<]
TUDelft

Delft University of Technology

A model for predicting the relative chloride diffusion coefficient in unsaturated
cementitious materials

Zhang, Yong; Ye, Guang

DOI
10.1016/j.cemconres.2018.10.013

Publication date
2019

Document Version
Accepted author manuscript

Published in
Cement and Concrete Research

Citation (APA)

Zhang, Y., & Ye, G. (2019). A model for predicting the relative chloride diffusion coefficient in unsaturated
cementitious materials. Cement and Concrete Research, 115, 133-144.
https://doi.org/10.1016/j.cemconres.2018.10.013

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.cemconres.2018.10.013
https://doi.org/10.1016/j.cemconres.2018.10.013

N -

10

11

12

13

14

15

16

17

18

19

20

21

22

23

© 2018 Manuscript version made available under CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

A model for predicting the relative chloride diffusion coefficient in
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Abstract: An analytical model for predicting the relative chloride diffusion coefficient in
cementitious materials at different degrees of water saturation is presented in this paper. The
model is developed based on the Nernst-Einstein equation and conductivity of cementitious
electrolyte, as well as on moisture distribution in the pore structure. Good agreement is found
between the model and the experimental data. With the help of the model, the chloride
diffusion coefficient of cementitious material at unsaturated state can be determined
according to the chloride diffusion coefficient at saturated state, the degree of water
saturation and the average pore diameter of the material. A detailed discussion about the
inputs and outputs of the model is given in order to facilitate its application for engineering

practice.
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1. Introduction

1.1. Research background

Durability problems associated with chloride-induced corrosion of reinforcement in concrete
structures have drawn considerable attention over the past decades. Reliable prediction of the
chloride penetration in concrete cover is of high interest. In most service life design and
durability specifications, e.g. DuraCrete [1] and Life-365 [2], the chloride penetration is
assumed to be governed by diffusion of chloride ions in the pore structure of concrete [3].
The chloride diffusion coefficient is a parameter widely used to indicate the capacity of

concrete to resist chloride diffusion.

Chloride diffusion in concrete is a moisture-dependent process. Onsite concrete is often
partially saturated with water [4-6]. Even for a concrete after two years” immersion in sea
water, the moisture conditions of internal concrete (deeper than 20-30 mm) still depend on
the early self-desiccation, e.g. with a degree of water saturation of around 85% [7]. The
moisture content, and the manner in which the moisture distributes in the pore structure, can

have profound impacts on the chloride diffusion coefficient [8].

In present service life calculations, e.g. DuraCrete [1], the chloride diffusion coefficient is
generally determined based on chloride penetration tests performed on saturated concretes.
The effect of the moisture condition on the chloride diffusion is implicitly described with the
ageing factor n and the environment factor k.. In the absence of long term exposure data, the
determination of the ageing factor n and the environment factor k. largely depends on experts
and their opinions. This may introduce risks or uncertainties in new structure design. To

achieve accurate service life prediction, the development of reliable model(s) to determine
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the chloride diffusion coefficient in unsaturated concretes is essential. Such model(s) will

help the designer to better understand the actual serviceability of concrete structures.

1.2. Literature survey

The relative chloride diffusion coefficient D, has often been used to describe the chloride
diffusion in partially saturated cementitious materials [8]. It is defined as a ratio of chloride
diffusion coefficient at a particular unsaturated state over that at saturated state. The
unsaturated state, in the case where equilibrium moisture content is present, can be indicated

by either the degree of water saturation S, or the internal relative humidity RH.

A few experimental works have contributed to clarifying the dependency of the ionic
diffusion on moisture content. Attempt to model the relative chloride diffusion coefficient Dy
of concrete dates back to the late 20" century. Maybe Saetta et al. [9] were the first who
proposed an S-shaped relationship (Eq. (1)) to describe the D, as a function of decreasing

RH in concrete.

1)

D D(RH) [1 L= RH)* l‘

~ D(RH=100%) |  (1—RHy*
A predefined critical relative humidity RH¢, at which D, = 0.5, has to be adopted for
applying the S-shaped relationship. RH; = 75% was given in the work of Saetta et al. [9]. A
different RH¢-value of 88% was reported by Nielsen and Geiker [10] who applied Eqg. (1) to
describe the chloride diffusion coefficients of unsaturated mortars. Other recent reports on the
subject of non-saturated ionic transport [8, 11, 12] also indicated that the RH¢-value is not a
constant but may vary in a wide range of 75~92%, depending on the temperature and the pore

structure of the samples used. The fact that adoption of different RHc-values can result in
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significantly different D.-RH relationships is a great obstacle to effectively apply the S-

shaped relationship in engineering practice.

Buchwald [13] estimated the ionic diffusion coefficient in masonry materials based on
impedance spectroscopy measurements. A semi-empirical power equation shown in Eq. (2),

which relates the D, to the degree of water saturation S,,, was put forward.

D(Sw) _ o 2

Drc:m_ w (2)

where A is a fitting parameter. A few researchers have used the power equation (Eg. (2)) to fit
the experimental data produced in their works. Baroghel-Bouny et al. [14] found A = 6 and
Olsson et al. [12] found A = 4.5. The origin of the power equation (Eg. (2)) can be traced to
the well-known Archie’s second law [15], which empirically relates the electrical
conductivity to the porosity and degree of water saturation S,,. However, the power equation
(Eqg. (2)) cannot fully account for the dependency of ionic diffusion on the water saturation
level, since the aspects with respect to how and where the pore space is water-filled,
especially to what extent the water-filled pores are connected allowing ionic transport, are not

considered.

Based on simulated microstructures, Zhang et al. [16] studied the ionic diffusion in
unsaturated cement pastes with water-to-cement (w/c) ratios of 0.4, 0.5 and 0.6 by using
lattice Boltzmann method. He suggested a quadratic polynomial equation, as shown in Eq. (3),

with which the simulated D-S,, relations could be approximately described.

D(Sw)

Dre=pr =1y~ @ Sw HhSwe ®)
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where a, b and ¢ are empirical constants.

It should be emphasized that the experimental data reported in literature cannot be well
described with the existing equations. Figure 1a shows an example of the curves obtained by
using Egs. (2) and (3) to fit the data taken from Rajabipour [17]. It is shown that the power
equation (Eg. (2)) tends to underestimate the D.-value at high saturation levels (e.g. Sy >
85%) and overestimate the D,c-value at low saturation levels (e.g. Sw < 85%). The polynomial
equation (Eq. (3)) is capable to describe the D-Sy plots only for S,, > 64%, but becomes
ineffective when S,, < 64%. Figure 1b compares the S-shaped relationship (Eq. (1)) with the
experimental data (D, vs. RH) taken from two different reports [10, 12]. It can be concluded
that the S-shaped relationship overestimates the D,-value at high RH levels (e.g. RH > 85%)

and underestimates the D,c-value at low RH levels (e.g. RH < 85%).

1.0 £ 1.0
O Data (ASTM type | cement paste, I;t" B Data (mortar, w/c=0.5, R
03 1 w/c=0.5, after Rajabipour [17]) B 0.9 7 after Nielsen et al. [10]) K
0.8 A Power Eq. (2) ! . 08 4 A Data(mortar, w/c=0.38, ’
T 07 A o ais § 07 J after Olsson et al. [12]) ,’ A
Y Dy = Sw_ I ====-Eq. (1) for data of Olsson ]
:‘:” 0.6 { ====Polynomial Eq. (3) Qx 0.6 - et al. [12], RH=83% ’
E 05 4 Die= 3.385,° — 2495, + 0.22 4 ~. 0.5 4 —Eq. (1) for data of Nielsen A
Q et al. [10],RH.=88% H
04 | 0.4 - A,
o 03 - 7 203 -
0.2 A Aj’ 0.2 A
0.1 - ’ 0.1 - A
D T
0.0 = T —— 00 +——pm===g , . .

Fig. 1. Comparison between existing equations (Egs. (1), (2) and (3)) and experimental data

30% 40% 50% 60% 70% 80% 90% 100%
Degree of water saturation S,,

(@)

40%

50%

60% 70% 80%
Relative humidity RH

(b)

90%

about relative chloride diffusion coefficient Dy (2) Dy vS. Sw; (b) D¢ vs. RH
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The D.-Sw (or D.-RH) data published in the literature exhibit a large scatter [8]. The existing
equations (Egs. (1), (2) and (3)), obtained based on curve fittings, should be judged as
phenomenological calculation procedures. There is not a broad agreement between these
equations and experimental data published. Further study has to be done in order to establish

a more reliable Dyc-Sy, (or Dc-RH) model for engineering practice.

1.3. Scope and aim of the present work

The challenges of establishing reliable D.-S,, (or D.-RH) models can be ascribed primarily
to the intrinsic complexity of the pore structure of cementitious materials. There are three
different pore categories: connected pores that can form a connected network relating the two
opposite surfaces of a porous specimen, dead-end pores that are connected with only one
surface of a porous specimen, and isolated pores that have no connection with any surface of

a porous specimen.

The differences with respect to the ionic transport between saturated and unsaturated pore
systems are illustrated in Fig. 2. In saturated pore system (Fig. 2a), the dead-end and isolated
pores do not contribute to ionic transport while the rest pores (i.e. connected pores) are all
able to provide paths for ionic transport. In unsaturated pore system (Fig. 2b), the water phase
accumulates preferentially in the small pores and the large pores tend to be filled with the gas
phase. The connected pores can then be categorized into three groups: (i) Gas-filled pores,
which impede the ionic transport; (ii) Discontinuous water-filled pores, which refer to the
pores that are water-filled but cannot form a continuous path for ionic transport; (iii)
Continuous water-filled pores, which are able to form an interconnected water-filled network
for ionic transport. For a given degree of water saturation S, the continuity of water-filled

pores determines the rate of ionic transport in unsaturated pore systems.
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The continuity of water-filled pores depends not only on the moisture content but also on the

moisture distribution in the pore structure. All parameters that affect the pore structure will

inevitably alter the moisture distribution and hence the D-Sy relations. The emphasis of

current equations (Egs. (1), (2) and (3)) is mainly on moisture content. The pore structure is a

fundamental factor influencing the moisture distribution and has to be further considered in

order to reliably predict the D-value.

Continuous
Dead-end water-filled pores
pores

Discontinuous
Isolated water-filled pores

pores

(a) Saturated (b) Unsaturated

Fig. 2. Schematic representations of the moisture distribution and chloride (CI") transport in

pore systems

The aim of the present work is to develop a model, with which the relative chloride diffusion

coefficient D, can be predicted based on the degree of water saturation S,, and the pore

structure of cementitious material. The work is organized in three parts.

1) Model development: On the basis of the Nernst-Einstein equation [18], the chloride

diffusion coefficient of cementitious material is determined from its conductivity. The
conductivity of cementitious material is linked to the microstructural parameters. The
moisture distribution at different degrees of water saturation S, is estimated from
water vapour desorption isotherm. An analytical model for describing the D-Sy

relationship is then established.
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2) Validation of the model: Resistivity measurements are carried out on mortar
specimens preconditioned at different degrees of water saturation S,. The pore
structure of paste specimens is measured by the mercury intrusion porosimetry
technique. The D,-Sy, relations obtained from the experiments are used to validate the
model established above. Validation of the model with the experimental data reported
in the literature is performed as well.

3) Discussion: A few aspects related to the applicability of the model for engineering

practice are discussed.

2. Modeling of relative chloride diffusion coefficient

The chloride diffusion in cementitious materials is influenced by a variety of physical and
chemical factors, such as water content, pore structure, chloride binding, ion-ion interaction,
ion-pore wall interaction etc. More details about the chloride diffusion mechanisms in
cementitious materials can be referred to Refs. [19, 20]. It is far from easy to model the
relative chloride diffusion coefficient covering all the influencing factors. The present work is
specifically dedicated to model the effects of water content and pore structure on chloride

diffusion.

Modeling of the relative chloride diffusion coefficient will be performed based on the Nernst-
Einstein equation and conductivity of cementitious electrolyte, as well as on moisture
distribution in the pore structure. Three assumptions are made in the modeling: (i) chloride
binding and electrochemical effects on chloride diffusion are not taken into account; (ii)
cementitious material at any particular degree of water saturation exhibits a homogeneous
moisture distribution, i.e. the relative humidity is uniform in the material; (iii) all pore water

is regarded as a solute.
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2.1. Nernst-Einstein equation

If cementitious material is considered to be a solid electrolyte, the diffusion of charged
species in cementitious material can be related to its partial conductivity. The relation is
described by the Nernst-Einstein equation [18]. As shown in Eq. (4), the ratio of conductivity
a,, of the pore solution to conductivity o [S/m] of the cementitious material is equal to the
ratio of chloride diffusion coefficient D, in the pore solution to chloride diffusion coefficient
D [m?s] in the cementitious material. In geoscience literature this ratio is defined as

formation factor F, [21].

D
S

P
) (4)

The Dy-value is around 1.5x10°° m?/s at room temperature when the chloride concentration is

in the range of 0.1~1.0 mol/L [22]. For an unsaturated cementitious material the D-value can

be calculated from the o-value, after correcting the o,,-value for the water saturation level.

2.2. Conductivity o of cementitious material

2.2.1. Conductivity o as a function of the degree of water saturation

The conductivity o of cementitious material is the inverse of its resistivity p [Q-m], as shown

in Eq. (5) [23].

mL

A ()

| =

o =—=
p

where m is the geometry factor (m = 1 for cylindrical specimen); L [m], 4 [m?] and R [Q]

represent the length, the cross sectional area and the electrical resistance, respectively. For
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direct current the electrical resistance R is determined by Ohm’s law and equal to the ratio of

the voltage applied to a specimen’s ends over the current passing through.

In cementitious materials the conductivity of the pore solution phase, g, is usually many
orders of magnitude higher than that of the solid phase, o, and the vapour phase, o,. As
reported in Refs. [24, 25], g, is in the range of 1~20 S/m, g is around 10 S/m and g, is in

the order of 10™ S/m. Hence the conductivity o of cementitious material can simply be

described by Eq. (6).

0 = 0p (;bpﬁp (6)

where ¢, is the volume fraction of the pore solution phase; 5, is a structure factor accounting
for the effect of the actual structure of the pore solution phase on ionic conduction. The
structure factor g, of the pore solution phase is related to the interconnected water-filled
pores, which depend on the pore structure characteristics (indicated by a parameter pu,
accounting for pore connectivity and tortuosity [26]) and the moisture distribution (indicated
by the continuity n,, of water-filled pores). Quantitative description of the continuity n,, of

water-filled pores is presented in the next section.

At saturated state (S, = 100%), the volume fraction ¢,, of the pore solution phase is equal to
the total porosity ¢ of the cementitious material. The structure factor g, of the pore solution

phase is determined by the pore structure parameter u, alone. Equation (6) is rewritten as Eq.

(7).

Osat = Op,sat* ¢ Hp (7)
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where o, is the conductivity of the cementitious material at saturated state; op, s, is the

conductivity of the pore solution at saturated state.

At unsaturated state (Sw < 100%), the volume fraction ¢, of the pore solution phase is equal
to ¢S,. The structure factor g, of the pore solution phase is determined by both the pore
structure parameter u, and the continuity n,, of water-filled pores, as 8, = u,n,,. Equation

(7) is then modified as Eqg. (8).

O0s, = Op,Sy * DeSw - HpTlw (8)

where og_ is the conductivity of the cementitious material at a particular water saturation

level; o, 5, is the conductivity of the pore solution at a particular water saturation level.

2.2.2. Water continuity n,, as a function of the degree of water saturation

The continuity of water-filled pores, in short water continuity n,,, stands for the effect of the
moisture distribution on the ionic transport in a porous system. The water continuity 7,, iS
related to the extent of the interconnection of water-filled pores. lonic transport occurs only if

a continuous water-filled path is present.

The water continuity 7,, as a function of the degree of water saturation S,, can be estimated
from the sorption isotherm of the pore system. The sorption isotherm illustrates the changes
of the relative humidity RH with different saturation levels S,. According to Kelvin’s law
[27], RH corresponds to the diameter dy, of the meniscus. Considering the thickness t of the
adsorbed water film, the pores below the diameter d, (d, = dn + 2t) are fully water-filled.

Combining the RH-S,, relation with the RH-d, relation enables to determine the d,-Sy relation.
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The d,-Sy relation is used to describe the distribution of water-filled pores in an unsaturated
pore system. It is considered that water loss in the dead-end and isolated pores will not
influence the internal RH of the pore system, and hence does not alter the smallest drained
pore diameter d,. This, in turn, reveals that a decrease of the dy-value should result from the
occurrence of water loss in the connected pores and will reduce the continuous water-filled

paths, leading to a lower water continuity 7,,.

An example of the d,-S,, relations, obtained from water vapour desorption isotherm tests
previously presented in Ref. [28], is shown in Fig. 3. The dp-value changes substantially in
the high saturation levels (i.e. 60% < S, < 100%) while changes slightly in the low saturation
levels (i.e. Sy < 60%). The d,-Sy plots can be approximated with a power equation shown in
EQ. (9). The correlation coefficients are 0.96, 0.95 and 0.93 for specimens with w/c ratios of

0.4, 0.5 and 0.6, respectively.

2c?

BT =s?

do )

where d, is the diameter for one-unit length pore (herein, d, = 1 nm); 2¢?/(1 — S,,)?is a
moisture distribution factor, in which the coefficient c is related to the distribution of water-
filled pores and depends primarily on the pore size distribution of the specimen. A smaller ¢

value corresponds to a specimen with a lower wi/c ratio (i.e. a finer pore size distribution).
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Fig. 3. Moisture distribution (dp-Sw) estimated from water vapour desorption isotherm tests of
one-year-old cement mortars (w/c = 0.4, 0.5 and 0.6). The data are taken from Ref. [28]. d, is

the smallest drained pore diameter determined by the Kelvin-Cohen equation [29]

The water continuity n,, is controlled mainly by the water-filled pores (with diameter d < d,).
Both dp-value and n,,-value depend on the degree of water saturation Sy,. In a saturated pore
system (Sw = 100%), d, — oo and n,, = 1. When the pore system is drained (S, approaching
zero), d, —» 0 and n,, — 0. The n,,-d, relationship that satisfies the two boundary conditions

can be described with an exponential equation shown in Eg. (10).

-2 (10)

Combining Eq. (9) and Eq. (10) leads to an expression for the water continuity of unsaturated

cementitious materials.
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(1=Sw)*
‘r]w = e_ 2c? (11)

Equation (11) can be used to predict the water continuity n,, at various degrees of water
saturation S, provided that the coefficient ¢ of the material of interest is known. Equation
(11) is a form of Gaussian function. The fact that the pore size distribution of cementitious
materials (estimated by MIP tests) also shows a Gaussian distribution [30] confirms the

pronounced dependency of the water continuity on the pore size distribution.

2.3. Relative chloride diffusion coefficient Dy,

The relative chloride diffusion coefficient D is expressed as the ratio of chloride diffusion
coefficient Dg_ at a particular degree of water saturation over chloride diffusion coefficient
D, at saturated state. Based on the Nernst-Einstein equation (Eq. (4)), the Ds_ and the Dgy,

can be calculated with Eq. (12a) and Eq. (12b), respectively.

(o
Ds, = —.p, (12a)
O-p,SW
Osat
Dsqy =——+D 12b
Sat = P (12b)

Combining Eq. (12a) with Eq. (12b) leads to the expression for the relative chloride diffusion

coefficient.

D — Ds,  0s, Opgsat
rc — -
DSat Osat Up,Sw

(13)

Substituting Egs. (7) and (8) into Eq. (13) gives:
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Sw
Dyc = =ow ' Nw (14)

Substituting Eq. (11) into Eq. (14) allows the D, to be computed straightforwardly from the

analytical model expressed in Eq. (15).

Dy = =~ = w ' e 2c? (15)

where the coefficient c is larger in a cementitious material with coarser pore size distribution.
As will be shown in Section 5.3, the coefficient c is a function of the average pore diameter

and the c-value is usually in the range 0~0.45 for hydrated cementitious materials.

Figure 4 shows the D.-S,, curves calculated by Eq. (15) with the coefficient ¢ varying from
0.05 to 0.9. At c = 0.05, the D-value is highly dependent on the degree of water saturation
Sw. Such dependency, however, becomes less pronounced in a cementitious material with

higher c-value. The D(-Sy, relationship is almost linear for ¢ > 0.7.

In Eq. (13) the parameters oss, Os,, , Opsar aNd op s are obtainable from conductivity
experiments. The values of gs_ and og, can be determined from resistivity measurements on
cementitious materials. The values of g, and oy, s5¢ rely on the pore solution chemistry that
differs with changing degree of water saturation S,,. The experimental D.-S,, data (Eq. (13))
will be used to validate the mathematical D.-S, relation (Eg. (15)). Meanwhile the
coefficient ¢ in Eqg. (15) will be determined. The experimental details are presented in the

following.



278

279

280

281

282

283

284

285

286

287

288

289

290

291

Coarser PSD

D= D/DSW=1

| 20% 40% 60% 80% 100%
Degree of water saturation S,

Fig. 4. The Dy-Sy, curves calculated by Eq. (15) with the coefficient ¢ varying in the range
0.05...0.9. A larger c-value corresponds to a cementitious material with coarser PSD (pore

size distribution)

3. Experimental program

3.1. Materials and samples

Cement paste and mortar samples were prepared. The mixture proportions for the binders are
listed in Table 1. The mixtures were designed with the considerations of varying water-to-
binder (w/b) ratios (0.4, 0.5 and 0.6) and different binder materials. The binders used in the
experimental program were ordinary Portland cement (OPC) and supplementary cementitious
materials (SCMs), including fly ash (FA), limestone powder (LP) and ground granulated blast
furnace slag (BFS). The amount of SCMs in the binders was chosen according to the different

types of cement, for example, CEM I1I/B-M with 30% of FA and CEM I1I/B with 70% of
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BFS. All mortar samples were made with the same amount of siliceous sand. The particle
size of the siliceous sand ranged from 0.125 to 2 mm. Both paste and mortar samples were

cured at 20+0.1 °C for one year.

Table 1 Mixture proportions of the binders used for paste and mortar samples

Raw materials by weight

Mixtures  Types of cement Wib
OPC FA BFS LP

M4 CEM I 100% - - - 0.4
M5 CEM I 100% - - - 0.5
M6 CEM | 100% - - - 0.6
MF5 CEM I11/B-M 70% 30% - - 0.5
MB5 CEM 11I/B 30% - 70% - 0.5
MBL5 - 25% - 70% 5% 0.5

For pore structure analysis, the one-year-old paste samples were crushed into small pieces
(around 1 cm®). The crushed samples were immersed in liquid nitrogen at -195 °C for 5
minutes, and then placed in a freeze-dryer with -24 °C and under vacuum at 0.1 Pa. After the
water loss was below 0.01% per day, the dried paste samples were ready for pore structure

measurements.

Part of the mortar samples was used for resistivity measurements and the rest for pore
solution chemistry measurements. For resistivity measurements, the one-year-old mortar
samples (100 x 50 mm) were preconditioned in an oven at 50 °C to reach uniform moisture
content with the S,, ranging from 18 to 100%. The details of the sample preconditioning

procedures in obtaining uniform moisture content can be found in previous work [28]. Note
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that the samples after the preconditioning had very dry surfaces. This effect was assumed
negligible in this experimental study. The pore solutions were extracted from one-year moist-
cured mortars (50 x 100 mm) according to the pore solution expression method provided by
Barneyback and Diamond [31]. The extracted pore solutions were filtered using a 0.45 um
pore size filter to remove the possible residual particles. The filtered pore solutions were

ready for chemistry measurements.

3.2. Pore structure measurement

The pore structure measurements were performed by mercury intrusion porosimetry (MIP)
technique. The intruding pore diameter d [um] at pressure P [MPa] was determined by the

Washburn equation [32]:

4yyg cos 0

5 (16)

d =

where yyg is the surface tension of mercury (0.48 kN/m); ¢ is the contact angle between

mercury and pore wall of the specimen (139°).

For a given porous system the average pore diameter d, is defined as [30]:

4y,

d., =
a St

(17)

where V, [m®*m®] and S, [m*m?] are the total pore volume and the total pore surface area,
respectively. In principle the smaller pores have a lower volume-surface area ratio. A smaller

average pore diameter d, accounts for a finer pore size distribution. In the sense that the pore
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size distribution significantly influences the moisture distribution, the average pore diameter

can be very effective to indicate the water continuity and unsaturated ionic transport.

3.3. Resistivity measurement

Electrical resistivity measurements were carried out on mortar specimens preconditioned with
uniform moisture content (S,, = 18~100%). The principles of the resistivity measurements can
be referred to Refs. [23, 28]. The electrical resistance R of each mortar specimen was
measured with one stainless steel electrode covering each side of the specimen. A wet sponge
was applied between specimen surface and each electrode to ensure the whole surface of the
specimen under current flow. During the test, the measured resistance R was found to
gradually decrease with time. This can be attributed to the moisture transfer from the wet
sponge into the specimen. To minimize this effect, only the resistance result obtained from
the first measurement was adopted. The resistivities (p-values), as well as the conductivities

(os,,-values), of the mortar specimens tested were calculated as a function of the measured

resistances R by using Eq. (5).

3.4. Pore solution chemistry and its conductivity

The initial pore solutions in various mortar specimens at saturated state (S,, = 100%) were
squeezed out (according to pore expression method [31]), collected, filtered, and then
measured by means of inductively coupled plasma optical emission spectrometry (ICP-OES).
The concentrations of alkalis (Na®, K*) were derived. The concentration of OH  was

computed as the sum of the concentrations of the alkalis (Na*, K*) [33].
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A decrease of the degree of water saturation S,, results in a non-linear increase of the alkali
concentrations, because of the non-linear binding isotherm of the alkalis (Na*, K) in
cementitious materials. The alkalis (Na*, K*) released during hydration are either bound by
hydrates (mainly C-S-H) or present as free ions in the pore solution. Chen and Brouwers [34]
have proposed a method for determining the relationship between bound and free alkalis
contents. The method was extended in this work, as indicated in Egs. (18) and (19), to predict

the alkali concentrations at different degrees of water saturation S,,.

NNa
Cna = 18
N B Sw + Rd - me_s_y 18)
Ck " ¢¢ - Sw + Ke - (CQ%** - me_s_y = ng (19)

Various parameters are described as follows:

a) Rd is the distribution ratio (Rd = 0.45x10° L/g); K;is the adsorption coefficient (K =
0.20x10° L/g); ¢, is the total porosity of the mortar specimen; S, is the degree of
water saturation. The total porosity ¢, of the mortar specimen was determined
following the recommendation of ASTM C642-13 [35].

b) mc_s_y [0] is the mass of C-S-H, which is simplified as the composition of C;;SH,4
for OPC binder and as C;5SH3g for blended binders (MF5, MB5 and MBLJ5) [36].
The value of mq_g_y was estimated by Thermogravimetric analysis (TGA/DSC) with
the assumption that the released water was from the thermal decomposition of C-S-H
(105~1100 °C) and calcium hydroxide (400~550 °C) [37].

c) Cna and Cx [mol/L] represent the concentration of Na* and K*, respectively.

d) nk, and nk refer to the moles of alkalis Na" and K released during hydration. At S,,

= 100%, Cy, and Cx were measured from ICP-OES. Substituting the values of the
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parameters (¢, mc_s—p, Cna and Ck) into Egs. (18) and (19) determines the values of

nya and ng.

The parameters (ny,, ng, ¢ and mc_g_y) are considered constant for a given mortar mixture.
Hence, the alkali concentrations Cy, and Cx in the pore solution of each mortar at various
saturation levels (Sw < 100%) can be predicted with Egs. (18) and (19). Then synthetic
solutions were prepared by mixing the solids NaOH and KOH with distilled water in proper
proportions to achieve the same chemical compositions as the concentrations of the ions Na*,
K" and OH™ at each saturation level S,. The conductivities of the pore solution at various
saturation levels, viz. o, s -values, were obtained from conductivity tests performed on these

synthetic solutions.

4. Experimental results

4.1. Conductivity of pore solution at various degrees of water saturation

The concentrations of ions (Na*, K" and OH") as a function of the degree of water saturation
Sw were calculated. The results of two mortars M5 (OPC) and MF5 (FA 30%), as an example,
are shown in Fig. 5a. For a given saturation level S, the concentration of each ion species
(Na*, K" or OH") in the blended mortar MF5 is lower than that in the reference OPC mortar
M5. The concentration of K* is normally higher than that of Na* in both mortars M5 and

MF5. This phenomenon is particularly obvious at low saturation levels, i.e. Sy, < 60%.

Figure 5b gives the measured conductivity o, of the synthetic pore solution at different
saturation levels Sy, for six mortar mixtures. Compared to the OPC mortar M5, the mortars

blended with SCMs (FA, BFS or LP) generally show lower conductivity a,, of pore solution



385

386

387

388

389

390

391
392

393

394

395

396

397

398

399

400

401

in the entire saturation range. For any given saturation level Sy, the conductivity o, of the
pore solution in mortar MB5 (BFS 70%) is approximately half that in mortar MF5 (FA 30%).
The o,,-value non-linearly increases with decreasing saturation level S,,. Especially for Sy, <
60%, a relatively rapid increase of the o,,-value is observed as the S, further decreases. The
op-value is almost doubled when the Sy, decreases from 100 to 30%, regardless of the w/b

ratio or the binder type.

0.8 25
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Fig. 5. (a) lonic concentrations as a function of saturation level S,, in mortars M5 and MF5;
(b) Measured conductivity g, of synthetic pore solution at different saturation levels S,.
Mortar mixtures: M4 (OPC, w/b = 0.4), M5 (OPC, w/b = 0.5), M6 (OPC, w/b = 0.6), MF5
(FA 30%, w/b = 0.5), MB5 (BFS 70%, w/b = 0.5), MBL5 (BFS 70% + LP 5%, w/b = 0.5).

The o,-Sw plots of OPC mortars (M4, M5 and M6) were presented in previous work [28]

Note that the o,-values shown in Fig. 5b were determined based on conductivity tests

performed on synthetic aqueous solutions. In case these aqueous solutions were present in the

pore structure of mortar specimens, with pore-scale from several nanometers to several
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micrometers, the measured o,,-values may differ. Such differences are briefly evaluated in the

following.

It is well-known that when an aqueous electrolyte meets a solid, the solid surface will be
charged because of physical adsorptions and/or chemical reactions [38]. The surface charge
will induce an electrical double layer (EDL) near the solid surface and, as a consequence,
affecting the ionic distribution in the pore structure and conductivity of the pore solution [39].
The EDL effect on the conductivity o;, of the pore solution is negligible when the pore size is
sufficiently large compared with the thickness of the EDL, but becomes increasingly
pronounced with a decrease of the pore size, particularly for the pore diameter smaller than
10 nm [39, 40]. From a case study on saturated CEM-V paste, with the pores below 10 nm in
diameter constituting about 60% of the total pore volume as estimated from MIP tests, the
electrical conductivity considering the EDL effect was found to be around 1.2 times that
neglecting the EDL effect [40]. The case study provides a reference for examining the

deviation of the measured o,-values (Fig. 5b) from the actual o,,-values of the pore solutions.

The pore size distributions of the paste specimens used in the present work (Table 1) were
identified by MIP tests. The volume of the pores (diameter < 10 nm), normalized to the total
pore volume, is less than 15% for mixtures (M4, M5, M6 and MF5), less than 22% for
mixture MBL5, and less than 50% for mixture MB5. In comparison with the case study
abovementioned [40], the measured o,,-values given in Fig. 5b can be reasonably considered
as the conductivities of the pore solutions present in the unsaturated specimens M4, M5, M6
and MF5. This consideration is valid even for the low saturation levels. Take mixture MF5
for example, at S = 25%, the volume of the water-filled pores (with diameter < 10 nm)

determined from MIP-derived pore size distribution accounts for around 60% of the total
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volume of water-filled pores. This will result in the measured o,,-value at Sy, = 25% (Fig. 5b)
to be merely 1.2 times smaller than the actual o,,-value of the pore solution at Sy, = 25%. Such
1.2 times of discrepancy will be achieved for mixture MBL5 with S, as low as 36%, whereas
for mixture MB5 at S,, = 80%. Accordingly, for mixture MB5 the measured oy,-values (Fig.
Sb) are considered to deviate the actual o,,-values of the pore solutions more than 1.2 times
when the S,y is lower than 80%. Additional research work can be done to obtain more precise

a,-values of the pore solutions in the slag-blended mixture MBS at Sy, < 80%.

4.2. Relative chloride diffusion coefficient at various degrees of water saturation

The conductivities of both cementitious mortars and their synthetic pore solutions were
measured. By using Eq. (13), the relative chloride diffusion coefficient D, was determined as

a function of the degree of water saturation S,.

Figure 6a shows the Dy-Sy plots in the OPC mortars with w/b ratios of 0.4, 0.5 and 0.6.
There is a general trend that the D, decreases with decreasing saturation level S,,. The most
significant decrease of the Dc-value is observed in the high saturation range, i.e. Sy, > 60%. It
makes sense that a rapid drop of the water continuity has taken place in this high saturation
range. Once the S, is below 60%, the D.-value is more than one order of magnitude lower
than that at saturated state, regardless of the w/b ratio. For more details about the effect of the

wi/b ratio on the D.-S,, relation, reference is made to a previous experimental study [28].
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Fig. 6. Relative chloride diffusion coefficient (D,.=D/Ds_-,) as a function of degree of water
saturation Sy,: (a) one-year-old OPC mortars with w/b ratios of 0.4, 0.5 and 0.6; (b) one-year-
old blended mortars with constant w/b ratio of 0.5. The D.-Sy, plots of OPC mortars (M4, M5

and M6) were presented in previous work [28]

Figure 6b shows the effects of SCMs on the DSy, relationship. At a particular saturation
level S, the mortars containing FA or BFS commonly exhibit lower D, than the reference
OPC mortar M5. For instance, at S,, = 80%, the D,.-value is approximately 0.1 for MB5, 0.3

for MBL5 and 0.35 for MF5, compared to a much higher Dc-value of 0.6 for M5.

5. Validation of the model of relative chloride diffusion coefficient

An analytical model (Eq. (15)) of relative chloride diffusion coefficient has been established.
Comparison of the model with experimental data, including data derived in this work and
those reported in the literature, is carried out in order to test the reliability and efficiency of

the model.
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5.1. Validation of the model with experimental data derived in this work

The D-S\, data of OPC mortars, as shown in Fig. 6a, are compared with the model (Eq. (15)).
Good agreement is observed in the entire saturation range, regardless of the w/b ratios. The
correlation coefficients are 0.997 for specimen M4 (w/b = 0.4), 0.989 for specimen M5 (w/b
= 0.5) and 0.973 for specimen M6 (w/b = 0.6). According to regression analyses, the
coefficient ¢ in Eq. (15) is determined as 0.164, 0.214 and 0.256 for specimens M4, M5 and

M6, respectively.

Equation (15) is also compared with the existing equations (Eqg. (2) and Eq. (3)). The
comparison is made by examining the fitness of these equations to the D,-S,, plots of mortar
M5 as presented in Fig. 6a. The fitting curves are given in Fig. 7. It is clear that Eq. (15)
shows the best fitness amongst these equations. For the power equation (Eq. (2)), the Dyc-
value is underestimated at high saturation levels (S, > 75%) while overestimated at low
saturation levels (Sw < 75%). At Sy, < 40%, Eq. (2) is found to overestimate the D,.-value
more than one order of magnitude. For the polynomial equation (Eg. (3)), the D.-value is
also underestimated at high saturation levels (S, > 75%). The D-value is fitted as zero at Sy,
= 46%, inferring that Eq. (3) becomes ineffective to predict the D, at lower saturation levels,

I.e. Sy < 46%.
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Fig. 7. Comparison of different equations based on their fitness to the measured D,-Sy plots

of mortar M5 as presented in Fig. 6a

Comparison of Eqg. (15) with the D-S,, data presented in Fig. 6b is further performed. The
regression curves are given in Fig. 8. Good agreement between experimental D,-S,, data and
Eqg. (15) is observed for all binders studied. The correlation coefficients are 0.997, 0.992 and
0.997 for mortars MF5, MB5 and MBL5, respectively. From the curve-fittings, the
coefficient ¢ in Eq. (15) is determined as 0.154, 0.077 and 0.135 for mortars MF5, MB5 and

MBLS5, respectively.
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Fig. 8. Regression curves (D vs. Sy) obtained by using Eq. (15) to fit the experimental data

presented in Fig. 6b

5.2. Validation of the model with experimental data reported in the literature

A series of previously published D-S,, data and details of the experiments are provided in
Fig. 9 and Table 2, respectively. These D.-S,, data were obtained based on the Nernst-
Einstein equation and conductivity measurements. Since the information of the pore size
distribution of the specimens is not available in these studies [13, 17, 41, 42], the porosities of

the specimens are given instead.

From Fig. 9, high correlation coefficients (R?) are observed. It is clear that Eq. (15) describes
these data series (D¢ vs. Sw) quite well, regardless of binder type, w/b ratio or porosity of the
specimens. A direct relationship between porosity and D.-S,, relation cannot be obtained. For
a given saturation level S, the lower D-value, as shown in Fig. 9, should be attributed to a

finer pore size distribution in the specimen.
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Fig. 9. Calibration of Eq. (15) with experimental D.-S,, data reported in literature. The values

of coefficient ¢ and correlation coefficient R? are obtained from regression analyses

Table 2 Previous experimental studies about relative chloride diffusion coefficient

Authors Binder type Specimen W/b  Porosity
Buchwald [13] Masonry materials 32%
Rajabipour [17] ASTM Type | Concrete (18 months) 0.50 17.7%

Mercado-Mendoza et al. CEM V (55% OPC + 22% Slag +
Concrete (6 months) 041  14%

[41] 23% Fly ash)

Olsson et al. [42] (i) OPC Mortar (3 months) 0.38 15%
Olsson et al. [42] (ii) 95% OPC + 5% Silica fume Mortar (3 months) 0.531 19%
Olsson et al. [42] (iii) 60% OPC + 40% Slag Mortar (3 months) 0.386 16%
Olsson et al. [42] (iii) 30% OPC + 70% Slag Mortar (3 months) 0.391 16%
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5.3. Determination of the coefficient ¢ and prediction of the relative chloride diffusion

coefficient

As proved in Sections 5.1 and 5.2, the analytical model (Eq. (15)) agrees fairly well with the
experimental D,.-Sy, data. Prediction of the relative chloride diffusion coefficient D,; with Eq.
(15) is possible once the coefficient ¢ of the material under study is known. As noted earlier,
the coefficient c is related to the fineness of the pore size distribution in the specimen. In the
case when the average pore diameter d, (defined by Eq. (17)) is adopted to indicate the
fineness of pore size, the c-value shall then be described as a function of the average pore

diameter, i.e. ¢ = c(dy).

Calibration of Eq. (15) with the experimental data shown in Fig. 6a-b yielded the ¢ values for
different mixtures. The average pore diameter d, of these mixtures was determined according
to the pore size distribution of paste specimens derived from MIP measurements. Figure 10
depicts the coefficient ¢ versus average pore diameter d, for all mixtures studied. A linear

relationship (Eq. (20)) with a correlation coefficient of 0.92 is found.

c(dy) =k, -d, +k, (R*°=0.92) (20)

where k; [nm™] and k, [-] are constants. Both depend on the pore structure of the materials.

The regression analysis shown in Fig. 10 gives that k; = 0.01 and k, = —0.05.
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Fig. 10. Relationship between coefficient ¢ and average pore diameter d,

The linear trend (Fig. 10) shows that the coefficient ¢ approaches zero at d, = 5 nm. Both n,,
(Eq. (11)) and Dy (Eq. (15)) are then determined as zero at d; < 5 nm. This is reasonable
against the background of the microstructure of cementitious materials. At d, > 5 nm, the
microstructure contains both capillary pores (> 10 nm) and gel pores (< 10 nm). Whereas at
da <5 nm, there may be little capillary pores but only gel pores present in the microstructure
and hence the chloride diffusion is negligible [43]. For hydrated cementitious materials (> 28

days old) the average pore diameter d, rarely exceeds 50 nm [44] and, therefore, the c-value

is usually in the range 0~0.45.

The linear equation (Eq. (20)) allows the water continuity n,, (Eq. (11)) to be described as a
function of the degree of water saturation S,, and the pore structure (indicated by average pore

diameter d,).
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(1-5w)?
Ny = e 2(001da=005)2 (dy > 5 nm) (21)

Consequently, Eg. (15) is extended and the relative chloride diffusion coefficient Dy in

unsaturated cementitious materials can be predicted as:

(1-5w)?
D, = Swo_ - e 2(0.01dy-005)2 (d, > 5nm) (22a)

D.c.=0 (d, < 5nm) (22b)

where Dg [m?/s] is the chloride diffusion coefficient at a particular degree of water

saturation Sy, [-]; Dsar [M?/s] is the chloride diffusion coefficient at saturated state, which can
be obtained from resistivity measurements, steady-state diffusion or migration cell methods

[19]; d, [nm] is the average pore diameter of the material estimated from MIP test.

The linear relationship (Eg. (20)) was derived based on the c-d, plots of six mixtures,
covering different w/b ratios (0.4~0.6) and cementing types (OPC, FA, BFS and LP). It is
worthwhile to point out that natural and artificial blended materials have nowadays been
widely used to partially or even entirely replace the OPC for hydraulic binders. More
experimental investigations can be conducted to examine whether the equation (Eqg. (20)), as
well as the analytical model (Eqg. (22a) and Eq. (22b)), is applicable for other hydraulic
binders. Improvement to Eq. (22a) and Eq. (22b), such as using a more effective relationship

between the coefficient ¢ and the microstructure information, is possible.
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6. Discussion

An analytical model (Eq. (22a) and Eq. (22b)) has been established, with which the chloride

diffusion coefficient D at unsaturated state can be predicted based on the chloride diffusion

coefficient Dg,, at saturated state, the degree of water saturation S,, and the average pore

diameter d, of the material.

We intend to proceed with a detailed discussion on the model (Eq. (22a) and Eq. (22b)) in
order to facilitate its implementation into engineering practice. Two aspects will be discussed

in the following.

6.1. Whether the D-Sy, relation is constant for a given cementitious material?

For a given cementitious material the D.-S,, relation is dependent on the moisture
distribution [28, 45]. In the case of idealized moisture distribution, the water phase fills a pore
system from small pores to larger pores and, therefore, the moisture distribution in the pore
system is expected to be constant at a specific saturation level S,,. However, the idealized
moisture distribution hardly exists for onsite cementitious materials, in which repeated water
desorption-absorption cycles often take place before an equilibrium moisture state is achieved.
A desorption-absorption cycle can result in moisture hysteresis because of the pore

constriction in cementitious materials, as schematically illustrated in Fig. 11.



568

569

570

o571

572

573

o574

575

576

o717

578

579

580

581

582

583

d» 1 Wafer Solid Meniscus

(b) |
Desorption Desorption Desorption
RHy RH1
e :
Adsorbed water film
(d) F 2
Absorption Absorption
— P B
RH:1 RH;

i &

Fig. 11. Moisture hysteresis in a desorption-absorption cycle under isothermal condition: (a)

saturated; (b) desorption to RHg; (c) further desorption to RH,; (D) absorption to RH;

Figure 11a shows a channel consisting of small pores (diameter d;) and large pores (diameter
d2). The channel is initially saturated with water. Figure 11b shows water desorption from
saturated state to RH;, the large pores d, at the two ends are drained (only an adsorbed water
film is present). Figure 11c shows further desorption from RH; to RH; (RH; < RHj). The
whole channel is drained. Figure 11d shows an absorption process from RH, to RH;. The
throat pores d; are fully filled with water while in the ink-bottle pores d, only an adsorbed
water film is present. With the same RHj level the water contents present in Fig. 11b and Fig.
11d are different. This in turn reveals that at a specific degree of water saturation S,, the
internal RH of a given porous system can be different and, moreover, the distribution of
water-filled pores (controlled by internal RH via the Kelvin law) and their continuity (i.e.
water continuity n,,) can be different as well. It is sensible to conclude, therefore, that for a

given cementitious material the relationship between relative chloride diffusion coefficient
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D\ and moisture content (indicated by either S,, or RH) is not constant, but depends on the

dynamic moisture loading history of the material.

For a further examination of the D-S,, relationship, a schematic representation of a sorption
isotherm in cementitious materials is presented in Fig. 12, where the absorption and
desorption curves are plotted based on a literature survey [46, 47]. It is clear that a given
saturation level S,; corresponds to two humidity levels: RH; referring to the minimum
humidity level obtained from desorption isotherm and RH, referring to the maximum
humidity level obtained from absorption isotherm. The two humidity levels, RH; and RH,,
are expected to result in the minimum and the maximum dp-value (d, is the smallest drained
pore diameter following the Kelvin-Cohen equation [29]), and hence the minimum and the

maximum water continuity n,,, respectively.

In the present work the water continuity n,, and associated relative chloride diffusion
coefficient D, were determined based on the moisture distribution estimated from desorption
isotherm. The chloride diffusion coefficient Dg  predicted from the model (Eg. (22a)) is
therefore considered the minimum value achievable at a particular saturation level S,,. The
maximum Dg ~value achievable at this saturation level Sy, can be predicted from the

knowledge of the moisture distribution estimated from absorption isotherm.

In engineering practice, it is not easy to precisely capture the dynamic moisture loading
history of onsite concretes. For a given concrete in equilibrium moisture state, the Dy.-Sw

relation is not constant but variably situated in the shadow zone, as indicated in Fig. 13.
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6.2. To what extent can pore structure affect D,c-S,, relation?

The role of the pore structure in the D,.-Sy, relation is mainly a result of its effect on the water
continuity. A finer pore size distribution tends to result in a lower water continuity and hence
a lower D-value. The average pore diameter d, (Eq. (17)) has been introduced to indicate the
fineness of pore size. To what extent can the pore structure (indicated by the average pore

diameter d,) influence the D-S,, relation, a detailed discussion is presented.

The changes of the D, with increasing d, from 10 to 200 nm for different saturation levels S,
are shown in Fig. 14, where the curves were calculated by Eq. (22a). A similar tendency can
be found for the D-d, curves at different saturation levels (S, = 10~95%). For a given S,, the
D is influenced by the d, only when the d, value is small. The D-value tends to reach a
constant (equal to the S,-value) once the d, is sufficiently large. This observation is
reasonable in view of the pore structure characteristics of cementitious materials. In general,
a larger d, corresponds to a more porous pore network. For a pore structure with the d, large
enough, all the pores are considered well connected and the whole pore network can then be
treated as one big channel. As a consequence, the D, tends to linearly decrease with the
decreasing amount of water available for ionic transport, i.e. linear D.-S,, relationship is

expected as can be deduced from Eq. (22a) at d; — .
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Fig. 14. Influences of pore structure (indicated by average pore diameter d,: 10~200 nm) on

the relative chloride diffusion coefficient Dy at different degrees of water saturation S,

Besides, the D,.-d, curves show differences for different saturation levels S,,.

= At saturated state (Sy, = 100%), the D is equal to one, independent of the d,. In other

words, the pore structure has no influence on the Dy at S,y = 100%. There is no doubt
in this point based on the definition of the Dy..

At S,, = 95%, the most rapid change of the D, occurs when the d, increases from 10
to 15 nm. Less rapid but clearly distinguishable change of the Dy is observed until the
d, further increases up to 30 nm, after which the D,, changes little. It is revealed that
when the S, is as high as 95% the D, will be influenced by the pore structure only if
da < 30 nm. For pore structures with d, > 30 nm, the D, tends to be a constant
(approaching 0.95).

A remarkable decrease of the D, at d; = 10 nm is observed when the S,, decreases
from 95% (D, = 0.58) to 90% (D, = 0.12). For S, = 90%, a slight increase of the d,

leads to a steep jump of the D, until the d, reaches approximately 30 nm, after which
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the increase of the D is less significant. The D, changes slightly at d, > 40 nm, and
nearly reaches a constant at d, > 50 nm. For S,, = 80%, the D, suddenly drops to
almost zero at d, = 10 nm and the increase of the D, with increasing d, becomes less
pronounced, compared to the cases for Sy, = 90% and Sy, = 95%. For S,, = 80%, a
slight slow change of the D, is observed at d, > 50 nm and the D, is nearly
unchanged at d, > 80 nm.

= A further decrease of the S,, results in the D, to be less influenced by the d,. For
example, at Sy, = 40%, the D, increases merely from 0 to 0.32 when the d, increases
greatly from 10 to 100 nm. When the S,, approaches zero the D, is expected to be

infinitely small, regardless of the d,.

The foregoing discussion enables to partition the dependency of the D-Sy, relation on the
pore structure in accordance to the value of the average pore diameter d,:
1) Atd, <30 nm, the pore structure significantly influences the D, in the wide saturation
range 10% < S, < 95%.
2) At 30 nm < d, <50 nm, the pore structure has a minor influence on the D, for high
saturation range (Sw > 90%), but has a great influence on the D, for S, < 80%.
3) At 50 nm < d, <100 nm, the pore structure has a minor influence on the D, for S, >
80%, but still exhibits an obvious influence on the D, for S,y < 70%.
4) At d, > 100 nm, the influence of the pore structure on the D, is negligible for S, >

60%, which is a common saturation range in cementitious materials.

A number of systematically experimental studies [44, 48] have shown that the average pore
diameter d, of well-cured cementitious materials (> 28 days old) is normally below 50 nm. It
is therefore considered that the pore structure can play an important role in the D-S,, relation

of hydrated cementitious materials.
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7. Summary and concluding remarks

In the present work an analytical model (Eg. (15)) has been developed, with which the
relative chloride diffusion coefficient D is described as a function of the degree of water
saturation S, The model takes the moisture distribution into account. The model has been
verified with experimental data derived in this work and with those reported in the literature

as well.

Equation (15) is extended into Eq. (22a) and Eq. (22b) according to the experimentally
obtained linear relationship between the coefficient ¢ and the average pore diameter d, in
cementitious materials. The model (Eqg. (22a) and Eq. (22b)) allows predicting the chloride
diffusion coefficient Dg  at unsaturated state based on the chloride diffusion coefficient Dg,,
at saturated state, the degree of water saturation S,, and the average pore diameter d, of the
material. The pore structure with small average pore diameter (d, < 30 nm) has a significant
influence on the D(.-Sy, relationship, while the pore structure with large average pore diameter
(da > 100 nm) has little influence on the D,.-S, relationship. Herein, the d, value is identified

from MIP measurements.

The water continuity (n,, = 0~1) governs the D.-S,, relationship. The water continuity n,,
depends on the sorption isotherm (including both desorption and absorption isotherms). The
sorption isotherm is influenced by pore size distribution and pore constriction. For a given
cementitious material the D.-S,, relation is not constant, but depends on the dynamic

moisture loading history.

The modeling of the D,.-Sy, relation presented in this work is in a stage of development. Even

in this stage, however, the present work helps to understand the mechanisms of unsaturated
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chloride diffusion. Moreover, the model (Eq. (22a) and Eq. (22b)) enables to predict the
minimum D, value achievable at any particular saturation level S,,. The maximum D, value
achievable at a given S,, will be determined in the next stage based on the moisture
distribution estimated from absorption isotherm. With the help of the model (Eqg. (22a) and
Eq. (22b)), it is possible to perform mixture design based on the chloride diffusion coefficient
of unsaturated concrete. This is more reliable than the current mixture design method that is

based on the chloride diffusion coefficient of saturated concrete.
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