Porous Construction Materials:
Characterizations and Modeling

This chapter presents experimental methods and some modeling of
microstructural properties of porous media, mainly applied to construction
materials. The methods shown are generally recommended by some
specialized users or by standards. Some models shown are based on the
microstructural properties of the medium, while others describe simulated
microstructures built numerically based on experimental data, such as
porosity, tortuosity and connectivity, and on the hydration process in the
particular case of cementitious materials.

In the final section of the chapter, the microstructural properties of a
porous medium are linked to a transfer property, namely intrinsic
permeability. For this purpose, several approaches are presented: calculation
of the permeability from data on the pore structure (e.g. distribution of pore
radii) and calculation from 3D constructed microstructures.

1.1. Definition of porous media

A porous medium is composed of a rigid solid matrix, or with low
deformation, and of a void network. The porosity, denoted as &, in the
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following, is expressed by the ratio of the void phase volume and the total
volume of the medium (equation [1.1]):

Vois
gP:VV_d [1.1]

total

The pores (Figure 1.1) can be connected and cross the medium from side
to side. In this case, the pore structure is known as “percolating”. Trapped
gaps or blind pores can also be found within the medium.
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Figure 1.1. Porosity: (D Percolation/connected porosity,
© Trapped gap, @ Blind pore

A lot of construction materials are porous. The pore structure, i.e.
porosity and pore size and shape, depends, of course, on the type of the
material. The porosity of construction materials is the place where transfer
phenomena occur. These phenomena are affected by microstructural
parameters, such as pore size distribution or connectivity. Generally
speaking, it is necessary to consider all these parameters in order to study the
transfer properties. For instance, the most porous material is not necessarily
the most permeable material: pore size also affects the transfer by
permeation.

From this point of view, two relevant microstructural parameters are
usually used to characterize the pore structure: tortuosity and constrictivity.
The tortuosity (t) quantifies the elongation of the transfer path due to pore
geometry, as shown in Figure 1.2(a).
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Usually, tortuosity (equation [1.2]) is calculated as the ratio of the
average pore length and the sample thickness. The tortuosity models the
average transfer path through the material:

_— [1.2]
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Figure 1.2. Microstructural parameters: a) tortuosity and b) constrictivity

The constrictivity (d) (Figure 1.2(b)) consists of a reduction of the pore
size along the pore. It reflects the fact that the pore section is not uniform but
undergoes several constrictions that affect the transfer phenomena.

1.2. Different experimental tools for the characterization of porous
materials

The transfer of chemical species in a porous medium is closely related to
the porous microstructure [OLL 92]. Thus, its characterization is required to
study the structure’s durability. The knowledge of parameters such as
porosity or pore-specific areas is necessary for the investigation of the
physicochemical phenomena involved during mass exchanges between the
wall of the pore and the pore solution interface inside the medium, which
governs boundary conditions in the study of mass transfer.

1.2.1. Measurements of porosity

The main direct methods of porosity measurements in construction
materials are water porosimetry and mercury intrusion porosimetry (MIP).
These two methods are described hereafter. In the case of cementitious
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materials, recommended protocols exist, particularly in France [AFP 97,
ARL 07].

1.2.1.1. Water porosimetry

Generally, the water porosimetry test is carried out according to the
procedure recommended by the French association AFREM (4ssociation
Francaise de Recherche et d’Essais sur les Matériaux et les Constructions,
French Association for the Research and Testing of Materials and
Structures) [AFP 97] and the standard NF P18-459 [AFN 10]. The samples
are first water-saturated with distilled water under vacuum at a saturation
vapor pressure of 18 mmHg in order to obtain the saturated mass mg,. The
sample volumes V,, are then determined from buoyancy weighing. Finally,
samples are dried at a temperature between 60 and 105°C until mass
stabilization to obtain the dried mass mg.. The mass stabilization is obtained
when the relative mass loss in 24 h is less than 0.05%. The porosity &, is
calculated using equation [1.3]:

g = " Mav 100 (%) [1.3]
! pw'l/total

where p,, is the density of water.

1.2.1.2. Mercury intrusion porosimetry

The MIP test is carried out by injecting mercury through a porous
medium sample of 1-2 cm® placed under vacuum in a penetrometer. This
injection is performed by varying the injection pressure P, which can reach
more than 400 MPa, so that the mercury penetrates pores whose diameters D
are between 0.003 and 360 pm. Each pressure increment permits the
calculation of the diameter of the pores filled with a volume of mercury Vi,
according to the Laplace's law (equation [1.4]). The principle of
measurement is schematized in Figure 1.3:

_4ycosf
P

D [1.4]

where y is the surface tension between the pore surface and the mercury
(N/m). This parameter varies with the purity of mercury. The value usually
used is 0.485 N/m. @ is the contact angle in degree between the mercury
meniscus and the pore wall. The usual value for this parameter is 130°.
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Figure 1.3. Schematic view of the MIP principle. For a color version
of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip

At the end of the test, a pore size distribution of the porous network is
obtained. The latter is given by a plot of the differential log of the mercury
volume intrusion versus the pore diameter. Figure 1.4 gives an example of a
result obtained by this method. The specific area of the material can also be
calculated from the collected data.
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Figure 1.4. Example of pore size distribution obtained by
MIP on a mortar with W/C = 0.6 [HAM 09]

The MIP is a measurement technique widely used to characterize a
porous material. It gives a simplified representation of the microstructure of
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the material because the pores are assumed to be cylindrical. Moreover, this
method facilitates only the determination of the pore entrance diameter. As
shown in Figure 1.5, large pores located after smaller ones cannot be
detected by the MIP method, because the required pressure to fill the larger
pores is the same than that necessary for penetrating the smallest ones (this
phenomenon is commonly called “ink-bottle” effect) [DIA 00].

Hg

D

Figure 1.5. Pore diameter measured by MIP

Despite these assumptions and approximation, the MIP technique
remains one of the main tools used for the characterization of porous
materials.

1.2.2. Pore size distribution by sorption/desorption isotherms

The water vapor sorption/desorption isotherm gives the evolution of the
water content of a porous material as a function of the ambience relative
humidity (RH) at constant temperature. For each RH, it is possible to
determine a pore diameter D that is filled with water. A pore size distribution
is obtained for a range of RH. For this purpose, the Kelvin—Laplace law,
given in equation [1.5], is used to calculate the pore diameter:

—_ 4Mv Vaw [1 5]
P RTIn(RH)

where M, is the molar mass of the water vapor (18 g/mol), y,, is the surface

tension of the liquid water (equal to 0.07275 N.m™" at 20°C), p,, is the mass

density of liquid water and R is the ideal gas constant (8.314 J.K™'.mol™).
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The pore diameters obtained by this technique are located between 0.6
and 35 nm for an RH range between 3 and 94%.

The measurement of sorption/desorption isotherms can also be carried out
by using a gas such as nitrogen. This method consists in measuring the
amount of nitrogen molecules adsorbed by the material under a constant
temperature of 77 K. This technique is based on the works of Brunauer ef al.
[BRU 38], which is commonly known as the Brunauer—Emmett-Teller
(BET) technique. The latter makes the determination of the specific area of a
solid possible, the pore size distribution that can reach pore with a diameter
smaller than 200 nm. This pore size distribution is based on the step-by-step
analysis of the sorption/desorption isotherms following the Barrett—Joyner—
Halenda (BJH) method [BAR 51].

1.2.3. Characterization of pore structure by NMR

The application of nuclear magnetic resonance (NMR) for the
characterization of pore structure is an attractive method [PLA 01]. Contrary
to intrusion methods, it is fully non-destructive and does not require sample
preparation such as drying, liquid saturation or polishing.

In a material, any nucleus with a spin (i.e. nucleus with an odd number of
protons) shows an intrinsic magnetic moment. When the material is

immersed in an intense magnetic field, classically denoted as B, , it becomes

magnetized due to the interactions between this external magnetic field and
the magnetic moments of the nuclei. The overall magnetization is

characterized by a magnetic moment M, which rotates around the direction

of BT) This motion, called precession, occurs at a given frequency (called
Larmor frequency) specific to each nucleus. NMR consists of perturbing this

equilibrium state by applying a second magnetic field BT , perpendicular to

§O and pulsed during a short time. Due to electromagnetic radiation from
E , the overall magnetization temporarily changes from MO to M. When

B, is stopped, the system returns progressively to its equilibrium state (M

— M, ). This phenomenon is called relaxation. During NMR experiments,
the time evolution of M is recorded and two characteristic times are
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determined. The first time (7)) characterizes the relaxation time of the

component of the vector M parallel to B, (spin-lattice relaxation), while
the second time (73) is the relaxation time of its components in the plane

perpendicular to BT) (spin—spin relaxation).

In the case of porous materials, NMR experiments often concern the
relaxation phenomenon of the proton 'H. The characterization of pore
structure is based on the existing dependence of the relaxation times, 7} and
T, on the pore size. In fact, the overall recorded relaxation time is the mean
of the contribution of two terms: the relaxation of “bulk protons” (i.e. inside
the porosity) and “surface protons” (i.e. at the pore surface).

For instance, Figure 1.6 gives relaxation rates (1/77) measured in the case
of a cement paste, i.e. a material with a multiscale pores structure [KOR 07].
Four classes of relaxation rates can be observed, which reveals the
dependency of the relaxation process on pore size. The two higher classes
correspond to the smaller pore sizes (i.e. pores in Calcium-Silicate-Hydrate
(CSH) gel), while the two lower classes can be associated with capillary
pores.
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Figure 1.6. Relaxation rates (1/T;) versus Larmor frequency measured for
a cement paste (cement = C3S, W/C = 0.4, age =1 year). The four curves
correspond to the material responses due to four average pore sizes
(given on the right). The latter are calculated values by the authors [KOR 07]
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The use of NMR relaxometry for porous material characterization has
some limits. Especially, the so-obtained relaxation times are usually given in
milliseconds and cannot be easily converted in a size scale, for instance in
nanometers. Such a conversion depends on experimental conditions and
calculation methods [FAU 12]. Thus, results from relaxometry are mainly
used to compare the evolution of relaxation times as a function of studied
parameters. For instance, Figure 1.7 shows the time evolution of T;
distribution measured for a cement paste at the early age. This evolution
reveals the structuration of the material and the refining of the pore structure
due to cement hydration. Another example is given in Figure 1.8, which
shows the influence of cellulose ether on the time evolution of the relaxation
rate (1/77) of cement pastes.

8.E02

: Initial setting time

Ty (ms)

Figure 1.7. Time evolution of the relaxation time T; distribution due to hydration
of a cement paste at very early age (cement = OPC, W/C = 0.35) [WAN 13]

In addition to the characterization of pore structure, NMR can also be
used as an imaging technique (magnetic resonance imaging (MRI)). In this
case, magnetic field gradients are applied in three directions (three-
dimensional (3D) imaging). Consequently, the precession frequency of the
protons immersed in the magnetic field depends on the location. This
technique is used, for instance, to image water contents of porous materials
[FAU 12]. Resolution of MRI (~1 mm) is, however, too low for this
technique to be able to serve image pore structure.
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Figure 1.8. Time evolution of the relaxation rate (1/T;) measured at a Larmor
frequency of 10 kHz for cement pastes (white cement, W/C = 0.4) — effect of
the presence of two cellulose ether (HEC and HEMC) [PAT 12]

1.2.4. Imaging techniques

Characterization methods shown previously, for instance MIP, give a first
level of information on the pore structure, i.e. open porosity, pore size
distribution or surface area. Of course, this is not enough to describe
completely the wvoids network, since other characteristics, such as
connectivity or pore shape, are not provided [SIN 04]. These characteristics
are, however, very relevant for the modeling of transfer properties of
materials with disordered pore structure, such as cementitious materials.

In this scope, imaging techniques are powerful tools [LEV 07]. Indeed,
they permit a mapping of the pore structure in 3D which offers, among

others, direct assessments of the connectivity.

Two families of imaging methods can be distinguished. The first family
is based on the acquisition of 2D images of cut-sections of the material
followed by a reconstruction of the pore structure in 3D. The second family
consists of mapping the pore structure in 3D more directly, without any
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sample preparation such as slicing or polishing, e.g. computed X-ray
microtomography or electron tomography.

1.2.4.1. From 2D to 3D images of the pore structure

Images in two dimensions can be obtained by many techniques. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
are undoubtedly the most popular techniques. In brief, SEM uses a focused
beam of electrons, which interacts at the surface of solid specimens. In the
case of TEM, the beam is transmitted through the specimen. The various
signals generated by the electrons—specimen interactions give information
about chemical composition and densities of the different phases in
the material. For instance, from polished sections of cement-based materials,
the detection of backscattered electrons (BSEs) in SEM facilitates the
construction of high-resolution 2D images of the anhydrous and hydrated
phases. In electron microscopy, the resolution can be less than the nanometer
scale.

Before SEM imaging, the material porosity can also be injected by a
metal, such as wood’s metal or gallium [WIL 98, KUR 06]. The X-rays
emitted by the specimen due to the electron beam can be observed using an
electron probe microanalysis (EPMA). The so-measured repartition of the
intruded metal provides a 2D map of the pore structure.

To obtain 3D images from 2D images, a serial cross-sectioning has to be
performed. This consists of repeatedly polishing the observed specimen.
After each polishing, a scanning of the obtained surface is performed by
SEM, for instance. The reconstruction of the 3D image is done by stacking
the 2D images, as shown in Figure 1.9.

In the polishing operation, the serial cross-sections should be as close as
possible. Otherwise, the resolution of the 3D image reconstructed by
stacking would not be the same in the direction perpendicular to polishing
compared to the scanned section. To avoid this obvious shortcoming, the
polishing operation can be performed directly in the SEM microscope by
using a focus ion beam [MUN 09, LUR 11]. In a microscope equipped with
Focused Ion Beam (FIB), a beam of ions such as gallium ions hits the
specimen surface, resulting in an ablation of a few nanometers. Figure 1.10
gives a schematic representation of the FIB technique [KEL 11]. By
coupling FIB and SEM, the serial sectioning and 3D reconstruction become
much more accurate. Although this technique is promising, it has not been
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widely used for imaging the pore structure of cement-based materials.
However, this latter is used more for applications regarding soil studies

[HOL 10, NAD 13].
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Figure 1.9. 3D reconstruction of the pore structure from 2D images stacking. The 2D images
were obtained by EPMA on a cement paste sample intruded by gallium [KUR 06]. For a
color version of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip
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Figure 1.10. Schematic representation of SEM coupled with FIB device [KEL 11]

1.2.4.2. Non-destructive 3D

mapping by X-ray microtomography

Computed X-ray microtomography (uCT) consists of subjecting a
material sample to an X-ray source [LAN 10]. X-ray beam passing through

the sample is more or less

absorbed depending on the absorptivity of the
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various phases in the material. A plane detector is used to acquire a 2D
image of the intensity spatial variations of the absorbed beam (projection
image). The X-ray source is then rotated around the sample. A series of 2D
projections are so-recorded. Based on the mathematical methods of
inversion, such as Fourier transforms, it is possible to reconstruct a 3D
image usually given with gray levels corresponding to the different
absorption levels of the material phases. In the case of a porous material,
since X-rays are mainly absorbed by the solid phase, nCT can provide a 3D
map of the pore structure. When differences in absorption levels are less
significant than in the case of solid/voids segmentation, image analysis
methods, such as edge detection, can be necessary to extract spatial
distribution of phases.

Figure 1.11. Investigation of cement paste microstructure by X-ray microtomography.
Sample of a plastic tube (left), reconstructed 3D image at 1 day age (middle), pore structure
of a volume of interest (VOI) after image segmentation (right) [ZHA 12]. For a color version

of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip

X-ray microtomography is a completely non-destructive method. This is
one of its main interests, as compared to 3D reconstruction based on 2D
microscopy which needs polishing operations (see the previous section). One
of the drawbacks of pCT can be its resolution which is currently of
approximately 1 pm for a desktop apparatus, which is not enough to
investigate the pore structure of materials such as cementitious materials.
The latter contain many pores lower than 100 pm in diameter. For instance,
UCT has been applied by Gallucci et al. for the study of the microstructure
formation of cement paste between 1 and 60 days [GAL 07]. Beyond a few
days, the resolution is not high enough to distinguish the pores of the
cementitious matrix.
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In the near future, pCT resolution is likely to be improved. Especially, in
the case of synchrotron X-ray, resolution of lower than 500 pm per voxel is
already obtained and porosity of cement-based materials can be investigated
in more detail [PRO 09]. Investigations with high resolution are, however,
limited to small-size specimens of cement pastes, as shown in Figure 1.11
[ZHA 12]. At lower resolution, uCT is an interesting tool increasingly used
for the investigation of materials degradation phenomena, e.g. [LAN 00,
ROU 09] (Figure 1.12).

a)

Figure 1.12. 4 concrete leaching investigated by X-ray microtomography. Cross-section of a
sound specimen before leaching a) and cross-section after 11 h of leaching b) [ROU 09]

(b

1.3. Some constructed models for porous microstructures

Experimental tests, such as MIP tests or moisture sorption/desorption
tests, provide a pore size distribution using some assumptions dealing mainly
with the geometrical shape of the pores within the material. From data
provided by these techniques, the objective is to build models describing
microstructures aiming linking them to mass transfer modeling for the
prediction of degradation of structures, particularly in the case of chloride in
coastal zones [AIT 04].

1.3.1. Models based on pore size distribution

While providing results sometimes discussed [FAU 80, VAN 81,
WAR 81, COO 93], MIP remains a powerful tool for characterizing the pore
size distribution of a porous medium. However, let us recall that the physical
properties of mercury as a liquid measurement are different from those of
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water, while water is the main, if not only, fluid carrying aggressive species
within porous materials and dissolving certain fractions of hydrated
compounds in the case of cementitious materials. Furthermore, mercury does
not penetrate the smallest pores such as CSH! [HAL 95]. In addition, devices
available actually limit the penetration to pores with 3 nm in diameter.

Despite these considerations, the technique is widely used for the
characterization of porous media. Therefore, results provided by this
technique are used for the construction of models describing the porous
network properties.

1.3.1.1. Statistical functions of pore size distribution

In addition to the overall porosity ¢, MIP test provides the logarithmic
differential intrusion as a function of pore radius penetrated at a pressure i by
unit volume of sample, which is nothing but the pore size distribution:

1 th _ Vp(i—l)
f(RP)__Z InR. —InR . [1.6]
pi p(i-1)

where R,; and R, are the radii penetrated, respectively, at stages i and
(i=1); Vp; and V1) are the corresponding porous volumes and L is the
samples length.

The plot of equation [1.6] can be modeled by a statistical distribution
with a random variable, R, set by the results of MIP test.

The aim of the modeling that we propose is then a parametric
characterization of the experimental pore size distribution for the calculation
of other material properties such as specific area and permeability.

According to Diaz et al. [DIA 87], based on the assumption of cylindrical
pores, some researchers have established simplified relationships between
the pore volume and their entry diameters. Some other authors (e.g.
[AIT 99]) have presented models, called parallel channels, based on a

1 Cement industry notations of the hydrated calcium silicates whose classical chemical
formula is: 3Ca0.2S10,.3H,0. We can also define them in a “generic” manner in the form
Ca0.Si0,.nH,0 [DUN 89].
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probability calculation. This probabilistic aspect makes the use of these
models difficult. As a first approach, we assume that the porous network is
represented by cylindrical pores of different radii R, with the same length L
within the material with a unit representative surface (Figure 1.13).

Unit representative surface

Figure 1.13. Simplification of the porous structure referred to a unit representative surface

Two main categories of pore size distribution may be found
(Figure 1.14). First, we have the case where the distribution has only one
“mode” pore radius around a single average, which is called “porosity peak”.
The pore structure is then a single porous mode, which is called a “single-
mode structure”. On the other hand, if the distribution has more than one
group of radii around two or more “porosity peaks”, the pore structure has
then more porous modes and is qualified as “polymodal”.

FR, ¥ 2 F(R, W b)

» !’ep | RP

Figure 1.14. Examples of pore size distributions: a) monomodal
distribution and b) polymodal distribution
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1.3.1.1.1. Case of monomodal porous structures

We first discuss the case where the pore structure has only one mode, i.e.
the distribution has a single “peak”.

In this case and according to Shi ef al. [SHI 89], we can express the
number of pores per unit surface representative dn, whose radii are between
R, and (R,*dR,) by a statistical distribution of log-normal type, but use here
the total number of pores per unit surface representative n,:

dn = exp(—MJd(lnRP) [1.7]

Ny

2&°
where & is a location parameter which is dimensionless and ensures that dn,

is the probability density function for the area [0; o[, R, is the statistical
average pore radius and 7, is the number of pores per unit surface.

To the variation dn, corresponds the following elementary variation of
volume between R, and (R,+dR,):

_ 2
dV,=nR’Ldn, [1.8]

From equations [1.6]-[1.8], we obtain:

f( ) Rzn M [1 9]
- ff 282 '

which allows a maximum ¢ such that:

TR, [1.10]
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The porosity per surface unit is obtained from [1.1], [1.7] and [1.8]:

1 $7Rn, In*(R, /R,,)
£ =—nu exp| —2 "2 1d(InR 1.11
{ p 2 (InR,) [1.11]
whose solution is:

— P2 28
g,=7TR, ne [1.12]

From [1.10] and [1.12], we obtain:

£=—2
o2
R
= —pmx [1.13]
P ezfz
£
n,= 2})24EZ
ﬂ.RPme

The MIP test provides the porosity &, and the pore size distribution of the
material. From the latter, Rym.x and o are obtained. Using these two
experimental data, parameters [1.13] are calculated. Thus, we obtain the
probability law of pore size distribution (equation [1.9]). This law can be
used for the determination of other transport properties of the medium and
for the upscaling in behavior modeling of heterogeneous media [AMI Ola,
AMI 01b].

1.3.1.1.2. Case of polymodal porous structures

In the event that there is N porous mode, i.e. N peaks, the pore size
distribution is divided up into N elementary classes according to the number
of peaks. Then, the expression of the pore number will be the sum of
elementary functions of distribution with the same random variable R),:

in :_i n, exp[_%%an&) [1.14]
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With each porous mode is associated an elementary porosity &, and an
elementary pore size distribution law with the following parameters:

f,z gpi
" a2
R A
_ pmax j
R, =55+ [1.15]
e
n. = gpj
7 2 28
ﬂRpmie ’

1.3.1.1.3. Determination of the pore-specific area

Based on the assumption that the pore-specific area is only linked to the
arithmetic average of pore radii penetrated by the mercury during the test,
MIP acquisition devices generally provide a value of this parameter. To
ensure consistency in the use of MIP results, a relationship can be built by
integrating the statistical pore size distribution.

Given the assumption of cylindrical pores, to the elementary pore volume
dV, (equation [1.8]) corresponds an elementary surface d4, developed by
pores having radii between R, and (R, + dR,), whose expression is:

dA,=27R Ldn, [1.16]

Reduced to a unit volume of material, the elementary-specific area is
obtained:

da,=27Rdn, [1.17]
The pore surface area of the material can be obtained by the integration of
equation [1.17], in which d,,, is substituted by its expression (equation [1.7]):

1.

a,=27R n e [1.18]

pm''p

1.3.1.2. Models including geometrical parameters

The approach described above is based on the main assumption that the
pores are cylindrical, i.e. neither tortuosity nor constrictivity is considered. It
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means that construction materials are known to have microstructures with
complex geometries, where parameters such as tortuosity, constrictivity or
connectivity of the pores play a significant role in the transfer of aggressive
agents, and then in the structures durability. Hereafter, an approach
describing these parameters is presented.

Based on the isotropic porous network model in a cubic representative
elementary volume (REV) proposed by Ait-Mokhtar et al. [AIT 02], let us
consider a wider scheme (Figure 1.15), with pores having different lengths
L, L, ..., [, and different sections S|, S, ..., S,. These sections are classified
such as S} > S, > ... > §, (Figure 1.16). Then, we can define the tortuosity as
[AMI 05]:

:(WJZGZIJ [1.19]

The contraction effect and the pores length ratio are introduced,
respectively, by m;; and g;;:

s, 1,
m; =?; q; :7 [120]

where S; > §;if'i <.
Then, tortuosity becomes:

Z— [1.21]

llqm

Given the configuration of Figures 1.15 and 1.16, N’ is the number of
elementary cubes per representative sample of material with cubic shape.
Then, the total pore section S, and the total section S of the material cube are,
respectively:

141
_(n+1)’ V) N2YS and S =(nl+1) PN [1.22]

n i=1
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Given the pore entry section on an elementary cube surface, the porous
volume and the global volume of the representative material are,
respectively:

V,=3(n+1) N°> S and V = (n!+1)’ N’ [1.23]

i=1

We deduce from [1.25], [1.22] and [1.23] the porosity of the material:

n n 1
3(n1+1) NS —
£, =2 = SRR ”:iis.l.:yﬂ—;mﬁl% [1.24]
N (n!+1)°PN? Pe Fr-1 '
i=1 9in

where:

n 8 n
lzs/iZSili and 7= —— (21,) [1.25]
Ep 3y R =
i=1
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Figure 1.15. Schematic view of the porous network in
a cubic representative elementary volume (REV)
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Figure 1.16. A cross-section of the material

A more recent work presented by Khaddour et al. [KHA 13, KHA 15]
gives a simplified method for microstructure representation based on MIP
data. This microstructure consists of parallel, cylindrical and tortuous pores
of different diameters crossing the sample as shown in Figure 1.17. The total
length of a pore of diameter d; and volume V), is calculated using equation
[1.26]:

L= [1.26]
" ord? ’

1

Figure 1.17. Microstructure obtained from
parallel pores assembly [KHA 15]
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A pore crosses the porous media sample if its length Z; reaches a critical
length L. (equation [1.27]) which depends on the sample thickness L, and the
pores tortuosity

L =11, [1.27]

L=3, [1.28]

where V; is the total volume of the porous media containing x; pores of
diameter d;. The quantity x; is the characteristic quantity of the pore size
distribution.

A pore that does not cross the sample, i.e. one whose length Z; does not
reach the value of the critical length L., is connected to the pore with the next
smallest diameter in order to obtain a serial assembly of pores with
decreasing diameters as shown in Figure 1.18 [KHA 09].
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Figure 1.18. Microstructure obtained from
parallel and serial pores assembly [KHA 09]

According to Figure 1.18, the total length of the pores of a diameter d; is
given by equation [1.29] as follows:

L =Lrr,+xL. +Lr [1.29]
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1.3.2. Tridimensional-constructed microstructures

Microstructures of porous materials can be modeled from input data, such
as pore size distribution, provided by various experimental techniques.
Another approach consists of modeling the different phenomena involved in
the formation of the pore structure. Such approaches were developed
especially in the field of cementitious materials. Hydration of Portland
cement has extensively been studied during the last century (and is still
ongoing), resulting in accurate models of hydration kinetics. From such
models, the formation of the microstructure of a cement paste can be
computed from stacks of anhydrous cement grains whose volume
progressively increases due to the hydration. This facilitates obtaining pore
structures in 3D and information on percolation of the pore network. Of
course, the realism of the computed microstructure greatly depends on the
initial stacks of cement (grains shape, size distribution) and on the hydration
model [SCR 04].

In the following, some approaches are described for the construction of
evolving microstructures of cementitious materials. For most of the models
described, the materials do not exceed the scale of cement pastes. For this
microstructure construction, two kinds of approaches are commonly used:
vectorial expansion approach of the cement grains and a 3D voxel-
segmented image approach. Finally, an ideal way for the cement paste
microstructure construction is presented on the basis of regular spherical
grains stacks.

1.3.2.1. Vectorial approach

The first approach is based on a vector expansion of the anhydrous
cement grains composing the stack. Two examples are given here:

—The first example, named hydration, morphology and structural
development (HYMOSTRUC), was developed by van Breugel [VAN 91,
VAN 95] and based on the work of Berlage [BER 87]. This model considers
all the chemical phases of the cement and assumes that the cement grains are
spherical. The hydration products are formed around these grains in
dissolution. The density of reaction products is supposed to be constant
during the hydration. The development of the microstructure depends on the
interaction between the particles of different sizes. Thus, it is important that
such a model considers the particle size distribution of cement grains as well
as their spatial distribution.
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A schematic view of the particle hydration is given in Figure 1.19.

water withdrawal
by embedded
particles

water available
for particle x

central
oerticle x

Figure 1.19. Schematic representation of expansion
mechanism during cement hydration [VAN 95]

— The second example, called “pic” model, was developed by Bishnoi
and Scrivener [BIS 09] to succeed the “IPKM” model developed by Pignat
and Navi [PIG 05]. The “uic” model is based on the same approach like
theHYMOSTRUC. The main difference lies in the segmentation of the
volume into smaller cubes to make the calculation of the interaction between
particles faster. In addition, the “pic” model facilitates the simulation of
cement hydration in the presence of other materials such as fillers and
mineral additives. The proportion of various materials is defined by volumes
calculated using the stoichiometry of the reactions and the density of each
individual phase.

At the output of these two models, we can obtain a 3D microstructure
shown in Figure 1.20.

Figure 1.20. 3D representation of the microstructure obtained:
a) solid phase and b) pore network [PIG 05]
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1.3.2.2. Voxel-based method

A second approach for microstructure construction is based on randomly
stacked cement grains in a cubic volume. For this method, the model named
CEMHYD3D, which was developed by Bentz at the NIST? in 1997
[BEN 97], is the most efficient model. This model was improved by Bullard
[BUL 14] and is now named as VCCTL.

Such a model makes the simulation of the cement hydration possible, the
use of mineral additions and aggregates and the microstructure development
of a 3D stacking of cement grains. The considered cement grains may be
spherical or may take a realistic shape of cement particles. Typically, the
built 3D microstructure consists of a cube of sides 200 um composed of
200 x 200 x 200 microcubes of side 1 um. These microcubes (voxels) are
the smallest and indivisible element of the microstructure and contain only
one chemical phase of the cement.

Cubic stack of cement A slice within the Cubic

. -

Figure 1.21. Schematic representation of the obtained anhydrous microstructure.
For a color version of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip

The input data of this model correspond to the real properties of the
considered materials. Cement hydration is performed through several cycles
of dissolution—precipitation—chemical reaction. The hydration products are
formed in the space between the cement grains and around the latter in

2 National Institute of Standard and Technology, USA.
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dissolution. The output data are the porosity, the degree of hydration, the
fractions of percolated porosity and solid, the heat released by the reaction,
the fractions of hydration products, the chemical shrinkage and several other
properties [BUL 14]. Figures 1.21 and 1.22 give a schematic view of the
microstructure before and after hydration.

Hydrated microstructure A slice within the Cubic
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KSO. Na,SO. CAS: Slag  Other Solid Empty Porosity

Figure 1.22. Schematic representation of the hydrated microstructure.
For a color version of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip

1.4. Some approaches for linking microstructure data to permeability

Transfer of aggressive agents is closely related to the permeability of the
porous medium, since these transfers are made possible by water during its
circulation in the medium. Predicting the permeability as a function of the
microstructure data is then important. In the following, after a brief
definition of the permeability, some models of permeability based on the
investigation or modeling of microstructures of materials are presented.

The permeability of a porous medium represents its ability to be crossed
by a fluid under a total pressure gradient. This permeability can be obtained
by using Darcy’s law for laminar flow of a Newtonian fluid. This law, given
by equation [1.30], expresses the relationship between the flow velocity v
and the total pressure gradient VP. This relationship also depends on the
dynamic viscosity # and the permeability K:

v=—Lyp [1.30]
n
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The permeability K can only be assessed based on intrinsic parameters
such as porosity ¢, and the critical pore diameter D, as shown in Figure 1.23
[HAM 12]. The critical diameter D. corresponds to the smallest section pore
crossed by the fluid.
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Figure 1.23. Correlation between the intrinsic gas permeability of cementitious
materials (pastes and mortars made with various water to cement ratios)
and the pore structure parameter €,.D.” [HAM 12]

1.4.1. Permeability from MIP tests

1.4.1.1. Case of cylindrical pores

The approach described above is based on the assumption that the pores
are cylindrical, i.e. neither tortuosity nor constrictivity is considered. It
means that construction materials are known to have microstructures with
complex geometries, where parameters such as tortuosity, constrictivity or
connectivity of the pores play a significant role in the transfer of aggressive
agents, and then in the structures durability. In the following, an approach
describing these parameters is presented.
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In the case of a viscous and laminar flow, the permeability of a porous
medium K is expressed according to Darcy and Hagen’s law as follows:

ZVp,Ri

_P
8
Z Vpi

K= [1.31]

Many works have been conducted on the relationship between
permeability and pore structure. Researchers such as Holly et al. [HOL 93]
based their approach on other works [AIT 57, SHI 89] to build numerical
relationship in order to link these two parameters. Other researchers
[BRO 92, OLL 92, REI 92] have solved equation [1.31] with the assumption
of equal pore radii, i.e. with neglecting the random variable R, and the
statistical distribution. Then an analytical relationship of permeability is
suggested according to some microstructure parameters.

Taking into account equations [1.7] and [1.8], resolution of [1.31] leads
to:

2

&
K =§ije°f [1.32]

If the microstructure is polymodal with a pore size distribution with N
peaks, the expression of the permeability becomes:

N gp
K=Y "LR,e [1.33]

Jj=1

1.4.1.2. Case of more complex geometrical shape of pores

Let us consider a laminar and unidirectional fluid flow, with dynamic
viscosity £, along the Ox axis in the porous medium of Figure 1.15 and dP;
be the pressure difference between the entry and the exit of each pore with
section S;. Given the Poiseuille law, the volumic flow rate dg; of fluid in
capillary with radius R; and length /; is:

4 2
dq = _ TR, dP _ S dF, [134]
8u o l 8,wz

1




30  Structure Design and Degradation Mechanisms in Coastal Environments

The flow conservation in successive pores with sections S; and S; leads to
dq; = dq; = dq. The global volumic flow rate O through the pore structure is:

(LD *S" dg, = (1) Ndg [1.35]
n

i=l1

0=

and the total pressure difference along the length / is dP = ZdB . Given

i=1

equations [1.34] and [1.35], we obtain:

dP=dP, Z{

J [1.36]
qm

We note that AP is the total pressure difference between the parallel sides
of the cubic porous medium with distance L (L = 1 is the unit porous
medium thickness) such that:

AP = (n! + I)NdP and L = (n! + 1)IN [1.37]

Given the average flow velocity u = Q/S and according to Darcy’s law
L . .
K = —%u , the combination of equations [1.21], [1.22], [1.24], [1.35] and

[1.36] leads to the intrinsic permeability:
K=—2LFR [1.38]

where ¢ is the constrictivity factor such that:

2
= 1
6_ [EQMJ

- n 1 n ml2n
[; qinmin J (lz—l: qin J

The permeability of a multimodal material represented by the
serial/parallel pores assembly proposed by Khaddour er al. [KHA 13,
KHA 09] (see section 1.3.2.1.2) is estimated by a combination of

[1.39]
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Poiseuille’s law (at the microscale) and Darcy’s law (at the macroscale). At
the microscale, the volume flow Q through the pore of a diameter d;
generated by a pressure gradient at the sample borders (AP = Py — P,) is
decomposed into: (i) the flow O, through the pores in parallel (equation
[1.40]) and (ii) the flow Q, through the pores in series (equation [1.41]):

ﬁ: 7 BE-B ix.d.“ [1.40]
—~ 256,u Lp S
N T PIZ_PZZ N 1
“= @ = 1.41
O =20 s B &7l I [1.41]
T4 + d4
k=i k Jj
0-=0r 4= Z S, ] [1.42)
256/1,1 LC iﬂ erj .
el d

Figure 1.24 gives a schematic representation of a serial assembly with the
parameters needed for Q° calculation.

Figure 1.24. Serial pores assembly from diameter d; to d;
[KHA 13]. For a color version of the figure,
see www.iste.co.uk/ait-mokhtar/coastal.zip
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The permeability is obtained at the macroscale by using the Darcy’s law,
without considering the sliding effect at the pore wall, following equation
[1.43]:

[1.43]

Y| xd!
128572 L (/‘1 rkj+er.

1.4.2. Permeability from constructed microstructures

1.4.2.1. Permeability determination from network of capillaries

From 3D representations of the pore structure, obtained by imaging
techniques (see section 1.2.4) or by modeling (see section 1.3.2),
permeability can be calculated from a network of capillaries which is placed
inside the porosity [PIG 05, BIS 09, YE 06]. From this simplification of the
pore structure, it is relatively easy to calculate the permeability of the
network using Hagen—Poiseuille law (as shown in the previous section). In
order to illustrate this approach, let us consider the determination of the
permeability made by Ye et al. for their simulated microstructure of cement
paste as shown in Figure 1.25 [YE 06].

Figure 1.25. Porous network obtained microstructure from HYMOSTRUC model:
a) at the scale of grains, b) real obtained microstructure and
¢) simulated microstructure by connected cylindrical tubes [YE 06].
For a color version of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip
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The hydraulic conductivity g; (equation [1.44]) is calculated for each
capillary and placed between peaks i and j of the network:

TR
=2 .44
&1 = aud [1.44]

where Ad is the distance between peaks i and j, and R,,;, is the minimum
hydraulic radius of the branch, i.e. the minimum of R; at peak i and R; at
peak ;.

The flux ¢; in each capillary is then calculated according to Hagen—
Poiseuille law following equation [1.45]:

ar,
n

q; = 8 [1.45]

where AP; is the pressure difference between peaks i and j, and 7 is the
dynamic viscosity of the fluid crossing the microstructure.

The intrinsic permeability K of the obtained microstructure is directly
calculated by Darcy’s law following equation [1.46] [YE 06] by requiring a
pressure difference AP across the pore network (Figure 1.26):

LO

K=—"% 1.46
ap [1.46]

where Q is the average total flux at the outlet of the microstructure sample, A
is the cross-sectional area of the sample and L is the length of the sample in
the direction of the flow.

Figure 1.26. One-dimensional flow representation through the simulated microstructure
[YE 06]. For a color version of the figure, see www.iste.co.uk/ait-mokhtar/coastal.zip
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1.4.2.2. Permeability determination by Stokes equation resolution

Another approach consists of solving the equation modeling transfer by
permeation, for instance the Stokes equation [1.47], directly in the
constructed or measured 3D pore structure. This can be done by meshing the
porosity, and using computation method such as FEM or the finite volume
method.

For instance, this method was proposed by Bentz for the microstructure
of cement paste computed by CEMHYD3D [BEN 07].

UVv=Vp
Vov=0 [1.47]

v=0 at solid/fluid interface

The resolution of Stokes equations needs the pressure gradient as
input data and gives an average outlet velocity of the fluid flow. The
permeability is then calculated from this velocity according to Darcy’s law,
as done in [1.46].
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