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a b s t r a c t

Understanding the mechanism of chloride ion diffusion in cement is significant to improve the reliability
of offshore reinforced concrete structures. The chloride ionic diffusivity in cement-based microstructures
is predicted by pore-scale modeling using a modified lattice Boltzmann method. Both the Nernst-Planck
equation for ion diffusion and the Poisson equation for electrodynamic effect are fully solved. The pre-
dicted effective diffusivities in cement-based microstructures with different porosities are in good
agreements with the experiment data. The results show that the pore size distribution and Zeta potential
of cement-based microstructures directly influence the effective diffusivities of chloride ions. The
cement-based microstructure with smaller pore size and higher negative Zeta potential hinders chloride
ions corrosion more effectively. The electrokinetic effect on the chloride ionic transport is negligible
when the ratio of the maximum-probability pore size and the Debye length is higher than 32 in the
cement-based microstructure. For engineering applications, we provide a predictive and easy-to-use
formula by up-scaling to correlate the effective chloride ion diffusivity with electrokinetic effect in
cement paste.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Reinforced concrete structures being in themarine environment
for a long time, the chloride ions of the seawater are injected into
the concrete, causing the corrosion of steel bars [1e4]. The trans-
formation of rusty mild steel is accompanied with the increase of
volume inducing the expansion and cracking of concrete, which
shortens the service life of reinforced concrete structures [5].
Research on the mechanism of the diffusion of chloride ions in
concrete remains a major challenge, but is very significant to
improve the reliability of reinforced concrete structure design [6].
The rate of chloride ions ingress depends on numerous conditions
including porosity, compactness, hydration, additives and cover
thickness [7,8]. Experiments [3] displayed that the steel in normal
reinforced concrete did not rust due to a passive film, formed on the
surface of steel, for the pH value of pore solution in the concrete
over 10. The passive film, an oxide layer thickness of about 10 nm,
can suppress the corrosion of iron. The break of the passive film
would occur with the pH value lower than 10, leading to the iron
ng).
dissolution and corrosion. Besides, the chloride ion can reduce the
ferric corrosion barrier. Hausmann [9] found the corrosion of steel
would not occur until the ½Cl��=½OH��>0:6. Therefore it is very
crucial to understand the mechanism correctly of ions transport
and distribution in porous microstructures.

To experimentally study the ion transport and distribution in
concrete at pore scale is expensive and tough, especially when the
pore size is very small [10e12]. The measurements may be resulted
from multi-factorial coupling and hard to reveal the mechanism.
Numerical modeling therefore provides an efficient way to help
people know what is happening at pore scale and clarify effects
from different factors [13e15]. Liu et al. [16] simulated the steady-
state diffusion by the Conjugate Gradient method and solved the
distributions of ion concentration in porous cement-based micro-
structures. Zhang et al. [17] applied the lattice Boltzmann (LB)
methods to simulate the ion diffusion in the non-saturated cement
paste whose microstructure was generated by HYMOSTRUC3D. The
gas-water mixturewas established by amodified Shan-Chenmulti-
phase LB model and the diffusion process in the microstructure is
solved by another LBmodel. These recent work opened the door for
pore-scale modeling of ion diffusion in concrete, but the electro-
kinetic effects were ignored which included the ion-ion interaction
and the ion-surface interaction. As we know that when an
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electrolyte (even for pure water) meets a solid surface, the surface
will be automatically charged because of physical adsorptions and
chemical reactions [18,19]. The surface charge will induce an elec-
trical double layer (EDL) near the surface and therefore influence
the ion distribution [20]. If the pore size is much larger than the
thickness of EDL, the electrokinetic effects on ion diffusion and
distribution are negligible; however when the EDL thickness is
comparable with the pore size of the cement paste, the electroki-
netic effects, including ion-ion interaction and ion-surface inter-
action, may have a significant impact on ion transport [21e23].
Recently, Monteilhet [24] and Korb [25] have shown through
measurements that the microstructures of cement paste mainly
consists of nanoscale pores, ranging from 2 to 600 nm. Meanwhile
the thickness of EDL is about 200e40 nm when the ionic concen-
tration ranges from 0.05 to 1 mM. Therefore the electrokinetic ef-
fects play a key role in ion diffusion and distribution in concrete
microstructures and have to be considered in pore-scale modeling.

The aim of this present work is to establish a numerical
framework to simulate the diffusion of chloride ions in cement-
based microstructures with the electrokinetic effects considered.
A modified lattice Poisson Boltzmann model is used to solve the
Nernst-Planck equation for ion diffusion and the Poisson equation
for electrical potential in the three-dimensional microstructure of
cement paste. We are to study the influences from microstructure
parameters on macroscopic chloride ion diffusion in cement, to
reveal the mechanisms and try to provide useful advices on opti-
mizations of engineering applications by up-scaling analysis.
2. Simulation of cement-based microstructure

In this study, a friendly-used model is proposed to generate the
three-dimensional porous complex microstructure of hydration
cement paste. The cement particles are dissolved from external to
internal during the hydration reaction [26]. With neglecting the
chemical details the cement particles surrounded by water can
react to produce solid reaction products (surface products) or
spontaneously nucleate in the capillary water to products crystals
(pore products) [27]. The surface product is mainly calcium silicate
hydrate (C-S-H), as well the major pore product is calcium hy-
droxide (CH). In this model, the method developed by Wang et al.
[28] is adopted to generate the initial cement particles and the
hydration process is simulated using the algorithm similar to, but
not exactly the same as, the microstructural model proposed by
Garboczi and Bentz. In our algorithm, we add an extra step, called
the “invasion” step. This step ensures the hydration process going
on when all remaining cement particles are covered by surface
product. Hence, the cement microstructure generated by ourmodel
is more consistent with the real cement than that of Garboczi and
Bentz. The simulation algorithm is described below.

The QSGS model [28] is adopted to reproduce the cement pat-
ricles in a 3D domain:

(1) We use the water-cement ratio to calculate the seed distri-
bution probability sd and stochastically locate the seeds
based on the seed distribution probability. The cement par-
ticles volume fraction is fs, hence the water volume fraction
is 1� fs and the water-cement ratio is expressed as [27]:

w=c ¼ 1� fs

3:2fs
: (1)

For 3D simulations, the average cement particles volume is
pd

3
=6 and d is the mean grain size of cement particles. Therefore,

the 3D seed distribution probability sd is:
sd ¼ fsd
3

pd
3.

6
¼ 6d3

pd
3ð3:2w=cþ 1Þ

; (2)

where d denotes the lattice constant (grid size).

(2) The seeds grow toward neighboring cells using cellular
automata approach.

(3) Repeat step (2) until the fraction of the cement paste ap-
proaches fs.

After the cement particles generated, the procedure of hydration
operates by an iteration process and each cycle performs three
steps:

(i) The dissolution step: count the number of cells on the sur-
face of cement particles and these cells as the reactive cells
extend to the neighboring cells. If growing cells locate in
pores, these growing cells are judged to be grown success-
fully as surface product cells. This step stops until the ratio of
the number of growing cells and reactive cement cells reach
1.7. By contrast, pore product cells have 0.61 times the
number of reactive cement cells. The pore product cells are
randomly distributed in the pore space according to the
computing number of pore product cells.

(ii) The diffusion/reaction step: stochastic distributed pore
product cells move arbitrarily and stop moving when they
contact with other solid cells.

(iii) The invasion step: because the surface product (C-S-H) is still
porous media [29e31] where the cations and small neutral
molecules can diffuse through and be reactive, the hydration
process can continue even when all cement particles are
covered by surface product. Yet, since the pores in C-S-H are
mostly at nanoscale, and generally its surfaces are negatively
charged, the diffusion of negative chloride ions is super slow.
In this step, the hydration reactant cells randomly move one
step in the location of un-reacted cement cells and thenmark
as new reactive cement cells and count. When the cement
paste reaches the degree of hydration a or is completely
hydrated, the cycles quit and cement microstructure is fully
formed.

Thus, our model essentially uses three parameters (w/c, a and d)
to control the microstructure of cement. The generated porous
cement microstructure is sketched in Fig. 1(a). When the cement
solid is set as hyaline, the capillary pore distribution is shown in
Fig. 1(b) and the early-age cement pore size distribution shown in
Fig. 1(c).

To validate our model on cement microstructure simulation, we
generate microstructures with different water-cement ratios and
degrees of hydration comparing with the Powers' law [33]. Ac-
cording to the Powers' law, the volume fractions of capillary pores
fcap (capillary porosity), and unhydrated cement fuc can be
respectively determined as [34]:

fcap ¼ w=c� 0:36a
w=cþ 0:32

; (3)

fuc ¼
0:32ð1� aÞ
w=cþ 0:32

: (4)

Fig. 2 indicates that the capillary porosity and the volume
fraction of unhydrated cement by our model have good agreements
with the empirical results by Eqs. (3) and (4). Therefore, our model
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is a friendly-use and robust method to generate porous cement
microstructures.
3. Mathematical description of ion diffusion in capillary
pores

The essence of diffusion is the thermal motion of molecular
species in fluids, and the concentration gradient of species is the
driving force. In 1970, Collepardi [35] firstly described the chloride
ion diffusion in the concrete by the Fick's law with the assumptions
of isotropic concrete structure and negligible physical or chemical
interactions between ions and cement-based materials:

dCi
dt

¼ V,ðDiVCiÞ; (5)

where Ci, Di are the concentration and the diffusivity of ions, Naþ or
Cl�, respectively; and t is the time.

However, the cement-based material is not isotropic and ho-
mogenous. Actually, it is a complex heterogeneous composite
composed by pores, solid, water, bubbles and so on. Especially, to
study the mechanism of chloride ion diffusion in pore scale, the
results are not convincing without considering the heterogeneous
structures of cement-based materials [36]. The scale we focus on is
much larger than the atomistic scale, so that the macroscopic
continuous equations are still valid [37,38]. With the electrokinetic
effect considered, the mass flux of ions in the pore solution in
cement is calculated by Ref. [39]:

Ji ¼ �DiVCi � ezibiCiVj; (6)

where e, zi and j denote the absolute charge of electron, the va-
lance number for ith ion and the local electrical potential. We as-
sume the seawater as the NaCl solution and neglect other ions in
this work. Therefore Ji denotes Na

þ and Cl� species flux, bi denotes
the ion mobility of Naþ or Cl�. The ionic flux Ji and the concen-
tration Ci follow continuity equation:

vCi
vt

þ V,Ji ¼ 0: (7)

Substituting Eq. (6) into Eq. (7) leads to the Nernst-Planck
equation.

Since the product of cement hydration is the composition of
calcium oxide, silicon oxide and aluminum oxide, the metal oxide
surface begins to decompose when in contact with the electrolyte
solution (e.g. NaCl solution) and the surface generates silanol
groups [18,41]. Therefore, the ions in the electrolyte solution form
the EDL near the pore wall because of the electrostatic attraction
and ionic thermal motion, as shown in Fig. 3. There is a plane to
separate mobile fluid from fluid still adhering to the charged sur-
face, called shear plane. The electric potential on this plane is called
Zeta potential (z-potential). In the cement-based materials, the
surface absorbs positive ions (cations) since the Zeta potential is
usually negative. Because of the strong electric attraction near the
surface, there is area, called stern layer, where the cations are not
movable. The j denotes the local electric potential caused by the
ionic distribution, which is governed by the Poisson equation [20]:

V2j ¼ � re
εrε0

¼ �
X
i

NAezCi
εrε0

; (8)

where re, NA and εrε0 are the net charge density, the Avogadro's
number and the dielectric permittivity of electrolyte solution. For
dilute electrolyte solutions, the ionic concentration in the diffuse
layer matches with the Boltzmann distribution [42]:
Ci ¼ Ci;∞ expð � ezij=kTÞ; (9)

where Ci;∞ denotes the bulk ionic concentration. k and T denote the
Boltzmann constant and absolute temperature.

Substituting Eq. (8) into Eq. (9) gives the Poisson-Boltzmann
equation [43]:

V2j ¼ � 1
εrε0

X
i

NAeziCi;∞ exp
�
� ezi

kT
j
�
; (10)

which describes the interaction between the electric potential and
ionic distribution. Eqs. (6)e(10) govern the electrokinetic ionic
transport processes in cement microstructures [44].

The Debye length that characterizes the EDL thickness is defined
as:

lD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εrε0kT
2z2i e

2NACi;∞

s
: (11)

It is arduous to determine a suitable boundary condition to
depict the electric potential and surface charge distribution at the
liquid-solid interface in the porous microstructures [25]. Therefore
a constant Zeta potential is still popularly used as the electrical
boundary condition: jwall ¼ z. For the inlet and outlet, we adopt the
constant ionic concentration boundaries. At the liquid-solid in-
terfaces, the zero normal flux conditions are applied:

Ji,bn ¼ 0; (12)

where the bn is the unit vector normal to surface.
The macroscopic effective diffusivity Deff in porous media that

characterizes the comprehensive ionic transport ability in cement-
based materials is defined by:

Deff ¼ JL=DC; (13)

where J is species flux per unit cross-section in the steady state, L
and DC are the length and ion concentration difference between
inlet and outlet. This effective diffusivity varies with the porosity,
geometry, chemical and physical properties of cement-based
materials.
4. Lattice Boltzmann method

Lattice Boltzmann method (LBM) is a mesoscopic method based
on the molecular motion theory and corresponds to clear physical
background. In recent years, LBM has shown amazing perfor-
mances to analyze fluid flow or heat transfer in porous media with
complex geometries [28,44e48]. Benefiting its advantages for
modeling transports in porous media, we use LBM to investigate
the chloride ions diffusion in cement-based materials in this work.
The set of coupled ionic electrodynamic transport governing
equations, subjected to the appropriate boundary conditions, are
solved by our lattice Boltzmann method codes. The developed
codes combine an ion diffusion evolution on discrete lattices to
solve the Nernst-Planck equation with an electric potential evolu-
tion method on the same set of lattices to solve the nonlinear
Poisson equation [49].
4.1. Evolution equation for ion diffusion

We use the following evolution equation to solve the governing
equation for ion diffusion of Naþ or Cl� [50e52]:
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gia
�
r þ eadx; t þ dt;Di

�� giaðr; tÞ ¼ � 1
tDi

h
giaðr; tÞ � gi;eqa ðr; tÞ

i
;

(14)

where the r denotes the position vector, ea the discrete velocities,
where a ¼ 1;2;/;N representing the discretized directions as
shown in Fig. 4. The equilibrium distribution function of ionic
transport LBM is written as:

gi;eqa ðr; tÞ ¼
�
1� 4

dt;DeziDi

dxkBT

�
vj

vx
ex;a þ vj

vy
ey;a þ vj

vz
ez;a

	

uaCi;

(15)

with

ua ¼
�
1=4 a ¼ 0
1=8 a ¼ 1� 6 ; (16)

where tDi
is the dimensionless relation time for the Naþ or Cl� ionic

transport related to the diffusion coefficient Di, and dt;Di
the cor-

responding time step. The dimensionless relaxation time is calcu-
lated by:

tDi
¼ 4Di

cDi
dx

þ 1
2
; (17)

where cDi
is the diffusion lattice speed for Naþ or Cl� defined as

cDi
¼ dx=dt;Di

, with dx representing the lattice constant (grid size).
The value of cDi

can be assigned any positive value as long as the
value of tDi

2ð0:5;2Þ [53]. In the LBM scheme, the macroscopic
ionic concentration is calculated by:

Ci ¼
X
a

gia: (18)

We choose a consistent D3Q7 scheme for both diffusion and
electrical potential evolutions in this work because (i) we tried the
D3Q19 scheme for diffusion, but found mass flux oscillations near
the boundaries; (ii) the D3Q15 scheme was reported unstable for
electrical potential evolution due to the extremely large source
term near interfaces [49]. The D3Q7 scheme is stable, accurate
enough and highly efficient for diffusion and electrical potential
evolutions, compared with the other schemes, even though this
scheme is reported not of the same high-order accuracy as D3Q19
for fluid flow. For the D3Q7 lattice system for the evolution equa-
tion Eq. (10), the discrete velocities are:

ea ¼
� ð0;0;0Þ a ¼ 0
ð±1;0;0Þ; ð0;±1;0Þ; ð0;0;±1Þ a ¼ 1� 6 : (19)
4.2. Evolution equation for electrodynamics

The evolution equation for electric potential transport can be
therefore written as [50]:
Fig. 1. The three dimension porous microstructure (140 � 140 � 140 mm3) of cement
generated by our model with a resolution of 2 mm/pixel (a), where the red is the
unhydrated cement phase, green is the product of hydration phase and the blue is the
capillary pores phase. The capillary pores distribution is shown in (b). The pore size
distribution of regenerated early age cement is shown in (c), calculated by the
maximum sphere method [32]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



Fig. 2. The capillary porosity and the volume fraction of unhydrated cement varying
with the degrees of hydration of present simulations and empirical results are shown
in (a) and (b), respectively. Lines represent the empirical results and symbols are from
our simulations.
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ha
�
r þ Dr; t þ dt;j

�
� haðr; tÞ ¼ � 1

tj

�
haðr; tÞ � heqa ðr; tÞ

þ uadt;j

 
1� 0:5

tj

!
re
εrε0

;

(20)

where tj is the dimensionless relaxation time for electric potential
transport, cj the electrodynamic lattice speed, which similar to cDi

,
defined as cj ¼ dx=dt;j, and dt;j the time step.

For a D3Q7 lattice system, the equilibrium distribution of elec-
tric potential evolution function heqa is

heqa ¼
�

0 a ¼ 0
j=6 a ¼ 1� 6 ; (21)

and the dimensionless relaxation time tj is calculated by:
tj ¼ 4
cjdx

þ 1
2
: (22)

The macroscopic electrical potential is then calculated by:

j ¼
X
a

�
ha þ 0:5dt;jua

re
εrε0

	
: (23)

4.3. Boundary conditions treatments

For ionic transport, the zero normal flux boundary condition
translates into [51]:

gia
�
r; t þ dt;Di

� ¼ gibðr; tÞ; (24)

where the index a and b are the opposite directions normal to the
interface and b is the direction towards wall. For inlet and outlet
boundaries, the Dirichlet boundary condition follows [54]:

gia
�
r; t þ dt;Di

� ¼ �gibðr; tÞ þ
1
4
C0; (25)

where C0 is the given ionic concentration of inlet or outlet.
As for electric potential, we use non-equilibrium “bounce-back”

rule as the boundary condition because it is easy to handle for
complex geometries [49].

5. Results and discussion

5.1. Benchmark for ions diffusion in channel

To validate our numerical models and codes, firstly we consider
ion diffusion in a two-dimensional microchannel, as shown in
Fig. 5, with a height H at 0.65 mm. The electrolyte solution is NaCl
solution and the initial bulk ionic concentration is 4 � 10�4 mol/L.
The inlet and outlet ionic concentrations are given as
5.0� 10�4 mol/L and 3.0� 10�4 mol/L, respectively. Meanwhile the
other properties and physical parameters are: the diffusivities for
both ions DNaþ ¼ DCl� ¼ 1:5� 10�9 m2=s, the dielectric constant
6:95� 10�10C2=J,m and the temperature 273 K. The surfaces of
microchannel are homogeneously charged and the potential dis-
tribution should be consistent with that from the Poisson-
Boltzmann model for thin electrical double layers from Ref. [55]
Chapter 7. The zeta potential for both walls is �20 mV. These
parameter ranges are of interest in many civil engineering
applications.

Fig. 6(a) shows good agreements between present simulations
and theoretical results, which validates the present algorithm and
codes. With increase of the distance from the walls, the electrical
potential exponentially decays to zero. When the distance is about
4 times of Debye length, the electric potential is less than 3% of zeta
potential. Fig. 6(b) illustrates that the concentration gradient of
cations along the direction of diffusion near surfaces is much more
than the gradient within pores because the cations are converged
near the negatively charged walls, and hence the diffusion near
surfaces is faster than that in pores.

5.2. Effective ion diffusion coefficient in cement

The actual domain in which we use to simulate the ion diffusion
is a 140� 140� 140 mm3 cubewith two transition regions shown in
Fig. 7. The space discretization depends on the balance between
numerical accuracy and computational costs. Since the random



Fig. 3. Sketch of electrical double layer with negative charged surface with the binary monovalent electrolyte [18,40]. M denote the monovalent metal cations (e.g. Naþ , Kþ ) and A
the anions (e.g. Cl�). The D-plane corresponds here to the shear plane and the Zeta potential, (z-potential).

Fig. 4. The discretized directions in D3Q7 model.
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characteristics of microstructure leads 3e5% fluctuation in our
simulations, a too fine grid is not actually necessary. A 70� 70� 70
uniform grid is adopted in our simulations after the grid indepen-
dence checked. We will also show in the following part of this
section that the cube with this set of grid satisfies the REV
requirement by our modeling results. We only consider the fully
saturated cement in the marine environment in this study. For the
degrees of hydration and water to cement ratios studied, the po-
rosities of cement microstructures are all above the percolation
Fig. 5. Ion diffusion in microchannel. The black is the wall
threshold, and therefore the chloride ion diffusion process only
occurs in the capillary pores while the hydrated phase (e.g. C-S-H)
has no contribution to chloride ion diffusion in this work [56,57].
When the porosity is less than percolation threshold, the diffusion
process just stops. The bulk diffusivity of chloride ion DCl in this
work is 1.5 � 10�9 m2/s for the room temperature 20 �C from
Ref. [58].

We consider a simple binary monovalent electrolyte solution
(e.g. NaCl) in the pores. For the absence of electrokinetic effect, the
zeta potential for all solid surfaces is set at 0 mV. To investigate the
effects of porosity, we compute the effective diffusivities in mi-
crostructures with different porosities generated by our model and
compare with experimental data. Fig. 8 shows the ionic concen-
tration distributions after the diffusion process is steady. Stochastic
characteristics are very clear for the ionic concentration across one
section. To calculate the effective ion diffusivity more accurately,
we use the arithmetic mean value of one cross-section statistically
to eliminate the fluctuations.

Fig. 9 shows the averaged ionic concentration over cross sec-
tions varying with position for uncharged or charged porous media
under the same ion concentration difference. The effective con-
centration gradient, defined as DC=L ¼ ðCi � CoÞ=L, depends on the
microstructure and the charge conditions. We use the average
concentration at exactly the inlet and the outlet of porous media as
Ci and Co respectively, which have been shown as the intersection
points between the red lines (inlet and outlet positions) and the
black lines (concentration curve). After the concentration gradient
determined, the effective ionic diffusivity is then calculated by Eq.
(13) for various microstructures.
. The ionic concentration at inlet and outlet are given.



Fig. 6. The electrical potential profile of cross section by the present simulation,
compared with the theoretical results, is shown in (a). The theoretical solutions are
from Ref. [55]. The Zeta potential is z ¼ �20mv. Meanwhile the gradient profile of
cationic concentration is shown in (b).

Fig. 7. A sketch about simulation domain.

Fig. 8. The distribution of chloride ion concentration in three dimension cement of
different porosities when the diffusion is steady. The cement solid is hyaline and
invisible. The water-cement ratio: w/c ¼ 0.4 in (a), w/c ¼ 0.5 in (b) and w/c ¼ 0.6 in (c).

Y. Yang, M. Wang / Cement and Concrete Composites 85 (2018) 92e10498



Fig. 9. The schematic mean concentration of each cross section in our simulated
domain of cement with uncharged (a) and charged wall (b). The sketch of domain is
shown in Fig. 7. The concentration for inlet is 1:5� 10�4 mol=L and 0:5� 10�4 mol=L
for outlet.

Fig. 10. The comparison of effective chloride diffusivity between simulation and
experiment in different porosities. The blue squares are the simulation by using the
actual chloride diffusivity and the red circles the simulation with the modified diffu-
sivity as 1.07� 10�10 m2/s suggested by Pivonika et al. [58] to consider the double layer
effect. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The random factors in generation of microstructures will bring
fluctuations to calculation of the effective ion diffusivity. Therefore
we have generally generated 3e5 samples for each set of parame-
ters of microstructure and used the mean value as the effective
predicted one. For the cube and grid we used mostly, the relative
standard deviation of effective diffusivities of themicrostructures is
3.6%, less than 5%, which proves this simulated domain can be
treated as a REV.
5.3. Chloride ion diffusion without electrokinetic effect

First, simulations are performed in the ordinary Portland
cement paste with different porosities. For these cases, we just
assign a zero zeta potential to not involve the electrokientic force
from solid surfaces. The other physical parameters are the same as
the section 5.2. Fig. 10 compares the simulation results with the
experimental data reported by others [60e62]. In this study, we
ignore the transport process in the gel pores, thus the Deff=DCl
rapidly decreases when the capillary porosity is less than 0.2. From
Fig. 10, the effective diffusivity obtained by our simulation is
overestimated with respect to experiment data. When we use the
modified diffusivity as 1.07 � 10�10 m2/s suggested by Pivonika
et al. [43] to involve the double layer effect, the results show good
agreements with experiment data. It means that the electrokinetic
effect on ion diffusion in cement is very important and not
negligible.

5.4. Chloride ion diffusion with electrokinetic effect

The electrokinetic effects play an important role on ion diffusion
in cement. In this section, we consider the electrokinetic effect and
investigate the pore size effect and surface charge statue effect on
ion diffusion. To investigate the pore size effect on ionic diffuse
ability, here let us characterize the pore size and distinguish some
definitions of pore size first: themost probable pore size, themeans
pore size and the median pore size. The most probable pore size,
the maximum probability pore size in pore size distribution, can be
recognized as the significant pore size of porous media in pore size
distribution [67]. Because the gel pores (smaller than 10 nm) is too
weak to affect ionic diffuse ability comparing with mesoscale pores
if the capillary porosity is over than 0.2 [56,68], we neglect the gel
pores. To study the influence of pore size on the effective diffusivity,
a dimensionless number l*, named the dimensionless pore size, is
defined: l* ¼ d=lD, where d is the characteristic size of pores and lD
is the Debye length. Therefore after the ionic concentration field is
solved out, the significant pore sizes of microstructures are calcu-
lated by the scheme proposed by Supriyo and Keith [32].

In this section, we use a computational domain of a
3� 3� 3 mm3 porous microstructure plus two 1.5 mm transition
regions with a 200� 100� 100 uniform grid, as shown in Fig. 7. For
the homogeneous charged surfaces of microstructures, the zeta
potential for all walls is �20 mV [69,70]. The chemical composition
of pore solution is the symmetric monovalent NaCl electrolyte. The
other parameters are the same as stated in the previous section. The
distributions of electrical potential and charge density predicted by
our numerical frame are shown in Fig. 11.

To quantify the electrokinetic effect on ion diffusion, we
compare the calculated effective ion diffusivity by considering or
not the wall charges. The effective diffusivity deviation g is defined
as:



Fig. 11. The distributions of electric potential (a) and charge density (b) presented by
our numerical frame. Zeta potential is �20 mV and the direction of diffusion is alone
the x axis. Because the bulk concentration in black box is larger than that in red box,
the EDL in black box is thinner than that in red box, shown in (a) and (b). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 12. The deviation of the effective ionic diffusivities with different l* (Zeta
potential ¼ �20 mV).

Fig. 13. The deviation of the effective ionic diffusivities with different Zeta potentials
(l* ¼ 27:4).
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g ¼
Deff � D*

eff

D*
eff

; (26)

where Deff is the effective diffusivity with electrokinetic effect and
D*
eff is that without electrokinetic effect considered of porous mi-

crostructures. Fig. 12 shows g as a function of l* for different ions. A
negative value of deviation denotes that the charged surface can
cause the inhibition of ionic transport, while relatively a positive
one means the acceleration of ionic diffusion. The results show that
the negative zeta potentials can slow down the anionic diffusion
and promote the cationic. When l* increases, the magnitudes of
effective diffusivity deviations of both anions and cations decrease.
For the anion, the effective diffusivity deviation g is lower than 10%
as l* >32, which means the electrokinetic effect can be ignored for
the anion diffusion provided that l* >32 in the cement-based
microstructure for the civil engineering application.

Fig. 12 also demonstrates that the same l* exhibits different pore
size effects on the anion and cation transport. The pore size effect
on the promotion of cations is greater than that on the hindrance of
anions. The reason for this is still divergent and may be explained
by the details of the surface ionic absorption. The cations are
gathered on the solid-liquid interface since the negative charged
surface adsorption in the microstructure. Therefore, the concen-
tration gradient of cations along the direction of diffusion near
surfaces is much more than the gradient within pores and the
cation surface diffusionwould be faster than that within pores. As a
result, the electrokinetic effect can promote the spread of cations
remarkably.

The surface charge status is another important factor for elec-
trokinetic effects on ion diffusion in the porous cement-based
microstructure [71]. Fig. 13 shows the calculated effective diffu-
sivities through one single porous microstructure for different Zeta
potentials. The results indicate that a higher negative Zeta potential
enhances the cationic diffusivity and weakens the anionic. The
cation is more sensitive to Zeta potential than the anion. The higher
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negative Zeta potential forms more intense interaction between
ions and the charged surfaces, and leads to higher concentration
gradient of cations along the direction of diffusion and therefore a
higher effective diffusivity.
Fig. 14. The comparison between the proposed predictive formula and pore-scale
simulations for different Zeta potentials and microstructures. Effective diffusivities
vary with the Zeta potentials of different microstructures. The different colors mean
various microstructures with corresponding structure. The detailed parameters of each
microstructures are: 1, fcap ¼ 0:95, l* ¼ 32:5; 2, fcap ¼ 0:9, l* ¼ 30:8; 3, fcap ¼ 0:8,
l* ¼ 27:4; 4, fcap ¼ 0:7, l* ¼ 23:9; 5, fcap ¼ 0:6, l* ¼ 20:5; 6, fcap ¼ 0:5, l* ¼ 17:1. The
lines are analytic predictive results by Eq. (32) and symbols are results from numerical
simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
6. Predictive formula by up-scaling

So far a powerful numerical framework has been established at
pore scale, by which one can reveal the miscroscopic mechanisms
of ion transport in cement-based microstructures and even help
people correct understanding of the ion diffusion behavior. How-
ever this tool is too complicated to use and the process is too time-
consuming for engineering application. Therefore we need more
friendly-use formulas that can bridge the microstructure details
with a macroscopic mathematical expressionwith parameters. This
bridging process is called up-scaling.

Generally the saturated cement paste can be regarded as a two-
phase composite, and therefore the effective ionic diffusivity can be
expressed as a function of the bulk ionic diffusivity, capillary
porosity, tortuosity and constrictivity of pore microstructure, and
so on. Based on experimental data, empirical formulas have been
proposed for calculating the diffusivity of chloride ions in the
cement paste in various situations [64,72]. The fitting parameters in
such empirical formulas have to be adapted case by case, which
means that they lack generality and physical significance. What is
more important is that the previous empirical formulas with fitting
parameters can hardly indicate the influences from the micro-
structure and therefore they are not available for structure design
or optimization. However, the process of those empirical formulas
inspired us on up-scaling. If one can find a good mathematical
expression, and determine the parameters by our pore-scale
modeling, one will obtain the predictive formula successfully.

Considering the general effective media theory, the effective
species diffusivity in a porous media is following the relationship
with pore structure parameters [73]:

D*
eff

D0
¼ seff

s0
¼ fcapb; (27)

where D0 is bulk diffusivity, seff and s0 is the conductivity through
the porous media and the bulk water respectively, fcap denotes the
capillary porosity of pore structure, and b is defined as b ¼ k=t2 [74]
with t representing the tortuosity and k the constrictivity of the
pore structure. t and k reflect the complexity of pore network and
they are difficult to directly obtain through experiments. Therefore,
people have simplified it by using only the capillary porosity,
namely the Archie's law, based on the general composite theories,
as the pore-network parameter, given as [65]:

D*
eff ¼ a,fn

cap; (28)

where a is a variable relating to D0 and n is obtained by the con-
strictivity and tortuosity of the pore network. Arnold et al. [22]
introduced specific corrections into Eq. (28) to modified this for-
mula to evaluate effects of other interactions(eg. chemical re-
actions, electrical potential). The Bruggeman asymmetric medium
theory also provided the similar relation to Eqs. (27) and (28), in
addition, considering the percolation threshold. To overcome the
drawback of the Bruggeman asymmetric medium theory, a more
complicated formula was introduced to reveal the chloride ion
diffusion in the solid phase of the cement paste, eg. C-S-H gel,
which is also diffusive, because of gel pores existed in the C-S-H gel
[65].

Near the negative charged surface, the anionic concentration
decreases and the cationic concentration increases accordingly in
fact. If we still treat the concentration as constant, we can transfer
this effect to variations of cross-sectional area for anions. Further-
more, we can even consider charged surfaces change the effective
porosity feff of the cement microstructure for different ions, given
as:

feff ¼ ue,fcap; (29)

where ue is the correction factor of the electrokinetic effect, written
as:

ue ¼ exp
�
� hsb,e

�bs l*=2
�
; (30)

where hs and bs are the correction factors of pores’ electrical po-
tential and effective pore radius in the porous media, respectively, b
is the dimensionless zeta potential, defined as: b ¼ ziez=kBT . For the
absence of electrokinetic effect or if l* � ∞, ue ¼ 1, which means
this model is compatible with the previous theoretical models
without electrokinetic effects. A full derivation of Eq. (30) is given in
the Appendix A. As a result, the effective diffusivity of chloride ions
in the cement paste is:

Deff ¼ D0

�
exp

�
� hsb,e

�bsl*=2
�
,fcap

�n
: (31)

Eq. (31) is the proposed predictive mathematical formula that
can involve the electrokinetic effects on ion diffusion in porous
cement-based materials. There are three parameters that can be
determined by fitting the pore-scale modeling results. To observe
the electrokinetic effect, we generate six groups of cement-based
microstructures, whose mean pore size is comparable with EDL
thickness. We use these microstructures as the domains for simu-
lation to calculate the effective diffusivity of chloride ion for
different ionic bulk concentrations and zeta potentials. The other
parameters are the same as section 5.4. The simulation results
shown in Fig. 14 are employed to determine the values of param-
eters in Eq. (31) by numerical fitting. The results show n ¼ 1:7,



Fig. 16. The comparison of results by Eq. (32) and experiment in different porosities.
The lines are analytic predictive results by Eq. (32) and symbols are results from
experiment. The Zeta potential for the solid line is zero, which represents the diffusion
without electrokinetic effect. The Zeta potential of short dash line is �20 mV and that
of long dash line is �60 mV.
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hs ¼ 0:45, bs ¼ 0:17 and we re-write Eq. (31) as:

Deff ¼ D0

�
exp

�
� 0:45b,e�0:17l*=2

�
,fcap

�1:7
: (32)

As a result, we predict the effective diffusivity of chloride ion by
Eq. (32) for different ionic bulk concentrations. Fig. 15 shows the
comparisons between the predicted results and the pore-scale
modeling ones. The preview studies [75] also showed the trend
that a low solution concentration could weaken the chloride ion
effective diffusivity, which is consistent with Eq. (32) qualitatively.
Fig. 16 validates the applicability of Eq. (32) in cement with
experiment data. Based on the salinity of pore solution in cement,
the parameters of Eq. (32) we used are: lD ¼ 9:6 nm, l* ¼ 0:83 and
b ¼ 0; 0:79; 2:4 respectively. When the zeta potential is
0 mV, it means that we do not consider the electrical double layer
(EDL) effect and again the diffusivity is overestimated by the pre-
dictive results without EDL. However, the prediction by Eq. (32)
shows a better agreement with experiment data if the EDL effect
considered. The good agreements prove the good performance of
the proposed predictive formula again.

Even though Eq. (32) is finalized through numerical pore-scale
modeling, it may provide predictions of different parameters
more quickly, efficiently and deeply. For instance, Fig. 14 tells
simply that any negatively charged surface will decrease the
diffusivity of negatively charged ion, such as chloride ions; it also
tells that the effective ion diffusivity decreases in a super-linear
way with the pore size (l*). Besides, Fig. 14 and Eq. (32) may also
deduce strategies to reduce chloride ion corrosion of cement paste:
(i) reduce the porosity and enhance the compactness; (ii) decrease
the pore size in cement paste as much as possible; (iii) increase the
Zeta potential of cement solid surfaces if possible.
7. Conclusions

In this paper, we have established a pore-scale numerical
framework to study the ion diffusion with electrokinetic effects in
porous microstructures of cements. We developed an algorithm to
reconstruct three-dimensional microstructures of saturated ce-
ments, whose results agreed well with the Power's law. The
transport governing equations were then solved by a high-
Fig. 15. Relationship between effective diffusivities and bulk concentrations. The lines
are analytic predictive results by Eq. (32) and symbols are results from numerical
simulations. The Zeta potential is �10 mV and the detailed parameters of cement
microstructure is fcap ¼ 0:8, l* ¼ 27:4.
efficiency coupled LBM code. The numerical results from our
pore-scale framework have been validated by comparisons with
the available experimental data and theoretical solutions. The
present modeling results show that the electrokinetic effect is as a
function of the most probable pore size and Zeta potential. The
electrokinetic effect on ionic diffusion in the cement declines when
the most probable pore size increases and negative Zeta potential
decreases. The cationic diffusion is more sensitive to the electro-
kinetic effect than anionic. If pore size is much larger than the
Debye length (i.e. l* >32) in the cement-based materials, the elec-
trokinetic effect on the chloride ion diffusion is negligible. By up-
scaling analysis, we proposed a predictive formula for the effec-
tive chloride ion diffusivity with electrokinetic effect in porous
cement paste. To reduce the chloride ion diffusion and corrosion,
engineers can design a cement-based microstructure with the
smaller pore size and higher negative Zeta potential as much as
possible. The present results may improve the understanding of
ionic diffusion in cement microstructure.
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Appendix A

The subsequent formula derivation is based on the following
conditions or assumptions: (i) the capillary pores are accepted as
equivalent cylinders; (ii) the Debye-Hückel approximation is
tenable.

In accordance with Eq. (28), the ionic effective diffusivities in
cement paste is given as:

Di
eff ¼ Di

poref
n
eff ; (A.1)

where Di
pore is the i ionic effective diffusivity (i is Naþ or Cl�)

matching with the sodium chloride diffusivity of a pure solution
system. feff is the effective porosity of the cement microstructure,
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described as following relationship:

feff

fcap
¼ Seff

Scap
; (A.2)

where fcap, Scap is the true capillary porosity and cross-sectional
area. Seff is the effective cross-sectional area of capillary pores
available for ionic diffusion. For the computing of the effective
cross-sectional, we postulate total concentration of the cross-
section in the charged cylindrical capillary pores is equal to that
in the uncharged capillary pores, whose cross-section is the effec-
tive cross-section for ionic diffusion, regressed as:

Ci
total ¼ ∬

Scap

r,CiðrÞdrdq ¼ ∬
Seff

Ci;∞ds; (A.3)

where Ci
total is the total concentration of the cross-section and CiðrÞ

satisfies the Boltzmann distribution:

CiðrÞ ¼ Ci;∞ exp
�
� hs

ezijðrÞ
kBT



; (A.4)

where hs is the pores' electrical potential correction factor in porous
media. Based on the Debye-Hückel approximation, jðrÞ is roughly
written as [76]:

jðrÞ ¼ ze�ðbsR�rÞ=lD ; (A.5)

where bs is correction factor of effective pores' radius in the porous
media. Summing Eqs. (A.4) and (A.5) with (A.3) results in:

2p
ZbsR¼d=2

0

r,Ci;∞ exp
�
� hs

eziz
kBT

e�ðR�rÞ=lD


dr ¼ Seff Ci;∞: (A.6)

The left integration term is extremely challenging to get the
analytic solution. Hence, the Taylor expansion of the term at zero
within the integration on the left-hand side of Eq. (A.6) is per-
formed as follows, taking to the second order

r,exp
�
� hs

eziz
kBT

e�ðbsR�rÞ=lD


xe�hsb expð�bsR=lDÞ,r

� hsb
lD

e�hsb expð�bsR=lDÞ�bsR=lD,r2: (A.7)

Substituting Eq. (A.7) into Eq. (A.6) and integrating gives:

Seff
.
Scap ¼ Seff

.�
pðbsRÞ2

�
¼ e�hsb,e

�bs l
*=2
�
1� 2

3
hsbbsl

*e�bsl*=2
	
; (A.8)

where l* is the dimensionless pore size. For l* >10,
l* expð�l*=2Þ≪1, and Eq. (A.8) can be simplified as:

Seff
.
Scap ¼ e�hsb,expð�bsl*=2Þ: (A.9)

Therefore, the effective porosity of the cement microstructure
with the charged surface is:

feff ¼
Seff
Scap

fcap ¼ exp
�
� hsb,e

�bsl*=2
�
fcap; (A.10)

then cast Eq. (28) in term of the correction factor:
Deff ¼ D0
�
ue,fcap

�n
; (A.11)

ue ¼ exp
�
� hsb,e

�bs l*=2
�
; (A.12)
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