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This paper provides a comprehensive overview of existing experimental andmodelling approaches to determine
effective diffusion coefficients of water saturated ordinary Portland cement-based materials. A dataset for diffu-
sivity obtained from different experimental techniques have been presented for cement paste, mortar and con-
crete. For cement paste at low porosities, diffusivity reported by different authors varies up to a factor of five
and electrical resistivity measurements for low capillary porosity are up to one order of magnitude higher com-
pared to other techniques. Experimental data ofmortar and concrete reveals predominant influence of increasing
tortuosity due to aggregates and limited influence of interface transition zone. Hence, a particular emphasis has
been placed on assessing predictability of diffusivity models for cement paste on a larger dataset collected in this
paper. It has been observed that all predictive models have similar level of accuracy and fail to predict electrical
resistivity data at low capillary porosity as these models are not calibrated using electrical resistivity data.
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Notations

A Cross-sectional area of the sample
a ,a1 ,a2 ,a3 Fitting parameter representing coefficients in differ-
ent models
C Concentration
Cs Concentration at the upper compartment (inlet)
Co Initial concentration in sample
Cb Bound concentration
Da Apparent diffusivity (often referred to as non-steady

state diffusivity in literature)
DCSH Diffusivity of C-S-H phase
De Effective diffusivity (often referred to as steady-state

diffusivity in literature)
Dp Pore diffusion coefficient
De
p,De,i

p ,De
m/c Effective diffusivity of cement paste in general, ce-
ment paste of the ith layer and mortar/concrete
respectively

De
itz ,De

agg Effective diffusivity of ITZ and aggregates
De,n Effective diffusivity of the composite with n layer

spheres in case of multicoated sphere model
De,i Effective diffusivity of ith layer in case of transfer matrix

method
Dea Effective diffusivity of an equivalent aggregate system

specific to [154] model
Dhm Diffusivity of hypothetical homogeneous medium con-

taining equivalent aggregate system and cement paste
specific to [154] model

Dgp Pore water diffusivity in gel pores
DHD−CSH ,DLD−CSH

Diffusivity of HD and LD C-S-H respectively
Dinn,Dint ,Dout Diffusivity of inner, intermediate and outer layer

in case of multicoated sphere model
Ds Diffusivity of solid phase in generalized effective media

theory
D0 Diffusivity in capillary pore water
Ec total electric charge passed the sample
F Faraday number
H() Heaviside function
I current passed through the sample
J flux
Jss Steady-state flux
L Length of sample
m Percolation exponent
M Molar mass of species
n Fitting parameter representing power in different

models
Q Cumulative quantity at outlet
Qc Charge passed
R Ideal gas constant
Rd Retardation factor
ri Radius of ith layer in case of transfer matrix method
ragg Radius of aggregates
rc Outer radius of the composite sphere applicable to

transfer matrix method
t Time
ti Components of the transfer matrix applicable to trans-

fer matrix method
titz Thickness of ITZ
tlag Time –lag (through-diffusion)
T Temperature
T Transfer matrix applicable to transfer matrix method
U Voltage
u Darcy velocity

wea,wp Weighting factors related to equivalent aggregate sys-
tem and cement paste, respectively

x Distance
z Valency number
ϕ Capillary porosity
ϕc Threshold capillary porosity
ϕpores
i Volume fraction of pores in ith phase

ϕi
p Volume fraction of ith phase in cement paste

σe ,σ0 Effective conductivity and conductivity of pore water
respectively

ρe ,ρ0 Effective resistivity and resistivity of pore water
respectively

ϕgp
HD−CSH, ϕgp

LD−CSH

Volume fraction of gel pores in HD C-S-H and LD C-S-H
respectively
ϕAF
inn ,ϕCH

inn Volume fraction of capillary pores, Aluminate phases,
portlandite and C-S-H phase respectively in inner layer
in case of multicoated sphere models

ϕCP
int ,ϕAF

int ,ϕCH
int Volume fraction of capillary pores, Aluminate
phases, portlandite and C-S-H phase respectively in in-
termediate layer in case of multicoated sphere models

ϕCP
out ,ϕAF

out ,ϕCH
out ,ϕCSH

out Volume fraction of capillary pores, Alumi-
nate phases, portlandite and C-S-H phase respectively
in outer layer in case of multicoated sphere models

ϕpaste ,ϕagg ,ϕitz Volume fraction of paste, aggregates and ITZ re-
spectively in mortar/concrete

ϕtot Total porosity in cement paste (gel pores + capillary
pores)

ϕea,ϕea,c Volume fraction and critical volume fraction of equiva-
lent aggregate system, respectively

Ψ electrical potential
τ Geometric tortuosity factor
τa Apparent tortuosity factor
δ Constrictivity
θ Water content
ε Dielectric permittivity
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1. Introduction

Chemical degradation processes of cement-based materials such as
chloride-induced corrosion [1], sulphate attack [2,3], carbonation
[4–6] and calcium leaching [7–10] are associated with the transport of
solutes, either as ions or dissolved gases. One of the important transport
mechanisms of solutes is diffusionwhich is driven by concentration gra-
dients. The rate of diffusion is characterized by diffusion coefficient,
commonly referred as diffusivity. Diffusivity is an important parameter
for modelling processes related to contaminant transport in cementi-
tious barriers, assessment of long-term behaviour of nuclear waste dis-
posal systems based on cementitious engineered barriers and rebar
corrosion in civil concrete structures [11]. Diffusivity is also used as a
key durability parameter to define service life of concrete structures
[12]. Diffusivity of a porous media at the macroscopic scale is given as
[13]:

De ¼ θD0δ
τ2

ð1Þ

where De is the diffusivity of ion/gas in porous media also known as ef-
fective diffusivity [L2 T−1]; D0 is the diffusivity of the solute in pore
water [L2 T−1]; θ is the volumetric water content which is equal to po-
rosity for saturated media [−]; δ is the constrictivity factor [−] and τ
is the geometric tortuosity factor [−]. The ratio (De/D0) is commonly
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referred to as relative diffusivity of the media [14]. Alternatively Eq. (1)
can also be represented as [13]:

De ¼ θD0τa ð2Þ

where τa [−] is the apparent tortuosity factor which lumps together the
effect of tortuosity and constrictivity. In case of sorption/binding of ions
to solids, for example binding of chloride ions in cement-based mate-
rials, diffusivity is given as [15]:

Da ¼ Dp

Rd
ð3Þ

whereDa [L2 T−1] is the apparent diffusivity also accounting for retarda-
tion caused by binding/sorption, Dp [L2 T−1] is the pore diffusivity
(Dp = D0δ/τ2) and Rd [−] is the retardation factor. If no sorption of sol-
ute occurs, Rd is 1 and Da equals Dp. It should be noted that while Da

might vary with time if sorption is non-linear, Dp remains constant.
The apparent diffusivity is also commonly referred to in literature as
non-steady-state diffusivity and effective diffusivity as steady-state dif-
fusivity in case of chloride ion transport through cement-based mate-
rials [16,17]. Both constrictivity and tortuosity depend on the
morphology of themedia. The geometric tortuosity factor takes into ac-
count that diffusion occurs only through connected pathways.
Constrictivity accounts for narrowing of pores thus restricting the diffu-
sion of species through the pore. Constrictivity depends on the ratio of
the diameter of the diffusing particle to the pore diameter. Moreover,
phenomena such as anion exclusion [18], double layer effects [18,19]
and influence of adsorbed layer on diffusion [20] and can be indirectly
accounted for in the constrictivity. Effects of constrictivity factors on dif-
fusivity of cement-basedmaterials have been observed experimentally,
and it has been reported by different researchers that different ions
have different relative diffusivity in the same testing cement-basedma-
terials [21,22]. However, there is lack of substantial experimental data
on effect of constrictivity factors in cement-based materials to establish
an appropriate description of constrictivity. Hence, sometimes the rela-
tionship for constrictivity factor defined for soils has been used for ce-
mentitious materials [23].

The morphology of the cement-based materials depends on several
factors such as water-to-cement (w/c) ratio, admixtures, initial compo-
sition of cement clinkers, curing conditions and degree of hydration. The
morphological heterogeneities in cement-basedmaterials can be linked
with four spatial scales, viz., nano-, micro-, meso- and macro-scale. The
nano-scale deals with the description of the heterogeneities associated
with the calcium-silicate-hydrate (C-S-H) phasewhich is themainmin-
eral phase in cement paste. It is nowaccepted in the cement community
that there exist two types of C-S-H phases [24,25]: a low-density C-S-H
phase (LD C-S-H) formed during the early stage of hydration and a high-
density C-S-H (HD C-S-H) formed during the later stage of hydration.
The porosity in the C-S-H matrix is referred to as gel pores. Micro-
scale deals with the description of heterogeneities of the hardened ce-
ment paste (HCP). HCP morphology comprises of a wide range of solid
mineral phases besides C-S-H such as portlandite (CH), aluminate
phases such as ettringite (AFt), monosulphate (AFm) and hydrogarnet.
HCP also contains spaces called capillary pores filled with water or air.
Additionally, the matrix can also contain microcracks formed during
the hardening phase. Thus, diffusion in cement paste occurs essentially
through the water-filled gel pores in C-S-H and capillary pores in ab-
sence of microcracks. The meso-scale describes heterogeneities associ-
ated with the mortar/concrete and consists of aggregates, HCP and a
region between cement paste and aggregates commonly referred to as
interface transition zone (ITZ) which has higher porosity compared to
the bulk HCP [26,27]. Furthermore, cracks and air-voids can also be
present in mortar or concrete. Finally, at the macro-scale, cement-
based material is treated as a homogenous material.

During the last decade, considerable efforts have been made in un-
derstanding the process of diffusion in concrete and measuring its
diffusivity for which varieties of methods have been proposed. Howev-
er, there is no univocal agreement on a best suited approach tomeasure
diffusivity. Similarly, different analyticalmodels have been developed to
predict the diffusivity of cement-based materials. The increase in com-
putational power has also enabled to compute diffusivity utilizing mi-
crostructures generated from microstructure models of HCP as input
through computational homogenization which involves solving of the
mass transport equation on microstructures. Different numerical ap-
proaches have been used for this purpose such as random walk [28,
29], finite element [30,31], lattice Boltzmann [32] and finite difference
methods [33]. Similarly, diffusivity of mortar and concrete has been de-
termined explicitly from the meso-structure [34,35]. Hierarchical ap-
proaches wherein diffusivity computed at the micro-scale serves as
input to themeso-scale have also been proposed [14,31,36,37]. Howev-
er, to the authors' knowledge there is no consolidated and comprehen-
sive overview of the existing experimental as well as modelling
approaches to determine effective diffusivity of saturated cement-
based materials till date. There already exist reviews on certain aspects
of transport in cement-based materials such as chloride binding [38]
and diffusion in unsaturated cement-based materials [39]. Fundamen-
tals of diffusion in cement-based materials have also been discussed in
[40]. Therefore the objective of this paper is directed towards fulfilling
this gap. Different experimental techniques for obtaining diffusivity
and issues associated with interpreting the results from these tech-
niques have been discussed in Section 2. Section 2 also includes discus-
sion on qualitative and quantitative trends based on compilation of
dataset of measured effective diffusivity reported by different re-
searchers, including its implications is presented. Existing analytical
models to predict diffusivity have also been reviewed alongwith discus-
sions on assumptions involved in thesemodels in Section 3. Our analysis
of available experimental data reveals that ITZ has only minor contribu-
tion to diffusivity and that there exists a one-to-one correspondence be-
tween mortar/concrete diffusivity and fraction of HCP in mortar/
concrete. Hence, in Section 3, a comparative study and discussion only
on performance of the analytical models for cement paste has been pre-
sented. The scope of this paper has been limited to diffusivity of ordi-
nary Portland cement paste under saturated conditions. A detailed
review on aspects related to determination of diffusivity directly by
solving field equations on micro- and meso-structures is beyond the
scope of this paper.

2. Measurement and interpretation of diffusivity in cement-based
materials

2.1. Governing equations for diffusion in saturated cement-based materials

The molecular diffusion of ith species through porous media can be
expressed using Fick's first law which states that the diffusive flux (J
[NL−2 T−1]) is directly proportional to the concentration gradient (∇
C[NL−2]):

Ji ¼ −De
i∇Ci ð4Þ

where C is the concentration in the aqueous phase [NL−3]. Fick's first
law can be used to determine diffusivity from diffusion experiment
under a steady-flux condition. Fick's first law is purely phenomenologi-
cal and for the case of ionic species, diffusion is more rigorously de-
scribed using Nernst–Planck equation which for ith ionic species is
given as [41]:

Ji ¼ −Di
e∇C

i−Di
eC

i zi F
RT

∇Ψ−Di
eC

i∇ lnγi ð5Þ

z is the valence number [−]; F is the Faraday constant (96485.33289C/
mol); R is the ideal gas constant (8.3145 J/mol K); T is the temperature
of the liquid [K];Ψ is the electrical potential [ML2T−2Q−1]; and γ is the



55R.A. Patel et al. / Cement and Concrete Research 90 (2016) 52–72
chemical activity coefficient [−] which for low ionic strength solutions
is usually computed using the Davies equation [42]. In Eq. (5), the
first, second and third terms describe diffusion, electro-kinetic effects
and chemical activity effects, respectively. The electrical potential in
Eq. (5) is evaluated using the Poisson equation [42]:

∇2Ψ þ F
ε

XN
i

ziCi

" #
¼ 0 ð6Þ

where ε [C2N−1 L−2] is the dielectric permittivity of the solution; and N
is the total number of ionic species [−]. For very dilute solutions (ionic
strength b0.005) the chemical activity coefficient approaches towards
unity [43] supporting the simplifying assumption that lnγ→0 in such
case. Another simplifying assumption is that all species have the same
diffusivity which implies that net transport of charge is zero. Under
these assumptions second and third term of Eq. (5) can be neglected
and it reduces to Eq. (4). However, the validity of these assumptions de-
pends on the experimental conditions. Electro-kinetics effect can be of
importance while interpreting ion diffusion experiments and differ-
ences in diffusivity obtained using Nernst–Planck equation and Fick's
first law in some cases can amount to up to 50–100% depending on
the test setups [44]. It should be noted that the setups can be designed
for (chloride) ion diffusion wherein this effects can be neglected and
Fick's law holds (see discussion in [44]). Similarly, Tang et al. [45] has
noted thatwhile the chemical activity effects can be neglected, the contri-
bution from the counter ion potential due to electro-kinetic term cannot
be neglectedwhile interpreting non-steady state chloride diffusivity data.

The change in concentration in a control volume over time can be
described using mass conservation in absence of chemical reactions
which is known as Fick's second law as:

∂θC
∂t

i

¼ −∇ Ji ð7Þ

To account for reactive species such as chloride ions which binds
with the cementmatrix, and additional source/sink termhas to be intro-
duced in Eq. (7)

∂θC
∂t

i

¼ −∇ Ji þ Ri ð8Þ

Where Ri denotes the source-sink term because of chemical interac-
tions [N1 L−3 T−1]. Binding of chloride in cement-basedmaterial is char-

acterized by binding capacity, ∂Cb
∂C (Cb [kg/m3

concrete/mortar/paste] and C [kg/
m3

solution] are bound and free chloride concentrations, respectively),

and correspondingly, R ¼ −∂Cb
∂t ¼ −∂Cb

∂C
∂C
∂t . Thus, under the assumption

of constant water content with time, Eq. (8) for chloride ion diffusion
can be rewritten as

∂C
∂t

¼ −
1

θþ ∂Cb

∂C

� �∇ J ð9Þ

For dilute solutionswith no net transport of charge, Fick's first law is
valid. Therefore, by substituting Eq. (4) in Eq. (9), a form equivalent to
Fick's law can be derived with apparent chloride diffusivity given as:

Da ¼ De

θ 1þ 1
θ
∂Cb

∂C

� � ¼ Dp

Rd
ð10Þ

with

Rd ¼ 1þ 1
θ
∂Cb

∂C
ð11Þ
This equation shows that the apparent chloride diffusivity (non-
steady state chloride diffusivity) is dependent on binding capacity.
Binding isotherm for chloride ion in cement-basedmaterials is generally
non-linear [38] and hence apparent chloride diffusivity varieswith time
as binding capacity intrinsically depends on concentration. However,
under the simplifying assumption that binding isotherm is linear (i.e.
constant Da) so-called erfc type analytical solutions can be derived
[46]. The governing equations described above can always be solved nu-
mericallywhile interpreting experimental data to obtain apparent or ef-
fective diffusion coefficients. However, depending on the test setups
and boundary conditions, analytical solutions for the governing equa-
tions can be used for interpretation under certain assumptions as de-
tailed in next section.
2.2. Measurement techniques and its application

In this study, experimental setups to determine diffusivity are classi-
fied into four categories: (i) through-diffusion based on measuring
fluxes, (ii) in-diffusion based on measuring concentration profiles in
the sample, (iii) electro-migration experiments, either by through- or
in-diffusion, in which ion diffusion is accelerated by an electric field,
and (iv) techniques in which proxy variables are used to determine dif-
fusivity, for example, electrical resistivity techniques. A summary of the
measurement techniques is given in Table 1.
2.2.1. Through-diffusion
The diffusion coefficients of a variety of diffusing species (e.g. tritiat-

ed water (HTO), ions and dissolved gases) are classically determined by
the through-diffusion technique because of its simplicity, convenience
and natural-like diffusion. The setup (Fig. 1a) consists of a thin sample
located between two compartments. The diffusing species is injected/
filled to the upstream compartment. For measuring diffusivity of dis-
solved gases, two gases with the same pressure are injected to the
downstream and upstream compartments to balance the pressure in
the two compartments which prevents advective transport. This setup
usually allows measuring the diffusivity of two dissolved gases in a sin-
gle experiment [47–49]. Under the concentration gradient, the diffusing
species diffuses towards the downstream compartment. The concentra-
tion of diffusing species in the downstream compartment is measured
regularly until steady-state flux is reached.

Fig. 1b shows a typical cumulative quantity of a diffusing species
over time. When steady-state is reached, the slope becomes constant
which means the diffusive flux across the sample is constant. Fick's
first law (Eq. (4)) can then be applied to calculate the cumulative quan-
tity Q(t) [N] of diffusing species passed through a sample with a cross-
sectional area A [L2]:

Q tð Þ ¼
Zt
0

−DeA
∂C
∂x

dt ¼ −DeA
∂C
∂x

t ≈ DeA
CS

L
t ð12Þ

where L is the length of sample [L], C is the concentration [NL−3] and Cs
is the concentration of diffusing species in the upstream compartment
[NL−3]. Note that in above equation the concentration of diffusing spe-
cies in the downstream compartment (C1) is considered to be zero as it
would be negligible compared to Cs. The effective diffusivity in this case
can be easily computed from the slope of Q(t) curve. In case of no sorp-
tion/binding, the accessible porosity of the sample can be determined
from the time-lag tlag [T] (Eq. (13)), which is the intercept of the straight
line with the x axis in Fig. 1b and expressed as follows [50]:

θ ¼ 6Detlag
L2

ð13Þ



Table 1
Summary of methods to measure diffusion coefficients of cement-based materials.

Technique Through-diffusion In-diffusion Electro-migration Electrical resistivity

Description/principle • Thin sample located between two
compartments;

• The diffusing species is injected to the
upstream compartment;

• The concentration of diffusing species
in the downstream compartment is
measured regularly until a steady-state
flux is reached.

• Based on the measurement
of the concentration profile
of the diffusing species in-
side the sample.

• Thin sample located between
two electrodes;

• Transport of ionic species is ac-
celerated by an electrical poten-
tial difference;

• Non-steady-state: concentration
profile of ion is measured inside
the sample;

• Steady-state: concentration of
ion in the downstream compart-
ment is monitored until steady--
state is reached.

• The electrical resistivity of the
sample is measured by apply-
ing a known alternating
current/voltage;

• Diffusivity can be obtained
from the link between resis-
tivity and diffusion.

Conventional
interpretation approach

Fick's first law Fick's second law Nernst–Planck equation Nernst–Einstein equation

Pros • Simple
• Accurate
• Pure diffusion

• Standardized in many codes
• Possible to measure diffusiv-
ity of in situ concrete

• Relatively fast;
• Standardized in many codes

• Very fast in determination of
sample resistivity;

• Simple setup
Cons • Time-consuming;

• Requires constant concentration gradi-
ent;

• Very thin sample;
• Microstructural may change due to hy-
dration during long measurement.

• Laborious;
• Less accurate in determina-
tion of profile concentration;

• Still time-consuming to col-
lect enough data points

• Issues with interpretation of re-
sults

• Electro-osmotic flow and heat
generation due to current;

• All ions in pore solution are
considered.

• Need to determine the resis-
tivity of pore solution to cal-
culate the effective
diffusivity;

• Gives only approximate diffu-
sivity of the sample, not for
specific species.

• Scattered results.
Application
on:

Cement Usually for cement paste x x x
Mortar x x x
Concrete Limited due to difficulty in

sliding the sample
x x

Obtained
parametersa:

De x x x
Da x x
θ x x

Test duration Few months Few weeks Few days Instantaneous (excluding time
for determination of pore
solution resistivity)

Diffusing species Dissolved gases;
Ions

Ions;
Radioactive elements

Ions Not specific

a The obtained parameters can vary depending on the way of interpretation.
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However, it has been reported that the porosity determined from
time-lag is less precise than traditional porosity measurements (e.g.
water saturation method) [50].

To maintain a constant concentration gradient, the gas/solution in
upstream and downstream compartments is regularly refreshed. De-
spite this the constant gradient condition is difficult to achieve and
small variations in concentration gradient at steady state can be permit-
ted [50]. If the variations are too large, the effective diffusion coefficient
can be obtained throughfitting using a numerical solution of Eqs. (7) and
(4) with time varying boundary conditions [47,48].

The through-diffusion technique has also been used to determine
the steady-state diffusion coefficients of ions (chloride, sulphate) [51,
52]. However, through-diffusion is not an optimal method to measure
C1 0 

Upstream Downstream 

Sample Sealant

C
s

(a)

Fig. 1. (a) Through-diffusion setup (b) cumulati
the steady-state diffusion coefficient for interacting (sorbing) species
as it takes very long time to reach steady-state. Alternatively, electro-
migration technique (see Section 2.1.3) enables to obtain the steady-
state diffusion coefficient in a shorter time period. The data on diffusion
of dissolved gases in saturated cement-basedmaterials measured using
through-diffusion technique is very scarce in literature and no widely-
accepted standardized procedure is available so far. Knowledge of the
diffusion of dissolved gases such as oxygenwhich is involved in the cor-
rosion process of steel bars in reinforced concrete is important. The
effective diffusion coefficients of dissolved oxygen are usually deter-
mined by through-diffusion technique in which the concentration of
oxygen at downstream compartment is measured using an electro-
chemical method [53,54] involving cathodic consumption of the
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Fig. 3. Electro-migration diffusion setup.
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diffused oxygen and cumulative quantity is calculated using Faraday's
law as [54]:

Q tð Þ ¼ EC
F
M
z

ð14Þ

where EC [Q] is the total electric charge passed; F is the Faraday number
(96,485 coulomb/mol);M [M1 N−1] is the molar mass of species; and z
is the number of electrons transferred permolecule of species (z=4 for
oxygen). Recently, Phung [47,48] applied the through-diffusion tech-
nique (concentration is directly measured by gas chromatography) to
measure the effective diffusion coefficients of two dissolved gases in a
single experiment which can also be used for oxygen.

2.2.2. In-diffusion
Instead of waiting for a steady-state flux as in the case of through-

diffusion setup, in-diffusion is a transient method, which is less time-
consuming. This technique is destructive technique and only applicable
on easily traceable species (chloride, radioactive elements). The tech-
nique is based on the measurement of the concentration profile of the
diffusing species inside the sample by cutting the sample into small
slices at a given time. Experiments are usually designed in such a way
that the source concentration of the diffusing species is kept constant
and the sample is long enough to consider a semi-infinite domain (see
Fig. 2). The apparent diffusion coefficient is then obtained, under the as-
sumption of a constantDa in time and space (which implies linear bind-
ing isotherm as discussed in Section 2.1), by fitting the concentration
profile with the analytical solution of Eq. (7) and (9) [55,56]:

C x; tð Þ−C0 ¼ Cs−C0ð Þerfc x
2
ffiffiffiffiffiffiffiffi
Dat

p
� �

ð15Þ

where C(x,t) is concentration at depth x [L] and time t [T]; C0 and Cs are
the initial and source concentrations; respectively [NL−3] and erfc is the
complementary error function. In above equationDa equals toDp in case
of no binding. In practice, for chloride diffusion, measurement of con-
centration in pore solution as a function of depth is extremely difficult.
Therefore, the total chloride concentration is normally determined by
profile grinding method [57]. In that case, Fick's second law is written
for total concentration and equivalent forms (like Eqs. (7) and (9))
can be obtained [58], which results in an identical analytical solution
as given by Eq. (15) in terms of total concentration. It is worthmention-
ing that the apparent chloride diffusion coefficient for cementitious
materials derived using Eq. (15) decreases with the duration of mea-
surement [59] due to continuous hydration and non-linear binding.
Moreover, the diffusion coefficient obtained from Eq. (15) is not the in-
stantaneous diffusion coefficient at a given exposure time but reflects a
kind of an average effect at that time.

Chloride diffusion coefficients are commonly determined using
long-term immersion tests based on the in-diffusion method which
have been standardized in ASTM C1556-04 [60] and Nordtest NT Build
443 [57] and recently in European Standard EN 12390-11 – part 11
[61]. As diffusion is themain transportmechanism in these tests, the ex-
posure duration is quite long in order to collect enough experimental
data, even with concentrated chloride concentration (165 g NaCl per
litre) for Nordtest NT Build 443, the required exposure duration is still
35 days. The diffusivity obtained from long-term immersion tests is fre-
quently based on Fick's second law which does not take into account
ion-ion interactions and binding effects. However, the diffusivity ob-
tained from Nordtest NT Build 443 is referred as the “effective” diffusiv-
ity which should actually be the “apparent” diffusivity.

The mentioned assumptions for interpretation of long-term immer-
sion tests could lead to controversial results, for example, the diffusivity
of chloride in sodium chloride solution is smaller than in potassium
chloride because the diffusivity of potassium is higher than that of sodi-
um [62] resulting in a larger influence of electro-kinetic effect on chlo-
ride diffusion. Furthermore, chloride diffusivities obtained from long-
term immersion tests are higher than electro-migration tests despite
the good correlation between two obtained diffusivities [17,63]. There-
fore, the use of Nernst-Planck equation instead of Fick's law is recom-
mended to interpret data from long-term immersion tests to account
for transport of charge [45].

Besides chloride ions, diffusion of sulphate ions is also a relevant be-
cause sulphate attack is an important durability problem in coastal con-
crete structures. The diffusion coefficient of sulphate ions is normally
measured by an in-diffusion method in which the sample is placed in
a sodium sulphate solution (5%) [64]. A similar test protocol for chloride
can also be applied for the determination of sulphate diffusion coeffi-
cient [65,66].

2.2.3. Electro-migration
Electro-migration tests have been developed to accelerate the ionic

transport by applying an electrical field. The setup consists of a thin
sample located between two electrodes immersed in electrolyte solu-
tions (see Fig. 3). The ionic species for which diffusivity has to be mea-
sured is added to the upstream compartment. A constant electrical
potential difference is applied across the sample. In steady-state migra-
tion tests, the evolution of the concentration of a given ionic species in
the downstream compartment is monitored until steady state is
reached. For non-steady-state migration tests, the concentration profile
of the ionic species within the sample is measured after a given period.
The interpretation of experimental data to obtain diffusion coefficient is
carried out using Nernst-Planck equation (Eq. (5)). Under assumptions
of a constant Da, constant electrical field (i.e. ∇Ψ=ΔΨ/L), negligible
contribution of electro-kinetic term compared to electrical field, and
semi-infinite domain, the analytical solution for Nernst-Planck equation
can be obtained and the concentration profile (for non-steady-state
tests) is given as [67]:

C ¼ Cs

2
eaxerfc

xþ aDat
2
ffiffiffiffiffiffiffiffi
Dat

p
� �

þ erfc
x−aDat
2
ffiffiffiffiffiffiffiffi
Dat

p
� �� �

ð16Þ

where a ¼ zFΔΨ
RTL ; Cs is the source (boundary) concentration [NL−3];

L is the length of sample [L] and ΔΨ is the potential difference
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[ML2T−2Q−1]. The apparent diffusion coefficient can be obtained by
fitting the concentration profile using Eq. (16) (as in the case of in-
diffusion technique). Note that the apparent diffusion coefficient ob-
tained in this case (under assumption of a constant electrical field)
may be higher than one derived from conventional diffusion experi-
ments (through-diffusion) because ionic concentration profiles are
overestimated as pointed out by Samson el al. [42].

For steady state (i.e. constant flux in the domain) under the assump-
tions that electro-migration is the dominant transport process (i.e. the
first term and last term of the right-hand side of Eq. (5) are neglected),
the electrical filed is constant (even this assumptionmay not be verified
[42]), and upstream concentration is much higher than downstream
concentration, the effective diffusion coefficient can be computed as fol-
low (similar to through-diffusion):

De ¼ JSSRTL
zFCsΔΨ

ð17Þ

The steady-state flux JSS [NL−2 T−1] can be calculated from the con-
centration evolution in the downstream compartment.

Electro-migration tests offer a possibility to significantly shorten the
measurement time for ionic species [16,67–69]. For cement-based ma-
terials, the most commonly investigated ion is chloride, because of the
extent of reinforcement corrosion damage due to de-icing and exposure
to marine environment. Electro-migration test for chloride has been
standardized in many national standard procedures. In Nordtest NT
355 [70], the steady-state migration test is used to determine the effec-
tive diffusivity by applying a constant direct voltageU of minimum12 V
duringminimum exposure duration of 7 days. The Eq. (17) is then used
to interpret the experimental data. Nordtest NT Build 492 [71], on other
hand, proposes use of a non-steady-state chloride migration test in
which in range of 10–60 V (typically experiments are carried out at
high voltage of 30 V) is applied on samples in 10–96 h depending on
the concrete quality. The apparent diffusivity is then calculated using
Eq. (18) which is a simplified form of Eq. (16) under the assumptions
that the penetration depth xd [L] (measured using colorimetric method)
is larger than αDat and the electrical field is large enough. These as-
sumptions are indeed acceptable for this setup.

Da ¼ RTL
zFΔΨ

xd−α
ffiffiffiffiffi
xd

p
t

ð18Þ

where

α ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RTL
zFΔΨ

r
er f−1 1−

2Cd

Cs

� �
ð19Þ

where Cd [NL−3] is the chloride concentration at which the colour
changes when measuring xd (Cd ≈ 0.07 N for OPC concrete). Note that
ΔΨ=U−2 taking into account the drop of 2 V between the interface
of the electrode and the electrolyte. The non-steady-state diffusion coef-
ficients obtained from the mentioned electro-migration methods are
Sample

Sponge

L
U

Electrode

Fig. 4. Typical electrical resistivity setup.
reported to be about one order of magnitude higher than the steady-
state diffusion coefficients [72]. This is due to the fact that the effective
diffusible area (porosity) is less than the apparent cross-sectional area
of the sample, while the binding effect counteracts this difference (see
Eq. (10)) [73]. The heat generation during electro-migration tests also
strongly contributes to deviation of test results [74,75].

ASTM C1202-97 [76] also involves in measuring the electrical cur-
rents at different experimental time under a voltage of 60 V applied
on the sample immersed in a sodium chloride solution at one end, and
in a sodium hydroxide solution at the other end, in duration of 6 h.
The electrical currents are then used to calculate the charge passed
through the sample, which is clamed as an indicator for chloride resis-
tance.

Qc ¼ 900 I0 þ 2I30 þ :::þ 2I300 þ I360ð Þ ð20Þ

where Qc [coulombs] is the charge passed; I0 is the current [amperes]
immediately after voltage is applied, and It is the current [amperes] at
t minutes after voltage is applied. The concrete is considered having a
high chloride resistance if Qc is smaller than 100 coulombs and a high
chloride penetration if Qc is larger than 4000 coulombs. However this
method may not correctly reflect the chloride diffusion through the
sample because it does not take into account the effect of presence of
other ions in pore solution which strongly influences the measured
electrical currents. This method is in fact, as also stated in the standard
ASTM C1202-97, only applicable to types of concrete which have a
good correlation between the charge passed and the diffusion coeffi-
cient determined by long-term migration tests.

2.2.4. Electrical resistivity
The effective diffusivity can be alternatively obtained by exploiting

the analogy between electrical conductivity and diffusivity in a porous
material. Based on the Nernst–Einstein equation [77], diffusion, electri-
cal conductivity and resistivity are linked as:

De

D0
¼ σ e

σ0
¼ ρ0

ρe
ð21Þ

where σe and σ0 [M−1 L−3T3I−2] are the electrical conductivity of the
sample and of pore solution, respectively and ρe and ρ0[M1L2T3I−2]
are the electrical resistivity of the sample and the pore solution, respec-
tively. The electrical resistivity of the sample is measured by applying a
known alternating current/voltage (Fig. 4). The resistivity of the sample
can be then determined as:

ρe ¼
ΔΨ
I

A
L

ð22Þ

whereΨ and I [I] are the electrical potential and current passed through
the sample, respectively and A [L2] and L [L] are the cross sectional area
and length of the sample, respectively. To estimate diffusivity, determi-
nation of the pore solution resistivity is also required which is not
straightforward. To determine pore solution resistivity, pore solution
has to be extracted under extremely high pressure (up to 400 MPa). Al-
ternatively, electrical resistivity can also be estimated if the pore water
composition of cement paste is known [78]. Another approach to elim-
inate this problem is to replace the pore solution by a solution with
known resistivity [79], which might increase experimental duration
and also alter resistivity of cement matrix due to its interaction with
this solution. Alternatively, an empirical relation can be established be-
tween electrical resistivity and diffusivity which can be then used to in-
terpret diffusivity from electrical resistivity [73,80,81]. Electrical
resistivity is commonly utilized for concrete quality control as it is fast
and relatively simple to measure [82,83]. Spragg et al. [84] have
analysed in detail different factors affecting electrical resistivity mea-
surements. They reported that several key parameters such as setup,
temperature, sample storage and conditioning, frequency of current at



Fig. 5.Relative diffusivity vs.w/c ratio (a) and capillary porosity (b): data isfitted to an exponential relationship of formgiven in Table 2 (thick solid lines) for each experimental technique;
shaded regions represent the region in which all data fall around the exponential relation with a factor 5-, 2- and 4- bounds for electrical resistivity, electro-migration and through-
diffusion, respectively.
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which measurements are carried out, and the pore water solution may
result in large variations of the relative diffusivity obtained by the elec-
trical resistivity measurements.

2.3. Comparison of relative diffusivities obtained by different techniques

2.3.1. Hardened cement pastes
Diffusivity data for ordinary Portland cement paste (without supple-

mentarymaterials) as published by different researchers using different
techniques have been compiled and compared in this section. The data
includes measurements carried out using (i) through-diffusion experi-
ments for HTO [53,85–89] and dissolved gases such as helium [48]
and oxygen [53,90], (ii) electrical resistivity [91–94] and (iii) electro-
migration for steady-state chloride ion diffusivity [95–97]. The non-
steady-state chloride diffusion coefficients were not included in this
comparison as the apparent diffusivity measured by these tests, as
discussed in Sections 2.1 and 2.2, varies depending on duration of mea-
surements due to binding of chloride ions with cement matrix. For the
readers who are interested in comparison of non-steady-state chloride
diffusivity obtained from different methods, we refer to the work of
Tang et al. [73].
Fig. 6. (a) - Relationship between the relative diffusivity, paste fraction andw/c ratio ofmortar/c
electromigration, blue = through-diffusion, green= electrical resistivity, hollow pentagon rep
mortar/concrete and bulk paste vs. paste fraction; (b) - Ratio between the effective diffusivity of
linear line isfittedwith data points, red= electromigration, blue= through-diffusion, green=
region in which all data fall around the linear relation with a factor 2.
The relationship between for HCP relative diffusivity (De
p/D0) (where

the superscript p refers to HCP) and w/c ratio and capillary porosity for
the collected data is shown in Fig. 5. Note that for data where the capil-
lary porosity is not reported, Power's model [98] in whichw/c ratio and
hydration degree are input parameters is used to estimate the capillary
porosity. The degree of hydration needed in the Power's model is ob-
tained from the relation proposed by Bejaoui and Bary [99], which
gives maximum degree of hydration. Increase in relative diffusivity
with respect to w/c ratio and capillary porosity is consistent for all re-
ported data. The relation of the relative diffusivity with w/c ratio
shows more scatter than with capillary porosity. This is because of the
fact that at a given w/c ratio, the degree of hydration achieved might
vary for the reported data, which in turn can result in different porosi-
ties. Regardless of the use of different experimental techniques and
studies, all reported data is well fitted to the exponential relationship
correlating the relative diffusivity with w/c ratio or capillary porosity.
Data for different experimental techniques have been grouped together
and separately fitted. The data obtained by electrical resistivity show
most scatter (fitted within factor 5-bounds -area in between the line
drawn by multiplying and dividing five with the best fit value or line
of equality), whereas electro-migration data provide the best fit (within
oncrete: continuous lines fitted to exponential relationship of form given in Table 2, red=
resents the diffusivity of chloride using through-diffusion; and ratio between diffusivity of
mortar/concrete and cement paste at the samew/c ratio versus the paste volume fraction:
electrical resistivity, data in cross not included in regression, shaded region represents the
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factor 2-bounds). As seen in Fig. 5 the relative diffusivity obtained from
electrical resistivity generally shows a tendency for higher values com-
pared to through-diffusion and electro-migration techniques. These dif-
ferences can be up to an order in magnitude for low w/c ratio or
capillary porosity and diminishes with the increase of w/c ratio or cap-
illary porosity, in particular, when w/c ratio is larger than 0.65 this dif-
ferences are minimal. Because different measurement techniques do
not measure the contribution of different pore types to the transport
process in the same way, measured diffusivities may vary between dif-
ferent techniques. We believe that for electrical resistivity, the current
can be transmitted through a wide range of pores including capillary,
gel and inter-layer pores. On the other hand, the contribution of small
gel pores in C-S-H to the diffusion process might be negligible for
through-diffusion and electro-migration. Therefore, at low w/c ratio at
which C-S-H is the dominant phase for transport, small gel pores
might be hardly accessible for species, whereas it can still transmit
current.

2.3.2. Mortar and concrete
Fig. 6a presents the relationship between the relative diffusivity of

OPC mortar/concrete (without supplementary materials) at different
w/c ratios and paste (in mortar/concrete) fraction. Data was collected
from measurements using electrical resistivity [91,100–108], through-
diffusion [51,85,87,109,110] and chloride steady-state diffusivity deter-
mined by electro-migration [68,69,97,111–113]. Note that for the stud-
ies in which the aggregate fraction was reported in mass, volume
fractions were calculated with assumed bulk densities of aggregate
and mortar/concrete as 2.35 and 2.65 g/cm3, respectively. For electrical
resistivity measurements of [101–106,108], electrical resistivity/con-
ductivity of the pore solution is not reported and therefore the pore so-
lution resistivity/conductivity was calculated analytically based on the
cement compositions, w/c ratio and hydration degree (assumed 90%)
[78,114].

It is obvious from Fig. 6a that the relative diffusivity increases with
increasing paste volume fraction for all w/c ratios and measurement
techniques. The porosity of the aggregate phase is very low compared
to the porosity of the bulk paste. Therefore, higher paste volumes will
generally increase the porosity of mortar/concrete, which results in a
higher diffusivity. Similar to cement paste, the relative diffusivity of
mortar/concrete obtained by electrical resistivity is higher compared
to the other methods. The results from through-diffusion and electro-
migration are quite similar. Nevertheless, at low w/c ratio (0.25), the
diffusivity obtained by through-diffusion is higher than one by
electro-migration. Similar observation has been made by Castellote
et al. [51]. This might be due to the difference between penetration
mechanisms in electro-migration tests (e.g. counter-convection, ion-
aggregations) and in through/in-diffusion tests. Moreover, at very low
w/c ratio, ions (chloride) might diffuse slower due to higher surface
charge effect as reported by Yu et al. [54]. An increase ofw/c ratio results
in an increase in diffusivity of mortar/concrete in most cases, except for
data of Tumidajski et al. [91] for w/c ratio of 0.35 using electrical resis-
tivity. The scatter in data from electrical resistivity for mortar/concrete
is attributed to the same reasons as mentioned previously for the ce-
ment paste.

In Fig. 6b, the ratio (De
m/c/De

p) between the effective diffusivity of
mortar/concrete and cement paste at same w/c ratio is plotted versus
the paste volume fraction in mortar/concrete. In general, De

m/c/De
p in-

creases with increasing paste fraction except for the results of Sun
et al. [115] and some data points reported by Tumidajski et al. [91].
However, Tumidajski et al. has concluded that the diffusivity increases
in mortar with increasing paste fraction and only some measurements
at very low sand fraction, give slight lower diffusivities compared to ce-
ment paste, which can be attributed to inaccuracies in measurements.
Sun. et al. attributed the increase of diffusivitywith increasing aggregate
fraction to the significantly higher diffusivity of ITZ. However, many re-
searchers have argued that the influence of ITZ on the diffusivity is not
significant [111,116,117] compared to the increase of tortuosity and de-
crease of porosity due to the presence of aggregate in mortar/concrete.
Theoretically, when both ITZ and capillary pores are percolated, they
can act as parallel pathways for transport and the effective diffusivity
of mortar/concrete (De

m/c) can be approximately expressed as:

Dm=c
e ≃ϕpasteD

p
e þ ϕaggD

agg
e þ ϕitzD

itz
e ð23Þ

where ϕpaste, ϕagg and ϕitzare the volume fractions and De
p, De

aggand De
itz

diffusivity [L2 T−1] ofmortar/concrete, paste, aggregate, and ITZ, respec-
tively. Because the diffusivity of aggregate is nearly zero, the second
term in Eq. (23) can be considered as zero. Furthermore, the slope of
the regression line in Fig. 6b is nearly one, which gives following rela-
tion:

Dm=c
e ≃ϕpasteD

p
e ð24Þ

Thus, by comparing Eqs. (23) and (24), it appears that ITZ has limit-
ed influence on the diffusivity of mortar/concrete.

3. Models to determine effective diffusivity

3.1. Effective diffusivity models for cement paste

In this section, different models to predict diffusion coefficients of
cement paste are reviewed. These models typically use parameters
such as porosity, w/c ratio and volume fractions of different phases in
cement paste to predict diffusivity. We classify these models in this
study as empirical approaches, relationships derived from numerical
models and analytical relationships, the latter based on effective
media theories. For the latter, a further distinction is made between
models considering a simplified morphology of cement paste and
models taking into account detailed morphological characteristics of
hardened cement paste. These relationships are summarized in Table 2.

Empirical relationships relate the effective diffusivity with variables
such as porosity and w/c ratio by fitting with experimental data. These
relationships do not directly account for themorphology and connectiv-
ity of the pore structure; these factors are lumped phenomenologically
in the fitting coefficients. Some of these relationship have been directly
adapted from soil science. For instance, Archie's power relationship
[128] was originally proposed for rocks and sand and has been adapted
for cement paste. Archie's relationship was first expressed in terms of
(total) porosity. However, it is usually assumed that capillary pores
are the major diffusive pathway in cementitious materials. Hence,
some authors [14,97] express the Archie's relationship in terms of cap-
illary porosity. Moreover, porosity for hardened cement paste is often
determined by Mercury Intrusion Porosimetry (MIP), which covers
mainly the capillary pore range (2.5 nm to 100 μm) [129]. Hence, in
this paper all empirical relationships have been expressed in terms of
capillary porosity. Applicability of Archie's relationship to cementitious
materials has been argued by some authors especially when the capil-
lary pores are not percolated [14,21,130]. Moreover, the fitting parame-
ters for Archie's relationship obtained in different studies vary
substantially as shown in Table 3. Despite these limitations, the Archie's
relationship is often used to simulate reactive transport processes in ce-
ment paste [131,132]. To alleviate the inability of Archie's relationship
to account for the percolation threshold,Winsauer et al. [118] proposed
to set the diffusivity to zero when the porosity is smaller than a certain
threshold porosity (ϕc). For cement paste, the fitting parameters for this
relationship have been obtained byVanDer Lee et al. [133]. The effective
diffusivity can also be expressed as an exponential function of porosity
instead of a power law [21,87,119]. The exponential function is also
used to describe the relationship between w/c ratio and effective diffu-
sivity [120].

Garboczi and Bentz [14] established a relationship between relative
diffusivity and capillary porosity based on numerical computation



Table 2
Summary of effective diffusivity models for cement paste.

Model/references Mathematical expressions Fitting parameters

Empirical relationships
Archie's relationship Dp

e
D0

¼ Aϕn A, n

Modified Archie's
relationship [118]

Dp
e

D0
¼ Aðϕ−ϕcÞn;∀ϕNϕc

Dp
e

D0
¼ 0;∀ϕ≤ϕc

A, n, ϕc

Exponential form [21,119] Dp
e

D0
¼ A enϕ A, n

Exponential form with
respect to water cement
ratio [120]

Dp
e

D0
¼ A en ðw=cÞ A, n

Relationships derived from numerical models
NIST model [14] Dp

e
D0

¼ A1Hðϕ−ϕcÞðϕ−ϕcÞ2 þ A2ϕ
2 þ A3

A1, A2, A3 and ϕc

Effective media theories
Differential effective media
[121]

Dp
e

D0
¼ ϕ1:5 Free water diffusion should be taken an order of

magnitude lower to apply this model to cement paste
[121].

Generalized self-consistent
scheme [97]

Dp
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¼ ðmϕ þ
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Bejaoui and Bary [99]a Uses different set of series parallel configurations as shown in Fig. 7. The tortuosity of
capillary pores is computed through
τa=0.0067e5ϕ

The tortuosity of LD C-S-H, HD C-S-H and mixed fraction of LD C-S-H and capillary
porosity is computed using effective media theory for single coated sphere, which can be

written as τia ¼ ϕi
pores−ðϕ
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porosity of LD and HD CSH was taken as 0.37 and 0.24

a Volume fractions of different phases are determined using Tennis and Jennings hydration model [126].
b The volume fractions of different phases were determined using hydration model proposed by Bernard et al. (2003) [127].
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of diffusivity from virtual cement paste microstructure. Numerical
computation of diffusivity using virtual microstructures allows for
distinguishing contributions of different phases, namely, C-S-H and
Table 3
Values of coefficients and power for Archie's relationship as derived by different authors.

Reference A n

Tumidajski et al. [91] 1.89 2.55
Tumidajski et al. [91] using data of Christensen et al. [94] 0.14 4.8
Tumidajski et al. [91] using data of Taffinder and Batchelor [93] 7.71 3.32
Yamaguchi et al. [88] 0.18 0.94
capillary pores, to diffusion. The mathematical expression of this rela-
tionship is given in Table 2. The first term in their relationship repre-
sents the contribution of the percolating fraction of the capillary pores.
The second term represents the contribution of non-percolating capil-
lary pores and the C-S-H phase. The last term is the contribution of C-
S-H when capillary porosity is zero. Through numerical simulations on
virtual microstructure of hydrating C3S paste, they determined the
values for coefficients A1, A2 and A3 as 1.8, 0.07 and 0.001, respectively.
The threshold porosity ϕc was determined to be 0.18. For cement
paste, Bentz et al. [134] determined the coefficients A1, A2 and A3 as
1.7, 0.03, and 0.0004 respectively. The threshold porosity for cement
paste was determined as 0.2. The threshold porosity computed from



Fig. 7. Simplified morphological representations of HCP in the model of Bejaoui and Bary
[99] to predict effective diffusivity.
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the virtual microstructure of cement paste has been found to be inde-
pendent of w/c ratio. However, it strongly depends on the resolution
of the microstructure and the used microstructure model [135–137];
hence the percolation threshold can be considered as an additional ad-
justable parameter. Furthermore, many models discussed later in this
paper use the percolation threshold value reported by Garboczi and
Bentz [14]. The percolation threshold is therefore considered as an addi-
tional adjustable parameter for all the models in this paper.

Themodels discussed so far are fittedmathematicalmodels to either
experimental or numerical data without directly considering the mor-
phology of HCP in deriving this relationship. Series of models have con-
ceptualized the morphology into simple geometrical configurations for
which analytical solution or theoretical models can be devised. These
theories are known as effective media theory. The simplest geometrical
configuration is arranging different phases of the multiphase material
such as cement paste in series or parallel. Bejaoui and Bary [99] present-
ed a set of series/parallel configurations to predict diffusivity of the ce-
ment paste as shown in Fig. 7. In their approach, percolating diffusive
phases are placed in parallelwhereas non-percolating phases are placed
in series. The degree of percolation was computed based on volume
fraction of percolating phase. They assumed that percolation of a
phase starts once its volume fraction is 15% and becomes fully percolat-
ed at 25% volume fraction; in between, the degree of percolating
Table 4
Formulas for different effective media theories for a composite made of two phases for details

Effective media theory Assumptions

Generalized Maxwell's
approximation

Phase 2 are inclusions in matrix of phase 1

Self-consistent scheme Phase 2 and phase 1 are inclusions in matrix of equivalent ho

Differential effective media
scheme

Phase 1 is taken as matrix and phase 2 is added incremental
dilute limit with respect to current effective media.
fraction increases linearly. This function for degree of percolation is in-
spired from the analysis using CEMHYD3D reported by Bentz et al.
[138]. The exponential law is used to calculate the tortuosity of the cap-
illary pores, whereas the tortuosity of LD C-S-H, HDC-S-H andmixed LD
C-S-H - capillary pores were taken into account using the effective
media theory for single coated spheres [139]. Phase fractionswere com-
puted from the Tennis and Jennings hydration model [126] and porosi-
ties of LD and HD C-S-H were taken as 20% and 31% respectively (based
on [140]). They determined the HTO diffusion coefficient of LD C-S-H
and HD C-S-H as 9 × 10−12 m2/s and 1 × 10−12 m2/s, respectively, by
fitting experimental data.

Another set of configurations for which theoretical models exist are
well-defined inclusions (such as spheres, cylinders, ellipsoids) distrib-
uted randomly throughout a matrix material. The most commonly
used theoretical models for such configurations are the Generalized
Maxwell approximation (which is analogous to the Mori-Tanaka
scheme used for elastic modulus [139]), the self-consistent scheme
(and its variants, also referred to as effective media approximation
[141]) and the differential effective media scheme. These models differ
in the underlying assumptions used to derive the effective diffusivity. To
understand the underlying assumptions, consider a composite medium
of two phases. In the generalized Maxwell approximation, one phase is
considered as inclusions in the other phase in an infinite domain with
the same shape as the inclusion, so that a constant gradient can be as-
sumed inside the domain. The inclusions are considered to be well
separated so that they do not interact with each other. With this as-
sumption, the analytical solution for a single inclusion can be directly
applied to obtain the effective media of the composite. The applicability
of generalizedMaxwell approximation is limited to dilute systemswith
small volume fractions of the inclusions. In the self-consistent scheme,
the phases are considered as inclusions in a matrix with a diffusivity
equivalent to that of the effective diffusivity of the composite. It is fur-
ther ensured that the local perturbations in a concentration field caused
by these inclusions on average cancel out. The self-consistent scheme
treats all phases of a heterogeneous medium in the same way and
hence allows accounting for the effect of percolation of one phase on
another phase. However, when properties of different phases vary
substantially, the self-consistent approximation fails [139]. In the differ-
ential effective media scheme, one phase is taken as the matrix and an-
other phase is added incrementally such that the added phase is always
in the dilute limit with respect to current effective media. This assump-
tion leads to a differential equation integration of which gives the effec-
tive diffusivity of the composite. The differential effectivemedia scheme
ensures that the initialmatrix always remains connected. This in turn al-
lows the differential effective media scheme to recover Archie's law
[142]. Formulas for these effective media theories for two-phase com-
posites with spherical inclusions are given in Table 4. The formula for
generalizedMaxwell scheme is explicit,whereas self-consistent and dif-
ferential effective media schemes have implicit formula. For a detailed
description of these schemes readers are referred to [139,143].

Several cement paste models have been proposed wherein cement
paste has been conceptualized to be composed of inclusions in a matrix
material. Pivonka et al. [121] conceptualized cement as non-diffusive
spherical inclusions in a matrix consisting of capillary pore phase.
Their predicted values using the differential scheme were one order of
magnitude larger than values from steady-state chloride diffusivity
see [139,143].

Formulae
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measured using electro-migration techniques. They proposed that the
diffusivity in the pore solution of cement paste should be ten times
lower than that in pure water due to the higher viscosity of the pore so-
lution because of restructuring of water molecules along the charged
pore surfaces. With a ten times lower pore solution diffusivity, the dif-
ferential approximation reduces to Archie's law with values of 0.1 and
1.5 for A and n (Table 2), respectively. Christensen et al. [94] has
shown that, the differential effective media scheme provides good cor-
relationwith electrical resistivitymeasurements only at the early stages
of hydration when capillary porosities are larger than 50%.

Oh and Jang [97] applied the generalized effectivemedia approxima-
tion to predict effective diffusivity of cement paste. They considered ce-
ment paste as inclusions of capillary pores and diffusive solids (C-S-H)
in an equivalent homogenous matrix. According to their model, diffu-
sion in cement paste with a capillary porosity less than the threshold
capillary porosity of 17% occurs through the diffusive solids. The value
of the solid phase was determined as 2.0 × 10−4 by fitting with exper-
imental data. The relationship derived from the generalized effective
media theory takes a similar form as that of modified Archie's relation-
ship proposed by Winsauer et al. [118] when diffusivity of the solid
phase is zero. Therefore, modified Archie's law can also be viewed as a
specific case of the generalized effective media theory.

In above discussed models morphology of cement paste has been
drastically simplified. Recently more advanced models have been pro-
posed in which the cement paste morphology is represented in several
levels. Effective media theories are then utilized for obtaining effective
diffusivities at each of these levels under the assumption of scale sepa-
ration between two levels. Bary and Bejaoui [122] conceptualized the
cement paste morphology as a three-coated sphere around a central
core. Unhydrated clinkers form the core with layers of hydration prod-
ucts around it. The hydration products are divided into an inner and
outer layer, the latter being further divided into an intermediate and
an external shell. The inner layer is formed of HD C-S-H whereas the
outer layer is formed of LD C-S-H and capillary pores. In both layers,
minor hydration phases (portlandite (CH) and aluminate phases
(AFm)) are present as spherical inclusions with a fraction proportional
to the HD and LD C-S-H fractions in cement paste. CH and AFm are dis-
tributed equally in the intermediate and external shell, but these shells
differ in capillary pores: non-percolated capillary pores in the interme-
diate shell and percolated capillary pores in the external shell. They as-
sumed a percolation threshold for capillary pores as 8%. The effective
diffusivity of this assembly is obtained based on the self-consistent ap-
proximation for multi-coated spheres proposed by Milton [144]. Ac-
cording to this theory, effective diffusivity (De,n) of a composite
consisting of a n layer multi-coated sphere can be determined iterative-
ly, wherein, at each iteration, the effective diffusivity of a single-coated
sphere with a core consisting of an effective medium obtained in the
previous iteration surrounded by the layer of the current iteration [144]

De;n ¼ Dn þ 1−
ϕn

∑n
i¼1 ϕi

 !
1

De;n−1−Dn
þ 1
3Dn

ϕn

∑n
i¼1ϕi

" #−1

ð25Þ

where De,n is the effective diffusivity determined for nth layer [L2 T−1];
ϕi is the volume fraction of ith layer and De,n−1 is the effective diffusion
coefficient of assembly of multicoated spheres consisting of n – 1 layers
[L2 T−1]. The diffusivity for inner layer and the intermediate shell in Bary
and Bejaoui [122] model are then determined by the Maxwell approxi-
mation and the diffusivity of external shell is determined using the self-
consistent scheme to better represent the effect of percolation. The vol-
ume fractions of different phases are determined using Tennis and
Jennings model [126]. The diffusivity of the LD and HD C-S-H were de-
termined by fitting the HTO experimental data of Bejaoui et al. [145]
as 3.4 × 10−12 m2/s and 8.3 × 10−13 m2/s, respectively. A similar con-
ceptualization of cement paste morphology has been proposed by
Stora et al. [123] but without the distinction between an intermediate
and external shell in the outer layer. Diffusivities of both layers were de-
termined usingMaxwell's approximation and the effective diffusivity of
LD and HD C-S-H was calculated using the mixed coated sphere assem-
blage model (MCSA) [146]. The MCSA scheme allows for better captur-
ing of sudden variations in effective diffusivity caused by percolation
effects compared to the self-consistent scheme. The MSCA model re-
quires an additional fitting parameter known as the geometric parame-
ter (f)whichwas determined as 0.805 and 0.546 for HDC-S-H and LDC-
S-H, respectively. This model has been further extended to simulate the
leaching of cement paste [147]. Dridi [124] also utilized the effective
media theory for an assembly ofmulti-coated spheres to compute effec-
tive diffusivity of cement paste. He used a similar morphological con-
ceptualization as Stora et al. [123] except that when the LD C-S-H
volume fraction is smaller than the percolation threshold (e.g. for low
w/c ratio), cement is represented as a single-coated sphere with LD C-
S-H inclusions in the HD C-S-H layer. Similar to Stora et al. [123] the dif-
fusivity of the inner and outer layers is computed using the generalized
Maxwell approximation. To account for the percolation behaviour of
capillary pores, the self-consistent scheme was used for the outer
layer when capillary pores percolate. The percolation threshold for cap-
illary pores was assumed to be 15%. The diffusivity of LD and HD C-S-H
was obtained as 6.5 × 10−12 m2/s and 1.25 × 10−12 m2/s, respectively,
by fitting with experimental results of Bejaoui and Bary [99]. These
values are in a similar range as the one fitted by Bary and Béjaoui
[122] for same experimental data.

Liu et al. [125] represented the morphology of cement paste in a
rather different way. They considered cement paste morphology at
three levels. At level I, they assumed the representation of two types
of C-S-H, LD and HD C-S-H, both composed of non-diffusive spherical
solid phase inclusions in the gel pore space. At level II, the porous C-S-
H gel is composed of spherical inclusions of HD C-S-H and capillary
pores smaller than 1 μm in the matrix of LD C-S-H. Finally, at level III,
the cement paste itself is considered consisting of spherical inclusions
of unhydrated cement, portlandite, aluminates and capillary pores in
the matrix of the porous C-S-H gel. The diffusion coefficient of LD and
HD C-S-H at level I is then determined using the differential effective
media scheme. The diffusivity at level II and level III is determined
usingMaxwell's approximation and the self-consistent scheme, respec-
tively. They determined the diffusivity of ions in gel pores to be 3 ×
10−11 m2/s by comparing with the steady-state diffusivity of chloride
ionsmeasured using electro-migration technique. The volume fractions
of different phases were determined using the hydration model pro-
posed by Bernard et al. [127]. The porosity of LD C-S-H and HD C-S-H
in their model were kept constant for different w/c ratio with values
as 0.37 and 0.24, respectively, which is based on the colloid model for
C-S-H proposed by Jennings [25].

3.2. Effective diffusivity models for mortar and concrete

Formortar and concrete, the effect of ITZ and aggregates on diffusiv-
ity needs to be considered in addition to cement paste. Similar to ce-
ment paste, the models for mortar and concrete can be classified as
empirical or analytical models derived from effective media theory.
The models selected for discussions are summarized in Table 5. Empir-
ical models similar to the ones described in Section 3.1 for cement
paste have also been used for mortar and concrete. Some authors have
fitted Archie's relationship to experimental data for mortars [91,101].
Tumidajski et al. [91] however concluded that Archie's relationship is
less accurate compared to cement paste system. Nevertheless, Nokken
and Hooton [101] obtained reasonable fits with Archie's relationship
for a specific concretemixture and concluded that there is nouniquepa-
rameter set for Archie's relationship for all types of concrete mixtures.
The porosity in most of these experiments has been determined using
MIP. Halamickova et al. [148] tried to relate effective diffusivity of mor-
tars with the critical pore radius, rc (steepest slope of a cumulative po-
rosity curve). The critical pore radius depends both on w/c ratio and



Table 5
Summary of effective diffusivity models for mortar and concrete.
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Effective diffusivity of concrete Fitting Parameters

Empirical models
Archie's relationship [91];
Nokken and Hooton [101]

– De
m=c ¼ Aϕn A, n
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Porosity gradient and titz (required to compute
effective diffusivity of ITZ layers); a1, a2, a3, Dp

MCSA [124] See Table 2 under [124] De
itz for each layer within ITZ region is computed based

on the same cement paste model, see Table 2 under
[124]
De
m/c: same as Eq. (14)

ϕ gradient in ITZ and ϕ at the aggregate surface
(used to compute volume fraction of LD C-S-H, HD
C-S-H and CH-AF phases in ITZ, required in the
effective diffusivity equation shown in Table 2 [124])
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degree of hydration. This linkwas inspired from the Katz-Thompson re-
lationship,whichwas originally proposed to relate conductivity of rocks
with the critical pore radius [149]. For aw/c ratio equal to 0.5, a linear fit
was found between diffusivity and critical pore radii. However, at a
lower w/c ratio (w/c = 0.4) the linear fit was less accurate. All the em-
pirical models do not account for the individual contributions of aggre-
gates, ITZ and cement paste as these contributions are all lumped
together in the fitting parameters.

Models utilizing effective media theory have also been proposed to
predict diffusivity of concrete. Thesemodels conceptualize the concrete
system with assembly of multicoated spheres with aggregates as core
surrounded by layers of ITZ and cement paste. Thesemodels can be fur-
ther distinguished into those that assume a constant diffusivity and
those that assume a diffusivity gradient within ITZ; the latter because
of a gradient in porosity generally observed in Scanning ElectronMicro-
scope (SEM) images of ITZ in concrete.

First the models with a spatially uniform diffusivity within the ITZ
region are discussed. Starting from dilute limit composite theory (vol-
ume fraction of aggregates b5%), Schwartz et al. [150] proposed a
differential as well as self-consistent effective media theory to compute
effective diffusivity for larger volume fractions of sand. The performance
of these models was compared against numerical randomwalk simula-
tions carried out on four grain size (500, 1000, 1500 and 3000 μm) ran-
dom sphere packing structure, with 54% volume fraction of sand and a
constant ITZ thickness of 20 μm. Good comparisons were achieved for
both theories for volume fractions of up to 60%, provided the ratio of
ITZ diffusivity (De

itz) to cement paste diffusivity (De
p) was below 20.

However, in a later work, Garboczi and Bentz [157] adopted the
transfer matrix method proposed by Herve and Zaoui [158] to deter-
mine effective diffusivity of mortar system. In this approach, ITZ is
subdivided into ‘N’ number of layers, each with a different property.
For such a system, they provided an analytical solution only for
the dilute limit, which can then be extended to arbitrary volume
fractions via differential or self-consistent schemes described by
Schwartz et al. [150].

Care [151] proposed amodel that takes into account the effect of ITZ
and tortuosity introduced by aggregates, which is an improved form of
effective diffusivity relationship proposed by Christensen [159] that
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only accounted for aggregates. Themain assumption is that the tortuos-
ity parameter only depends on the volume fraction of aggregates and
not on aggregates size distribution. They usedMaxwell's approximation
to consider the effect of aggregates only (aggregates-cement paste sys-
tem). However, to accommodate the effect of ITZ, they empirically
added a term to Maxwell's approximation for aggregate-cement paste
system. Thus their method could be classed as semi-analytical with
two parameters to be fitted; De

itz and a parameter m (see Table 5 for
the mathematical form). They were able to demonstrate the capability
of the model against their own experiments of chloride diffusivity for
mortars with a maximum error of 16%. All mortars had a w/c ratio
equal to 0.45, but two different volume fractions of aggregates were
used (0.25 and 0.5). In a further work, Care and Herve [152] adopted
(n+1) phasemodel proposed earlier by Herve [160] to derive an effec-
tive diffusivity model for concrete, which is effectively the multicoated
sphere model (see Section 3.1) proposed by Milton [161]. Care and
Herve [152] used the same experiments as in Care [151] to demonstrate
the validity of their model. Clearly, themain conclusion from their work
is that significant differences (i.e. up to 76% error for the experiments
considered) with respect to measured data will result if ITZ is not con-
sidered. However, note that because of the fact that De

itz cannot be
directly measured, they determined it by comparing with the predic-
tions of the model with experimental data. This essentially means that
there is uncertainty even in the De

itz parameter.
Oh and Jang [97] adopted a composite spheres assemblage model

proposed by Hashin [162] to include the effect of ITZ and aggregates
in their effective diffusivitymodel. This model requires the volume frac-
tion of aggregates, the ratio of ITZ thickness (titz) to average radius of ag-
gregate particles (ra) and De

itz/De
p ratio as input parameters. De

itz is
computed from the knowledge of the porosity of ITZ (ϕitz) using the
general effective medium theory for cement paste described in
Section 3.1. The accuracy of their model predictions depends on the as-
sumptions made concerning De

itz/De
p, ITZ thickness and De

p, which itself
depends on the percolation exponent and solid phase diffusivity of C-
S-H (Section 3.1). For validation with experimental data, they assumed
the porosity of ITZ to be 1.5 times that of capillary porosity of cement
paste based on experimental data of Bourdette et al. [163]. De

itz/De
p

(≈7) and ITZ thickness (≈20 μm) were fitted to the experimental
data. They were able to demonstrate reasonably good agreement with
experimental diffusivity for both mortar and concrete with various ce-
ment types, viz., ordinary Portland cement, sulphate resistant Portland
cement, fly ash and blast furnace slag with varying water to binder ra-
tios (0.35 to 0.55).

Stora et al. [153] proposed a multi-scale modelling framework in
which a series of micromechanical models were implemented to esti-
mate the effective diffusivity of mortars. In particular, they use interac-
tion direct derivative (IDD) estimates (Zheng and Du [164], which is the
same as Maxwell's approximation for spherical inclusions) to compute
the De

itz and a multi-coated sphere model proposed by Milton [161] to
estimate the diffusivity of hardened cement paste (see Section 3.1) as
well asmortar. The ITZ is conceptualized as consisting of CH, AF and cap-
illary pore inclusions within LD C-S-Hmatrix. While all the models pre-
sented above consider porosity and hence diffusivity as an input
parameter, Stora et al. [153] proposed a different approach to compute
the average porosity of ITZ. Firstly, they compute the compositions of
themortar and of its bulk cement matrix that is assumed to be identical
to the plain hardened cement paste via Tennis and Jennings [126] hy-
dration model. The hydration degree is then adjusted to retrieve the
measured water porosities for the mortar and plain hardened cement
paste. The volume fractions of phases within ITZ are then deduced as
the difference between the volume fraction in the mortar and the vol-
ume fractions in the cement matrix. In this way, they come to an aver-
age porosity of 70% in the ITZ for a particular experiment, which is
used in the IDD estimate to compute De

itz. Based on Heukamp [165],
Stora et al. [153] assumed the ITZ thickness to be 20 μm for their simu-
lations. Comparison of the model results for effective diffusivity against
the experimental data of Bourdette [166] and le Bellego [167] showed
an error of 6%.

To derive average porosity in the ITZ, another interesting way was
proposed much earlier by Bentz and Garboczi [168] who used a
micro-scale cement hydrationmodel. This essentially involves random-
ly generating cement particles within a small computational volume in
which the ratio of volume of bulk cement paste and ITZ are pre-defined
and hydrated to a desired degree. Their model computes porosity distri-
bution both in the ITZ and bulk cement paste. Average porosity is then
calculated for each region and is used in a diffusivity-porosity relation-
ship to obtain effective diffusivity of ITZ and bulk cement paste.

Zheng and Zhou [154] combined the single-coated sphere diffusivity
model [169] with an effective medium model for percolating mixture
proposed by Koelman and Kuijper [156]. Using the single-coated sphere
model, they essentially determined the effective diffusivity of an aggre-
gate and ITZ system (or a so-called equivalent aggregate system). This
information was then introduced into another two-phase system com-
prising equivalent aggregates and cement paste. To solve the resultant
system, they used the Koelman and Kuijper's [156] effective medium
model for percolating mixture, which specifically takes into account
percolation of multiple phases and is applicable over arbitrarily wide
range of volume fractions of the components. The latter model pos-
sesses advantages of both the differential and self-consistent schemes,
in particular, over the entire diffusivity contrast range between the
phases. As stated by Koelman and Kuijper [156], their approach is better
than differential effective medium theories that describe inclusions as
disjoint phases in a continuous matrix, i.e. percolation is allowed in
only one phase. It also out performs self-consistent schemes because
the latter results in unrealistic percolation threshold for two phases
with highly contrasting properties. Key parameters that are needed in
Zheng nd Zhou's [154] model are the De

itz and a percolation exponent
m. They determined the De

itz through inverse analysis of an experiment,
whereas, an average value of percolation exponent was obtained (m=
1.75) fromfittingArchie's law to glass bead experiments [170]. Compar-
isons with their own experiments on concrete over a range of volume
fractions proved successful with only 6% error.

In the following, models that consider varying diffusivity within the
ITZ region are presented. Zheng et al. [155] use the multi-coated sphere
assemblage concept and adopted the transfer matrix method proposed
byHerve and Zaoui [158] to estimate the effective diffusivity of the com-
posite structure consisting of aggregates, ITZ layers and cement paste
layer. In this aspect, their work is similar to that of Garboczi and Bentz
[157], who demonstrated the use of transfer matrix method to derive
the effective diffusivity of concrete under a dilute limit assumption.
Zheng et al. [155] considered variation in capillary porosity within ITZ
based on a power law with respect to distance from the aggregate sur-
face obtained by fitting experimental data of Crumbie [121]. This power
law is derived in such away that ITZ thickness is left as a free parameter,
which allows for sensitivity analysis of this parameter. Through sensi-
tivity analysis they showed that a minimum of six layers suffices to
reach convergence of the effective diffusivity of the entire ITZ. The diffu-
sivity models for ITZ aswell as for cement paste are based on Zheng and
Zhou [171], who used the work of Koelman and de Kuijper [156] (see
Table 5). Using the actual aggregate size distribution and cement com-
position from Delagrave et al. [172] and Yang and Su [173] for mortars,
they were able to demonstrate good correspondence with measured
diffusivity for various volume fractions of aggregates for samples with
w/c ratio of 0.25, 0.4 and 0.45, with the exception of the 0.38 sample.
The important input parameters necessary for all these simulations
are ITZ thickness, which was assumed on the basis of w/c ratio, and the
De
p, which was in fact fitted based on the above experimental data. The

fitting parameters used in the De
p equation are: a1 = 2.75, a2 = 1.75

and a3 = 14.4 (Table 5). Even though free water diffusion for chloride
ions is known, the pore diffusion coefficient Dp is not known because
of pore geometry effects and thus Dp was also calibrated from experi-
ments. Nevertheless, their main conclusion was that the influence of



Table 6
Parameter values used for different relative diffusivity models of cement paste.

Reference/model Parameters used

Archie's relationshipa A: 0.0462, 0.1158, 0.5385 for
electro-migration, through-diffusion and
electrical resistivity respectively
n: 1.3916, 2.0609, 2.3366 for
electro-migration, through-diffusion and
electrical resistivity respectively

Exponential form [21,119]a A: 0.0006, 0.0003 and 0.0021 for
electro-migration, through-diffusion and
electrical resistivity respectively
n: 9.7627, 11.507 and 8.2079 for
electro-migration, through-diffusion and
electrical resistivity respectively

Exponential form with respect to
water cement ratio [120]a

A: 0.002,0.00007 and 0.0002 for
electro-migration, through-diffusion and
electrical resistivity respectively
n: 3.4779, 8.2253 and 6.3193 for
electro-migration, through-diffusion and
electrical resistivity respectively

NIST model [14] A1: 1.7, A2: 0.03, A3: 0.0004 and ϕc: 0.2
Generalized self-consistent
scheme [97]

Ds: 2 × 10−5D0, n: 2.7 and ϕc: 0.17

Bejaoui and Bary [99] DLD−CSH: 4.0179 × 10−3D0, DHD−CSH:
4.4643 × 10−4D0

Bary and Bejaoui [122] DLD−CSH: 1.7 × 10−3D0, DHD−CSH: 4.15 ×
10−4D0

Stora et al. [123]b f gp
LD−CSH: 0.675, f gp

HD−CSH: 0.761
Dridi [124] DLD−CSH: 2.9018 × 10−3D0, DHD−CSH:

5.35714 × 10−4D0

Liu et al. [125] Dgp: 1.8634 × 10−2D0

a Parameters were calibrated to the compiled experimental data presented in
Section 2.3.1.

b Parameters were re-calibrated to the experimental data of Bejaoui and Bary [99].
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ITZ on the overall diffusivity was not too significant, even though on av-
erage it is more porous and its diffusivity is higher than that of the ce-
ment paste.

Dridi [124] adopted the (n+ 1) phase model for concrete proposed
by Care and Herve [152], which is effectively the multi coated sphere
model byMilton [161]. However, Dridi [124] further considered the var-
iation in capillary porosity within ITZ based on the power relationship
used by Zheng et al. [155]. As in Zheng et al. [155], they subdivided
the ITZ layer into a number of layers (number not specified) and deter-
mined diffusivity of each ITZ layer via a self-consistent or Maxwell
scheme depending upon whether pores reach percolation or not. The
same analytical schemes were also used for the cement paste layer.
The diffusivities available for each layer were then used to compute
the effective diffusivity of concrete. Note that in their ITZ model, not
only the power relationship for capillary porosity is fitted based on an
experimental data but also the capillary porosity at the aggregate sur-
face is assumed to be 2.5 times that of cement paste. They demonstrated
a very good agreement with the experimental HTO diffusivity deter-
mined by Delagrave et al. [85] and Tognazzi [174] for mortars and
Lamotte and Le Cocguen [175] for concrete. Due to a lack of experimen-
tal data, they numerically explored the effect of ITZ on the effective dif-
fusivity of concrete and suggested its dominant role.

To summarize, one can conclude that it is not possible to have a
unique empiricalmodel that can predict effective diffusivity of anymor-
tar/concrete system. Calibration will always be necessary with specific
set of experiments becausemortar/concrete is treated as a single homo-
geneous system. On the other hand, the use of analytical models based
on effective media theory is promising. However, even with this ap-
proach there are always parameters that need to be calibrated with ex-
periments, specifically, diffusivity, porosity and thickness of ITZ and for
somemodels the degree of hydration (Stora et al. [153]) and exponents
(Zheng and Zhou [154]). In fact, the accuracy of effective diffusivity of
mortar/concrete is highly dependent on the cement paste diffusivity.
Thus uncertainties associated with cement paste diffusivity models
also contribute to the overall uncertainty of the diffusivity models of
mortar/concrete. For some models, ITZ diffusivity is calculated based
on capillary porosity relationship for ITZ. The porosity relationship for
ITZ depends upon various factors such as cement type and composition,
w/c ratio and volume fraction of aggregates. Therefore, specific caution
has to be exercised in the choice of the ITZ porosity relationship for a
given material. Another important issue not to be overlooked is when
dividing ITZ into a number of sub-layers to determine the effective dif-
fusivity of ITZ. In doing so, the thickness of each ITZ sub-layer will be re-
duced to just a few microns, in which case there may not be a
representative volume element to determine effective diffusivity of
each sub-layer. Finally, with so manymodels that aim to capture the ef-
fect of ITZ and aggregates, it is clear that there is no unique conclusion
on the role of ITZ in the overall diffusivity of mortar/concrete systems.
For example, Care and Herve [152], state that there could be up to 76%
error inmodel prediction vis-à-vis experimental results if ITZ is not con-
sidered. Dridi through numerical analysis showed the effect of increased
ITZ thickness on the increased effective diffusivity of mortar. Whereas,
Zheng et al. [155] concluded that ITZ effect on the overall diffusivity
was not too significant, even though on average it is more porous and
its diffusivity is higher than that of the cement paste. They further con-
clude that this indicates that diffusivity is governed by the volume frac-
tion and pore structure of cement paste and not just that of porous ITZ.

3.3. Comparison of effective diffusivity relationships for cement paste

As discussed in Section 2.3.2, the experimental data for diffusivity of
mortar and concrete depends predominantly on the diffusivity of the
cement paste and aggregate fraction. It is therefore of primary impor-
tance to test and compare the predictive capabilities of different effec-
tive diffusivity models for cement paste on the larger dataset compiled
in Section 2.3.1 using the parameters proposed by the authors and
which are summarized in Table 6. For the empirical relationships
discussed in Section 3.1, it is more relevant to compare the quality of
the relationship rather than its predictive capabilities. Hence, for these
relationships, unknown parameters are calibrated with the experimen-
tal data collected in Section 2.3.1. For models that require volume frac-
tions of different phases the comparisons were carried out only for a
selected set of experimental data given in Table 7, excluding the exper-
imental data that were used to calibrate the relationships by the respec-
tive authors. The volume fractions of different phases were computed
using the Tennis and Jennings hydration model [126] and reported in
Table 7. For the models of Liu et al. [125] and Stora et al. [123], we spe-
cifically consider porosities of LD C-S-H and HD C-S-H as 0.37 and 0.24,
respectively, which are based on the colloidmodel of C-S-H proposed by
Jennings [25]. Consequently, the remaining parameters of Stora et al.
[123] model had to be recalibrated using the experimental data of
Bejaoui and Bary [99] (which was used in Stora et al. [123]) as the
above porosity values are different from those used in their paper.

Figs. 8, 9 and 10 compare the relative diffusivity obtained using dif-
ferent types of models and experimental data. Fig. 8 groups the empiri-
cal models. Fig. 9 groups two models accounting for morphological
nature of cement paste in a simplified way and that which express the
relationship solely in terms of capillary porosity, i.e. the NIST model
[14] and Generalized effective media theory [97]. Models that take
into account detailed morphological aspects of cement paste are
grouped in Fig. 10. Table 8 summarizes the percentage of data for
which the estimated relative diffusivity is within factor 2-bounds of
the measured value. As discussed in Section 2.3, electro-migration
data has the smallest scatter with all data falling within a factor of two
of the fitted relationship. Hence, this factor serves as a good indicator
to quantitatively compare different models.

Fig. 8 reveals that all the empirical relationships viz., Archie's rela-
tionship and exponential relationship between capillary porosity and
relative diffusivity, and exponential relationship between w/c and rela-
tive diffusivity (at maximum hydration degree) have almost the same



Table 7
Volume fractions of different phases of cement paste computed using the Tennis and Jennings hydration model for selected experimental datasets.

References w/c Degree of hydration Clinkers Portlandite Aluminates Capillary porosity HD C-S-H LD C-S-H

Migration
Sun et al. [96] 0.23 57.7a 22.3 10.83 17.19 4.5 35.75 8.36

0.35 78.0a 9.38 12.41 19.37 10.79 31.86 17.45
0.53 28.05a 2.66 10.92 17.42 20.01 10.0 40.84

Oh and Jang [97] 0.35 78.1a 10.11 7.12 28.04 7.3 30.64 16.79
0.45 87.8a 4.91 6.77 25.01 12.28 20.67 30.37
0.55 93.01a 2.46 6.33 22.09 17.2 7.55 44.36

Through-diffusion
Delagrave et al. [85] 0.45 87.8a 4.93 15.79 14.67 13.6696 20.63 30.31

0.25 61.8a 21.21 14.52 14.84 4.4291 35.9451 9.05
Yamaguchi et al. [88] 0.45 87.8a 4.87 10.60 23.17 13.2694 19.47 28.61

0.6 94.6a 1.79 9.21 19.63 20.7149 9.48 47.69
0.75 97.11a 0.83 8.05 16.85 27.3181 0 43.39

Ngala et al. [95] 0.4 83.64a 6.99 11.33 21.93 10.44 26.09 23.02
0.5 90.9a 3.44 10.61 20.25 15.7 13.74 36.26
0.6 94.6a 1.79 9.69 18.03 20.5 0.97 49.02
0.7 96.6a 1.04 8.84 16.24 24.97 0 48.91

Phung [48] 0.425 85.9a 5.83 13.18 19.48 12.71 22.9 25.91

Electrical resistivity
Ma et al. [92] 0.3 52.2 24.3 9.05 15 16.95 22.6 12.16

0.3 61 19.78 10.73 17.65 11.90 27.63 12.32
0.3 65 17.71 11.50 18.83 9.64 30.08 12.23
0.4 51 21.41 7.58 12.56 28.33 14.60 15.51
0.4 63.1 16.06 9.57 15.70 21.9 18.45 18.31
0.4 70 13.01 10.72 17.41 18.29 20.76 19.81
0.4 72 12.13 11.05 17.89 17.25 21.44 20.23
0.5 56 16.83 7.36 12.17 33.88 9.74 20.02
0.5 67 12.57 8.95 14.62 28.38 11.02 24.46
0.5 74 9.86 9.98 16.10 24.90 11.75 27.41
0.5 79 7.93 10.71 17.12 22.43 12.23 29.58

a Degree of hydration is computed using the maximum degree of hydration equation proposed in Ref. [99].
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level of accuracy once they are calibrated to the data compiled in
Section 2.3. This is confirmed by percentage of estimates lying within
factor 2-bounds (Table 8), which is above 70% on average after calibra-
tion. Each relationship has to be calibrated separately for through diffu-
sion, electro-migration and electric-resistivity to achieve good fit.

Simplifiedmodels viz., Oh and Jangmodel [97] based on generalized
effective media theory and NIST model derived from computer simula-
tions have been compared in Fig. 9. Oh and Jang model performs better
than NIST model for electro-migration (see Fig. 9 and Table 8) as
Fig. 8. Comparison of relative diffusivity obtained from empirical relationships and
experimental data. Blue, red and green markers represent through-diffusion, electro
migration, and electro resistivity, respectively. Shaded green region shows factor of 2
bound and dashed line shows factor of 5 bounds.
parameters for Oh and Jang model has been calibrated with electro-
migration data. Oh and Jang model also performs slightly better than
NISTmodel for other type of experiments. In spite of different conceptu-
al approaches both models have similar predictability and N49% of the
estimated values of both models (neglecting the performance of Oh
and Jang's model for electro-migration) lie within factor 2-bounds.
The parameters in both models have physical meaning, however, they
cannot be easily measured and hence to improve predictability the
Fig. 9. Comparison of relative diffusivity obtained from models that depend only on
capillary porosity and experimental data. Blue, red and green markers represent
through-diffusion, electro migration, and electrical resistivity, respectively.
Shaded green region shows factor of 2 bounds and dashed line shows factor of 5
bounds.



Fig. 10. Comparison of relative diffusivity obtained from models that take into account
morphology of cement paste in detail and experimental data. Blue, red and green
markers represent through-diffusion, electro migration and electrical resistivity,
respectively. Shaded green region shows factor of 2 bounds and dashed line shows
factor of 5 bounds.
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parameters of these models need to be recalibrated on larger dataset.
Moreover, both models under predict the relative diffusivity for the
electrical resistivity data at low relative diffusivity (i.e. lower capillary
porosity or w/c ratio) with some data points lying beyond factor 5-
bounds. As mentioned in Section 2.3.1, the relative diffusivity obtained
from electrical resistivity measurements is higher than those obtained
from the other methods at lower capillary porosity. Differences in re-
sults between the two models originate due to the fact that these
models have been calibrated either with data from through-diffusion
or electro-migration. Therefore, for electric resistivity experiments the
parameters for these models need to be re-calibrated.

Amongst the models taking into account detailed morphological as-
pects, the Bejaoui and Bary [99] model that is based on set of series/par-
allel configurations shows least agreement (Table 8). For electro-
migration, the multi-coated sphere based models of Bary and Bejaoui
[122] and Stora et al. [123] performs slightly better than multi-coated
sphere based model of Dridi [124] with 50% or more predictions (of 6
data points) lyingwithin a factor 2-bounds. This difference is specifically
at low diffusivity (low capillary porosity). Recall that Dridi's model as-
sumes cement paste morphology as single coated sphere whereas the
other two assume cement paste morphology as doubly coated sphere
at low capillary porosity or w/c ratio. For through diffusion results,
these threemodels perform equally (40% of 10 data points within factor
2-bounds) as the respective authors have calibrated them on the
Table 8
Percentage of data lying between factor 2-bounds for different relationship of relative diffusivity
in brackets.

Reference/model Electro-migration

Archie's relationship 100a(10)
Exponential form [21,119] 100a(10)
Exponential form with respect to water cement ratio [120] 100a(10)
NIST model [14] 50(10)
Oh and Jang model [97] 90b(10)
Bejaoui and Bary [99] 33.3(6)
Bary and Bejaoui [122] 50(6)
Stora et al. [123] 67.7(6)
Dridi [124] 33.3 (6)
Liu et al. [125] 50(6)

a These models have been calibrated on the experimental data presented in this paper and
b Good predictability is due to the fact that this model has been fitted with electro migratio
through diffusion data of Bejaoui and Bary [99]. Performance of Liu
et al. [125]model, which is based on a rather different approach, where-
in cement pastemorphology is considered in three levels, is comparable
to the multi-coated sphere based models of Bary and Bejaoui [122] and
Stora et al. [123]. For electrical resistivity data, only the models of Bary
and Bejaoui [122] and Dridi [124] show reasonable predictability with
45.5% of the predictions (of 11 data points) lying within factor 2-
bounds of the experimental data. However, all models are less satisfac-
tory for low relative diffusivities (see Fig. 10) with a large percentage of
the predictions lying beyond a factor 5-bounds for the same reason ex-
plained above for the simplifiedmodels. All of thesemodels conceptual-
ize the cement pastemorphology in detail and calibration parameters in
these models are linked with C-S-H phase diffusivity. Hence, it can be
speculated that differences between electrical resistivity measurements
and through-diffusion or electro-migration are associated with the dif-
fusivity of C-S-H phase. This is because at low capillary porosities or
w/c ratio (i.e. low relative diffusivities), where these models fail to pre-
dict relative diffusivity accurately, C-S-H phase is the dominant trans-
port phase.

In general one can conclude that advancedmodels have a better con-
ceptualization of cement paste morphology. However, the parameters
needed for thesemodels are hard to determine directly by experiments
and these models would need recalibration on a larger dataset. The cal-
ibration should be carried out differently for each technique as relative
diffusivity values reported for different techniques can vary consider-
ably as explained in Section 2.3. In this aspect empirical relationships
are rather simple. We have recalibrated the empirical relationships
(Table 8), which can be readily used for practical purposes keeping in
mind that the uncertainty might be within factor 2-bounds. However,
the value of the advancedmodels cannot be underestimated as they en-
able better understanding of the influence of the heterogeneities of ce-
ment paste on relative diffusivity.

4. Conclusions

This paper reviews different experimental techniques andmodelling
approaches for ordinary Portland cement basedmaterial under saturat-
ed conditions. A database of existing measured relative diffusivities ob-
tained for cement paste, mortar and concrete serves as a basis to
critically assess different measurement techniques and model predic-
tions. For electrical resistivity and through-diffusion experiments, all
the collected data for cement paste lie within a factor 5-bounds and fac-
tor of 4-bounds, respectively. For electro-migration experiments, the
range is smaller with all data for cement paste falling within factor 2-
bounds. This scatter between the values can arise from several reasons
such as differences in cement composition, curing, maturity, experi-
mental protocols and use of different tracers for through-diffusion ex-
periments. It has been also observed that the relative diffusivities
for cement paste, mortar and concrete obtained at low to moderate
w/c ratio or capillary porosities obtained by electrical resistivity
of cement paste - the number of experimental data considered in each case is represented

Through-diffusion Electrical resistivity Average

72a(25) 65a(40) 72
76a(25) 65a(40) 73.3
76a(25) 62.5a(16) 76.5
44(25) 52.5(40) 49.3
56(25) 55(40) 60
20(10) 0(11) 14.8
40(10) 45.5(11) 44.5
40(10) 0(11) 29.9
40 (10) 45.5(11) 40.75
50(10) 9.1(11) 33.3

hence it shows good predictability compared to other models.
n test.
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measurements are always larger (up to one order) than those obtained
with the other methods. Electro-migration and through-diffusion tech-
niques give similar diffusivity values for cement paste, however very
few data points exists for cement paste for w/c ratio in the range of
0.25 to 0.3. For mortar/concrete, data points collected in the w/c ratio
range from 0.25 to 0.3 reveals that relative diffusivity measured by
electro-migration might be lower than by through-diffusion. The in-
crease in relative diffusivity with w/c ratio and capillary porosity is ob-
vious for cement paste. For mortar and concrete, increase in diffusivity
withw/c ratio and decrease of diffusivitywith an increase in the amount
of aggregates for a given w/c ratio is observed, the latter being the con-
sequence of an increased tortuosity. The mortar and concrete diffusiv-
ities, when normalized with cement paste diffusivity and plotted with
respect to fraction of cement paste in the mortar/concrete, fall on a
straight line irrespective of the study or the measurement method. All
the data falls within a factor 1.5-bounds. This reveals that the relative
diffusivity ofmortar/concrete can be directly determined from thediffu-
sivity of cement paste diffusivity and that the ITZmight have a limited to
no influence on diffusion.

A large number of models have been proposed to predict effective
diffusivity of hardened cement paste, mortar and concrete. None of
these models are devoid of calibration of parameters. For cement
paste, even the most advanced models require parameter associated
with diffusivity in the gel pores of C-S-H. For mortar and concrete
models, whether or not they are empirical, there are always parameters
that need to be calibrated with relevant experiments, specifically, diffu-
sivity, porosity and thickness of ITZ and for some models the degree of
hydration and exponents, including parameters relevant to cement
paste diffusivity models. Based on the discussed mortar/concrete
models, it appears that there is no unique conclusion on the role of ITZ
in the overall diffusivity of mortar/concrete systems. We believe that
one could expect a dominant influence of ITZ only if there is a large con-
trast in the De

itz/De
p ratio. As the experimental data for mortar and con-

crete compiled in this study shows direct dependence on cement
paste data and no influence of ITZ, comparison of only different cement
paste models have been made in this study. All empirical models once
calibrated to the data compiled in this study show similar predictive be-
haviour. Models accounting for cement paste morphology in simplified
way and advanced models show a similar predictability. For accessing
the predictability of these models same parameter as those proposed
by the respective authors have been used. On average for most of the
models 40% or more of the predicted data lies between factor 2-
bounds. However, all these models are not able to well predict the elec-
trical resistivity data, with predictions deviating bymore than a factor of
5 for experimental data with a low relative diffusivity (capillary poros-
ity). This is due to the fact that all thesemodels have not been calibrated
using electrical resistivity data. In order to utilize these models for prac-
tical purposes recalibrationwith larger dataset such as the one compiled
in this study might be needed. Note that in this study we have only
recalibrated empirical relationships and these relationships can be uti-
lized for practical purposes keeping in mind that the uncertainty
might be within factor 2-bounds.
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