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Abstract

This paper presents a new multiscale pore network modelling framework for predicting
saturated and unsaturated permeability of OPC-based cementitious materials using a novel
algorithmic implementation. The framework fundamentally relies on the data on cement
composition and current understanding of cement hydration kinetics and microstructural
features. Central to the modelling framework is the ability to numerically estimate pore size
distribution (PSD) from existing models and the ability to obtain snapshots of unsaturated
microstructure for various degrees of saturation. The framework is an amalgamation of three
important existing models: (1) particle packing model for predicting nanoscale PSD, (i1) cement
hydration kinetics to estimate microscale PSD, and (ii1) a pore network model to estimate the
permeability. The proposed pore network modelling is validated against an extensive set of
experimental data that includes a very wide range of materials. The predicted intrinsic
permeability falls well within the accepted experimental range. Though fewer experimental data
are available to compare, the predicted unsaturated permeability shows highly promising

results.
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1 Introduction

Cementitious materials are ubiquitously used in urbanization. Besides their classical use in
construction, these materials are also envisioned for use both as encapsulation of radioactive
waste and as engineered barriers for disposal of radioactive waste. One of the major governing
parameters for performance and safety assessment of cementitious materials is their
permeability because this has a direct link with the transport mechanisms of aggressive
substances responsible for degradation of the cementitious matrix. In addition, it is a measure
of how the cementitious material can withstand drying due to environmental loading (e.g.
atmospheric or heat induced), which can have a decisive impact on shrinkage induced cracks.
The intrinsic water permeability, also called specific permeability or absolute permeability, is
the measured permeability for a fully saturated state. The unsaturated water permeability or
relative permeability is the measured permeability at lower degrees of saturation. However,
measuring permeability is not straightforward and there are two main approaches to measure it
in laboratory, direct and indirect measurements. While the former is done usually by means of
applying a certain pressure gradient or flow rate on a cylindrical sample and quantifying the
permeability using Darcy’s law, the latter approach involves either the application of a transient
pressure pulse technique or the application of poromechanical techniques or inverse analysis of

moisture loss experiments. A review of these experimental methods can be found in [1]—[4]

However the experimental measurement of permeability is time consuming and results can vary
depending on the experimental method. Furthermore, direct measurement of unsaturated
permeability is even more challenging given the fact that having control over all the
contributing parameters is hard to achieve. Therefore, the unsaturated permeability is usually

indirectly determined using inverse analysis of weight loss experiments [2], [5].
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Considering the importance of permeability and experimental challenges to overcome, there
have been various attempts to model permeability starting from classical models such as
Kozeny’s work [6] that relates the permeability to the porosity and later modified by Carman
known as Kozeny—Carman equation [7]. The Katz-Thompson model [8] that was initially
developed to predict the permeability of sedimentary rocks and relates the permeability to
microstructure of the cementitious material using an analytical approach. And more recently
with advancements in numerical approaches there has been several studies to estimate transport
properties of cementitious materials. To mention a few, G. Ye et.al [9] presented a network
model by means of extracting the pore space from simulated cement microstructure and
embedding them into a network. They estimated the fluid flow by applying Hagen—Poiseuille
law on the conduits and calculated the intrinsic permeability using Darcy’s law. Their model
only accounted for capillary porosity, which implies that there will be overestimation of the
permeability value. Such an overestimation was also encountered by Li and Xu [10] who
computed microstructure of various hardening cement pastes by means of the hydration kinetics
model, HYMOSTRUC3D, which was then used to estimate intrinsic permeability using a finite
element method. Song et.al [11] studied the microstructure of hydrated cement paste extracted
from concrete using FIB/SEM (Focused Ion Beam/Scanning Electron Microscope) method,
where a representative volume element (RVE) and its pore size distribution (PSD) were
analyzed. Using a lattice Boltzmann method (LBM), they predicted intrinsic permeability of
three samples. However, they underestimated the values by an order or magnitude, which was
attributed to not capturing larger capillary pores and microcracks in the RVE. Yu et.al [12]
proposed an interesting fractal based modelling framework, firstly to simulate the
microstructure of cement paste and secondly to study the implication of this model on heat and
mass transport properties of the material. The scope of their study is an RVE size of

200%x200x200 pm with voxel size of 0.2 um, which is verified against HYMOSTRUC with
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reasonable agreement. In particular, intrinsic permeability was overestimated by orders of

magnitude as not all sub-micron pores were not captured.

While the above work is confined to intrinsic permeability, Zalzale et.al[13] applied a 3D lattice
Boltzmann technique to model permeability at different degrees of saturation. In addition to
permeable micron-sized capillary pores, they managed to also include weakly-permeable nano-
porous calcium silicate hydrate (C-S-H) pores in their model. The critical parameters, C-S-H
density and capillary porosity, were taken from 'H (hydrogen) nuclear magnetic resonance
relaxation analysis. Their model however accounted only for variation of capillary PSD and
applied pore blocking of these pores. Their pore blocking algorithm was based on the principle
that the biggest pores gets blocked first regardless of their location. Kai Li et.al[14], [15]
employed discrete element method (DEM) to generate and characterize microstructures and
estimated the permeability using conventional moisture transfer equation. However, their
microstructure only included the capillary pores and the gel pores were neglected. Their
computational approach for unsaturated permeability is similar to Zalzale et.al[13], [16]. In a
recent attempt to model relative permeability, Ecay et.al [17] used an analytical approach,
which is essentially an extension of the model proposed by Khaddor [18] that describes the
evolution of the intrinsic permeability of mortar undergoing micro-cracking. The model is
based on a hierarchical assembly of capillaries with decreasing diameter, generated randomly.
Estimated intrinsic as well as relative permeability are in close agreement with experiments and
mostly falls within the same order of magnitude unlike other studies reported above, hence a

promising approach given no model calibration and no computational burden.

Alternatively, a numerically efficient approach to simulate water transport in porous materials
is the pore network model pioneered by Mason [19], [20], which is the primary modelling tool

utilized in the study presented further in this paper. Finally, a comprehensive review of pore
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network modelling can be found in[4] and a recent review on water permeability of unsaturated

cementitious materials is available in [21].

All these previously proposed models either require some empirical or experimental parameters
involved in the modelling or they do not take all the pore size range of the material into account.
Therefore, this paper presents a numerical study on permeability based on a multiscale
approach, which can drive the information from microstructure and integrate them into a
representative numerical framework to model both intrinsic and unsaturated permeability. This
numerical framework starts from fundamental information, which are chemical composition of
the cement and reaction conditions such as age, curing, etc. Thus, no experimental calibration
would be needed. The framework consists of different modelling tools comprising,
microstructure modelling to model the microstructure and provide capillary PSD, particle
packing to estimate gel PSD, and pore network modelling, which integrates the entire range of
PSD and arrives at a statistically representative pore network, which is used as a basis to carry
out moisture transport calculations. In order to evaluate the capability of the proposed pore
network modelling framework, it is validated against an extensive set of existing experimental

data that includes a wide range of cementitious materials [1], [3], [S], [22]—-[27].



O Jo b W

130

131

132

133

134

135

136

137

138

139

140

141

2 Multiscale pore network

The pore network is constructed using hierarchical homogenization of pore space (Figure 1)
similar to that explained in Babaei et al.[28] with minor algorithmic changes explained in the
following section. This has been done in order to improve the precision of the network
construction for permeability, which is also more sensitive to spatial distribution and

arrangement of pore classes.

Hardened cement paste (HCP) formed from the cement hydration reaction has a hierarchical
multiscale structure. If the hardened cement paste is represented in two different scales of (i)
C-S-H level and (i1) cement paste level, then porosity of each level can be distinguished as
follows: (1) low (LD) and high density (HD) C-S-H being the porous phases in level-1 and
capillary porosity in cement paste level-2 (Figure 1). Therefore, a representative pore space is

constructed by combining these three network at different scales as illustrated in Figure 2.
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Figure 1. lllustration of the microstructure and the pore space within the proposed multiscale

modeling hierarchical network

What varies depending on the final microstructure of hardened cement paste is the ratio of the
volumetric fraction of these pore classes and their respective PSD. In level-1 the PSD of each
individual phase including LD and HD C-S-H is constant, while their ratio (volume fraction) is
the main parameter, which changes depending of reaction parameters such as water/cement
ratio (w/c), age, curing method, etc. At level-2 both PSD and volume fraction of capillary
porosity can change. As computation of hydration reactions using existing cement hydration
kinetics models from nano scale to tens of micro meter is computationally expensive, the
microstructure is modelled via a two-step process, first the microstructure and hydration
reaction at level-2 are modeled by a cement hydration kinetics model VCCTL [29] that provides
various parameters such as w/c, cement composition, curing and age. More details are available

in [29]. Then the ratio of LD and HD at level-1 is calculated based on Jennings-Tennis hydration
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model. With respect to PSD here the particle packing is used to calculate the PSD of LD and
HD C-S-H based on [28], [30], while VCCTL is used to compute capillary porosity and its size
distribution. VCCTL simulate hydration reaction in a 100x100x100 um RVE. Once the pore
size distribution and volume fraction of the capillary pores are known they will be embedded
in a cubic network filled with gel pores obtained from the particle packing model. This
resembles the same hierarchical composition of the microstructure with C-S-H gel as the matrix
and capillary pores as voids. Note that it is assumed that there are no pores within other

hydration products other than C-S-H gel.

In Babaei et al. [28], [31], the network was constructed to determine the saturation degree at
different relative humidity (RH) and thus the volume fraction of each pore class would be
directly transferred to the network meaning that if the pore space consists of 0.5 gel pores and
0.5 capillary pores in terms of volume fraction then the same ratio in terms of volume fraction
would have to exist in the network as well. Therefore, the resulting network would be much
bigger (in terms of number of pores). However, in this study, in order to transfer the data from
microstructure to the pore network the volume fraction of each pore class is converted to their
population number. For instance, a microstructure with capillary porosity of 0.25 and 0.6 C-S-
H gel in microstructure level, is represented by 1.47 million of capillary pores and 1 million of
gel pores assuming the gel porosity is 0.28 [32], [33]. Network generation is carried out in four

steps:

(1) An initial cubic network with size of 100 um and 1 million pores is created for
homogenized network at C-S-H level.
(ii) Largest fraction at level-1 (i.e., LD or HD C-S-H) is chosen as the master phase and

added to the network. Their population is calculated based on the LD/HD ratio at
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(i)

(iv)

v)

level-1 and total number amounts to 1 million pores. i.e. Nyaster € —S — H =
Dominant C — S — H phase x 10°.

Pores of secondary phase (phase with smaller fraction) at level-1 are added to the
master network to form a homogenized network at level-1 holding HD and LD C-
S-H gel pores.

The capillary pores are randomly distributed in the homogenized gel network to
form a network, which includes all the three pore classes. The number of capillary

capillary porosity/

6
gel porosity) x 10°.

pores are equal to Negpijiary = (

Throats are added to connect pores and their size is calibrated as described in Babaei

et al.[28], [30].

Once the pores are embedded, there are multiple possible ways to connect them, the

coordination number in this study is assumed to be six as it ensures enough connectivity within

different classes of pores and also does not over facilitate the flow in the network as

cementitious materials are known to be weakly permeable [28], [30]. Regarding the size and

length of this connecting throats the same values are applied as mentioned in Babaei et al.[28],

[30]. It is also worth recalling that there is a missing gap between the two scales as the biggest

gel pore is only 12 nm and smallest capillary pore possible with microstructural modelling is 1

um. This information gap is however addressed using a numerical approximation as explained

in section 2.3 in Babaei et al. [28].



O Jo b W

198

199

200

201

202

203

204

205

206

207

208

209

/ Final network \
— AP o °
s
g 04

B LD C-S-H pores

wn C-S-H pores

@ Homogenized @@ Randomly

C-S-H network distributed capillary
\\ pores /

Figure 2. Pore space at two different levels and their homogenization

3 Permeability calculations

3.1 General principle

The general principle of computing permeability from the constructed pore network is to apply
a water pressure gradient across any two opposite faces of the network and computing average

water flux. Darcy’s law can then be invoked to back calculate the permeability of the network

as follows:
A
Q=K AP ()

where Q is the flow rate (m?/s), A is the network cross section area (m?), L is length of the
network (m), ¢ is the dynamic viscosity (Pa.s), AP is pressure difference across the two

opposing sides (Pa), and K; is permeability of the network (m?).
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This formulation is applicable for water filled conduits only, i.e. for saturated porous medium.
In the following sections, algorithms to compute intrinsic and unsaturated permeability are

detailed.

Figure 3. Measurement of intrinsic permeability by applying pressure gradient (P;-P2).

3.2 Intrinsic permeability

The intrinsic permeability is independent of measurement factors such as, measurement
method, sample size, pressure gradient, etc., and depends solely on pore space structure of the

cementitious material.

The method described below essentially provides an estimation of the intrinsic permeability,
meaning that all the pores are contributing to the flow rate and are fully saturated. In order to
compute the flow through the network an exact solution of Navier-Stokes equation, i.e. the

Hagen-Poiseuille’s law is applied for each conduit formed by two neighbouring pores and their
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connecting throat. The flow rate, g, and hydraulic resistance, R, for each conduit is computed

via [34], [35]:

qc =R AP (2)

R=[t ot 3)

Rpl Rt sz

where pl, t and p2 refers to pore I, throat and pore 2, respectively that forms one conduit
system. Throats have a constant diameter and Hagen—Poiseuille’s law is directly applicable for
computing their hydraulic resistance, but since the pores in the generated network are assumed
to be spheres, they have varying cross section, depending on the connecting throat diameter in
the entire network. Therefore, to compute R of each conduit the approach proposed by Akbari

et.al.[34] for slightly varying micro-channels is used as follows:

R=19/,p=16n ,ufxzpdx (4)

I
where I[; = P/ 42 With [, = J, @*+2%)dA is called the specific polar moment of cross-

sectional inertia. ¢ is the dynamic viscosity, A; and Az are the cross sectional area at x; and x2

as in (Figure 4), and y and z are Cartesian co-ordinates.
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Figure 4. Geometry of a slightly varying micro-channel adapted from [34]

Once, the hydraulic resistances of all the conduits in the pore network are computed, an
arbitrary positive pressure gradient is applied on any two opposite faces of the network (say in
the x direction), with zero flux imposed on the remaining faces. The following mass

conservation is solved for each pore as follows:

ieaRij (xi—x)=0 (5)

where j is the index of neighbouring pores, and it varies from 2 to 7 because the coordination
number of each pore is considered as 6. R;; is the hydraulic resistance between i and j, and x is
the unknown quantity being solved for, which is the pressure field here. For instance for pore

i=1 and its neighboring pores of j=(2,3,4,5,6,7), it results in:

_(Rl'z + R1'3 + R]-A' + R1'5 + R1,6 + R1’7).x1 + Rllz.xz + R1'3.X3 + R1'4,.x4_ + R1'5.x5 +
R1’6.x6 + R1’7.X7 =0

(6)
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For the entire pore network the mass conservation equations can be assembled to calculate the

unknown pressure field, x:

x=A4"1p (7)

where A is a matrix composed of coefficient of x; in accordance with the Equation (6) for each
pore in the network. The vector b contains components of the boundary condition, which is a
constant arbitrary pressure applied on two sides of the network i.e., Dirichlet boundary
condition. The flow field is computed based on the calculated pressure field as explained above.
Finally, to determine the network’s effective water permeability, the total flow rate is calculated
at the boundary pores lying in a plane perpendicular to the flow direction. The water

permeability is then obtained via Eq.(1) as explained earlier.

The calculations are repeated for the remaining pairs of opposite faces or sides to yield
permeability in all mutually perpendicular directions. Finally, the average of the three

permeability values are computed.

3.3 Unsaturated permeability

The calculated intrinsic permeability is not valid for partially saturated state in which some of
the pores are empty and thus do not contribute to the water flow. In order to simulate RH of the
partially saturated material, two independent algorithms are implemented and executed in
parallel on the same network to resemble realistic partially saturated flow mechanism. The
calculation methodology is the same as intrinsic permeability for network generation and
calculation of hydraulic resistance. However, a preceding step involves running an invasion
algorithm [36], which simulates drying process in response to the external boundary condition,
which in this instance is the capillary pressure, P.. Invasion algorithm essentially invades air

phase into the network from all sides following the approach described in [28] or in other words
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conduits get desaturated in accordance with the applied P. on the boundaries. A specific
capillary pressure in which a pore or throat can be invaded is computed using Young—Laplace

equation as Eq.(7) in [28].

The relative permeability is then computed via a number of sequential iterations of invasion

algorithm and permeability simulation as follows (Figure 5):

(i) The intrinsic permeability is calculated at P.=0 Pa (or RH=1), i.e. for the fully saturated
network. For this an arbitrary positive pressure gradient is applied across any two
opposite sides as discussed in Section 3.2.

(i1) Invasion algorithm is applied on the network by incrementing P. to desaturate the pores.
The pores and throats, which are invaded (or desaturated) are assigned to be blocked
from water flow. It is worth noting that in this study pore and throats can be only either
open to water flow or blocked.

(i11) The permeability of the partially blocked network will be determined in accordance
with step (i) above.

(iv) The above sequence is continued for different increments of P. to cover the entire range
of degree of saturation (or RH). It is obvious that when the degree of saturation of the
network is close to zero, most of the network conduits are blocked.

In the example shown in Figure 5, four snapshots of desaturation of fully saturated structure is
shown. In this illustration, the invasion algorithm is only applied on one side normal to the flow
for clearer visualization. The desaturated pores seen in yellow colour are the ones that are

blocked for water flow.
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Figure 5. Sequential invasion of the network and calculating the relative permeability for

each sequence (4 different degree of saturations).

4 Results and validation

The method proposed in this paper is validated against an extensive number of experiments
available in literature. The validation is conducted in two parts: (i) intrinsic and (ii) unsaturated
permeability. Table 1 shows the experimental details of each dataset. Note that the measured
value for intrinsic permeability may differ depending on the experimental approach [2], [5],
[37] and it can vary up to an order of magnitude and even higher[2], [5]. That is why an
estimation within a range of order of magnitude is still seen as acceptable in this study. In
addition to measurement uncertainties, there can be back calculation error effect involved in
reported values, for example, when the permeability is back calculated using Van Genuchten

[38]retention curve but the fitting is not perfect.



16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

311

312

Table 1. Experimental data from literature [1]1-[3], [S], [22]-[27]. HCP: Hardened cement paste

Material Author Measurement Material W/C Age Curing Intrinsic

method Type (days) permeability (m?)
CP1 Baroghel- Inverse analysis from CEMI-HCP 0.34 365 Sealed then 10!

Bouny (1999)  mass loss vacuum rewetted

CP2 Aietal (2001) Thermo- CEM I+ 6% 04 548 Sealed and moist  8.65 x107?

permeametry silica fume - cured

HCP for 24 h then
cured
underwater

CP3 Ye (2005) Pressure cell CEMI-HCP 04 28 Sealed then 9 x 10%
CP4 0.5 vacuum rewetted 1.33 % 1071
CP5 0.6 1.82 x 10718
CP6 Grasley (2007) Dynamic CEMI-HCP 05 80 Limewater 3 x 107!
CpP7 pressurization 0.6 32 6.5 x 102!

(DP)
CP8 Phung (2013)  Constant flow CEMI-HCP 04 28 Limewater 8 x 10!
CP9 0.5 3x10%
CP10 0.6 7 x 1020
CP11 Kumar (2014) MIP CEMI-HCP 045 28 sealed 4 %1072
CP12 0.5 1x10%
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CP13 0.64 2x 10"
CP14 Zamani (2014) Inverse analysis CEMI-HCP 04 28 Under water 4% 102!
CP15 Egan (2017) Inverse analysis CEMI-HCP 045 56 Limewater 3x 10
CP16 0.55 6 x 102!
CP17 0.65 2 % 1020
CP18 Zhang (2018) Beam Bending - CEMI-HCP 0.5 365 Limewater Avg.= 12x 10"

Sorptivity
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4.1 Intrinsic permeability

The estimation of permeability involves carrying out microstructural modelling (hydration
calculations) using the cement composition data reported by various researchers (OPC, CEM I
here, only CP2 includes 6% silica fume). The results from the microstructural model is
presented in Table 2, based on which pore network is constructed for each material composition,
which is subsequently taken forward to estimate permeability. Note that to simulate
permeability, 18 pore networks have been constructed corresponding to the 18 data sets
available in Table 2. Table 2 also reports the intrinsic permeability measured in all three
directions for each individual material, denoted as ko, ko, and ko.. The results show that the &,
values in different directions do not vary more than 3% indicating the representativeness of the
network generated. A comparison of results from the proposed method against experimental

observations are presented in Figure 6.
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Table 2. The microstructure information of the studied materials.

Materia C3S C2S C3A C4AF W/C C-S-H LD C-S-H HDC-S-H Capillary Total Estimated Average

1 (wt%)  (Wt% (Wwt% (wt%) (Wt% (vol%) (vol%) (vol%) Porosity Porosity Permeabilit Estimated

) ) ) (vol%) (vol%) y(@m?) —ky Permeabilit

y (m?) — ko

CP1 5728 239 3.03 7.59 0.34 0.50 0.18 0.32 0.12 0.24 kow=8.59x107* 8. 51x10%?
8 kow= 8.38x1022
ko..=8.55%1022

CP2 67.1 175 77 176 04 047 0.22 0.25 0.13 0.25 kow=1.29x107" 1. 27x107?!
koyp=1.25%102!
k()zz=1.26x10—21

CP3 63 13 8 9 04 047 0.22 0.25 0.14 0.25 kou=4.08x10" 4 00x1072!
koy=3.97x10"2!
k()zz=3.95x10-21

CP4 0.5 046 0.33 0.13 0.19 0.29 kou=2.17x10% 2 21x102°
k()yy=2.22><10—20
kaz:Z.Zj)XlO—ZO

CP5 0.6 046 0.37 0.09 0.23 0.33 kou=4.65x10" 4 72x 107"
k()yy=4.69><10—19
k()zz=4.81X10—19

CP6 48.3 215 76 9.1 0.5 047 0.33 0.14 0.19 0.30 kow=1.91x102" 1 94x10%!
koy=1.93%x1072!
ko.=1.97%x1072!

CP7 0.6 046 0.36 0.10 0.22 0.32 kow=7.89x102" 7 86x10720

k()yy= 7.93%x 1 0—20
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ko,;=7.75%10°%

CP8

CP9

CP10

0.44

0.44

0.45

0.21

0.32

0.40

0.23

0.12

0.05

0.14

0.19

0.24

0.25

0.30

0.34

kox=4.41x1072!

koy=4.53%10"2!

ko,;=4.39x10°2!
kox=2.80x1072°

4.45%x102!

koy=2.71x10"%0

ko,;=2.73x107%
koxe=1.18x107"°

2.75%10%0

koyy=1.15%10""°

ko =1.17x107"

1.17x10°"

CP11

CP12

CP13

0.49

0.49

0.46

0.29

0.35

0.40

0.20

0.14

0.06

0.18

0.20

0.27

0.29

0.32

0.37

koxe=1.11x1020

koyy=1.12x10"°

ko;=1.15%10%
kox=2.58%10720

1.13x102%°

koy=2.49x10"20

ko,;=2.51x10%
kox=6.29x1071°

2.53%10%°

koyy=6.45%10""°

ko,;=6.42x107"

6.39x10™"

CP14

0.52

0.25

0.27

0.14

0.27

kox=2.29x1072!

koyy=2.38x10"2"

k0z2=2.30>( 102

2.33x10%!

CP15

0.46

0.28

0.18

0.17

0.28

kox=1.08%1072°

koy=1.14x1072°

ko;=1.10x10"%

1.11x102%0
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CP16

CP17

0.55 045

0.65 0.44

0.38

0.38

0.07

0.06

0.22

0.26

0.32

0.36

kox=5.31x10720

koy=5.45%10"%°

ko,;=5.42x10"%
kox=4.25x107"°

koy=4.29x10""°

k021=4.2]><10’19

5.40x1020

4.25x10™"

CP18

53.6

17.5

7.5

8.8

0.5

0.46

0.33

0.13

0.19

0.29

kox=2.74x10720

koy=2.67x10"20

k()zz=2. 73)( 1 0—20

2.72x10%°
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Figure 6. Estimated values using pore network modelling vs. experimental observations (dash

lines order of magnitude lines ).

Overall, the model results show a very good correspondence with the experimental
observations. In fact, the results fall well within the same order of magnitude for 17 out of 18
studied cases. This confirms that the proposed model can successfully and systematically
transfer information from microstructure into a pore network, which is representative of

permeability of HCP.

The predicted value for CP17 is the only case where the model fails to estimate within the same
order of magnitude as the experimentally observed value. However, in this case, the
permeability is indirectly measured; firstly fitting a Van Genuchten [38] curve on experimental
retention curve and then back calculating the mass loss using the fitted Van Genuchten curve.

This method however is sensitive to fitting parameters of the retention curve and thus can be
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affected by the accuracy of fitting. Moreover, different types of measurements can lead to
different results and this is mainly due to experimental uncertainties. For instance, CP13 and
CP17 have a relatively similar composition but the measured permeability for CP13 is exactly
one order of magnitude less than that of CP17, while ratio of their permeability estimated by
the proposed model is 3. The same argument holds for CP16, whose permeability value lies just

at the border of the order of magnitude line.

The experimentally measured value for CP7, which is an OPC with W/C of 0.6 is 6.5 x 107!
m? that is at least an order of magnitude lower than similar compositions with the same W/C
ratio (CP5, CP10) and using different experimental methods. As already mentioned, the
measurement method can also affect the measured value and this seems to be the case here.
Furthermore, the estimated values using pore network seems to be mostly close to the values

measured by constant flow and indirect measurements (inverse analysis).

In terms of improved accuracy the accuracy of proposed methodology compared to previous
studies that targeted modelling the same variables, using comparable tools [9], [10], [14], [21]
is considerably more e.g., in [10] the permeability of CP3-CP5 were (over)estimated in range

of 101107 as opposed to 102! -10'%in this study.

From the microstructural modelling results presented in Table 2, it is seen that the permeability
can be correlated with the ratio of HD and LD C-S-H at C-S-H level and the capillary porosity
at microstructure level. A parametric analysis (Figure 7) shows that for the study cases the
permeability is directly proportional to the capillary porosity (Figure 7 (a)) and inversely
proportional to the HD C-S-H gel porosity (Figure 7 (b)), which is the lowest permeable phase
of C-S-H. In terms of comparative parameters, consistent trends for Vip c.s-u/Vup c-s-u (Figure

7 (c)) and V capiltary/ Vtotal porosity ratios (Figure 7 (d)) are also observed (Videnotes volume fraction
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of phase i): The R? values sort the correlation of the parameters and permeability in the order
of capillary porosity with R?=0.82, capillary/total porosity with R?>=0.79 and Vip c-s-1 /VHp c-
s-u with R?=0.64. The parametric analysis also shows that both capillary porosity (which is
present in level-2) and C-S-H gel content (level-1) are important and contributing to the
transport in hardened cement paste. While what has been concluded here is valid for mature
pastes i.e., older than 28 days, it has been reported that at early age (1-10 days) the capillary
porosity plays a more important role in permeability compared to the gel porosity. This is to be
expected at early age due to higher connectivity of capillary pore space and lower degrees of

hydration, which translates to coarser pore space [9], [24], [39], [40].
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375 Figure 7. Parametric analysis of intrinsic permeability for the studied materials.
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4.2 Unsaturated permeability

For the material CP1 and CP18 the unsaturated permeability values are available based on the
inverse analysis, which will be used for comparisons. Additionally, comparisons will be made
against the unsaturated permeability obtained from a calibrated water retention curve using the

well-known Van Genuchten [38] model.

The Van Genuchten model for retention curve and unsaturated permeability are defined as

follows:

1

5= (22 o) ™ )
= Qmas

where a,,,, and b,,,, are fitting parameters, which require fitting for each set of water sorption

experiments available for the materials CP1 and CP18.
The unsaturated permeability is defined as:

ki = koky () 9)

where k; is the intrinsic permeability for CP1 and CP18 (Table 2) and k,;(S;) is the relative

permeability defined as :

12
ey = Slo.s l(l _ (1 _ Slbmu)m) l (10)

Figure 8 shows a comparison of the results of the pore network model and the Van Genuchten
model and the experimental data from the mass loss experiments for the materials CP1 and
CP18. For both materials, the pore network model is more accurate than the Van Genuchten

model. This proves not only that the network is representative for intrinsic permeability
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simulation, but also for unsaturated scenarios where the constructed network can provide better
results compared to the classical models. The advantage of the proposed framework lies in the
fact that it contains more information and relevance from the material, while such relevance
and link is missing in case of empirical models. Note that the experimental trend for CP1 is
unreliable because it shows that the unsaturated permeability is higher at lower degrees of

saturation. This is likely to be caused by experimental uncertainties [2], [5], [25].

1022 CP1 1020 CPI8
a) == = Unsaturared permeability - pore network b) == = Unsaturared permeability - pore network
= Unsaturared permeability - Van Genuchten / == Unsaturared permeability - Van Genuchten 7

g/ @ Experimental - Inverse analysis / 2.5{ @ Experimental - Inverse analysis 1
€ €20
>6 >
= =
a o
1] ©
g g 1.5
@ @
Q4 o
3 3
® ®1.0
=3 =
=} =
@ ©
3 3

2

0.5
0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Degree of saturation Degree of saturation

Figure 8. Unsaturated permeability estimated using pore network VS. experimental

measurements

It is also worth noting that the unsaturated permeability estimated by pore network as well as
the experimentally measured values roughly remain in the same order of magnitude of the
intrinsic permeability up to RH=0.5. At this RH, pores with size of approximately 12 nm are
desaturated. Pores smaller than 12 nm are mostly small capillary pores and gel pores. This
indicates that gel pores are also contributing to the flow, even though because of their size they
are weakly permeable, and their contribution is definitely not negligible as was suggested in
[13], [16]. One additional conclusion to be drawn is that up to 50% RH the water permeability

would still be in the range of intrinsic permeability indicating that moisture flow in the liquid



phase is the major mechanism in this range as argued previously by multiple authors, to mention
a few [2], [5], [25], [41]. In other words, no two phase flow model is necessary to model

moisture flow in unsaturated cement paste up to this RH level.
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5 Conclusions

This study presents a new and fundamentally predictive methodology for computation of
intrinsic and unsaturated permeability of OPC-based cementitious materials. The proposed
methodology utilizes a multiscale numerical framework starting from cement composition and
its microstructure to constructing a hierarchical pore network and computation of the
permeability. Moreover, a novel multi-algorithmic approach is developed to compute
unsaturated permeability at different degrees of saturation. This framework adopts different
modeling tools including (i) particle packing for modelling the pore size distribution of the C-
S-H gel pores, (i1) microstructural modelling to model hydration reaction kinetics, and (ii1) pore
network modelling. The microstructure is modelled using VCCTL software and pore network
modelling used here is a customized version of OpenPNM [42] developed in python using
mainly NumPy [43] and SciPy[44], [45] libraries. A quasi-static analysis of the network using
Hagen—Poiseuille coupled with Young-Laplace equation (in a form of invasion algorithm [36])
is then invoked in pore bodies and throats to estimate saturated and unsaturated permeability,
the Young-Laplace equation because the invasion algorithm resembles the drying by invading

and blocking pores and throats.

The proposed approach is validated against eighteen different experiments available in the
literature and obtained results are remarkably promising, indicating the flexibility and reliability
of the framework. Additionally, a parametric analysis on dependency of intrinsic water
permeability on microstructural variables such as capillary porosity, volume fraction of HD C-
S-H etc., showed that the permeability can be correlated to the variables from both the level-1
(C-S-H gel level) and level-2 (capillary porosity). Finally, it was also observed that the proposed
model can provide a more accurate results compared to Van Genuchten for unsaturated water

permeability.
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In terms of disadvantage of the proposed framework, its reliance on microstructural modelling
and all the initial inputs that are derived herewith could have a negative impact on the final
estimation if the microstructure is not accurate in reporting the phase fractions. Secondly, the
applicability of the framework on blended cement systems is not investigated because of the
lack of established microstructural modelling for these materials. However, CP2 in the studied
materials includes 6% silica fume and estimated permeability is also fairly accurate. But
applicability on systems with high percentage of additives such as limestone calcined cement
[46], [47] remains uncertain. Finally, the proposed model is intended to operate at
microstructural level with RVE size of few 100s of micrometers with no consideration of
microcracks. Whereas in reality permeability experiments are carried out at centimeter scale
and hence any effect of microcracks on permeability cannot be captured by this version of the
model. However, this limitation can be easily overcome by adding synthetic microcracks into

the RVE.
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Abstract

This paper presents a new multiscale pore network modelling framework for predicting
saturated and unsaturated permeability of OPC-based cementitious materials using a novel
algorithmic implementation. The framework fundamentally relies on the data on cement
composition and current understanding of cement hydration kinetics and microstructural
features. Central to the modelling framework is the ability to numerically estimate pore size
distribution (PSD) from existing models and the ability to obtain snapshots of unsaturated
microstructure for various degrees of saturation. The framework is an amalgamation of three
important existing models: (1) particle packing model for predicting nanoscale PSD, (i1) cement
hydration kinetics to estimate microscale PSD, and (ii1) a pore network model to estimate the
permeability. The proposed pore network modelling is validated against an extensive set of
experimental data that includes a very wide range of materials. The predicted intrinsic
permeability falls well within the accepted experimental range. Though fewer experimental data
are available to compare, the predicted unsaturated permeability shows highly promising

results.
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1 Introduction

Cementitious materials are ubiquitously used in urbanization. Besides their classical use in
construction, these materials are also envisioned for use both as encapsulation of radioactive
waste and as engineered barriers for disposal of radioactive waste. One of the major governing
parameters for performance and safety assessment of cementitious materials is their
permeability because this has a direct link with the transport mechanisms of aggressive
substances responsible for degradation of the cementitious matrix. In addition, it is a measure
of how the cementitious material can withstand drying due to environmental loading (e.g.
atmospheric or heat induced), which can have a decisive impact on shrinkage induced cracks.
The intrinsic water permeability, also called specific permeability or absolute permeability, is
the measured permeability for a fully saturated state. The unsaturated water permeability or
relative permeability is the measured permeability at lower degrees of saturation. However,
measuring permeability is not straightforward and there are two main approaches to measure it
in laboratory, direct and indirect measurements. While the former is done usually by means of
applying a certain pressure gradient or flow rate on a cylindrical sample and quantifying the
permeability using Darcy’s law, the latter approach involves either the application of a transient
pressure pulse technique or the application of poromechanical techniques or inverse analysis of

moisture loss experiments. A review of these experimental methods can be found in [1]—[4]

However the experimental measurement of permeability is time consuming and results can vary
depending on the experimental method. Furthermore, direct measurement of unsaturated
permeability is even more challenging given the fact that having control over all the
contributing parameters is hard to achieve. Therefore, the unsaturated permeability is usually

indirectly determined using inverse analysis of weight loss experiments [2], [5].
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Considering the importance of permeability and experimental challenges to overcome, there
have been various attempts to model permeability starting from classical models such as
Kozeny’s work [6] that relates the permeability to the porosity and later modified by Carman
known as Kozeny—Carman equation [7]. The Katz-Thompson model [8] that was initially
developed to predict the permeability of sedimentary rocks and relates the permeability to
microstructure of the cementitious material using an analytical approach. And more recently
with advancements in numerical approaches there has been several studies to estimate transport
properties of cementitious materials. To mention a few, G. Ye et.al [9] presented a network
model by means of extracting the pore space from simulated cement microstructure and
embedding them into a network. They estimated the fluid flow by applying Hagen—Poiseuille
law on the conduits and calculated the intrinsic permeability using Darcy’s law. Their model
only accounted for capillary porosity, which implies that there will be overestimation of the
permeability value. Such an overestimation was also encountered by Li and Xu [10] who
computed microstructure of various hardening cement pastes by means of the hydration kinetics
model, HYMOSTRUC3D, which was then used to estimate intrinsic permeability using a finite
element method. Song et.al [11] studied the microstructure of hydrated cement paste extracted
from concrete using FIB/SEM (Focused Ion Beam/Scanning Electron Microscope) method,
where a representative volume element (RVE) and its pore size distribution (PSD) were
analyzed. Using a lattice Boltzmann method (LBM), they predicted intrinsic permeability of
three samples. However, they underestimated the values by an order or magnitude, which was
attributed to not capturing larger capillary pores and microcracks in the RVE. Yu et.al [12]
proposed an interesting fractal based modelling framework, firstly to simulate the
microstructure of cement paste and secondly to study the implication of this model on heat and
mass transport properties of the material. The scope of their study is an RVE size of

200%x200x200 pm with voxel size of 0.2 um, which is verified against HYMOSTRUC with
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reasonable agreement. In particular, intrinsic permeability was overestimated by orders of

magnitude as not all sub-micron pores were not captured.

While the above work is confined to intrinsic permeability, Zalzale et.al[13] applied a 3D lattice
Boltzmann technique to model permeability at different degrees of saturation. In addition to
permeable micron-sized capillary pores, they managed to also include weakly-permeable nano-
porous calcium silicate hydrate (C-S-H) pores in their model. The critical parameters, C-S-H
density and capillary porosity, were taken from 'H (hydrogen) nuclear magnetic resonance
relaxation analysis. Their model however accounted only for variation of capillary PSD and
applied pore blocking of these pores. Their pore blocking algorithm was based on the principle
that the biggest pores gets blocked first regardless of their location. Kai Li et.al[14], [15]
employed discrete element method (DEM) to generate and characterize microstructures and
estimated the permeability using conventional moisture transfer equation. However, their
microstructure only included the capillary pores and the gel pores were neglected. Their
computational approach for unsaturated permeability is similar to Zalzale et.al[13], [16]. In a
recent attempt to model relative permeability, Ecay et.al [17] used an analytical approach,
which is essentially an extension of the model proposed by Khaddor [18] that describes the
evolution of the intrinsic permeability of mortar undergoing micro-cracking. The model is
based on a hierarchical assembly of capillaries with decreasing diameter, generated randomly.
Estimated intrinsic as well as relative permeability are in close agreement with experiments and
mostly falls within the same order of magnitude unlike other studies reported above, hence a

promising approach given no model calibration and no computational burden.

Alternatively, a numerically efficient approach to simulate water transport in porous materials
is the pore network model pioneered by Mason [19], [20], which is the primary modelling tool

utilized in the study presented further in this paper. Finally, a comprehensive review of pore
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network modelling can be found in[4] and a recent review on water permeability of unsaturated

cementitious materials is available in [21].

All these previously proposed models either require some empirical or experimental parameters
involved in the modelling or they do not take all the pore size range of the material into account.
Therefore, this paper presents a numerical study on permeability based on a multiscale
approach, which can drive the information from microstructure and integrate them into a
representative numerical framework to model both intrinsic and unsaturated permeability. This
numerical framework starts from fundamental information, which are chemical composition of
the cement and reaction conditions such as age, curing, etc. Thus, no experimental calibration
would be needed. The framework consists of different modelling tools comprising,
microstructure modelling to model the microstructure and provide capillary PSD, particle
packing to estimate gel PSD, and pore network modelling, which integrates the entire range of
PSD and arrives at a statistically representative pore network, which is used as a basis to carry
out moisture transport calculations. In order to evaluate the capability of the proposed pore
network modelling framework, it is validated against an extensive set of existing experimental

data that includes a wide range of cementitious materials [1], [3], [S], [22]—-[27].
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2 Multiscale pore network

The pore network is constructed using hierarchical homogenization of pore space (Figure 1)
similar to that explained in Babaei et al.[28] with minor algorithmic changes explained in the
following section. This has been done in order to improve the precision of the network
construction for permeability, which is also more sensitive to spatial distribution and

arrangement of pore classes.

Hardened cement paste (HCP) formed from the cement hydration reaction has a hierarchical
multiscale structure. If the hardened cement paste is represented in two different scales of (i)
C-S-H level and (i1) cement paste level, then porosity of each level can be distinguished as
follows: (1) low (LD) and high density (HD) C-S-H being the porous phases in level-1 and
capillary porosity in cement paste level-2 (Figure 1). Therefore, a representative pore space is

constructed by combining these three network at different scales as illustrated in Figure 2.
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Figure 1. lllustration of the microstructure and the pore space within the proposed multiscale

modeling hierarchical network

What varies depending on the final microstructure of hardened cement paste is the ratio of the
volumetric fraction of these pore classes and their respective PSD. In level-1 the PSD of each
individual phase including LD and HD C-S-H is constant, while their ratio (volume fraction) is
the main parameter, which changes depending of reaction parameters such as water/cement
ratio (w/c), age, curing method, etc. At level-2 both PSD and volume fraction of capillary
porosity can change. As computation of hydration reactions using existing cement hydration
kinetics models from nano scale to tens of micro meter is computationally expensive, the
microstructure is modelled via a two-step process, first the microstructure and hydration
reaction at level-2 are modeled by a cement hydration kinetics model VCCTL [29] that provides
various parameters such as w/c, cement composition, curing and age. More details are available

in [29]. Then the ratio of LD and HD at level-1 is calculated based on Jennings-Tennis hydration
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model. With respect to PSD here the particle packing is used to calculate the PSD of LD and
HD C-S-H based on [28], [30], while VCCTL is used to compute capillary porosity and its size
distribution. VCCTL simulate hydration reaction in a 100x100x100 um RVE. Once the pore
size distribution and volume fraction of the capillary pores are known they will be embedded
in a cubic network filled with gel pores obtained from the particle packing model. This
resembles the same hierarchical composition of the microstructure with C-S-H gel as the matrix
and capillary pores as voids. Note that it is assumed that there are no pores within other

hydration products other than C-S-H gel.

In Babaei et al. [28], [31], the network was constructed to determine the saturation degree at
different relative humidity (RH) and thus the volume fraction of each pore class would be
directly transferred to the network meaning that if the pore space consists of 0.5 gel pores and
0.5 capillary pores in terms of volume fraction then the same ratio in terms of volume fraction
would have to exist in the network as well. Therefore, the resulting network would be much
bigger (in terms of number of pores). However, in this study, in order to transfer the data from
microstructure to the pore network the volume fraction of each pore class is converted to their
population number. For instance, a microstructure with capillary porosity of 0.25 and 0.6 C-S-
H gel in microstructure level, is represented by 1.47 million of capillary pores and 1 million of
gel pores assuming the gel porosity is 0.28 [32], [33]. Network generation is carried out in four

steps:

(1) An initial cubic network with size of 100 um and 1 million pores is created for
homogenized network at C-S-H level.
(ii) Largest fraction at level-1 (i.e., LD or HD C-S-H) is chosen as the master phase and

added to the network. Their population is calculated based on the LD/HD ratio at
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level-1 and total number amounts to 1 million pores. i.e. Nyaster € —S — H =
Dominant C — S — H phase x 10°.

Pores of secondary phase (phase with smaller fraction) at level-1 are added to the
master network to form a homogenized network at level-1 holding HD and LD C-
S-H gel pores.

The capillary pores are randomly distributed in the homogenized gel network to
form a network, which includes all the three pore classes. The number of capillary

capillary porosity/

6
gel porosity) x 10°.

pores are equal to Negpijiary = (

Throats are added to connect pores and their size is calibrated as described in Babaei

et al.[28], [30].

Once the pores are embedded, there are multiple possible ways to connect them, the

coordination number in this study is assumed to be six as it ensures enough connectivity within

different classes of pores and also does not over facilitate the flow in the network as

cementitious materials are known to be weakly permeable [28], [30]. Regarding the size and

length of this connecting throats the same values are applied as mentioned in Babaei et al.[28],

[30]. It is also worth recalling that there is a missing gap between the two scales as the biggest

gel pore is only 12 nm and smallest capillary pore possible with microstructural modelling is 1

um. This information gap is however addressed using a numerical approximation as explained

in section 2.3 in Babaei et al. [28].
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Figure 2. Pore space at two different levels and their homogenization

3 Permeability calculations

3.1 General principle

The general principle of computing permeability from the constructed pore network is to apply
a water pressure gradient across any two opposite faces of the network and computing average

water flux. Darcy’s law can then be invoked to back calculate the permeability of the network

as follows:
A
Q=K AP ()

where Q is the flow rate (m?/s), A is the network cross section area (m?), L is length of the
network (m), ¢ is the dynamic viscosity (Pa.s), AP is pressure difference across the two

opposing sides (Pa), and K; is permeability of the network (m?).
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This formulation is applicable for water filled conduits only, i.e. for saturated porous medium.
In the following sections, algorithms to compute intrinsic and unsaturated permeability are

detailed.

Figure 3. Measurement of intrinsic permeability by applying pressure gradient (P;-P2).

3.2 Intrinsic permeability

The intrinsic permeability is independent of measurement factors such as, measurement
method, sample size, pressure gradient, etc., and depends solely on pore space structure of the

cementitious material.

The method described below essentially provides an estimation of the intrinsic permeability,
meaning that all the pores are contributing to the flow rate and are fully saturated. In order to
compute the flow through the network an exact solution of Navier-Stokes equation, i.e. the

Hagen-Poiseuille’s law is applied for each conduit formed by two neighbouring pores and their
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connecting throat. The flow rate, g, and hydraulic resistance, R, for each conduit is computed

via [34], [35]:

qc =R AP (2)

R=[t ot 3)

Rpl Rt sz

where pl, t and p2 refers to pore I, throat and pore 2, respectively that forms one conduit
system. Throats have a constant diameter and Hagen—Poiseuille’s law is directly applicable for
computing their hydraulic resistance, but since the pores in the generated network are assumed
to be spheres, they have varying cross section, depending on the connecting throat diameter in
the entire network. Therefore, to compute R of each conduit the approach proposed by Akbari

et.al.[34] for slightly varying micro-channels is used as follows:

R=19/,p=16n ,ufxzpdx (4)

I
where I[; = P/ 42 With [, = J, @*+2%)dA is called the specific polar moment of cross-

sectional inertia. ¢ is the dynamic viscosity, A; and Az are the cross sectional area at x; and x2

as in (Figure 4), and y and z are Cartesian co-ordinates.
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Figure 4. Geometry of a slightly varying micro-channel adapted from [34]

Once, the hydraulic resistances of all the conduits in the pore network are computed, an
arbitrary positive pressure gradient is applied on any two opposite faces of the network (say in
the x direction), with zero flux imposed on the remaining faces. The following mass

conservation is solved for each pore as follows:

ieaRij (xi—x)=0 (5)

where j is the index of neighbouring pores, and it varies from 2 to 7 because the coordination
number of each pore is considered as 6. R;; is the hydraulic resistance between i and j, and x is
the unknown quantity being solved for, which is the pressure field here. For instance for pore

i=1 and its neighboring pores of j=(2,3,4,5,6,7), it results in:

_(Rl'z + R1'3 + R]-A' + R1'5 + R1,6 + R1’7).x1 + Rllz.xz + R1'3.X3 + R1'4,.x4_ + R1'5.x5 +
R1’6.x6 + R1’7.X7 =0

(6)
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For the entire pore network the mass conservation equations can be assembled to calculate the

unknown pressure field, x:

x=A4"1p (7)

where A is a matrix composed of coefficient of x; in accordance with the Equation (6) for each
pore in the network. The vector b contains components of the boundary condition, which is a
constant arbitrary pressure applied on two sides of the network i.e., Dirichlet boundary
condition. The flow field is computed based on the calculated pressure field as explained above.
Finally, to determine the network’s effective water permeability, the total flow rate is calculated
at the boundary pores lying in a plane perpendicular to the flow direction. The water

permeability is then obtained via Eq.(1) as explained earlier.

The calculations are repeated for the remaining pairs of opposite faces or sides to yield
permeability in all mutually perpendicular directions. Finally, the average of the three

permeability values are computed.

3.3 Unsaturated permeability

The calculated intrinsic permeability is not valid for partially saturated state in which some of
the pores are empty and thus do not contribute to the water flow. In order to simulate RH of the
partially saturated material, two independent algorithms are implemented and executed in
parallel on the same network to resemble realistic partially saturated flow mechanism. The
calculation methodology is the same as intrinsic permeability for network generation and
calculation of hydraulic resistance. However, a preceding step involves running an invasion
algorithm [36], which simulates drying process in response to the external boundary condition,
which in this instance is the capillary pressure, P.. Invasion algorithm essentially invades air

phase into the network from all sides following the approach described in [28] or in other words
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conduits get desaturated in accordance with the applied P. on the boundaries. A specific
capillary pressure in which a pore or throat can be invaded is computed using Young—Laplace

equation as Eq.(7) in [28].

The relative permeability is then computed via a number of sequential iterations of invasion

algorithm and permeability simulation as follows (Figure 5):

(i) The intrinsic permeability is calculated at P.=0 Pa (or RH=1), i.e. for the fully saturated
network. For this an arbitrary positive pressure gradient is applied across any two
opposite sides as discussed in Section 3.2.

(i1) Invasion algorithm is applied on the network by incrementing P. to desaturate the pores.
The pores and throats, which are invaded (or desaturated) are assigned to be blocked
from water flow. It is worth noting that in this study pore and throats can be only either
open to water flow or blocked.

(i11) The permeability of the partially blocked network will be determined in accordance
with step (i) above.

(iv) The above sequence is continued for different increments of P. to cover the entire range
of degree of saturation (or RH). It is obvious that when the degree of saturation of the
network is close to zero, most of the network conduits are blocked.

In the example shown in Figure 5, four snapshots of desaturation of fully saturated structure is
shown. In this illustration, the invasion algorithm is only applied on one side normal to the flow
for clearer visualization. The desaturated pores seen in yellow colour are the ones that are

blocked for water flow.
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Figure 5. Sequential invasion of the network and calculating the relative permeability for

each sequence (4 different degree of saturations).

4 Results and validation

The method proposed in this paper is validated against an extensive number of experiments
available in literature. The validation is conducted in two parts: (i) intrinsic and (ii) unsaturated
permeability. Table 1 shows the experimental details of each dataset. Note that the measured
value for intrinsic permeability may differ depending on the experimental approach [2], [5],
[37] and it can vary up to an order of magnitude and even higher[2], [5]. That is why an
estimation within a range of order of magnitude is still seen as acceptable in this study. In
addition to measurement uncertainties, there can be back calculation error effect involved in
reported values, for example, when the permeability is back calculated using Van Genuchten

[38]retention curve but the fitting is not perfect.
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Table 1. Experimental data from literature [1]1-[3], [S], [22]-[27]. HCP: Hardened cement paste

Material Author Measurement Material W/C Age Curing Intrinsic

method Type (days) permeability (m?)
CP1 Baroghel- Inverse analysis from CEMI-HCP 0.34 365 Sealed then 10!

Bouny (1999)  mass loss vacuum rewetted

CP2 Aietal (2001) Thermo- CEM I+ 6% 04 548 Sealed and moist  8.65 x107?

permeametry silica fume - cured

HCP for 24 h then
cured
underwater

CP3 Ye (2005) Pressure cell CEMI-HCP 04 28 Sealed then 9 x 10%
CP4 0.5 vacuum rewetted 1.33 % 1071
CP5 0.6 1.82 x 10718
CP6 Grasley (2007) Dynamic CEMI-HCP 05 80 Limewater 3 x 107!
CpP7 pressurization 0.6 32 6.5 x 102!

(DP)
CP8 Phung (2013)  Constant flow CEMI-HCP 04 28 Limewater 8 x 10!
CP9 0.5 3x10%
CP10 0.6 7 x 1020
CP11 Kumar (2014) MIP CEMI-HCP 045 28 sealed 4 %1072
CP12 0.5 1x10%
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CP13 0.64 2x 10"
CP14 Zamani (2014) Inverse analysis CEMI-HCP 04 28 Under water 4% 102!
CP15 Egan (2017) Inverse analysis CEMI-HCP 045 56 Limewater 3x 10
CP16 0.55 6 x 102!
CP17 0.65 2 % 1020
CP18 Zhang (2018) Beam Bending - CEMI-HCP 0.5 365 Limewater Avg.= 12x 10"

Sorptivity
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4.1 Intrinsic permeability

The estimation of permeability involves carrying out microstructural modelling (hydration
calculations) using the cement composition data reported by various researchers (OPC, CEM I
here, only CP2 includes 6% silica fume). The results from the microstructural model is
presented in Table 2, based on which pore network is constructed for each material composition,
which is subsequently taken forward to estimate permeability. Note that to simulate
permeability, 18 pore networks have been constructed corresponding to the 18 data sets
available in Table 2. Table 2 also reports the intrinsic permeability measured in all three
directions for each individual material, denoted as ko, ko, and ko.. The results show that the &,
values in different directions do not vary more than 3% indicating the representativeness of the
network generated. A comparison of results from the proposed method against experimental

observations are presented in Figure 6.
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Table 2. The microstructure information of the studied materials.

Materia C3S C2S C3A C4AF W/C C-S-H LD C-S-H HDC-S-H Capillary Total Estimated Average

1 (wt%)  (Wt% (Wwt% (wt%) (Wt% (vol%) (vol%) (vol%) Porosity Porosity Permeabilit Estimated

) ) ) (vol%) (vol%) y(@m?) —ky Permeabilit

y (m?) — ko

CP1 5728 239 3.03 7.59 0.34 0.50 0.18 0.32 0.12 0.24 kow=8.59x107* 8. 51x10%?
8 kow= 8.38x1022
ko..=8.55%1022

CP2 67.1 175 77 176 04 047 0.22 0.25 0.13 0.25 kow=1.29x107" 1. 27x107?!
koyp=1.25%102!
k()zz=1.26x10—21

CP3 63 13 8 9 04 047 0.22 0.25 0.14 0.25 kou=4.08x10" 4 00x1072!
koy=3.97x10"2!
k()zz=3.95x10-21

CP4 0.5 046 0.33 0.13 0.19 0.29 kou=2.17x10% 2 21x102°
k()yy=2.22><10—20
kaz:Z.Zj)XlO—ZO

CP5 0.6 046 0.37 0.09 0.23 0.33 kou=4.65x10" 4 72x 107"
k()yy=4.69><10—19
k()zz=4.81X10—19

CP6 48.3 215 76 9.1 0.5 047 0.33 0.14 0.19 0.30 kow=1.91x102" 1 94x10%!
koy=1.93%x1072!
ko.=1.97%x1072!

CP7 0.6 046 0.36 0.10 0.22 0.32 kow=7.89x102" 7 86x10720

k()yy= 7.93%x 1 0—20
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ko,;=7.75%10°%

CP8

CP9

CP10

0.44

0.44

0.45

0.21

0.32

0.40

0.23

0.12

0.05

0.14

0.19

0.24

0.25

0.30

0.34

kox=4.41x1072!

koy=4.53%10"2!

ko,;=4.39x10°2!
kox=2.80x1072°

4.45%x102!

koy=2.71x10"%0

ko,;=2.73x107%
koxe=1.18x107"°

2.75%10%0

koyy=1.15%10""°

ko =1.17x107"

1.17x10°"

CP11

CP12

CP13

0.49

0.49

0.46

0.29

0.35

0.40

0.20

0.14

0.06

0.18

0.20

0.27

0.29

0.32

0.37

koxe=1.11x1020

koyy=1.12x10"°

ko;=1.15%10%
kox=2.58%10720

1.13x102%°

koy=2.49x10"20

ko,;=2.51x10%
kox=6.29x1071°

2.53%10%°

koyy=6.45%10""°

ko,;=6.42x107"

6.39x10™"

CP14

0.52

0.25

0.27

0.14

0.27

kox=2.29x1072!

koyy=2.38x10"2"

k0z2=2.30>( 102

2.33x10%!

CP15

0.46

0.28

0.18

0.17

0.28

kox=1.08%1072°

koy=1.14x1072°

ko;=1.10x10"%

1.11x102%0
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CP16

CP17

0.55 045

0.65 0.44

0.38

0.38

0.07

0.06

0.22

0.26

0.32

0.36

kox=5.31x10720

koy=5.45%10"%°

ko,;=5.42x10"%
kox=4.25x107"°

koy=4.29x10""°

k021=4.2]><10’19

5.40x1020

4.25x10™"

CP18

53.6

17.5

7.5

8.8

0.5

0.46

0.33

0.13

0.19

0.29

kox=2.74x10720

koy=2.67x10"20

k()zz=2. 73)( 1 0—20

2.72x10%°
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Figure 6. Estimated values using pore network modelling vs. experimental observations (dash

lines order of magnitude lines ).

Overall, the model results show a very good correspondence with the experimental
observations. In fact, the results fall well within the same order of magnitude for 17 out of 18
studied cases. This confirms that the proposed model can successfully and systematically
transfer information from microstructure into a pore network, which is representative of

permeability of HCP.

The predicted value for CP17 is the only case where the model fails to estimate within the same
order of magnitude as the experimentally observed value. However, in this case, the
permeability is indirectly measured; firstly fitting a Van Genuchten [38] curve on experimental
retention curve and then back calculating the mass loss using the fitted Van Genuchten curve.

This method however is sensitive to fitting parameters of the retention curve and thus can be
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affected by the accuracy of fitting. Moreover, different types of measurements can lead to
different results and this is mainly due to experimental uncertainties. For instance, CP13 and
CP17 have a relatively similar composition but the measured permeability for CP13 is exactly
one order of magnitude less than that of CP17, while ratio of their permeability estimated by
the proposed model is 3. The same argument holds for CP16, whose permeability value lies just

at the border of the order of magnitude line.

The experimentally measured value for CP7, which is an OPC with W/C of 0.6 is 6.5 x 107!
m? that is at least an order of magnitude lower than similar compositions with the same W/C
ratio (CP5, CP10) and using different experimental methods. As already mentioned, the
measurement method can also affect the measured value and this seems to be the case here.
Furthermore, the estimated values using pore network seems to be mostly close to the values

measured by constant flow and indirect measurements (inverse analysis).

In terms of improved accuracy the accuracy of proposed methodology compared to previous
studies that targeted modelling the same variables, using comparable tools [9], [10], [14], [21]
is considerably more e.g., in [10] the permeability of CP3-CP5 were (over)estimated in range

of 1016-10!* as opposed to 102! -10"" in this study.

From the microstructural modelling results presented in Table 2, it is seen that the permeability
can be correlated with the ratio of HD and LD C-S-H at C-S-H level and the capillary porosity
at microstructure level. A parametric analysis (Figure 7) shows that for the study cases the
permeability is directly proportional to the capillary porosity (Figure 7 (a)) and inversely
proportional to the HD C-S-H gel porosity (Figure 7 (b)), which is the lowest permeable phase
of C-S-H. In terms of comparative parameters, consistent trends for Vip c.s-u/Vup c-s-u (Figure

7 (c)) and V capiltary/ Vtotal porosity ratios (Figure 7 (d)) are also observed (Videnotes volume fraction
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of phase i): The R? values sort the correlation of the parameters and permeability in the order
of capillary porosity with R?=0.82, capillary/total porosity with R?>=0.79 and Vip c-s-1 /VHp c-
s-u with R?=0.64. The parametric analysis also shows that both capillary porosity (which is
present in level-2) and C-S-H gel content (level-1) are important and contributing to the
transport in hardened cement paste. While what has been concluded here is valid for mature
pastes i.e., older than 28 days, it has been reported that at early age (1-10 days) the capillary
porosity plays a more important role in permeability compared to the gel porosity. This is to be
expected at early age due to higher connectivity of capillary pore space and lower degrees of

hydration, which translates to coarser pore space [9], [24], [39], [40].
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4.2 Unsaturated permeability

For the material CP1 and CP18 the unsaturated permeability values are available based on the
inverse analysis, which will be used for comparisons. Additionally, comparisons will be made
against the unsaturated permeability obtained from a calibrated water retention curve using the

well-known Van Genuchten [38] model.

The Van Genuchten model for retention curve and unsaturated permeability are defined as

follows:

1

5= (22 o) ™ )
= Qmas

where a,,,, and b,,,, are fitting parameters, which require fitting for each set of water sorption

experiments available for the materials CP1 and CP18.
The unsaturated permeability is defined as:

ki = koky () 9)

where k; is the intrinsic permeability for CP1 and CP18 (Table 2) and k,;(S;) is the relative

permeability defined as :

12
ey = Slo.s l(l _ (1 _ Slbmu)m) l (10)

Figure 8 shows a comparison of the results of the pore network model and the Van Genuchten
model and the experimental data from the mass loss experiments for the materials CP1 and
CP18. For both materials, the pore network model is more accurate than the Van Genuchten

model. This proves not only that the network is representative for intrinsic permeability
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simulation, but also for unsaturated scenarios where the constructed network can provide better
results compared to the classical models. The advantage of the proposed framework lies in the
fact that it contains more information and relevance from the material, while such relevance
and link is missing in case of empirical models. Note that the experimental trend for CP1 is
unreliable because it shows that the unsaturated permeability is higher at lower degrees of

saturation. This is likely to be caused by experimental uncertainties [2], [5], [25].

1022 CP1 1020 CPI8
a) == = Unsaturared permeability - pore network b) == = Unsaturared permeability - pore network
= Unsaturared permeability - Van Genuchten / == Unsaturared permeability - Van Genuchten 7

g/ @ Experimental - Inverse analysis / 2.5{ @ Experimental - Inverse analysis 1
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>6 >
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1] ©
g g 1.5
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@ ©
3 3

2

0.5
0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Degree of saturation Degree of saturation

Figure 8. Unsaturated permeability estimated using pore network VS. experimental

measurements

It is also worth noting that the unsaturated permeability estimated by pore network as well as
the experimentally measured values roughly remain in the same order of magnitude of the
intrinsic permeability up to RH=0.5. At this RH, pores with size of approximately 12 nm are
desaturated. Pores smaller than 12 nm are mostly small capillary pores and gel pores. This
indicates that gel pores are also contributing to the flow, even though because of their size they
are weakly permeable, and their contribution is definitely not negligible as was suggested in
[13], [16]. One additional conclusion to be drawn is that up to 50% RH the water permeability

would still be in the range of intrinsic permeability indicating that moisture flow in the liquid



phase is the major mechanism in this range as argued previously by multiple authors, to mention
a few [2], [5], [25], [41]. In other words, no two phase flow model is necessary to model

moisture flow in unsaturated cement paste up to this RH level.
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5 Conclusions

This study presents a new and fundamentally predictive methodology for computation of
intrinsic and unsaturated permeability of OPC-based cementitious materials. The proposed
methodology utilizes a multiscale numerical framework starting from cement composition and
its microstructure to constructing a hierarchical pore network and computation of the
permeability. Moreover, a novel multi-algorithmic approach is developed to compute
unsaturated permeability at different degrees of saturation. This framework adopts different
modeling tools including (i) particle packing for modelling the pore size distribution of the C-
S-H gel pores, (i1) microstructural modelling to model hydration reaction kinetics, and (ii1) pore
network modelling. The microstructure is modelled using VCCTL software and pore network
modelling used here is a customized version of OpenPNM [42] developed in python using
mainly NumPy [43] and SciPy[44], [45] libraries. A quasi-static analysis of the network using
Hagen—Poiseuille coupled with Young-Laplace equation (in a form of invasion algorithm [36])
is then invoked in pore bodies and throats to estimate saturated and unsaturated permeability,
the Young-Laplace equation because the invasion algorithm resembles the drying by invading

and blocking pores and throats.

The proposed approach is validated against eighteen different experiments available in the
literature and obtained results are remarkably promising, indicating the flexibility and reliability
of the framework. Additionally, a parametric analysis on dependency of intrinsic water
permeability on microstructural variables such as capillary porosity, volume fraction of HD C-
S-H etc., showed that the permeability can be correlated to the variables from both the level-1
(C-S-H gel level) and level-2 (capillary porosity). Finally, it was also observed that the proposed
model can provide a more accurate results compared to Van Genuchten for unsaturated water

permeability.
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In terms of disadvantage of the proposed framework, its reliance on microstructural modelling
and all the initial inputs that are derived herewith could have a negative impact on the final
estimation if the microstructure is not accurate in reporting the phase fractions. Secondly, the
applicability of the framework on blended cement systems is not investigated because of the
lack of established microstructural modelling for these materials. However, CP2 in the studied
materials includes 6% silica fume and estimated permeability is also fairly accurate. But
applicability on systems with high percentage of additives such as limestone calcined cement
[46], [47] remains uncertain. Finally, the proposed model is intended to operate at
microstructural level with RVE size of few 100s of micrometers with no consideration of
microcracks. Whereas in reality permeability experiments are carried out at centimeter scale
and hence any effect of microcracks on permeability cannot be captured by this version of the
model. However, this limitation can be easily overcome by adding synthetic microcracks into

the RVE.
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