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Abstract

Understanding the mechanism of ion diffusion in hardened cement paste is of great
importance for predicting long-term durability of concrete structures. Gel pores in
calcium silicate hydrate (C-S-H) phase forms dominant pathway for transport in cement
paste with low w/c ratios where the electrical double layer effects play an important
role. Experimental results suggest that the effective diffusivity of chloride ions is
similar as that of tritiated water (HTO) and higher than the sodium ions. This difference
can be attributed to the electrical double layer near the charged C-S-H surfaces. In order
to understand species transport processes in C-S-H and to quantify its effective
diffusivity, a multiscale modelling technique has been proposed to combine atomic-
scale and pore-scale modeling. At the pore-scale, the lattice Boltzmann method is used
to solve a modified Nernst Planck equation to model transport of ions in gel pores. The
modified Nernst Planck equation accounts for steric and ion-ion correlation effects by
using correction term for excess chemical potential computed using the results from the
grand canonical Monte Carlo scheme at atomic scale and in turn bridges atomic scale
model with pore scale model. Quantitative analysis of pore size influence on effective
diffusivity carried out by this multiscale model shows that the contribution of the Stern
layer to ion transport is not negligible for pores with diameter less than 10 nm. The
developed model is able to reproduce qualitatively the trends of the diffusivity of
different ions reported in literature.
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1. Introduction

The ability of ion to transport through cementitious materials influences the extent of
several degradation mechanisms such as sulphate attack, carbonation, leaching,
chloride transport in marine structures and contaminant transport in hazardous waste
disposal systems. Therefore, improving the understanding of the ion transport
mechanisms through cementitious materials is of great importance for predicting the
long-term performance and service life of concrete structures. In the absence of pressure
gradient (advection), diffusion is the key transport ion mechanism in cementitious
materials which can be characterized by the effective diffusivity of the media. The pore
space for ion diffusion in cement paste can be distinguished (in absence of defects such
as micro-cracks) into capillary pores, submicron capillary and gel pores in calcium
silicate hydrate (C-S-H) phase. The dominant pore space can be distinguished using the
concept of capillary pore percolation [1]. When the capillary porosity depercolates, the
gel pores in calcium silicate hydrate (C-S-H) phase forms the dominant pathway for
transport in cement paste [2]. At this stage nano-scale effects on ion transport would

play important role.



47
48
49
50
51

52

53
54
55
56
57
58

8
£

z

)
2

<

2
z

Hydroxide ion

&
S
=

\ I\ Y J\ Y J

Stern layer  Diffuse layer Bulk solution

Fig. 1 A sketch of the structure of electrical double layer near the charged C-S-H surface. The pore

solution is Ca(OH),. In the high-pH pore solution, the C-S-H surface is usually negative charged, but the

bivalent calcium ions can over balance the negative charge on the surface, which cause the positive zeta

potential Y/, . This phenomenon is named as charge reversal [3].
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Fig. 2 The relative effective diffusion coefficients of Na*, Cl-, Cs*, dissolved O, and HTO in saturated

CEM I cement paste with respect to the capillary porosity. Different colors represent each species shown

in legend. The points are experiment data collected from references [4-17] (see detail in Appendix) and

the lines for each species are given by the best fitting. D,  is the species diffusivity in free water [18,
19]: D, =2.2 um?*/ms of HTO and O»; D, =2.0 um*/ms of CI- and Cs*; D, =1.3 um’/ms of Na".
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The surface of C-S-H carries negative charge as in contact with the high-pH electrolyte
[20]. The ions in the pore solution interact with the charged surface and form the
electrical double layer (EDL) structure near the surface depicted in Fig. 1 [21]. The
bivalent calcium ions can over balance the negative charge on the surface, which cause
the positive zeta potential i, . This phenomenon is named as charge reversal [3].The
influence of EDL is dominant in pores of few nano-meter width and in case of
compacted clays it has been reported that EDL can enhance sodium transport but reduce
chloride transport [22]. Through a calibrated electronic spin resonance (ESR)
experiment, the major mean sizes of gel pore are 1.8 and 7.0 nanometers [23], which is
comparable with EDL thickness [24], therefore the ion-surface interaction is strong
enough and the electrokinetic effect should be respected as shown by Appelo [25] and
Yang & Wang [24]. However, the effect of EDL on ion transport in cement-paste is not
widely studied. A collection of diffusivity of different ionic species collected from
literature [4-17] (the values are tabulated in Appendix) is plotted in Fig. 2. It clearly
shows that significant differences exist between relative diffusivity of different species
in cement paste with diffusivity of Cl” equal to that of uncharged tracers HTO/O> which
is higher than Na" and Cs" following the order CI”[J HTO/O,>Na">Cs*. These
differences are significant at low capillary porosities which further strengthen the
hypothesis that effect of EDL on ion transport cannot be neglected for low capillary
porosities where gel pores form dominant pathway. Due to the hierarchical pore

structure and complex surface chemical properties of C-S-H [26-28], to study the
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mechanism of species diffusion in cement paste is difficult. To overcome these
difficulties, the previous efforts have been taken to understand the species diffusion in
C-S-H at separate scales [29-33]. At molecular scale, to quantitatively analyze the
influence from surface on species diffusion, Zhou et al. [33, 34] calculated the species
density distribution and mobility near the surface of C-S-H by the molecular dynamics
simulation. They found that the negative charged surface caused the aggregation of
calcium ions and this physical bounding effect can slow down the mobility of species.
However, in terms of computation cost it is rather difficult to conduct molecular
modeling simulations to investigate species diffusion in the hierarchical pore structure
of C-S-H. At continuum scale, Zhang et al. [31] recently presented a multiscale pore-
network approach to analyze the correlation of surface EDL with hierarchical gel pore
network on the ion diffusion. Through their simulations, they demonstrated that the
surface EDL effect on ion diffusivity is sensitive to pore size. However, in their
modeling approach the Stern layer was considered to be non-diffusive which would
result in lower diffusivity values as compared to both molecular simulations [32, 33]
and experimental results [30]. This indicates that ions might be mobile in stern layer
and surface steric effect slows the diffusion in the pores. One should note that the
thickness of the Stern layer in C-S-H varies from 0.6 nm to 0.8 nm [31], which is
significant when compared to the gel pore size. Therefore, the contribution from the
Stern layer should be accounted for the transport phenomena is C-S-H phase. However,

the continuum-scale modeling is difficult to deal with the ion distribution in the Stern



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

layer.

To provide better understanding of ion transport through multi-scale cement paste
microstructure and to account for double layer effects, in this study, a multiscale
modeling is proposed which combines the pore-scale modeling with the atomic-scale
modeling. The multiscale approach employed in this study is depicted schematically in
Fig. 3. At C-S-H scale, ion transport is modelled using pore-scale lattice Boltzmann
method-based solver. Using pore-scale solver we solve a set of modified Poisson-
Nernst-Planck (PNP) equations to correctly account steric effects and to provide the
correction of ion concentration near surface. The modified PNP model uses the
concentration and electrical potential obtained from the molecular-scale Grand
Canonical Monte Carlo simulations to compute excess chemical potential which
corrects the concentration profiles obtained from classical PNP model. Finally, the C-
S-H diffusivity obtained is utilized to predict diffusivity of ions in cement paste. Details
on multiscale framework for ion transport are presented in section 2. Following that,
we validate the formulation for modified PNP model by comparing with the molecular
simulations. Using the modified PNP model Section 3.1 elucidates the relationship
between effective diffusivities of charged and uncharged species with pore size in a
simple channel. Finally, in section 3.2 results on calculation of the effective diffusivity

in virtual microstructure of C-S-H phase and cement-paste are discussed.
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Fig. 3 Multi-scale representation of the cement paste structure and the multiscale modeling approach.
The molecular-level information is used to correct ion distribution within the electrical double layer. The
species diffusion at each scale is calculated by using the molecular simulation, the modified Nernst

Planck model and the Fick’s law, respectively (left to right).

2. Multiscale modeling

2.1. Numerical regeneration of hierarchical pore structure of cement paste

The microstructure of cement paste exhibits a complex hierarchical structure, in which
pore size ranges from nanometers to micrometers [35-37]. In the past three decades,
different microstructure characterization techniques such as scanning electron
microscope, computer homographs, neutron scattering and NMR analysis as well as
simulations have been employed to understand and represent the microstructure of
cement paste and utilize this microstructure to obtain corresponding mechanical,
chemical or physical properties [26, 38-41]. Since the properties of cement paste are
sensitive to the surrounding chemical and physical environment, direct experimental
measurements are difficult and it is easy to alter or even destroy the natural texture.

Mesoscopic modeling approaches are often used to reconstruct the cement paste texture
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based on the observations and atomistic simulations [26, 35, 38, 42-45].

To have consistent representation of microstructures of cement paste from nano- to
micro-scale we have utilized the description provided by Bentz et al. [42]. Bentz et al.
[42] represented the nanoscale C-S-H structure to have two level of self-similar
structures: micro- and macro-level. In each level, an assembly of cluster of C-S-H
particles is presented by the soft spheres controlled by the hard-core-soft-shell
representation. At microscale, the voxel-based CEMHYD3D model (available in
VCCTL software [46]) is used in this study to generate the virtual microstructures of
cement paste. It should be noted that different descriptions have been proposed both at
nano- and micro-scale. For nano-scale improved colloidal models [28, 40, 43], disk
based packing models [47] and sheet based models [45] for C-S-H has been proposed.
Despite these advancements, the nanoscale pore-network of C-S-H is still unknown as
it is not yet possible to experimentally capture the image of C-S-H structures down to
the nano-scale. Similarly, at micro-scale different microstructure generation and
hydration models apart from CEMHYD3D exists such as HYMOSTRUC [48], pic [49]
and HydratiCA [50]. However, the correct representation of cement paste
microstructure is still under debate and widely researched. Therefore, in this study we
have employed Bentz et al. approach due to its consistency in description of nano- and
micro-structure. It has been widely recognized and has been successful in explaining

different experimental observations.
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2.2. Modeling ion diffusion in C-S-H
2.2.1. Monte Carlo method

The estimation of ion distribution in Stern layer is not straightforward. Several
theoretical models have been developed to capture ion distribution in stern layer [51-
55]. However, the applicability of these theoretical models for cementitious material is
still not proven. Hence, in this study we utilize experimentally validated Grand
Canonical Monte Carlo (GCMC) simulation of ion uptake C-S-H using the primitive
model of electrolyte to obtain ion distribution in stern layer [56]. The GCMC simulation
can be viewed as one-dimensional setup, which provides equilibrium concentration and
potential distribution profiles near C-S-H surface. The simulation domain for GCMC
consists of a box with C-S-H surface at one end as shown in Fig. 1. The surface charged
density of C-S-H surface depends on the pH value and is calculated from the ab initio
simulations which indicate that the surface of C-S-H can be represented by titrating
surface sites >SiOH with the site density 2.4 sites/nm?. The sites are distributed in pairs
according to the crystal structure of tobermorite. The solvent of the pore solution is
approximated by a  dielectric  continuum  with  the  permittivity
£=¢6,6,=6.95x10"° C*/J-m . The ions in the solution are represented by hard
spheres with the same radius 0.2 nm.

The Monte Carlo simulation provides equilibrium concentration profiles of ions

C°™°(x) . The mean electrostatic potential at the distance x to the surface is obtained

by integrating the charge density distribution p,(x) = > z,CE™M(x):
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818 T(t—x)pe (t)dt. (1)

r“o x

V/GCMC (X) —_

Note that above equation is obtained by integration of the Poisson equation. Finally,
this molecular simulation presents the one-dimensional concentration and potential

distributions away from the C-S-H surface in each situation.
2.2.2. Governing equations for ion transport at pore-scale

® [on transport in micro-level C-S-H
Ion transport at the pore scale in the micro-level C-S-H can be described using the

Poisson-Nernst-Planck (PNP) equations [24, 57] given as:

£+V~Ji =0, )
ot
zeC
J=-D,VC-D,—Vy, 3
i i,0 i i,0 kT l// ()

where C;, D,,, J; and 7 denotes the aqueous concentration (mol/m’), diffusion

coefficient in free water (m%s), flux (mol/m?s) and valence of the i

species,
respectively. t is time (s), € the absolute charge of electron (C), k£ the Boltzmann

constant (J/K) and T the absolute temperature (K). In the above equation the local

electrical potential y (V) is obtained from the following Poisson equation:

N ,ez.C
VZ - pe - _ A¥Ei i 4
v £,.&, Z‘ £ )

where p, is the net charge density (C/m’*) and N, the Avogadro’s number (mol™).
Equations (3) and (4) are derived under the assumption that ions in electrolyte are
considered as charge points ignoring their volumetric effects. Therefore, equations (3)

and (4) are valid only under dilute conditions [58]. In order to account for steric effects,

10
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the modification to classical PNP model is proposed. To derive the modified PNP model
it is assumed that since the charge balance within EDL is extremely rapid [59] and the
ion near C-S-H surface is in chemical quasi-equilibrium state. Under this condition, the
chemical potential must be equal in the Stern layer, diffuse layer and bulk solution [53]:

KTIn(a,,,)=KT In(a (x))+zew (x)+ 4>, (5)
where &, and & are the activity of i species in the bulk solution and EDL,
respectively. In equation (5), an excess term 4™ is added to the classical chemical
potential, caused by the steric effect and ion-ion correlation. Considering a, = »,C,, we

have:

KT In(C,..)=KT In(C, (x))+ ziel//(x)+£’[liex KT |n(7i (X)D

Vioo (6)

=kT In(C;(x))+zew (X)+ 1"
This excess chemical potential 4> should be near zero within diffuse layer or free
water. The flux in the Nernst-Planck equation is modified as follows:
z,eC, C
J,=-D,,VC.-D,,—Vwy-D,,— V™. 7
i i,0 i i,0 kT l// i,0 kT :u| ( )
The boundary condition for ion diffusion on the solid-liquid interface is the non-flux
boundary condition and for potential is the constant electrical potential (Dirichlet
boundary condition).

According to equations (5), the concentration with respect to the distance x away from

charged surface follows:

Ci(X):eXp(_e_w(X)_i iex(x)j, ®

11
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and therefore, the dimensionless excess chemical potential 4> /KT in the Stern layer

along the direction perpendicular to surface of C-S-H is given by:

1 €Z;  acme coove (X)
i ()= = v (%) c ©)
Substituting the distributions CiGCMC (X) and l//GC'VIC (X) obtained from the Grand
Canonical Monte Carlo method into equation (9) we get the distribution of 4> /KT

in the Stern layer, which is then fitted with a nonlinear function F (x, Ci,w) to get the

relationship of 4™ /KT with respect to the distance x and bulk concentration C,  as:
#(%,.CL ) IKT =F(x,C,,). (10)
The effective diffusivity in the micro-level C-S-H is calculated by [24]:

_ Jds |

S KL (1)
’ S AC,

where IJidS /'S is the species flux per unit cross-section in the steady state, L the

medium length and AC; the mean concentration difference between two sides of the

medium.

® Jon transport in macro-level C-S-H and cement paste

Since the mean pore size of macro-level C-S-H is large enough, the electrokinetic effect

Micro
e

can be ignored. The D, is as input as the diffusion coefficient of solid phase in

macro-level C-S-H to get the effective diffusivities in macro-level C-S-H D™*° by

the Fick’s law:

Ji =-D, VG, (12)

12
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“0 | DM, Solid

The effective diffusivity in the macro-level C-S-H is:

: —. 14
e (14

2.2.3. Lattice Boltzmann method

Lattice Boltzmann (LB) method has shown good performances for simulating fluid
flow [60, 61] and modeling multi-physical transports in porous media with complex
geometries [62-64]. Benefiting its advantages for modeling transport processes in
porous media, the modified Poisson-Nernst-Planck equations described in section 2.2.2
are solved using LB method. The LB solver has been optimized and implemented to
run on Tesla-K80 GPGPU to provide additional speed up compared to its CPU
implementation allowing use to handle large computational domains.

In this study, the SRT collision operator (with maximum value of relaxation parameter
equal to one) is employed. Chai et al. [65] indicated that for relaxation time less than
or equal to one the difference between SRT and MRT schemes for computing diffusion
coefficient is less than 1%. Hence, SRT scheme has been chosen as it is computationally
more efficient than MRT. Secondly, we choose consistent D3Q7 lattice for both
diffusion and electro-kinetic potential evolution since for these processes this model is
proven to be very stable and robust [24]. Moreover, it is more efficient compared to
higher order lattice schemes. In the LB framework, the state of the system is evolved in

terms of distribution function which corresponds to concentration C; and potential ¥

13
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are [24]:
1
f stee t+ot, |- f (rt)=——{f_(r,t)=f(rt)|, (@
I,a(r+cfi fiea + fi) I,(Z(r ) TfiI: Ml(r ) |ya(r ):| (5)
1 . A
ha(r+ch5thea,t+5th)—ha(r,t):—Z[ha(r,t)—ho,q(r,t)]Jra)O,éth 8/:90 , (16)

where f_ and h, denote the distribution functions for concentration of i ion and

electrical potential, respectively. The equilibrium distribution functions are:

AD. e, (ezVy +Vu™
£ =w,C|1-—= eV Vi) , (17)
' KT C;

hi=w, v, (18)
where ¢, =6x/6t, . X is the lattice size and &t, the lattice time for i jon
diffusion. In D3Q7 model the distribution coefficients @, =1/4 for a=0 and

o, =1/8 for a=1~6.The discrete velocities €, of D3Q7 lattice are are:
(0,0,0) a=0
e - . (19)
(¥1,0,0),(0,£1,0),(0,0,£1) a=1-6

The relaxation time for ion diffusion is related to the diffusion coefficient in free water
by 7, =4D,dt; /5x*+05 and the relaxation time for the potential is
7, =46t /1 5x*+0.5 . The local concentration and potential are obtained from
distribution functions using C, = Z f, and y= Zha . It can be shown that the
above conditions, the evolution equations can recover the governing equations (2), (4)
and (7) using the Chapman-Enskog expansion. In the LB scheme the gradient of
potential can be determined by the local potential distribution functions [66] and the

gradient of excess potential is calculated by the difference method. The corresponding

14
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numerical boundary conditions are the same as mentioned in [24]: the zero normal flux
boundary condition using ‘bounce-back’ scheme as f;, (r,t+ oty ) =fi, (I’,t) , the
constant concentration boundary condition through
fi, (r,t +ot, ) =—f,,(r,t)+0.25C, , and constant potential boundary condition using
g, (r,t +0ot, ) =-0, (r,t)+ 0.25y, , where the index o and f are the opposite

directions normal to the interface.
2.3. Calibration

In this section, the modified PNP formulation is compared with the results obtained
from the GCMC simulations in order to demonstrate the use of excess potential
provides correct concentration profiles in stern layer. Additionally, comparison of
modified PNP is also made with classical PNP model to emphasis the need of modified
PNP to correctly capture ion concentrations near surface. The simulation domain
consist of the C-S-H surface at one end in contact with the pore solution consisting of
Ca(OH); electrolyte. The GCMC simulation setup consists of a three dimensional
40 nmx40 nmx40 nm cubic domain. The temperature is set to 298.15 K and the
absolute permittivity of the medium is set to 6.95x107'° C*/J-m. The dimensionless
excess chemical potential computed using Eq. (9) as a function of distance x obtained
from GCMC is shown in Fig. 4. For lattice Boltzmann method we use a one-
dimensional domain, with length equal 100 nm and lattice spacing equal to 0.02 nm.
For modified PNP model the surface electrical potential y, is used as the boundary

condition at the surface. The surface electrical potential is a function of the pH and is

15
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given as , =-0.0226pH+0.0822 (V) which is obtained from GCMC simulation.
Zeta potential () equals to 20 mV [31] used as boundary condition near the surface
for classical PNP model. Zeta potential is defined at the location of the slipping plane
near the interface between the Stern layer and the diffuse layer and in this study the
position of slipping plane is assigned to be one and a half ion diameter (0.6 nm) from
the surface. The equilibrium potential and ion distributions with respect to the distance
away from C-S-H surface obtained from classical PNP model and the modified PNP
model are plotted in Fig. 5. It is clear that near the surface classical PNP model
significantly over predicts the ion concentration for both calcium and hydroxyl ions

compared to the modified model and GCMC simulations.

6 | ----Ca

i ——OH

Dimensionless excess chemical potential
\

-10

0 05 1 1.5 2
Z{nm)

Fig. 4 The dimensionless excess chemical potential £ /KT obtained by the Monte Carlo simulation as
a function of distance away from C-S-H surface. The dashed line is the calcium ion and the solid hydroxyl
ion. The charged surface is set at z = 0 and as far away from surface the value of 2" /KT is near zero.
The pH is 12.5 and the bulk concentration of Ca(OH) is 20 mol/m?.
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Fig. 5 The electrical potential (A) and ion concentration distribution (B) with respect to the distance x
normal to the C-S-H surface. The red lines are from the Monte Carlo simulation from [56], blue lines
modified PNP model (MPB) and black lines classical PNP model (PB). In figure (B), the dash line
denotes hydroxide ion and solid calcium ion. In C-S-H, the thickness of Stern layer for classical PNP
model is set as 0.6 nm [56].

3. Results and discussion

In this section the proposed multiscale modeling approach has been utilized to first
obtain effective diffusion of charged species in a single C-S-H pore to investigate
systematically the effect of pore-size on effective diffusivity. Later the model is applied

to obtain the effective diffusivity from hierarchical C-S-H structure and cement paste
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microstructure. The pore solution in simulation is simplified as a mixture of Ca(OH),
and NaCl with pH =12.5 and the temperature set to 298.15 K. Due to the constant pH
and temperature, the surface of C-S-H is assumed to be homogeneous charged. Results
obtained from modified PNP equation are also compared with classical PNP model to
highlight the impact of stern layer on effective diffusivity which has been considered
to be non-diffusive in previous studies [20, 24, 31]. For the classical PNP model, the
Stern layer is assumed to be immobile, and zeta potential is set as 20 mV as mentioned
before. The stern layer thickness is assumed to be 1.5 layers of hydrated ion which is
equal to 0.6 nm. The first layer of hydrated ions in stern layer consist of calcium ion
which has very low mobility due to strong bonding of bivalent ion to the surface as
reported in literature based on molecular dynamic simulations[67-69]. Therefore, for
modified PNP model the first adsorbed layer of Stern layer is considered non-diffusive.
However, the ions in the second adsorbed layer are mobile in case of modified PNP
model. For simplification same diffusion coefficient 1x10° m?/s is used for all

species in free water.

3.1. Diffusivity in single pore

The simulation domain for single pore consists of a two-dimensional straight channel
with two reservoirs as shown in Fig. 6. The width of channel w is changed from 1.0 nm
to 20 nm to mimic different pore size and porosity of the system is kept equal to 0.5 by

maintaining constant ratio for channel width to vertical domain width w/H as 0.5. The
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lattice spacing is set to 0.1 nm. The surface electrical potential is set to -0.205 V
corresponding to pH equal to 12.5. For the inlet/outlet boundary conditions, we set a
zero electrical potential and fixed concentration for each ion. For all other directions
periodic boundary conditions are applied. The concentration of Ca(OH), at inlet and
outlet is set to the same value of 20 mol/m>. The concentration of HTO at inlet is set as
20.5 mol/m> and 19.5 mol/m? at outlet. Two mean concentrations of NaCl (10 mol/m’
and 100 mol/m?) are adopted to investigate how the NaCl concentrations affect the
effective diffusion coefficient, and the normalized concentration difference

(Cm,etvi L ) /C, isequal to 0.1. The values of concentration boundary conditions of

NaCl at inlet and outlet are listed in Table 1.

Table 1 Concentration boundary conditions of NaCl at inlet and outlet for simulation

Mean concentration

10 mol/m? 100 mol/m3
Inlet concentration (mol/m?) 10.5 105
Outlet concentration (mol/m®) 9.5 95

The normalized effective diffusivity with respect to the pore size shows a complex
nonlinear relationship as shown in Fig. 7. For instance, the normalized effective
diffusivity of chloride ion reaches the peak as the channel width is 2 nm and quickly
drops below this width. The normalized effective diffusivities of HTO and sodium, in

contrast, always decrease when the channel width is reduced. For channel widths larger
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than 1.2 nm the effective diffusivity of chloride is larger than for sodium and HTO.
However, for small pores (<=1.2 nm), since the Stern layer mainly occupies the pore
space it is difficult for negative charged species to access the pores, and therefore, HTO
effective diffusivity is higher than that of chloride ion. To quantify the applicability of
classical PNP model for each species, it assumed that when the relative difference
between classical PNP model and modified PNP model is less than 20% it is considered
to be valid. For chloride and HTO the classical PNP model is found to be valid for pore
size larger than 3 nm. However, due to the complex electrical adsorption (physical
adsorption) of sodium ion in the Stern layer the classical PNP model is only valid for
pore size lager than 20 nm. The surface of C-S-H is negative charged and the
concentration of chloride ions are higher than sodium ions in diffuse layer due to the
charge reversal (shown in Fig. 1). This is the main reason why the effective diffusivity
of chloride 1on is larger than that of sodium ion. As a result, when the channel width is
less than 3 nm, the contribution form Stern layer cannot be ignored and the classical
PNP model will underestimate the effective diffusivity. For channel widths larger than
20 nm the EDL effect vanishes for all species. Fig. 9 shows the effective diffusion
coefficients calculated by the modified PNP model with NaCl concentration of 10
mol/m® and 100 mol/m>. Due to the constant pH value of pore solution, the surface
charge density is constant for both concentrations. As the surface charge in C-S-H is
mainly balanced by the calcium ions, the sodium ion does not significantly alter the

thickness of EDL. Therefore, although the concentration of NaCl changes one order the
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effective diffusion coefficients in C-S-H of sodium and chloride ions hardly varies.
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Fig. 6 The simulation domain of simple two-dimensional channel and corresponding boundary

conditions. The width of channel w changes from 1 nm to 20 nm and w/H is constant as 0.5.

)

D,/L

-+ - HTO PB

Channel width (nm)

Fig. 7 Normalized effective diffusion coefficients of Na*, Cl- and HTO with respect to widths of channel.
The solid lines are calculated by our modified PNP model and dash lines are from classical PNP model
(PB). Red denotes chloride ion, green HTO and black sodium ion. NaCl concentration is 10 mol/m* and
Ca(OH); 20 mol/m?.
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Fig. 8 The concentration distribution of middle cross section in 2D channel by the present simulation.
The width of channel is 2 nm. The charged C-S-H surface is in +1nm and the first-adsorbed layer is

immobile.
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Fig. 9 Normalized effective diffusion coefficients of Na*, Cl-and HTO with respect to ion concentration.
We use two concentrations of NaCl 100 mol/m? and 10 mol/m? but the same concentration 20 mol/m?
for Ca(OH). The solid lines are calculated by using 100 mol/m* NaCl and dash-point lines 10 mol/m?
NaCl. Red denotes chloride ion, green HTO and black sodium ion.

3.2. Effective diffusivity from virtual cement microstructures

In this section, in order to compare modeling results with the experiment data shown in

Fig. 2 the effective diffusion coefficients in C-S-H DS*" are first calculated in section
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32.1and DS>" are then used to predict the effective diffusivities in cement paste in

section 3.2.2.
3.2.1. Effective diffusivity in C-S-H phase

For the micro-level C-S-H structures, the solid is non-diffuse and the surface is
homogeneous charged. The surface electrical potential is -0.21 V at pH=12.5. However,
in macro-level C-S-H structures, the solid phase is diffusive and the diffusion
coefficient of the solid phase is set to the one obtained from micro-level C-S-H structure

by changing the relaxation time in LB scheme.

F‘l,'l'il\|'\.: |||'|II"||1.‘|r'. ._.'-"||1il'n."|

Inlet

C-5-H - I.|:.l = b

Peniadic boundary condition

Fig. 10 The simulation domain of C-S-H phase and corresponding boundary conditions.

For the regenerated micro-level C-S-H structure, the porosity is 22.3% and the mean
pore size is 1.59 nm computed by the maximum sphere algorithm [70]. Within these
narrow pores EDL effects cannot be ignored and the classical PNP model is not valid.
Therefore, the modified PNP model proposed in this study has been used to calculate

the effective diffusivity D“° in the regenerated micro-level C-S-H microstructures.

The size of the three-dimensional simulation domain is 32.5 nm X 25 nm X 25 nm
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meshed by a uniform 260%200%200 grid. The boundary conditions are shown in Fig.
10 and the average concentrations of Ca(OH), and NaCl are 20 mM and 10mM,
respectively. Fig. 11 shows micro-level C-S-H pore space generated for the three-
dimensional simulations and the corresponding steady-state chloride ion concentration
distribution in the pore space. The effective diffusivity in the macro-level C-S-H is
calculated by the Fick’s law. The simulation domain of macro-level C-S-H is 325 nm X
250 nm % 250 nm with the lattice spacing equal to 1.25 nm. The normalized effective

diffusion coefficients are shown in Table 2.

(A)
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Fig. 11 (A) Visualization of gel pores regenerated by the Bentz et al. method [42] and (B) the steady
distribution of chloride ion concentration in micro-level C-S-H are shown. The solid phase is hyaline and

invisible. Stochastic characteristics are very clear for the ion concentration across one section.

Table 2 Normalized effective diffusion coefficients of Na*, Cl- and HTO in micro- and macro-level C-S-

H
Normalized Effective diffusivity* Na* Cr HTO
Micro-level C-S-H DM*° /D, , 0.00871 0.0259 0.0244
Macro-level C-S-H D}Y° /D, 0.0244 0.0455 0.0438

* The effective diffusivities are normalized by the diffusion coefficients in the free water D, .

3.2.2. Effective diffusivity in cement paste

The virtual microstructures of cement paste are obtained using CEMHYD3D (available
in VCCTL software). The standard cement material “cement 140” from the VCCTL
material library is used and the detail of component is shown Table 3. The water-cement

ratios is set as 0.2, 0.3, 0.4 and 0.5, as hydration time equals to 7, 28 and 96 days. The
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other parameters are kept as the default setting in VCCTL. The 100 pym x 100 pm X
100 um virtual microstructures of cement paste are used as the simulation domain,
which is discretized using a 100 x 100 % 100 uniform regular grid. The size of
simulation domain chosen here is sufficient to have a representative elementary volume
(REV) as proven through numerical studies [2, 71, 72] and experimentally through
image technique [73]. The concentration 2.0 mol/m?® is employed as the boundary
conditions at inlet and 1.0 mol/m® at outlet [24]. The virtual cement paste
microstructures have three type phases: capillary pores, C-S-H phase and other solid
phases. Other solid phases include hydration phases other than C-S-H and unhydrated
clinkers which are treated as non-diffusive. lon diffusivity in capillary pores is assumed

to be identical to diffusivity in free water.

Table 3 The major phase volume fractions of “cement 140” in VCCTL used in study.

CsS CoS CsA C4AF

0.6576 0.180  0.0994 0.0633

Simulations in previous sections have been carried out under the assumption that the
local mobility of each species in the C-S-H is the same as in the free water. However
due to the electro viscosity and steric effects near the surface, the molecular dynamic
simulations [32, 34, 74, 75] has shown that the ions in gel pores of C-S-H has only 25%

-50% percent mobility than that in the free water. The quasi-elastic neutron scattering
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(QENS) experiments [30] also suggested that the water in gel pores diffuses slowly
(~107'% m?s7!). Moreover, the colloidal representation of C-S-H developed by Bentz
[42] may not give correct pore size distribution and as a result the model connectivity
might be much higher than that of the real C-S-H structures. Therefore, in this study,
the effective diffusivity in C-S-H DS*" is determined by:

DS =DM /5, (20)
where O, is the attenuation factor to indicate slow-down degree of mobility in gel
pores of C-S-H. The effective diffusivities of species in cement paste are calculated by
equation (14). A parametric study has been carried out to roughly identify the
attenuation factor for ionic mobility within gel pores [30, 34] by varying it from 5 to 20
shown in Fig. 12. Fig. 12 compares the effective diffusivities obtained from simulations
with experiment data presented in Fig. 2. If o, =1, the effective diffusivity computed
is higher than the experimental values. The parametric study reveals that the value of
the attenuation factor &, for chloride ion and HTO should be around 5~10 and for
sodium ion around 20. It means that the local mobility in C-S-H has a significant
influence on mass transport in confined nanopores of cement paste and the better

representation of the C-S-H pore-structure is needed.
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Fig. 12 Comparison of calculated and experimentally measured effective diffusion coefficients. Points
are the diffusion coefficients by experimental measurement collected from references [4-17] (see detail
in Appendix) and solid lines are from our simulations by using the attenuation factor ¢, =1; dotted lines
are O, =5; dashed lines &, =10; dotted-dashed lines o, =20.

4. Conclusions

The goal of this study was to quantify the charged or non-charged transport in cement
paste microstructure accounting for EDL effects near charged C-S-H surface. To
achieve this goal a multiscale modeling framework has been presented which combines
Grand canonical Monte Carlo simulation at molecular scale with the lattice Boltzmann
method at pore scale. The proposed methodology is first applied to investigate effect of
pore-size on species transport and later applied to obtain effective diffusivity of C-S-H.
The C-S-H diffusivity obtained has been utilized as an input at cement paste scale to
predict effective diffusivity in microstructures of cement paste. A coupling between
pore scale modeling approach and molecular modeling approach can be successfully

achieved using the proposed modified PNP model thus bridging the scale gap between
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the two models. The effective diffusivity with respect to pore size shows a complex
nonlinear relationship. For a simple channel geometry, the classical PNP model
compares well with the modified PNP model for chloride ion and HTO as long as the
width of channel is larger than 3 nm. The classical PNP model is not applicable to
describes sodium ion diffusion for pore size smaller than 20 nm. When the pore-size is
smaller than 3 nm, the influence of steric and ion-ion correlation effects is important
and the classical PNP model significantly over predicts the concentrations near surfaces.
At pore size around 2 nm the effective diffusivity of chloride ions has the peak value,
whereas the normalized effective diffusivity of HTO and sodium ion increases with
increase in the pore size.

Simulations presented in this study shows that the effective diffusion coefficient of
chloride ion in C-S-H is similar to that of HTO, but much larger than the sodium ion.
At cement paste scale, our model qualitatively captures the effects of electrical double
layer on diffusivity as reported experimentally. We found that in order to match
experiment data the model needs to include attenuation factors of 5-20. We relate this
partially to the poor description of hierarchical pore structure of cement paste and
partially to the unknown local mobility within gel pores near surface which can be

quantified in future using molecular dynamic simulations.
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531  Appendix
532  The relative effective diffusion coefficients of Na*, Cl', Cs", dissolved O, and HTO in
533  saturated CEM I cement paste with respect to the capillary porosity collected from
534  different references.
Normalized diffusivity Water/cement Hydrated time  Degree of
Species Porosity Ref.
Di/Diy ratio (days) hydrationi
0.00123 0.4 7 0.6 25%
[5]
0.00270 0.4 7 0.6 25%
0.00344 0.4 28 0.7 20*
[4]
0.0133 0.3 7 0.6 14*
0.00435 0.4 28 0.7 20%*
0.00369 0.35 28 0.7 14%*
(6]
0.0111 0.4 28 0.7 23.5
Chloride
0.00635 0.35 28 0.7 22
0.00403 0.4 7 0.6 26*  [8]
0.00187 0.4 28 0.7 20%  [10]
0.00354 0.35 56 0.76 11*
[12]
0.00254 0.25 56 0.76 5%
0.00194 0.4 84 0.79 4.3
[13]
0.00389 0.5 84 0.79 8.36
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0.00620 0.6 84 0.79 17.18
0.0105 0.7 84 0.79 24.86
0.00475 0.4 28 0.7 20*  [10]
0.00465 0.4 84 0.79 43
Oxygen 0.00520 0.5 84 0.79 8.36
[13]
0.00682 0.6 84 0.79 17.18
0.0108 0.7 84 0.79 24.86
0.00491 0.45 21 0.68 222 [9]
Tritiated 0.00420 0.35 56 0.76 11*
[12]
water 0.00455 0.35 56 0.76 5%
0.0110 0.35 15 [76]
0.000188 0.4 7 0.6 25%  [5]
0.000601 0.3 84 0.76 5%
0.00105 0.4 28 0.7 20%*
Sodium (4]
0.000308 0.35 28 0.7 14%*
0.000789 0.3 7 0.6 14%*
0.00105 0.4 7 0.6 26*% [8]
0.00000073 0.2 7 0.6 3*
Cesium 0.0000731 0.3 7 0.6 13*  [16]
0.000487 0.4 7 0.6 25%
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0.001463 0.5 7 0.6 34

0.000112 0.4 28 0.7 | 20%
’ (6]

0.0000790 035 28 0.7 14

0.000419 0.4 28 0.7 235
7

0.000253 035 28 0.7 20%
0.000878 0.4 7 0.6 26% [15]
0.000575 0.4 28 0.7 20 [17)

0.00117 0.42 28 0.7 20%
[14]

0.00419 0.42 28 0.7 20%

0.000536 035 56 0.76 1*
[12]

0.000375 025 56 0.76 5*

535

536

537

538

539

540

541

542

543

* The porosity is predicted by the Power’s model.

¥ The degree of hydration is taken as suggested by Hansen [77].
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