then be calculated as (Liu et al. 2013)

Dc ¼
Q
AC

LC

ci − co
ð7Þ

where Q = total flux through the outlet surface; LC = length of the
simulated sample; and AC = its cross-sectional area perpendicular
to the flow.

Results

Tomography Data

As the hydration process occurs, the microstructure of cement
pastes evolves (see, e.g., changes in the microstructure between
7 days in Fig. 3 and 60 days in Fig. 4). This includes the evolution
and refinement of the microstructure, reduction in the amount of
unhydrated cement, and the proportion of hydration products. In
this section, the microstructure and its evolution are studied based
on X-ray computed tomography data.

For a volume of 200 × 200 × 200 μm of each paste (i.e., three
w:c ratios and three testing ages), pore size distribution was deter-
mined based on segmented X-ray computed tomography images.
Calculation of pore size distribution was performed using a
procedure presented by Dong et al. (2017). According to their pro-
cedure, pores with a diameter larger than twice the spatial resolu-
tion can be calculated. In the current case, therefore, the minimum

pore size considered was 4 μm. Pore size distributions of all pastes
are given in Fig. 8. It can be seen that, for all pastes, the volume of
capillary pores decreased with curing age, which was expected
(compare also Figs. 3 and 4). For pastes with higher w:c ratio
(i.e., w∶c ¼ 0.4 and w∶c ¼ 0.5), there was a relatively large differ-
ence between the total porosity at 7 and at 28 days. For the low w:c
ratio paste (i.e., paste with w∶c ¼ 0.3), this difference was much
smaller. For all pastes, there was a decrease of porosity and a shift
toward smaller pore sizes between 28 and 60 days.

The relative amount of each phase in the microstructure also
evolved with time. For each w:c ratio and testing age, amounts
of solid phases were calculated from X-ray tomography images
(based on the segmentation procedure described) and are shown
in Fig. 9. It can be seen, as expected, that the amount of unhydrated
cement decreased with curing time for all w:c ratios. The low w:c
(0.3) paste had the highest amount of unhydrated cement at all ages
(which corresponds to the lowest degree of hydration as shown in
Fig. 10). In terms of hydration products, the paste with a w∶c ¼ 0.3
had a relatively high proportion of inner product and a low propor-
tion of the outer product. The paste with w∶c ¼ 0.5 showed an op-
posite trend: a high amount of outer hydration product and a
relatively low amount of inner hydration product. These two hydra-
tion products had different porosities (i.e., gel porosities) (Jennings
et al. 2007), which cannot be captured by X-ray computed tomog-
raphy at the resolution used. They do, however, influence the elastic
and transport properties of cement paste. The influence of the gel
porosity was taken indirectly in simulations of elastic and diffusion
properties, as described further.

Based on the X-ray tomography data, the degree of hydration
of cement pastes can also be determined. The hydration degree is
calculated by the following equation:

DOH ¼
Vhydrated

v
Vhydrated

v þ Vunhydrated

ð8Þ

where DOH = degree of hydration; Vhydrated = volume of the hy-
dration product; Vunhydrated = volume of unhydrated cement; and v =
ratio between the volume of the reaction product and the reactant.
This ratio was taken to be 2.2 in this study (van Breugel 1997). The
evolution of degree of hydration for the three w:c ratios based on
X-ray computed tomography data is given in Fig. 10. It can be seen
that the degree of hydration increased with age as expected, but that
it was consistently lower for pastes with lower w:c ratios. For these
pastes, it is expected that the effective properties will improve over
a longer period of time.

Young’s Modulus

Validation
The elastic modulus of cement paste depends on the porosity, the
relative amounts of hydration products, and their elastic properties.
In terms of the lattice simulation, the modulus may also depend on
the resolution of input X-ray tomography images. In order to assess
whether the proposed experimentally informed lattice model is
capable of accurately predicting the elastic modulus of cement
paste in spite of the limited X-ray computed tomography resolution
used in the current study (2 × 2 × 2 μm), simulation results were
first compared with data from the literature. The comparison is
summarized in Fig. 11. In the work of Haecker et al. (2005), elastic
moduli were determined using elastic resonance measurements,
and the values they reported were an average of three replicate
samples.

Fig. 7. Mesh of lattice elements (solid lines) with corresponding
Voronoi tessellation (dashed lines).

© ASCE 04019169-6 J. Mater. Civ. Eng.
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Fig. 9. Proportion of solid phases in cement pastes with different w:c ratios at different hydration ages based on X-ray computed tomography data:
(a) w∶c ¼ 0.3; (b) w∶c ¼ 0.4; and (c) w∶c ¼ 0.5.
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It can be clearly seen that, when compared with experimental
measurements of Haecker et al. (2005), the model showed an
excellent fit. The model also performed very well compared to
the model of Zhang and Jivkov (2016), although a much more de-
tailed input (with a spatial resolution of 0.5 × 0.5 × 0.5 μm) was
used to feed their bond-site model. On the other hand, it is clear
that the results of Qian (2012) show significantly lower values com-
pared to other studies. Qian (2012) used a computer-generated
microstructure as input for his mechanical model, which could po-
tentially be an oversimplification of the real microstructure in terms
of morphology. This is a clear improvement of the experimentally
informed procedure: no assumptions were made in creating the mi-
crostructure, thereby resulting in more accurate model predictions.

Property Development
Development of Young’s modulus with time simulated using the
experimentally informed lattice model is shown in Fig. 12. Results
obtained by numerical simulations of Zhang and Jivkov (2016) are
given for comparison. It can be seen that, as expected, the Young’s
modulus increased with curing age for all considered w:c ratios.
This is a result of the continued microstructure development, which
is characterized by higher degree of hydration (Fig. 10), decrease in
porosity (Fig. 8), and the resulting increase in volume of strength-
contributing solids (Fig. 9). Furthermore, it can be seen that the

proposed experimentally informed lattice model showed results
comparable to those of Zhang and Jivkov (2016), who used a much
higher resolution in their simulations.

Fig. 13 plots the simulated Young’s moduli for all microcubes as
a function of the total porosity.

The Young’s modulus of cement paste is approximately an
exponential function of the porosity, i.e., of the following form:

E ¼ aebP ð9Þ

where E = Young’s modulus of cement paste (GPa); a and b =
fitting parameters; and P = porosity (%). For the considered cement
pastes, the fitting coefficients were a ¼ 38.76 and b ¼ −0.04418
and the coefficient of determination was R2 ¼ 0.9337. The expo-
nential fit is valid for all w:c ratios and ages: in other words, the
Young’s modulus of considered cement pastes is dominantly a
function of porosity. Relative amounts of solids (i.e., unhydrated
particles and hydration products) in the skeleton is of secondary
importance for the Young’s modulus of the composite according
to the model since the Young’s moduli of individual hydration
phases are relatively similar, especially the inner and the outer
product, while the amount of unhydrated cement is small. An ex-
ponential relation between porosity and Young’s modulus has been
proposed previously in the literature. For example, Spriggs (1961)
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Fig. 10. Degree of hydration of cement pastes calculated based on
X-ray computed tomography data.

Fig. 11. Young’s modulus of cement pastes cured for 28 days calcu-
lated using experimentally informed lattice model compared with lit-
erature data. Error bars indicate standard deviation. For each parameter
(w:c, age), 30 simulations were performed (10 microstructures in three
orthogonal directions). Filled symbols indicate experimental values and
open symbols were obtained by other numerical models.
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showed that the relation is valid for refractory materials. This re-
lation is purely empirical and, although it is valid for a practical
range of porosities, it does not satisfy the physical condition that,
for a 100% porosity, a zero elastic modulus should be obtained
(Hasselman 1962).

Diffusivity

Validation

The resolution of X-ray tomography scans that were used as input
in the model was limited. This resulted in neglecting the influence
of smaller pores on the transport, although gel porosity in the hy-
dration products was implicitly considered through their transport
properties. In order to test whether the proposed discrete model is
able to accurately determine the diffusion coefficient of cement
paste, simulation results were first compared with results from
the literature. Liu et al. (2013) used simulated microstructures to
calculate the chloride diffusivity of cement paste. For model val-
idation, they collected experimental results from the literature
wherein chloride diffusion of cement pastes was determined by
steady-state diffusion tests. Two of these studies were selected as
experimental benchmarks (Page et al. 1981; Yu and Page 1991).
Page et al. (1981) performed chloride diffusion tests at the age
of 60 days, while Yu and Page (1991) performed the tests at
90–810 days of hydration. On the other hand, Liu et al.’s (2013)
simulations were performed using hydrated cement pastes after
83 days of hydration as input. Furthermore, they performed a single
simulation for each w:c ratio. A comparison between lattice sim-
ulations and literature data is given in Fig. 14. An example visu-
alization of the simulation result is given in Fig. 15.

It can be seen that the model was able to predict the experimen-
tally observed chloride diffusion coefficient of cement pastes quite
accurately. Furthermore, there was an excellent match with the sim-
ulation results of Liu et al. (2013). This is worth noting since they
used a much finer voxel size (0.5 × 0.5 × 0.5 μm) compared to the
experimentally informed model (2 × 2 × 2 μm). If the same
numerical procedure would be used, this would essentially mean
that the number of degrees of freedom in the system was 43 ¼
64 times smaller, which is very significant in terms of computa-
tional time. Again, the only difference between the two models
was the microstructural input (diffusion coefficients of individual

phases are the same in the two models): while Liu et al. (2013) used
a computer-generated microstructure [i.e., using HYMOSTRUC3D
(Ye 2005)], a real microstructure was used in this research. This
results in an improved description of the microstructure and, con-
sequently, improved simulations.

Property Development

The development of chloride diffusivity of cement pastes with hy-
dration time is given in Fig. 16. As expected, the chloride diffusiv-
ity decreased with hydration time due to the microstructure
evolution and pore structure refinement. This decrease was more
significant for the period between 7 and 28 days and for a higher
w:c ratio. This is consistent with the development of degree of

Fig. 14. Chloride diffusion coefficient calculated using experimentally
informed lattice model compared with literature data. Error bars indi-
cate standard deviation.

Fig. 15. Chloride distribution in cement paste under an imposed
concentration gradient in the Z-direction.
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parameter (w:c, age), 30 simulations were performed (10 microstruc-
tures in three orthogonal directions).
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hydration (Fig. 10). Although not a lot of data are available in the
literature for cement paste, a similar trend was observed for mortar
(Caballero et al. 2012), where chloride diffusivity at early and later
ages was measured using rapid chloride migration tests.

In Fig. 17, chloride diffusion coefficient for all microcubes is
plotted as a function of total porosity.

It can be seen from Fig. 17 that the chloride diffusion coefficient
of hydrated cement paste was dependent on the porosity in an ap-
proximately exponential way. An exponential relation between the
porosity and the chloride diffusion coefficient was determined
through regression analysis as follows:

D ¼ aebP ð10Þ

where D = diffusion coefficient (10−12 m2=s); a and b = fitting
parameters; and P = porosity (%). For the considered cement
pastes, a ¼ 1.192 and b ¼ 0.07852, with a coefficient of determi-
nation R2 ¼ 0.9164. The exponential fit is also shown in Fig. 17.

Discussion

It is clear that both the Young’s modulus and the chloride diffusivity
of hydrated portland cement paste are dependent on the microstruc-
ture, especially the porosity. However, while the Young’s modulus
decreases exponentially with increasing porosity (Fig. 13), the
chloride diffusion coefficient shows an exponential increase with
increasing porosity (Fig. 17). Therefore, for the ordinary portland
cement pastes considered, it may be possible to define a relation-
ship between the Young’s modulus and the chloride diffusion
coefficient. Fig. 18 plots a relationship between the calculated
Young’s modulus and calculated chloride diffusion coefficient
for each microcube.

It can be seen that an approximately power relation exists
between the two variables. This relation can be written as

D ¼ kEm ð11Þ

where k and m = fitting parameters. For the microstructures con-
sidered, k ¼ 429.3 and m ¼ −1.564, and the power fit had a co-
efficient of determination R2 ¼ 0.8534. The fitting relation is also
shown in Fig. 18.

Although it is commonly stated that durability properties of con-
crete (which, apart from cement paste, also constitutes the interfa-
cial transition zone and aggregate phases) should not be determined

by correlations with mechanical properties, the existence of such a
relationship for portland cement paste is not completely unex-
pected. For example, Moon et al. (2006) found a linear relationship
between chloride diffusivity and compressive strength of portland
cement concrete. However, a much weaker correlation was found
for concretes with blended cements. They attributed this to “the
differences of the pore characteristics like the distribution of pore
diameters between both portland and blended cements concretes,
which affect the compressive strength and chloride diffusivity”
(Moon et al. 2006). Therefore, an exponential (or in this case a
power) relation between porosity and diffusivity is not unexpected.
However, the relationship proposed in this paper is probably not
universal, and it may be different for blended cements. In addition,
since the contribution of small pores (smaller than 2 μm) was not
considered explicitly in the model, a multiscale strategy [such as
that proposed by, e.g., Ma et al. (2015)] may need to be employed
for systems with very fine pore structures such as blended cements.

Summary and Conclusions

In this paper, an experimentally informed modeling approach for
determining elastic (Young’s modulus) and transport (chloride
diffusivity) properties has been proposed. The models use X-ray
computed tomography data as microstructural input, describing
the pore structure and the morphology in a way that is more realistic
compared to most microstructural models. Both the mechanical and
the transport model use a discrete (lattice) approach to discretize the
material domain and simulate different phases in the microstruc-
ture. The models need a limited number of input parameters: elastic
properties of cement phases for the mechanical model and diffusion
coefficients of cement phases for the transport model. While in
this research these have been based on literature data, in principle
lower scale models [such as molecular dynamics (Pellenq et al.
2009; Zehtab and Tarighat 2018)] can be used to determine the in-
put parameters. First, the validity of the models has been shown
by comparing the results with data available from the literature.
Second, microstructure-property relationships and their time de-
pendence were explored. Finally, a correlation between Young’s
modulus and chloride diffusivity in ordinary portland cement pastes
has been discussed. Based on the presented results, the following
conclusions can be drawn:
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Fig. 17. Chloride diffusion coefficient as a function of total porosity.
For each small cube, an average value of the chloride diffusion coeffi-
cient in three orthogonal directions is plotted.
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Fig. 18. Relationship between Young’s modulus and chloride diffusion
coefficient for hydrated cement pastes considered. For E ¼ 0, the dif-
fusion coefficient according to Eq. (11) is equal to 4.293 × 10−10 m2=s,
which is of the same order of magnitude as the chloride diffusion coef-
ficient in the pore solution (1.07 × 10−10 m2=s).
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• Proposed experimentally informed discrete models are able to
correctly predict properties compared with the available litera-
ture. This is especially striking given the limited spatial resolu-
tion of X-ray tomography data that were used as input.

• Modeling results reflect the time evolution of the evaluated
mechanical and transport properties.

• According to the models, both the Young’s modulus and the
diffusion coefficient are primarily a function of the total porosity
(in the range studied). While the Young’s modulus decreased
exponentially with increasing porosity, the chloride diffusion
coefficient showed an exponential increase.

• For the portland cement pastes considered in this study, the
models showed a correlation between the Young’s modulus
and the chloride diffusion coefficient. Although this is in accor-
dance with some literature data, the validity of such correlation
should not be extended beyond the scope of this study (to
consider, e.g., blended cements).
Although the models show excellent results, a number of sim-

plifying assumptions have been made. First, due to the limited res-
olution of the scans, small capillary pores and all gel pores were not
considered. As a consequence, the diffusivity determined by the
model was only a function of the total porosity, while effects of
pore connectivity and tortuosity were masked by the limited reso-
lution of the input. Second, properties of individual cement phases
(e.g., inner and outer hydration product) were assumed to be con-
stant over time. These issues could be resolved by correlating the
grayscale value from the X-ray tomography directly with the ce-
ment paste mechanical and transport properties, which would then
not require phase segmentation but would include the influence of
gel pores. This approach is currently being developed for determin-
ing the mechanical properties of cement paste (Zhang et al. 2019).
And third, in simulating chloride diffusivity, steady-state conditions
were assumed and chloride binding was not considered. In the fu-
ture, all these aspects will have to be considered, e.g., by using
multiscale modeling, in order to make the models more robust.
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