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� The percolation threshold at around 20% of capillary porosity required for correct predictions.
� Differences between diffusivity obtained from different techniques due to difference in contribution of gel pores.
� Constrictivity parameter for C-S-H is 1/10.
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a b s t r a c t

The role of capillary pores percolation and gel pores are investigated to explain the underlying differences
between relative diffusivity obtained from different experimental techniques using microstructures gen-
erated from two different types of hydration model viz., CEMHYD3D (a voxel based approach) and
HYMOSTRUC (a vector based approach). These models provide microstructures with different capillary
pore connectivity for the same degree of hydration and the same porosity due to the underlying assump-
tions. In order to account for a C-S-H diffusivity at the micro-scale, a continuum micro-mechanics based
model has been proposed. These simulations show that deperolation of capillary pores at around 20% of
capillary porosity is essential in order to correctly predict diffusivity of cement paste with water-cement
ratio by mass (w/c) in between 0.4 and 0.5. Furthermore from our analysis we present a viable postulate
that the higher diffusivity measured by electric resistivity compared to other methods is due to differ-
ences in contribution from gel pores. For electrical resistivity measurement it is proposed that all gel
pores are diffusive whereas for ion and tracer transport it is proposed that only nitrogen accessible gel
pores are diffusive.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Diffusivity is a crucial parameter to assess the impact of several
deterioration mechanisms such as sulphate attack, leaching, car-
bonation, chloride transport for coastal concrete structures, and
to predict contaminant transport in cementitious barriers in haz-
ardous waste disposal systems. It is also used as a key durability
indicator to define the service life of concrete structures. Diffusivity
is closely related to the morphological features of concrete which
exhibits a complex multi-scale nature [1]. Morphological hetero-
geneities of concrete from modeling point of view can be concep-
tually divided into different material scales as shown in Fig. 1
viz., macro-, meso-, micro-, sub-micro- and nano-scales [1]. At
the macro-scale cementitious material is treated as continuum;
at meso-scale, aggregates, interface transition zone (ITZ) and
cement paste are explicitly represented; at micro-scale heterogen-
ities at the cement paste are represented however C-S-H phase is
treated as a continuum; heterogeneities in the C-S-H phase are
resolved at sub-micro- and nano-scales. It has been shown by
recent compilation of experimental data on mortar and concrete
diffusivity by Patel et al. [2] and through numerical modeling by
Bentz et al. [3], that the contribution of ITZ to diffusivity is negligi-
ble. Consequently, diffusivity can be described solely in terms of
the volume fractions of aggregates and cement paste. Patel et al.
[2] also reported that different experimental techniques result in
differences in the values of relative diffusivity of cementitous
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Fig. 1. Multi-scale representation of morphological heterogeneities of concrete from modeller’s view point.
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materials (relative diffusivity is the ratio of effective diffusivity of a
porous medium to that of the tracer in water). Especially, diffusiv-
ities obtained from electric resistivity experiments are higher com-
pared to those from other techniques. Differences are more
prominent at lower water-cement ratio (w/c) and mainly mani-
fests at the micro- and lower scales which cannot be explained
using existing analytical models based on effective media theory.
As, at these scales diffusion occurs mainly through gel and capillary
pores, one needs to understand and differentiate the influence of
gel pores and capillary pores connectivity on diffusivity to explain
the discrepancies between different experimental results.

In this study, cement paste morphology is generated using three
dimensional hydration models to better understand the role of gel
pores and capillary pores connectivity on diffusivity. These hydra-
tion models can be classified as suggested by Thomas et al. [4]
based on the conceptual assumptions used for representing the
cement particles into vector based models (e.g. HYMOSTRUC [5–
8] and lic [9]) and voxel based models (e.g. CEMHYD3D [10,11]
and HydratiCA [12]). These hydration models have been calibrated
to obtain the evolution of the microstructure and morphology tak-
ing into account the reactions at the cement particle level as a
starting point, and considering the effects of particle size distribu-
tion, chemical composition of cement paste, water-cement ratio by
mass (w/c) and curing on hydration. However, the simulated
cement paste morphology differ substantially between different
hydration models for the same volume fraction of hydration prod-
ucts and capillary porosity. For example, the capillary pore deprco-
lation occurs at around 5% [13] and 18 to 20% [14,15] for
HYMOSTRUC and CEMHYD3D generated microstructures, respec-
tively (irrespective of w/c ratio) for 1 lm resolution. Thus, for
the same capillary porosity one can achieve different connectivity
from these models. Therefore in this study utilizing both CEM-
HYD3D (available in VCCTL software [16]) and HYMOSTRUC (mod-
ified version which includes nucleation and growth of portlandite
[8]) allows us to investigate the role of capillary pore percolation.

At the micro-scale, the C-S-H phase containing sub-micro- and
nano-scale porosity, i.e., gel porosity is treated as a continuum
media due to the limitation of resolution within the simulation.
However,diffusivity of the C-S-H phase is very difficult to measure
and is often fitted by calibration of models using experimental data
of cement paste. For virtual microstructures generated from CEM-
HYD3D, Garboczi and Bentz [17] suggested value 0.0025 for the
relative diffusivity of C-S-H based on the calibration using steady
state chloride ion diffusion experiments of [18,19]. These experi-
ments were carried out for w/c ratios in the range of 0.3–0.7. Bentz
et al. [20] using this value for C-S-H diffusivity and CEMHYD3D
generated microstructures showed that good predictions (within
factor 2 bounds) can be achieved for cement paste diffusivity even
for the low w/c ratio. Bentz et al. [21] using overlapping sphere
models from C-S-H and assuming that the transport occurs only
through cluster level pores computed relative diffusivity of
0.0033. Kamali-Bernard et al. [22] obtained a value of 0.001 for
the relative diffusivity of C-S-H by fitting diffusivity obtained using
CEMHYD3D microstructures to the experimental data of [23] at a
w/c ratio of 0.25. Ma et al. [24] proposed the value of 0.00775 for
the relative diffusivity of the C-S-H phase based on electric conduc-
tivity measurements using the diffusion model of Oh and Jang [25].
Recently, Ma et al. [26] developed a two-scale approach to deter-
mine the diffusivity of cement paste from virtual microstructures.
The microstructure of cement paste is generated using a vector
based approach analogous to HYMOSTRUC. The diffusivity of C-S-
H phase was determined considering that transport occurs only
through low density (LD) C-S-H which is simulated using a modi-
fied hard-cores/soft shell model. On comparison with the experi-
mental data for electric resistivity they observed that their
predictions do not comply well at later stage of hydration and for
low w/c. Thus there is no general consensus on a unilateral value
of C-S-H diffusivity. Therefore in this study, a continuum micro-
mechanics based model to predict diffusivity of C-S-H phase has
been proposed which predicts diffusivity of C-S-H considering its
morphological features. Finally, diffusivity of cement paste is esti-
mated from virtual microstructure using lattice Boltzmann method
wherein C-S-H phase is treated as a continuum phase with diffu-
sivity value assigned using the proposed C-S-H diffusion model.
Predictions are compared to data obtained from different experi-
mental techniques to understand the role of gel pores and capillary
pore connectivity on diffusivity of cement paste. The remainder of
the paper is organized as follow. Section 2 presents the modelling
approach wherein the governing equations for the computational
homogenization approach to obtain the diffusivity from virtual
microstructures are first presented. Following that a C-S-H diffu-
sivity model is introduced. Section 3 compares experimental
results and model predictions and discusses the roles of gel and
capillary porosity in different types of experiments. Finally, conclu-
sions are presented in Section 4.
2. Determination of effective diffusion coefficient from virtual
microstructures

2.1. Computational homogenization approach to determine diffusivity

At the scale of cement paste microstructures, the computational
domain consists of capillary pores (Xp), porous C-S-H phase (XCSH)
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and solid phases such as clinkers and other crystalline hydration
products such as portlandite (Xs). The mass transport at this scale
is assumed to be described by the diffusion equation in absence of
electro-kinetic effects

@t/ðxÞCðxÞ þ ~r �~JðxÞ ¼ 0 8x 2 X
~JðxÞ ¼ �DeðxÞ~rCðxÞ

ð1Þ

/ðxÞ ¼
1 8x 2 Xp

/CSH 8x 2 XCSH

0 8x 2 Xs

8><
>:

DeðxÞ ¼
D0 8x 2 Xp

DCSH 8x 2 XCSH

0 8x 2 Xs

8><
>:

XCSH [Xp [Xs ¼ X;XCSH \Xp \Xs ¼ £

ð2Þ

where C is the concentration [N1L�3T0], ~J is the flux vector
[N1L�1T�1], De is the effective diffusivity [N0L2T�1] and / are the
porosities at a point x in simulation domain (X). /CSH is the porosity
of the C-S-H volume element. D0 and DCSH is the diffusivity in water
[N0L2T�1] and effective diffusivity of C-S-H phase [N0L2T�1], respec-
tively. In this study, we set D0 to 1 m2/s as we are interested in rel-
ative diffusivity. The model to compute the effective C-S-H
diffusivity (DCSH) is presented in Section 2.2. Along the boundary
of the non-diffusive solid phase (Cs), the following condition is
applied

~JjCs
¼ 0 ð3Þ
The representative element volume (REV) analysis carried out

by different researchers suggests that a cubic microstructure with
length 100 lm is a reasonable size for obtaining diffusivity from
the microstructures [27–29]. Our preliminary calculations also
confirmed this and it was found that the standard deviation of dif-
fusivity was less than 0.01% for different realizations of the
microstructure. Therefore in order to compute the diffusion coeffi-
cient, cubic REV of length 100 lm with resolution of 1 lm were
generated using the hydration models. At this resolution, it is
assumed that capillary porosity is completely resolved.

In order to determine the diffusion coefficient along a specific
axis, a constant gradient was imposed through a Dirichlet bound-
ary at opposite ends and all other boundaries are treated as
periodic:

Dirichletalong axis of measurement : Cðx ¼ 0Þ ¼ 1
&Cðx ¼ 100 lmÞ ¼ 0
Periodic on other directions : Cðx ¼ 0Þ ¼ Cðx ¼ 100 lmÞ
&~rC � n̂ðx ¼ 0Þ ¼ �~rC � n̂ðx ¼ 100 lmÞ

ð4Þ

By solving the boundary value problem proposed by Eqs. (1)–(4) for
a steady state, a homogenized diffusivity (D�

e) along axis of mea-
surement can be obtained from the volume averaged flux and con-
centration gradients as follows

D�
e ¼ � h~Ji

h~rCi
ð5Þ

The volume average quantity h�i is defined as

h�i ¼ 1
jXj

Z
X
� X

The two relaxation time lattice Boltzmannmethod has been utilized
in this study to solve the proposed boundary value problem and is
detailed in Appendix A. Calculations of D�

e for the 100 lm3

microstructures generated with HYMOSTRUC and CEMHYD3D in
this study showed that D�
e in the three directions differ by less than

0.1% which indicates that the generated microstructures are isotro-
pic. Hence, values of D�

e in this study are the average of the D�
e in the

x-, y- and z-directions.
2.2. C-S-H diffusivity model based on continuum micro-mechanics

Continuum micro-mechanics provides a framework to obtain
an analytical estimate of effective diffusivity by approximating
the morphology as well-defined inclusions (such as spheres, cylin-
ders, ellipsoids) distributed randomly throughout a matrix mate-
rial [30]. The continuum micro-mechanics approaches do not
account for effects associated with constrictivity. Constrictivity
accounts for phenomena such as narrowing of pores restricting
the diffusion of species through the pore, anion exclusion and
influence of adsorbed layer on diffusion. However, there is lack of
experimental data on constrictivity parameter. Therefore as pro-
posed by Bary and co-authors [31,32] constrictivity factor (dCSH)
is taken as 1/10, i.e., value of diffusivity in gel pores (Dgp) one order
lower than the one in capillary pores. This value of constrictivity
parameter has been suggested by them based on comparison with
experimental data. Bordallo et al. [33] based on quasielastic neu-
tron scattering experiments also suggested that the water diffusion
is one order lower in gel pores compare to capillary pores. Later in
this work we also study the sensitivity of this constictivity param-
eter with respect to relative diffusivity. In order to obtain the effec-
tive diffusivity the morphology of the C-S-H is considered at two
levels as shown in Fig. 2, and diffusivity at each level is obtained
using differential effective media theory (see Appendix B for dis-
cussion on the choice of approach).

At level-II two types of C-S-H exists, viz. low density C-S-H (LD
C-S-H) and high density C-S-H (HD C-S-H) which are assumed to be
formed of the same type of inclusions (‘‘basic building blocks
(BBB)”) in a matrix of gel pores but differ in packing density and
in turn in porosity [34–38]. These BBB have an inter-layer porosity
of about 18% [35]. The water in the inter-layer pores (<1 nm [36]) is
structural water which is chemically bound to the C-S-H platelets
and therefore is unlikely to contribute to diffusive transport.
Hence, these BBB are considered as a non-diffusive phase. Different
shapes have been proposed for the BBB of C-S-H such as spheres
[34], bricks [36,39], disks [40], foils and needles [41]. In this study,
the shape of BBB are considered as an oblate spheroid with aspect
ratio of 0.12 as suggested in [42] which corresponds to the obser-
vations by Garrault et al. [39] in SEM images.

From the perspective of mass transport, the important distinc-
tion can be made between gel pores (>1 nm) as pores accessible
by nitrogen and measurable during nitrogen adsorption measure-
ments and ones which are inaccessible by nitrogen but accessible
by water vapour during water vapour adsorption measurements.
Both LD and HD C-S-H contain nitrogen inaccessible pores. How-
ever, LD C-S-H additionally contains the nitrogen accessible pores
which lowers the density of LD C-S-H [43,37].

The diffusion coefficient of both HD and LD C-S-H (at level-II)
are obtained using the differential effective media theory which
is given as [44]

Di ¼ Dgpð/iÞ1=ðY�X�ZÞ i 2 fLD� CSH;HD� CSHg

X ¼ 3
R� R2

1þ 3R
; Y ¼ 3

9R2 � 2Rþ 1

ð1þ 3RÞ2
;

Z ¼ 3
4� 24Rþ 36R2 þ 3R3 � 9R4

ð5� 3RÞð1þ 3RÞ2

ð6Þ

where /HD�CSH and /LD�CSH is the porosity of HD C-S-H and LD C-S-H,
respectively. DHD�CSH;DLD�CSH are the diffusion coefficient [L2T�1] of



Fig. 2. A schematic representation of cement paste morphology.
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HD C-S-H and LD C-S-H, respectively. R is the depolarization factor
which is computed as

R ¼ 1� �2

2�
ln

1þ �
1� �

� �
� 2�

� �
ðprolate spheroidsÞ

R ¼ 1þ �2

�3
�� tan�1 �
� � ðoblate spheroidsÞ

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j1� ða=cÞ2j

q
ð7Þ

where � is the eccentricity, a is the equatorial radius of the spheroid
[L], and c is the distance from centre to pole along the symmetry
axis [L]. The ratio of c to a is the aspect ratio. For oblate spheroids,
the aspect ratio is less than one and thus provides a good
representation for platelet like inclusions. Aspect ratio for prolate
spheroids is greater than one and can be used to represent
fibrous inclusions. For the asymptotic limits of aspect ratios,
Eq. (6) reduces to

Di ¼ Dgpð/iÞ5=3 ðfibresÞ
Di ¼ Dgpð/iÞ16=9 ðdisksÞ i 2 fLD� CSH;HD� CSHg

ð8Þ

At the scale of the smallest volume resolved in the microstruc-
ture model, i.e. level-I (1 lm3 volume element), representation of
different types of C-S-H can be either made explicitly based on con-
finement conditions as proposed by Smilauer and Bittnar [45] or as
a mixture of LD C-S-H and HD C-S-H. Smilauer and Bittnar [45]
noted that the volume fraction obtained by their approach differed
substantially from the model proposed by Tennis and Jennings [37]
which is based on phenomenological considerations. Therefore, in
this study C-S-H is represented as a mixture of LD and HD C-S-H
with HD C-S-H assumed to consist of spherical inclusions in LD
C-S-H as shown in Fig. 2. The volume fraction of LD and HD
C-S-H are then determined using the model of [37]. The diffusivity
of C-S-H volume element at level-I, can be determined using the
differential effective media theory as follows [30,44]
DHD�CSH � DCSH

DHD�CSH � DLD�CSH

� �
DLD�CSH

DCSH

� �1=3

¼ 1� VHD�CSH ð9Þ

where DCSH is the effective diffusion coefficient of C-S-H [L2T�1].
VHD�CSH is the volume fraction of HD C-S-H in the C-S-H.

For illustration of the proposed model, /HD�CSH and /LD�CSH are
taken as 0.24 and as 0.37, respectively when all pores contribute
[35] and 0 and 0.17, respectively when only nitrogen accessible
pores contribute to diffusion [37]. A more detailed approach to
compute VHD�CSH;/HD�CSH and /LD�CSH , which are the only parame-
ters needed for the proposed model, based on model of Tennis
and Jennings [37] is given in Appendix C. The relative diffusion
coefficient obtained in the case when only nitrogen accessible
pores are diffusive and when all gel pores are diffusive for different
values of VHD�CSH is shown in Fig. 3(a) and (b), respectively. Clearly,
the case when all pores contribute to diffusion results in higher
values of C-S-H diffusivity. At low w/c ratio, i.e. at high fraction
of HD C-S-H, differences in C-S-H diffusivity can be up to an order
of magnitude in two cases which can explain the higher diffusivity
measured by electric resistivity techniques compared to other
techniques at low w/c. Later on by comparison with experiments
we show that the assumption that in the case of dissolved species
and tracers only nitrogen accessible pore contribute, whereas, in
electric resistivity measurement all pores contributes holds.

The proposed model also explains the differences in the values
of C-S-H diffusivity obtained by different researchers. Garboczi and
Bentz [17] proposed the value of relative C-S-H diffusivity as
0.0025 based on chloride diffusion (w/c in range of 0.3–0.7). Bentz
et al. [20] using this value for C-S-H diffusivity and CEMHYD3D
generated microstructures showed that good predictions (within
factor 2 bounds) can be achieved for cement paste diffusivity even
for the low w/c ratio. On the other hand, based on comparison with
the tritiated water (HTO) diffusion at w/c equal to 0.25
Kamali-Bernard et al. [22] proposed a value of C-S-H diffusivity
as 0.001. This differences in values of C-S-H proposed by different



Fig. 3. Diffusion coefficient for C-S-H volume as predicted by proposed model (a) Only nitrogen accessible pore contributes to diffusion coefficient (b) all pores contribute to
diffusion coefficient.
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researchers can be explained in the present model by the differ-
ence in fraction of HD C-S-H at different w/c. Ma et al. [24] pro-
posed C-S-H diffusivity in context of cement paste volume based
on electric resistivity measurement as 0.0075. This value thus scale
diffusivity with the volume fraction of C-S-H in cement paste and
hence would be lower than that of the diffusivity of C-S-H. The
value of the diffusivity of C-S-H volume element would fall in
the range predicted by the proposed model taking into
account the contribution of all pores. Fig. 3 shows that the shape
of BBB of C-S-H can influence the estimated diffusivity of C-S-H
phase and therefore a parametric study has been carried out
later to access the influence of shape of BBB on diffusivity of
cement paste.

Finally, to complete discussion on the proposed C-S-H model,
assumptions made are summarized below —.

� The diffusion coefficients at each level can be homogenized
using the differential effective media theory.

� The BBB for C-S-H is considered to be an oblate sphere with an
aspect ratio of 0.12 for all simulations unless specified
differently.

� The constrictivity factor for C-S-H diffusivity is considered as
1/10 unless specified differently.

� Diffusion of tracers and dissolved gases only occurs through the
nitrogen accessible pores, whereas for electric resistivity all the
gel pores contribute.

3. Result and discussions

3.1. Experimental data used for comparison

We use a subset of the dataset collected by Patel et al. [2] to
compare the diffusivity obtained from virtual microstructures gen-
erated using HYMOSTRUC and CEMHYD3D. It includes diffusivity
obtained using different experimental techniques viz., electric-
resistivity [24]; through-diffusion experiments with different trac-
ers viz., HTO [47,48,23], dissolved gases such as helium [46] and
oxygen [49]; and steady state chloride electro-migration tests
[50]. The cement composition and the curing conditions for the
dataset is summarized in Tables 1 and 2, respectively. The dataset
spans across a wide range of values for w/c and capillary porosity.
For datasets in which capillary porosity (porosity measured
using MIP) was not available (data of [48,49,24]), Power’s model
was used to determine the capillary porosity, which is given as
follows [51]

/cp ¼
w=c� 0:36a
w=cþ 0:32

ð10Þ

where a is the degree of hydration. For datasets, where the degree
of hydration was not available (data of [48,49]), it was assumed that
the paste has been hydrated to the maximum achievable degree of
hydration, which is a reasonable assumption as the samples used in
those experiments were well cured (summarized in Table 2). The
maximum degree of hydration (amax) was computed using relation-
ship given in [48].

amax ¼ 0:239þ 0:745 tanh½3:62ðw=c� 0:095Þ� ð11Þ
Fig. 4(a) shows the data which is used in this study to compare

with numerical model. The experimental data on relative diffusiv-
ity obtained from the through-diffusion experiments and steady
state chloride-migration experiments have values in same range.
However, the values obtained from electric-resistivity are always
higher compared to other techniques especially at a capillary
porosity 6 30%. Fig. 4(b) shows values of relative diffusivity
obtained from electrical-resistivity for the complete dataset col-
lected in Patel et al. [2] from Refs. [52–54,24]. It can be noted that
Ma et al. [24] chosen in this study closely corresponds to other
datasets. The choice of Ma et al. [24] dataset was based on the fact
that it covers wide range of w/c ratios with measurements
reported at different cement hydration stages.

3.2. Comparison of model predictions with experimental data

For comparison, virtual microstructures were generated from
HYMOSTRUC and CEMHYD3D models using Bogue’s composition
and Blaine’s fineness (summarized in Table 1) for w/c equal to
those used in the experiments. Rosin-Ramler distribution is used
for cement particle size distribution with parameters obtained
from Blaine’s fineness as discussed in [55]. Additional parameters
required for both models were set to the default values of the mod-
els which has been well calibrated for OPC. Hydration was carried
out till the required degree of hydration was achieved. The



Table 1
Cement composition of the collected data.

Reference Bouge composition (in %) Fineness (m2=kg)

C3S C2S C3A C4AF

Phung et al. [46] 66.06 15.21 8.9 9.83 435
Ma et al. [24] 65.37 15.10 10.35 9.17 –
Yamaguchi et al. [47] 54.77 24.38 12.26 8.59 –
Béjaoui and Bary [48] 67.08 17.88 3.79 6.09 310.5
Delagrave et al. [23] (w/c = 0.45) 68.99 6.56 7.87 4.44 461.6
Delagrave et al. [23] (w/c = 0.25) 69.04 7.14 8.16 4.68 535.1
Ngala and Page [49] 54.02 26.83 11.5 7.65 345
Sun et al. [50] 55.05 27.13 8.08 9.73 -

Table 2
Curing conditions for the collected data.

Curing conditions Reference

For 28 days in sealed condition in a controlled temperature
of 22 �C� 2 �C

Phung [46]

The samples were cured at 50 �C under deionized water
until peak of in XRD of unhydrated cement phase
disappears

Yamaguchi
et al. [47]

Samples are cured in saturated lime water incoroporating
sodium and potassium hydroxide during 12 months

Béjaoui and
Bary [48]

The specimens were demolded and immersed in lime
solution for 3 months

Delagrave et al.
[23]

After Curing at 22 �C for 2 weeks and immersed in 35 mM
NaOH solution. They were then stored in a curing room
at temprature of 38� 2 �C for 10 weeks

Ngala and Page
[49]

The samples were placed in a room at a temperature of
20 �C for 24 h and then moved to a standard curing room
(temperature of 20� 3 �C, relative humidity above 95%).
After three days of curing, the samples were removed
and split into several parts. Finally, the samples were
taken out for measurement of their degree of hydration
and porosity at the required standard age

Sun et al. [50]

Fig. 5. Fraction of capillary pores percolated at different w/c during hydration for
cement composition of Béjaoui and Bary [48]. The results for HYMOSTRUC and
CEMHYD3D are marked blue and red respectively. (For interpretation of the
references to colour in this figure caption, the reader is referred to the web version
of this article.)
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capillary porosity for the generated microstructures was close to
the experimental data for both models. However, pore connectivity
differs substantially for generated microstructures from both mod-
els. Fig. 5 shows the fraction of capillary pore connected for cement
composition of [48] for different w/c. Clearly, for HYMOSTRUC the
capillary pore space remains the dominant phase for mass trans-
port even at low w/c and low capillary porosities, whereas for
Fig. 4. Relative diffusivity with respect to capillary porosity (a) for all the collected exp
researchers for electrical resistivity as collected in Patel et al. [2].
CEMHYD3D, at capillary porosities below 20%, the C-S-H phase
and capillary pores connected through C-S-H phase would be the
major phases for mass transport.
erimental data used for comparison with numerical model (b) Data from different



Fig. 6. Ratio between effective diffusivity predicted from virtual microstructure (D�;model
e ) and experimental data (D�;expt

e ) (a) with respect to w/c for through-diffusion and
steady state electro-migration measurements, and (b) with respect to time in days for electric-resistivity measurements. Same marker type corrosponds to same
experimental dataset. Blue and red markers represents results from microstructures generated with HYMOSTRUC and CEMHYD3D, respectively. Green coloured markers in
(b) represents results from microstructures generated from CEMHYD3D considering diffusion only through nitrogen accessible pores. The green area represents factor 2-
bounds and dashed line in red shows factor 5-bounds. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this
article.)
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3.2.1. Comparison with through-diffusion and steady state electro-
migration experiments

Fig. 6(a) shows the ratio between effective diffusivity predicted

from the virtual microstructure (D�;model
e ) and experimental data

(D�;expt
e ) with respect to w/c for through-diffusion and steady state

electro-migration tests. The effective diffusivity values obtained
from microstructures generated with HYMOSTRUC are always
higher than those using microstructures from CEMHYD3D which
is line with the study of Liu et al. [56]. Zhang et al. [57] reduced
the diffusivity in pore water (both capillary and C-S-H) by one
order accounting for constrictivity effects in order to achieve good
comparison between the experimental data and values obtained
from microstructures generated from HYMOSTRUC. However, a
more legible explanation for the over-estimations (about one-
order of magnitude) obtained from the microstructures generated
with HYMOSTRUC is due to the high degree of percolation of cap-
illary pores at low w/c. From Fig. 5 it can be seen that even at 5%
capillary porosity, 65% of the capillary pore space is connected.
Fig. 7 shows the ratio of effective diffusivity computed from
microstructures generated using CEMHYD3D and HYMOSTRUC. It
can be clearly seen that the differences up to one order of magni-
tude exists at around 20% capillary porosity. This is the point when
capillary pores reach complete depercolation for CEMHYD3D. The
differences between diffusivity obtained from CEMHYD3D and
HYMOSTRUC microstructures diminish beyond this point. This
clearly illustrates that correct representation of capillary pore
depercolation is necessary in the microstructure generated to
ensure good predictions. Experimental study of San et al. [58] using
measurements of chemical shrinkage, low temperature calorime-
try, and electrical impedance spectroscopy also supports that the
capillary porosity depercolation in cement pastes occurs at around
20%.

Variability in experimental values of diffusivity for through-
diffusion and electro-migration is up to a factor 5-bounds with
most values lie between a factor 2-bounds [2].1 Therefore, predic-
tions between factor 2-bounds serves as a good indicator to quantify
1 The factor 5-bounds and factor 2-bounds refers to the area in between the line
drawn by multiplying and dividing five and two, respectively with the line of
equality).
the predictability of models compared to experimental data. For
HYMOSTRUC generated microstructures, all the predicted data
points (expect one) fall outside the factor 2-bounds and many of pre-
dictions fall outside factor 5-bounds. For CEMHYD3D generated
microstructures, around 61% (of 23 simulated data points) lie within
a factor 2-bounds and most of the predictions lie within a factor 5-
bounds. This is comparable with the performance of existing analyt-
ical models as discussed in detail in [2].

3.2.2. Comparison with electric-resistivity data
For the case of electric-resistivity measurements, good predic-

tions are observed under the assumption that all the gel pores con-
tribute to the measurement as shown in Fig. 6(b). The assumption
that only the nitrogen accessible pores in C-S-H contribute to dif-
fusion which has been used to estimate diffusivity for through dif-
fusion and steady state electro-migration experiments, give very
low relative diffusion coefficients compared to experimental val-
ues. Therefore it can be deduced that the experimentally observed
differences between electric-resistivity and through diffusion and
electro-migration experiments manifests from the differences in
the contribution from gel pores.

For the electric-resistivity measurements, differences between
HYMOSTRUC and CEMHYD3D are lower compared to through-
diffusion and electro-migration tests. This is due to a less pro-
nounced difference between C-S-H diffusivity and diffusivity in
capillary pore phase. The C-S-H diffusivity is relatively higher
when all gel pores contribute to diffusivity which reduces the
effect of capillary pore depercolation.

Variability in the experimental values obtained with electric
resistivity measurements are within factor 5-bounds [2]. For CEM-
HYD3D generated microstructures, around 87% (of 15 simulated
data points) of the predictions lie in factor 2-bounds and all predic-
tions lie between factor of 5-bounds showing better performance
compared to existing analytical models as discussed in Patel
et al. [2]. For HYMOSTRUC generated microstructures, a large
amount of the predictions lie beyond factor 2-bounds, although
all of them fall within factor 5-bounds.

The electric-resistivity method is often used as a non-
destructive, in situ technique to indirectly measure resistance of
concrete against chloride ingress [59–61] and recently several



Fig. 7. Ratio of effective diffusivity predicted from virtual microstructures gener-
ated from HYMOSTRUC (D�;HYMOSTRUC

e ) and CEMHYD3D (D�;CEMHYD3D
e ) as a function of

experimental capillary porosity for experimental data of Béjaoui and Bary [48].

Fig. 8. Relationship between the steady-state chloride diffusion coefficient and
effective resistivity obtained for cement composition of Ma et al. [24] from
CEMYD3D generated microstructure.
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researchers have tried to establish the relationship between elec-
tric resistivity and chloride diffusivity of concrete as [62–64]

D�;Cl
e ¼ kCl

1
.�
e

ð12Þ

where .�
e is the effective resistivity [ML3T�3Q�2], D�;Cl

e is the effective

diffusivity of chloride and is represented in terms of 	10�12 m2/s in
Eq. (12) and kCl is a fitting factor ranging from 103 to 297 for con-
crete [63,64]. The relative diffusivity predicted from the microstruc-
tures generated using CEMHYD3D for the experiments of Ma et al.
[24] (electric-resistivity predictions) with the assumption that only
nitrogen accessible C-S-H pores contribute to transport can be con-
verted into a steady-state effective diffusivity of chloride (D0 for
chloride taken as 2:03	 10�9 m2/s [65]). Similarly, for the same
dataset under the assumption that all C-S-H pores contributes to
transport, the relative diffusivity can be converted into electric
resistivity measurements (electric-resistivity of pore water q0,
taken as 0.21 Ohm-m, 0.25 Ohm-m and 0.29 Ohm-m for w/c equal
to 0.3, 0.4 and 0.5, respectively [24]) Fig. 8 shows the relationship
between electrical resistivity and the steady-state effective diffusiv-
ity of chlorides predicted from CEMHYD3D generated microstruc-
ture using the proposed C-S-H model. The fitted value of kCl for
this dataset was obtained as 559.87 which is higher than the one
reported for concrete. The lower values for concrete compared to
cement paste can be attributed to dilution effect due to the pres-
ence of aggregates. For example, if the volume fraction of aggre-
gates in concrete is 50% the corresponding value of kCl accounting
for dilution effect would be around 279.5 (
 ð1� 0:5Þ 	 559:87).

3.3. General discussions

The above results clearly demonstrates that a better representa-
tion of depercolation of capillary pores (at around 20% capillary
porosity), as is the case with CEMHYD3D microstructures, gives
closer estimates to experimental results. One can argue that by
lowering resolution of HMYOSTRUC microstructure artificial de-
percolation can be created. As shown in Fig. 9 for a 250 lm length
of REV cube, lowering resolution i.e. increasing grid spacing from
1 lm to 5 lm, reduces degree of percolation from 1 to circa 0.95.
However it does not create depercolation of capillary porosity.
For CEMHYD3D, Garboczi and Bentz [14] reported that percolation
threshold is dependent on resolution. For a resolution of 0.25 lm
resolution the percolation threshold shifts to around 12% for capil-
lary porosity. It should be noted that lowering of percolation
threshold to 0.12 in CEMHYD3D generated microstructure, would
result in higher diffusivity values for w/c between 0.4 and 0.5
due to the fact that a difference of up to two orders of magnitude
can exist between diffusivity of C-S-H phase and capillary pores
and therefore when capillary pores are connected capillary pores
will be the most dominant diffusive phase. Thus, decreasing reso-
lution does not result in depercolation in case of HYMOSTRUC
and increasing resolution in case of CEMHYD3D would reduce per-
colation threshold, result in an overestimation of D.

As discussed previously, the shape of BBB affects the diffusivity
values of C-S-H, and hence potentially influence the predicted dif-
fusivity of cement paste. Fig. 10 shows the influence of the shape of
the BBB of C-S-H on the diffusivity of cement paste predicted using
CEMHYD3D generated microstructure for the experimental data of
Béjaoui and Bary [48]. Considering the uncertainties in predictions
and experimental data it can be concluded that the influence of the
shape of BBB is negligible. Thus even though the C-S-H BBB do pos-
sess an aspect ratio from representation point of view in C-S-H dif-
fusivity model aspect ratio is not a major factor.

Another important parameter in the above analysis is the con-
strictivity parameter for C-S-H phase. Fig. 11 shows the influence
of constrictivity on diffusivity predicted using CEMHYD3D gener-
ated microstructure for the experimental data of Béjaoui and Bary
[48]. The influence of constrictivity is proportional to the predicted
diffusivity. For low w/c to mid w/c decrease in constrictivity would
lead to decrease in diffusivity by same factor. This is due to the fact
that for this microstructures, capillary pores are depercolated and
C-S-H is the dominant diffusive phase. For high w/c ratios (0.6 and
0.65) the influence of the constrictivity parameter decreases as
capillary pores are the dominant diffusive phase. However, a
change of constrictivity still has a significant effect on predicted
diffusivity. Fig. 11 shows that the choice of constrictivity parame-
ter equal to 1/10 suggested by Bary and co-workers is reasonable



Fig. 9. Effect of microstructure resolution on percolation degree and porosity of
HYMOSTRUC generated microstructures for w/c ratio of 0.45 (capillary porosity
around 14%) for cement composition of Béjaoui and Bary [48]. Length of REV cube is
250 lm.

Fig. 10. ratio of effective diffusivity predicted from virtual microstructure (D�;model
e )

corresponding to experimental data (D�;expt
e ) with respect to w/c obtained using

microstructures generated from CEMHYD3D for experimental data of [48] high-
lighting the influence of shape of BBB of C-S-H. Shaded green region shows factor 2-
bounds and dashed line in red shows factor 5-bounds. (For interpretation of the
references to colour in this figure caption, the reader is referred to the web version
of this article.)

Fig. 11. Effect of constrictivity parameter on diffusivity predicted from virtual
microstructure (D�;model

e ) corresponding to experimental data (D�;expt
e ) using

microstructures generated from CEMHYD3D for experimental data of [48]. Shaded
green region shows factor 2-bounds and dashed line in red shows factor 5-bounds.
(For interpretation of the references to colour in this figure caption, the reader is
referred to the web version of this article.)
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to achieve good predictions of diffusivity. More recently Phung
et al. [66], experimentally determined that for ions with molecular
diameter of 0.3–0.4 nm, which is the range for most of diffusing
tracers used for experiments considered in this study, the constric-
tivity parameter is close to 1/10.

Finally, our simulations provide a viable postulate that for trac-
ers such as HTO, dissolved helium and dissolved oxygen and ions,
transport essentially occurs through nitrogen accessible gel pores,
whereas all gel pores contribute to the electric resistivity measure-
ments which explains the higher relative diffusivity measured by
the electric-resistivity experiments compared to the through-
diffusion and electro-migration techniques. Jennings [67] sug-
gested that the nitrogen accessible pores represent the large gel
pores of sizes between 3–12 nm, whereas the nitrogen inaccessible
pores represent small gel pores within range of 1–3 nm. The water
in the small gel pores would be physically bound with different
physical properties compared to the bulk pore water Jennings
[67] and diffusion of tracers such as HTO, dissolved helium and dis-
solved oxygen seems to be difficult through this small gel pores.
Moreover, due to negatively charged surface of of C-S-H their is
higher concentration of calcium ions in the small gel pores [68].
The presence of calcium ions in these small pores can also retard
movement of tracers [69]. On the other hand, due to excess con-
centration of calcium ions, zeta potential in the double layer is pos-
itive. Recently, in context of cement-based material, Nguyen et al.
[70] through numerical simulation through nano cylindrical pores,
accounting for positive zeta potential in double layer showed that
for smaller pores conductivity will be higher compared to bulk
water. This indicates that while diffusion of tracer in the small
gel pores is negligible, the conductivity is still significant resulting
in higher relative diffusivity measurements in resistivity
experiments.
4. Conclusions

Influence of capillary pore percolation and diffusion through gel
pores on cement paste diffusivity has been explored using
microstructures generated using HYMOSTRUC and CEMHYD3D.
The goal of this study to utilize the fact that both models give dif-
ferent pore connectivity for same capillary pore fraction to investi-
gate the role of capillary pore fraction. For diffusion through gel
pores a continuum micro-mechanics based model for diffusivity
has been proposed. Following conclusions can be drawn from the
results in this study:
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� The percolation threshold at around 20% for capillary porosity is
essential in order to achieve good prediction of diffusivity for
w/c ratios ranging from 0.3–0.5. In case of HYMOSTRUC capillary
pores are fully percolated which results in over estimation of
diffusivity at factor 10 at around 20% porosity. These differences
diminish for the capillary porosity smaller or larger than perco-
lation threshold. Further in case of electric resistivity, where the
difference in C-S-H diffusivity and diffusivity of capillary pore
phase is smaller, the effect of capillary pore deperoclation is
reduced. This in turn implies that the physical resolution for
CEMHYD3D based microstructures should be restricted to 1
lm to correctly represent depercolation and form HYMOSTRUC
additional treatments are needed to achieve depercolation of
large capillary pores. One way to achieve depercolation of cap-
illary pores in HYMOSTRUC would be to consider that capillary
pores can be divided in small capillary pores and large capillary
pores with capillary pores smaller than 1 lm present in LD
C-S-H phase as suggested recently by Ma et al. [71].

� Differences up to an order of magnitude observed between
electric-resistivity data and through-diffusion and electro-
migration measurements at low w/c (low porosity) are due to
differences in the diffusivity of C-S-H phase. From our analysis
we postulate that for electric resistivity measurements all gel
pores contribute to diffusivity, whereas, for through diffusion
and electro-migration measurements diffusion occurs only
through nitrogen accessible pores. The numerical approach pre-
sented here can be used to quantify the relationship between
chloride diffusivity and electric resistivity which is of practical
relevance.

� The choice of constrictivity parameter for C-S-H phase as
1/10 seems reasonable for choosen tracers. For low and
mid range of w/c there is one to one correspondence
between decrease in constrictivity and diffusivity. For high
w/c (0.6 and 0.65) this is not the case but constrictivity
parameter of C-S-H phase still has a significant effect on
predicted diffusivity values.

Finally, the present study provides several postulates on
mechanisms of diffusion in C-S-H pores and its effects on relative
diffusivity. In future, detail studies at pore-scale considering
electro-kinetics effects can provide further insights into differences
in electrical resistivity measurements and diffusion of tracers. Sim-
ilarly, molecular dynamics studies on mobility of tracers in small
C-S-H pores can provide more physical understanding constrictiv-
ity parameter and restrictions of tracers to transport through small
gel pores.

Appendix A. Two relaxation time Lattice Boltzmann method for
mass transport

Lattice Boltzmann (LB) method solves the simplified form of
discrete Boltzmann equation (discretized in space, time and veloc-
ity) which describes the evolution of a particle distribution func-
tion f iðx; tÞ. Particle distribution function represents the
probability of finding a particle with speed ei at node x and time
t. The governing equation to be recovered is then linked to LB equa-
tion through a multi-scale Chapman-Enskog expansion [72,73]. In
this study a two relaxation time (TRT) variant of LB method [74]
has been used. In two relaxation time (TRT) LB method the sym-
metric and anti-symmetric parts of the particle distribution func-
tion are relaxed separately using two different relaxation
parameters. The symmetric (fþ) and anti-symmetric parts (f�) of
the particle distribution functions are defined as

fþi ¼ f i þ f�i

2
& f�i ¼ f i � f�i

2
ðA:1Þ
where f i and f�i refers to distribution functions corresponding to
lattice speed ei and e�i respectively; ei ¼ �e�i. The above definition
of the symmetric and the anti-symmetric part naturally imposes a
condition that all the even moments of the anti-symmetric part
and odd moments of the symmetric parts are zero. The evolution
of distribution function according to the TRT LB equation is given
as follows [74]

f iðxþ eiDt; tþDtÞ ¼ f iðx; tÞ þDtXTRT
i ðx; tÞ ðA:2Þ

XTRT
i ðx; tÞ ¼ � 1

sþ
fþi ðx; tÞ � f eqþi ðx; tÞ� �� 1

s�
f�i ðx; tÞ � f eq�i ðx; tÞ� � ðA:3Þ

Here, sþ and s� are relaxation parameters for the symmetric part
and anti-symmetric part respectively. Additionally constraint is laid
on the zero moment of f to ensure mass conservation.X
i

f i ¼
X
i

f eqi ¼ C ðA:4Þ

In order to recover Eq. (1) from the Eq. (A.2) orthogonal lattices with
7 lattice direction (commonly referred to as D3Q7 lattice), along
with the following equilibrium distribution function is sufficient

f eqi ¼ C
2
c/ 8i ¼ 2; . . . ; q ðA:5Þ

f eq1 ¼ /C �
X
i>1

f i ðA:6Þ

where q being the number of lattice directions, c/ is the positive
adjustable parameter. It can be shown through the multi-scale
Chapman-Enskog analysis that the following equation Eq. (A.7)
can be recovered from Eq. (A.2). The derivation follows a similar
approach as the one in [75] in the case when velocity terms are
neglected.

@/C
@t

¼ ~r s� � Dt
2

� �
� ~rc/C ðA:7Þ

Comparing Eq. (A.7) with Eq. (1), the effective diffusion coefficient
(De) can be related to the relaxation parameter s� as

De ¼ c/ s� � Dt
2

� �
ðA:8Þ

In principle, both c/ and s� can be varied in order to accommodate
the spatial and temporal variations of the diffusion coefficient [75].
However, it can be seen from Eq. (A.7) that c/ should be spatially
constant to remove it out of the gradient operator. Therefore, it is
advisable to set c/ as constant throughout the domain to ensure

correct recovery of Eq. (1). Moreover, c/ 6 minð/Þ
3 to ensure non-

negativity of particle distribution function. In this study the c/ is

taken as minð/Þ
3:5 . While s� is related to the diffusion coefficient, sþ is

the free parameter in TRT scheme, which can be adjusted to
improve the stability or accuracy. The stability and accuracy of
TRT scheme is related to the choice of the so called magic parameter
(K) which is defined as [76]

K ¼ s� � 1
2

� �
sþ � 1

2

� �

In our simulations the value K is fixed as 1=4 which ensures optimal
stability for wide range of values of s� and sþ [76]. LB simulations
are usually carried out in LB units where in grid spacing and time
step is set to one in LB units. The conversion between LB units
and physical units is carried out through dimensional consideration
as explained by the authors in [77]. In this study and s� was set to
one corresponding to D0 which was used to fix the time conversion
factor and correspondingly s� for other De values were obtained.

The initial concentration in the domain is set to zero and corre-
spondingly the distribution function in all velocity directions is set
to zero. To set boundary condition in LB schemes, the unknown
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outgoing distribution function at end of each iteration has to be
determined from the prescribed boundary condition in term of
macroscopic variables. In case of D3Q7 lattice only one distribution
function at boundary is unknown. Hence, to set the concentration
boundary, unknown distribution function can be simply obtained
as the difference between the concentration at the boundary and
sum of incoming distribution function.

f i ¼ Cb �
Xq

j¼1;j – i

f j ðA:9Þ

where Cb is the concentration at boundary [NL�3]. The zero flux
boundary condition in LB method is implemented as a bounce back
scheme, which essentially implies that the unknown incoming f i’s
at a given node are set to the outgoing f i’s in opposite lattice
direction.

f i ¼ f�i ðA:10Þ
The periodic boundary condition can be implemented in LB scheme
by setting unknown distribution functions equal to the one at the
opposite boundary i.e.,

f iðx ¼ 0; t þ DtÞ ¼ f iðx ¼ 100 lm;tÞ ðA:11Þ
f iðx ¼ 100 lm;t þ DtÞ ¼ f iðx ¼ 0; tÞ
As LB scheme is an explicit time marching scheme, iterations were
stopped when the relative change in diffusivity obtained between
two subsequent iterations is less than 10�7. This check was made
every 50 iterations. In order to accelerate convergence to steady
state PID based adaptive time-stepping scheme for LB methods
developed by Patel [78] was used.

Appendix B. Choice of effective media theory

Different continuum micro-mechanics based effective media
theories exists for inclusion-matrix morphology, the most widely
used being the Generalized Maxwell approximation (which is
analogous to the Mori–Tanaka scheme used for elastic modulus
[30]), the self-consistent scheme (and its variants, also referred
to as effective media approximation [79]) and the differential
effective media scheme. In the generalized Maxwell approxima-
tion, one phase is considered as inclusions in the other phase in
an infinite domain with the same shape as the inclusion, so that
a constant gradient can be assumed inside the domain. The inclu-
sions are considered to be well separated so that they do not
interact with each other. With this assumption, the analytical
solution for a single inclusion can be directly applied to obtain
the effective diffusivity of the composite with dilute concentra-
tions of inclusions. In the self-consistent scheme, the phases are
considered as inclusions in a matrix with a diffusivity equivalent
to that of the effective diffusivity of the composite. It is further
ensured that the local perturbations in a concentration field
caused by these inclusions on average cancel out. The self-
consistent scheme treats all phases of a heterogeneous medium
in the same way and hence allows accounting for the effect of
percolation of one phase into another phase. However, when
the properties of different phases vary substantially, the self-
consistent approximation fails [30] and spurious percolation
thresholds are imposed. In the differential effective media
scheme, one phase is taken as the matrix and another phase is
added incrementally such that the added phase is always in the
dilute limit with respect to current effective media. This assump-
tion leads to a differential equation, integration of which gives
the effective diffusivity of the composite. The differential effective
media scheme ensures that the initial matrix is always connected.
This in turn allows the differential effective media scheme to
recover Archie’s relationship [80]. Furthermore, it has also been
shown experimentally that the differential effective media theory
can provide reasonable estimates for differently shaped inclusions
at higher volume fractions [81]. It is known that even for low
porosities cement paste matrix is diffusive. Therefore in order
to avoid depercolation of pore in C-S-H volume element and to
correctly account for higher volume fractions, in this study
differential effective media theory was used to estimate effective
diffusion coefficient

Appendix C. Computation of VHD�CSH , /LD�CSH and /HD�CSH

Capillary porosity (/cp) in cement paste is computed from the
generated microstructures and gel porosity (/gp) is obtained by
deducting capillary porosity from total porosity obtained using
Power’s model [51]

/gp ¼
w=c� 0:17a
w=cþ 0:32

� /cp ðC:1Þ

The porosity of C-S-H volume element (/CSH) is then obtained by
dividing gel porosity with C-S-H volume fraction (VCSH). Tennis
and Jennings [37] provided an empirical formula for the ratio of
mass of LD C-S-H to the mass of total C-S-H phase (Mr) as

Mr ¼ 3:017aw=c� 1:347aþ 0:538 ðC:2Þ
a is the degree of hydration andMr is equivalent to the volume ratio
of fraction of LD C-S-H solid (Vs;LD�CSH) to solid in C-S-H (Vs;CSH) as
the solid phase density is same for both types of C-S-H. Solid in
C-S-H is given as 1� /CSH . As discussed previously, pores in C-S-H
are divided into nitrogen accessible and inaccessible pores. Both
LD and HD C-S-H contain the nitrogen inaccessible pores and the
low density for LD C-S-H is due to additional nitrogen accessible
pores. This implies density of HD C-S-H and LD C-S-H is same is
nitrogen accessible pores are absent i.e.

MHD�CSH

Vs;HD�CSH þ Vp;HD�CSH
¼ MLD�CSH

Vs;LD�CSH þ Vnon�nit
p;LD�CSH

ðC:3Þ

where MHD�CSH and MLD�CSH represents mass of HD-CSH and LD-CSH

respectively. Vp;HD�CSH and Vnon�nit
p;LD�CSH denotes the fraction of HD pores

and fraction of nitrogen inaccessible pores in LD C-S-H. As both LD
C-S-H and HD C-S-H consist of same type of solids following rela-

tionship can be deduced between Vnon�nit
p;LD�CSH and Vp;HD�CSH

Vnon�nit
p;LD�CSH ¼ Vp;HD�CSH

Vs;LD�CSH

Vs;HD�CSH
ðC:4Þ

/CSH can be thus represented as

/CSH ¼ 1þ Vs;LD�CSH

Vs;HD�CSH

� �
Vp;HD�CSH þ Vnitro ðC:5Þ

Vnitro denotes the fraction nitrogen accessible pores in C-S-H and can
be obtained using following relation [37]

Vnitro ¼ 1� qLD

qHD

� �
Vs;LD�CSH þ /CSH � Vp;HD�CSH
� � ðC:6Þ

qLD and qHD are the dry densities of LD and HD C-S-H, respectively
[ML�3]. The values of qLD and qHD are 1.44 g/cm3 and 1.75 g/cm3,
respectively [37]. Substituting Eq. (C.6) in Eq. (C.5) and rearranging
Vp;HD�CSH can be obtained as

Vp;HD�CSH ¼ ð1� YÞ/CSH � YVs;LD�CSH

X � Y
ðC:7Þ

X ¼ 1þ Vs;LD�CSH

Vs;HD�CSH

� �
;Y ¼ 1� qLD

qHD

� �
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The volume fraction of HD C-S-H and the porosity of LD C-S-H
and HD C-S-H can be determined as

VHD�CSH ¼ Vp;HD�CSH þ Vs;CSH � Vs;LD�CSH ðC:8Þ

/LD�CSH ¼ Vnon�nit
p;LD�CSH þ Vnitro

Vnon�nit
p;LD�CSH þ Vnitro þ Vs;LD�CSH

/HD�CSH ¼ Vp;HD�CSH

VHD�CSH
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