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Abstract

This work focuses on the relationship between water vapour permeability and porosity in earthen
materials. Earth blocks have been suitably fabricated and their pore size distribution evaluated along
with water vapour permeability. Experimental results are compared with theoretical predictions
obtained from a fractal model relating porosity to transport processes. Experimental and modelling
outcomes compare remarkably well, thus making the fractal model show promise for addressing the

design of earth materials with tailored properties.
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Introduction

Earth has been used as a building material since the dawn of times. Dating back approximately to
8300 BC and eternalized in the Bible story of the first Israelitic conquest in the land of Canaan, the
walls of Jericho probably represent the most famous and magnificent example in this respect [1].
However, it is only one of the about 220 World Heritage sites involving earth buildings mentioned in
the UNESCO’s World Heritage List, approximately the 20% of the total [2]. The fact that about 50%
of world population still lives in earth structures makes it clear that the importance of earthen

materials is not consigned to the past [3].

Although earth-based constructions are commonly associated with less industrialized countries,
most advanced societies are witnessing a remarkable surge in interest in earth and its application in
buildings. Not only earth is an inexpensive raw material that enables simple in situ production
processes [4], but also it exhibits a wide spectrum of advantageous properties that make it non-toxic,
non-polluting and able to spontaneously contribute to temperature and moisture control in buildings.
The latter properties are particularly relevant in the light of the harmful effects that humid
environments can have on human health [5] and the damage they can cause to the building itself in
terms of accelerated aging [6-8].

Material damage stems from a vast range of processes triggered by freeze-thaw cycles in the
presence of liquid water or water vapour in the accessible pores of porous materials. Sub-surface salt
crystallization, dissolution of mineral phases and chemical reactions can readily affect the mechanical
stability of building blocks [7]. Innovative design of building materials has been often invoked as the
optimal solution strategy to enhance material performances and reduce undesired moisture effects.
Within this framework, attention has generally focused on the development of modelling approaches
that could suitably relate material structure to water vapour permeability. While various models have
been proposed to generically account for the flow of gases and vapours in several porous materials
[9-14], the relationship between the structure of porous materials and their permeability to gases and

vapours remains an open question.

In this respect, the use of fractal geometry to describe the structural features related to porosity
distribution shows considerable promise. With their inherent complexity and self-similarity, fractals
allow reproducing to a considerable extent irregular profiles and structures with non-integer
dimension [15,16]. Literature on porous materials already includes a few examples of fractal models
[17,18]. In particular, the fractal geometry has been shown to enable predictions on gas and vapour
permeability [19], also covering hygroscopic and over-hygroscopic ranges [20], on the distribution

of fracture lengths and pores [21,22], and on gas diffusion [23]. The capability of fractal geometry of



capturing the fundamental aspects of porous materials also emerges from the systematic studies
addressing spontaneous permeation in natural and artificial matrices taking into account shape, size

and tortuosity of pores [19,24].

On completion of this wide overview on fractal geometry and porous media, it is needed to note
that it is necessary to have modelling approaches capable of reproducing microstructure features for
generalising an analytical procedure. For this reason, a new fractal phenomenological model, usually
called Intermingled Fractal Units’ model (IFU model), has been proposed recently with the aim of
predicting different physical characteristics of porous materials such as sorptivity, permeability, heat
transfer and mechanical properties [25-28]. It is constructed considering different fractal figures and
non-porous parts mixed together for reproducing representative structures of fractal or non-fractal
porous materials, which have very similar pore size distribution and pore volume fraction [28,29].
After having verified the real correspondence between material microstructure and model
reconstruction, analytical procedure could be applied for predicting different physical phenomena.
The easy formalisation of this model, which is based on porosimetric experimental data, allows

obtaining a procedure without considering empirical constants.

In this work, we focus on the flow of water vapour through accessible porosity of earth materials.
To this aim, experiments of water vapour permeability have been performed on suitably fabricated
earthen blocks. The obtained results are compared with the predictions obtained by the model based
on intermingled fractal units, which reproduces the pore size distribution obtained by Hg intrusion
porosimetry. It is shown that model predictions compare remarkably well with experimental

estimates.

A consolidate use of this fractal modelling may only be achieved by verifying the reliability of the
procedure adopted. For this reason, in previous works, different materials have been modelled by
using the Intermingled Fractal Units’ model with the aim of predicting mechanical, thermal and fluid
flow behaviour [25-28]. However, the remarkable aim of this fractal model is to formalise a software
for designing and controlling porous building materials by predicting simultaneously their different
performances. In addition, this fractal model can also be used for estimating decay and weathering
state resulting from porous structure modification during their useful life. Although different models
have been reported in literature, the relevant and novel purpose of the Intermingled Fractal Units’
model is its capacity to be applied for studying different porous materials. Overall, the proposed paper

represents a step forward in this direction.



Materials and methods

Experiments were performed on earth-based products consisting of mixtures of earth, water, sand
and straw available in the area of Medio Campidano in Sardinia. Four different compositions,
corresponding to samples hereafter referred to as E1, E2, E3 and E4, were explored. Relevant data
are summarized in Tab. 1.

Raw materials were characterized by thermogravimetric and X-ray diffraction analyses using,
respectively, a TA TGA 5500 apparatus and a Rigaku Miniflex Il diffractometer equipped with
monochromatic Cu K, radiation.

Earth-based products were cured for 3 months under ambient conditions characterized by
temperature and humidity in the ranges between 20 and 23 °C and between 40 and 50% respectively.
Then, cured samples were subjected to Hg intrusion porosimetry to evaluate the pore size distribution.
A Micrometrics AutoPorelV porosimeter at a working pressure of about 2000 bar was used. Water
vapour permeability was measured carrying out experiments according to UNI EN 15803 (UNI EN
15803) on cylinders 13 cm in diameter and 2 cm in height suitably cut from parent 40x20x10 cm?®
blocks. Although prescriptions suggest using at least 3 samples, investigation was performed on 10
samples. Cylinders were placed inside a pre-conditioned test chamber and suitably oriented to have
bases perpendicular to the flow direction of water vapour. The time required to attain equilibrium
conditions depends on the sample height, Lo. While a base was exposed to a desiccant, the other was
exposed to ambient conditions. Internal and external relative humidity, RHint and RHex: respectively,
were set equal to about 2% and 50 + 3%. Cylinder weight changes, 4m, were evaluated at regular
time intervals, Az.

The amount of water vapour flown in the samples, Qexp, Was estimated by the slope of the plot of
Am as a function of A¢. Then, the density of water vapour flow, Vexp, was calculated dividing Qexp by
the base area of the samples. Water vapour permeability was calculated according to the expression

oxp = VA—p , (1)
where Ap is the pressure difference between the two opposite bases of the cylindrical samples. In
particular, Ap appearing in Equation (1) was related to RH by means of the equilibrium vapor

pressure of water Py, o (T) measured at 23 °C, i.e. Ap = Py, o (T)(RHext — RHipe), With Pfy, (23 °C)
=2813.102 Pa.



Fractal model

The model involves the combination of different units consisting of Sierpinski carpets with
different characteristic lengths. The Sierpinski carpet is one of the most famous fractal objects. It is
obtained dividing a square of side | by a factor F into equal sub-squares. At first iteration, a selected
number of sub-squares is removed, thus creating square voids. All the structural units have the same

characteristic length
A = — - (2)

The fractal object is constructed by repeating indefinitely the iteration process. The size of voids at

the n-th iteration is equal to

PR

n F = F(n—l) . (3)

The fractal dimension of the Sierpinski carpet, Dy, is calculated as a function of the number of sub-

squares not removed at the first iteration, Nrso, and the factor F. Accordingly,

_log(Niso)

"= T log(F) (4)

The non-integer dimension stems from the inherent porosity of the fractal construction, characterized
by removed sub-squares with side 4 between Amax and Amin, perimeter of removed sub-squares equal
to 4 J, porosity equal to the ratio between void and solid volume fractions and monotonic pore size

distribution.

The two-dimensional Sierpinski carpet can be used to construct an ideal three-dimensional porous
material assuming that its cross-sections invariably consist of the same Sierpinski carpet used as the
mathematical basis. However, it is here worth noting that the structural features mentioned above
preclude the use of Sierpinski carpet for a satisfactory description of real porous materials, which
typically have non-monotonic pore size distribution. Nevertheless, such objective can be profitably
pursued by suitably modifying the construction of the Sierpinski carpet. In particular, remarkable
results can be obtained by leaving a certain number of sub-squares unaffected by the space carving
process associated with the generation of the fractal. As shown in Fig. 1, this choice translates into
sub-squares remaining solid throughout the iteration process. The combination of structural units with
a different degree of porosity finally results in a modified Sierpinski carpet that can be used to model

porous architectures.



To such aim, different modified Sierpinski carpets can be properly mixed. Let us consider, for
instance, two structural units A and B with different characteristic lengths. For both units, space
carving can be specifically tailored to obtain different total porosity and void size distribution.

Let us combine Nz B units for every A unit. The result is a fractal object that can be used to
construct a realistic three-dimensional porous material. For this material, the model predicts a total

porosity degree equal to &, = (A, +Ng - Ag)) (A4 +Ng - Ag) , where Aa, As, Aap and Asgp are the total
areas and the total pore areas of A and B units respectively. If ¢, is set equal to the porosity degree

measured experimentally, eexp, the number of B units per A unit can be readily calculated from the

expression

Ng = (AAp _gexp ) AA)/(gexp : AB - ABp) : (5)

Geometrical construction of fractal model is obtained by using random arrangement of B units around
A unit. This configuration could casually change section per section in 3D extrusion. In this sense, it
is also worth noting that we can confidently associate tortuosity to individual pores. Indeed, the model
only requires that any cross-section of the porous material corresponds to the two-dimensional
modified Sierpinski carpet chosen as construction unit. Therefore, there is no need to look at pores as
at straight channels. Therefore, the model allows tortuosity as an additional parameter.

Due to its capability of accurately describing experimental pore size distributions, the model can
be used to predict water vapour permeability, . This quantity depends on both overall porosity degree

and pore size distribution. Indeed, a fluid flows at higher rates in larger pores.

Let us consider a structural unit consisting of a Sierpinski carpet with number of pores

N =F" (F77 ~1). (6)

pores(i=n) —

According to literature [31], three different mechanisms contribute to water vapour permeability
in earth-based blocks, namely gas bulk viscous flow (laminar flow), gas diffusion (continuum and
Knudsen) and surface diffusion. Following the analogy with resistances in electric circuits [32],
continuum and Knudsen gas diffusions are modelled as resistances in series combined in parallel with
gas viscous flow (Hagen-Poiseuille) and surface diffusion. The contribution of each mechanism is
evaluated taking into account any morphological feature underlying porosity, including pore size

distribution, tortuosity and interconnectivity.



Usually, continuum diffusion in the gaseous phase is neglected. The reason lies in the evidence
that, in small pores, Knudsen flow exhibits the higher flow resistance, thus representing the rate-
limiting step. In contrast, in large pores diffusion flow is definitely less important than laminar flow
in the bulk of the gas phase. Concerning surface diffusion, it can really affect the transport process
only when pores are very small [33]. In particular, literature suggests that surface diffusion can play
a non-negligible role for pore sizes smaller than 1 nm [32]. Therefore, it can be neglected in the case
of the earth-based materials investigated in the present work, which exhibit pore size between 0.03
and 100 pum.

If continuum diffusion in gas phase and surface diffusion are neglected [34,35], only Hagen-
Poisseuille flow and Knudsen diffusion mechanisms give contribution. Accordingly, the volumetric
rate for a single pore can be expressed as

r Ap A 2 Ap [87RT
q(4) = P2, P

T 128 'y ’ 0
L) 4 2L pV M

where 4p, Ly, 4, u, p, M and R are, respectively, the pressure loss, the tortuous capillary length, the
pore diameter, the dynamic viscosity, the mean partial pressure of gas or vapour diffusion, the
molecular weight of gas molecules and the universal gas constant.

The ratio between the mean free path of molecules, z, and the pore size, A, defines the so-called
Knudsen number, Kn. When Kn is smaller than 0.01, the collisions between vapour molecules are
more probable than between molecules and pore walls. Vice versa, when Kn is larger than 10,
collisions between molecules and pore walls dominate. In the former case, a viscous Hagen-Poiseuille
flow occurs, while Knudsen diffusion is said to occur in the latter. For Kn values between 0.01 and
10, the two mechanisms coexist [7].

The length of tortuous pores, L, of size A can be expressed as [36,37]

L(A)=L" 2, (8)
where Lo is the projection of the pore length on the sample axis and

In Tclass (9)

0

is the fractal dimension of tortuosity [38]. The tortuosity of a specific class of capillaries, zclass, is [39]

D; =1+

T :1+alni, (10)

&

class
class



where &class 1S the porosity fraction ascribable to the specific pore class and a is a constant equal to
0.63 that accounts for the pore shape [40-42].

Based on Eq. 6, Eq. 7 can be rewritten as

LA L T e 87RT Ap
128 L (A) w F4 2RI ()W M p

q pOre(ﬂ“) (ll)

If the number of pores for a specific class is taken into account, the fluid flow across the pores is

[T Ap l(imax)‘l A2 [82RT Ap [ions e 2Dy
chass _£128 L[(/l) P F4(-D +12F3(i—1)|_t(/1) M p J [F (F 1)] (12)

Therefore, when the entire pore size distribution is considered, the total fluid flow across one of the

fractal units utilized for describing the sample structure is equal to

_af 7z Ap 1 (A) A2 [87RT Ap | [cieD, 20,
QBU _;:{(128 Lt(l) P F4(i—1) +:|_2|:3(i—1)|_t(/1) M D } [F (F 1)]} (13)

Eqg. 13 allows expressing the density of water vapour flow as

_limax 7 Ap l(/lmax)‘l ﬂ?mx /SﬂRT & |gieos fp2-Dr
VBU - A;{(128 L[(Z) U F4(i—1) +12F3(i—1)|_[(ﬁ) M p j [F (F 1)]} (14)

Finally, it is possible to re-write Eq. 1 as

L, )V
Oy = %psu , (15)

where the sum extends over the different fractal units used to account for the sample structure.

Although the model describes only monodimensional fluid flow, it provides information on all of
those materials with a percolating architecture and for all of those processes with a preferential
direction [43-45].

This approach, schematised in Fig. 2, is capable of representing any type of real porous
microstructures. It consists of several steps: (a) experimental water vapour permeability
measurement; (b) porosity tests for the measurement of a pore size distribution by mercury intrusion
porosimetry; (c) intermingled Sierpinski carpets (contiguous units) for reproducing porous
microstructure; (d) analytical procedure for calculating model water vapour permeability; (e)

comparison between experimental and modelling data.



It is important to observe that every parameter which is expressed in several formulas reported
above has physical sense. Non-empirical quantities have been considered. In particular, for the
geometrical construction of the Intermingled Fractal Units” model, pore size, pore volume fraction,
pore size range and tortuosity have values obtained by MIP. Fundamentally, results of MIP test have
been used as input data for phenomenological reconstruction of porous microstructure (e.g. the
number of units forming the model that is function of porosimetric data as reported in Eq. 5). In the
analytical procedure, 4p, i, p, M and R are physical quantities with specific values for proper water

vapour experimental conditions (relative humidity, temperature, molecular flows, etc.).

Results and discussion

Earth materials investigated in this work exhibit the typical microstructure stemming from the
aggregation of mineral particles with different shape and size. Mesostructure can be appreciated from
SEM micrographs in Fig. 3. Self-similarity emerges from the comparison of structural features, which
keep similar shape and size ratio on different length scales.

According to X-ray diffraction patterns such as the one shown in Fig. 4, earth materials comprise
kaolinite, bytownite plagioclase and diopside pyroxene along with secondary smectite clay. Based on
thermogravimetric analysis, the kaolinite and smectite clay contents are around 80% and 5%
respectively. The relatively high clay content enhances chemical and thermal stability.

Data obtained by Hg intrusion porosimetry are shown in Fig. 5. It can be seen that experimental
points arrange according to a monotonic decreasing trend. Different datasets approximately keep the
same shape. However, the increase in the content of sand from E1 to E4 samples induces a
corresponding increase of relatively large pores. Addition of sand to pristine material gives rise to
new classes of pore size in the large pore region of the pore size distribution. The large pores simply
correspond to the empty interstices between sand particles. According to literature [46], total porosity
and pore size distribution suggest that materials belonging to the E1, E2, E3 and E4 series can exhibit,
in principle, good performances with respect to thermal and hygroscopic responses to ambient
conditions.

A few interesting features are summarized in Tab. 2. Pore size can be divided into three major
intervals, namely P1 from 100 to 1.10 um, P2 from 1.10 to 0.1 pum and P3 from 0.1 to 0.009 pum. It
immediately appears that E2-1 and E3-1 samples have similar porosity and average pore radius, about
18% and 0.49 um respectively, but different pore size distribution. Indeed, E2-1 samples have fewer
pores in P1 and the E3-1 sample has fewer pores in P2. Along the same line, E1-1 and E4-1 samples

have approximately the same pores in P2, about 11 %, but different total porosity, about 12.98% and



22.15% respectively, and different pores in P1, about 2.00% and 10.73 % respectively. For all
samples, pores in P3 are minority.

The porosity features mentioned above have direct effect on the capacity of fluid transport. As
shown in Fig. 6, water vapour is mostly absorbed during the early stages of permeation experiments,
while saturation is attained after relatively long time. Experimental water vapour permeability and
porosity correlate remarkably well. However, kinetics of permeation can be properly understood only
referring to pore size distribution.

The water vapour permeability coefficients for E1, E2, E3 and E4 samples are equal to 0.44 +
0.34,1.98 + 0.68, 4.38 + 1.28 and 6.82 + 1.26 kg m™ s "* Pa® respectively. The different structural
features of E1, E2, E3 and E4 samples provide a rationale for the observed differences. The fractal
model can suitably account for such differences provided that its fundamental parameters are properly
chosen. Our choices are shown in Tab. 3. In this respect, it is worth noting that Ds, Lt, A and Lo, Rmax
(the maximum pore ray), Rmin (the minimum pore ray) and i are estimated from experimental data,
while n is calculated using Eq. 5. The porosimetric curves in Fig. 5 clearly show that the model
exhibits the capability of reproducing satisfactorily the pore size distributions determined from
experimental measurements.

Calculated values of water vapour permeability are compared with experimental ones in Fig. 7. It
can be seen that the agreement between modelling predictions and experimental data is fairly good.
Thus, the fractal model exhibits a remarkable capability of faithfully representing the mesostructural
features of the earth-based materials considered, simultaneously estimating correctly a crucial
transport property such as water vapour permeability. This makes the fractal model a design tool for
fabricating earth-based building blocks with properties tailored to application. The study of these
materials by using the fractal model represents an innovation for different fields such as Cultural
Heritage, in which diagnostics testes are limited to the impossibility to withdrawn a large quantity of
material, and modern application in sustainable constructions in which it is a fundamental material

design in order to obtain material’s specific properties.

Conclusions

We fabricated earth-based materials with different mesostructures and subjected them to
experimental tests aimed at evaluating water vapour permeability. Information on mesostructural
features coming from experimental characterization was used to construct geometrical replicas of
experimental systems. This was done using a fractal model able to relate mesostructure to transport
properties. Once the model reproduced the mesostructural features evaluated experimentally, it was

used to estimate water vapour permeability. The results obtained indicate that model predictions agree



remarkably well with experimental findings. We conclude that the modelling approach developed
shows significant promise for the description of real earth-based systems, also providing a valuable
design tool to address fabrication methods and tailor structural and physical properties of earth-based
materials. We also note that the fractal model can be readily extended to the description of classes of

porous materials other from earth-based ones.
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Figure captions

Fig. 1. Construction of the Sierpinski carpet with (a) 2 pores at first iteration and 7 iterating sub-
squares at second iteration, and (b) 2 pores at first iteration, 4 iterating sub-squares and three

unaffected solid sub-squares at second iteration.

Fig. 2. Schematic description of the modelling prediction of water vapour permeability. (a)
Permeation experiments. (b) Porosimetric measurements and comparison between experimental and
model pore size distributions. (c) Model estimation of water vapour permeability. (d) Comparison

between model predictions and experimental findings.

Fig. 3. SEM micrographs showing the mesostructure of earth-based materials at (a) 500 um and

(b) 250 pum length scales.

Fig. 4. X-ray diffraction pattern of earth-based materials. Detected phases are suitably attributed.

Fig. 5. Comparison between experimental (solid line) and model (dotted line) porosimetric curves.
Data refer to (a) E1-1, (b) E2-1, (c) E3-1 and (d) E4-1 samples.

Fig. 6. Water vapour absorption experiments. Mass variation, 4m, as a function of time, t. Data
refer to E1 (o), E2 (o), E3 (A) and E4 (0) samples. Best-fitted lines are shown.

Fig. 7. Comparison between experimental and model estimates of water vapour permeability.
Comparison between water vapour permeability by experimental test and IFU calculations. Data refer
to E1 (o), E2 (o), E3 (A) and E4 (0¢) samples. The dotted line bisecting the quadrant indicates the

condition of perfect agreement between experimental and modelling datasets.



Tab. 1. Composition (% by weight) of mixes used to prepare test specimens.

Tab. 2. Average microstructural characteristic of the earth sample E1-1, E2-1, E3-1 and E4-1.
Total volume pore (P), porosity in the first range (P1), porosity in the second range (P2), porosity in

the third range (P3) and medium pore radius (rm).

Tab. 3. IFU input data to model E1-1, E2-1, E3-1 and E4-1. Fractal dimension (Ds), the maximum
(Rmax) and minimum ray (Rmin), the number of iterations, the number of solid forever squares for each
base units (Sierpinski carpet), the number of B base units (ng), the filled surface used to build the
IFU.
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Tab. 1. Composition (% by weight) of mixes used to prepare test specimens.

System Soil Water Sand Straw
El 75 20 -- 5
E2 65 15 15

5
E3 55 13 27 5
E4 45 12 38 5




Tab. 2. Average microstructural characteristic of the earth sample E1-1, E2-1, E3-1 and E4-1.
Total volume pore (P), porosity in the first range (P1), porosity in the second range (P2), porosity in

the third range (P3) and medium pore radius (rm).

Sample P (%) P1 (%) P2 (%) P3 (%) Im
100 +1.10 pm 1.10 + 0.1 um 0.1 +0.009 um (um)
El-1 12.98 2.00 10.19 0.54 0.74
E2-1 18.02 2.71 15.70 0.29 0.49
E3-1 17.81 6.22 11.56 0.29 0.49

E4-1 22.15 10.73 11.00 0.36 0.49




Tab. 3. IFU input data to model E1-1, E2-1, E3-1 and E4-1. Fractal dimension (Ds), the maximum
(Rmax) and minimum ray (Rmin), the number of iterations, the number of solid forever squares for each

base units (Sierpinski carpet), the number of B base units (ng), the filled surface used to build the

IFU.
El-1 E2-1 E3-1 E4-1
D+ 1.89 1.77 1.77 1.77
n 1 1 1 1
Unit A Rmax (1m) 10 20 20 20
Iteration 6 7 7 7
Rumin (1m) 0.014 0.009 0.009 0.009
Solid forever 0 0 2 3
D¢ 1.77 1.77 1.77 1.77
n 4642 66593 20623 9828
Rmax (1m) 0.37 0.25 0.25 0.25
Unit B
Iteration 3 3 3 3
Rmin (um) 0.014 0.009 0.009 0.009
Solid forever 6 6 6 6
Filled surface (um?) 3.67-10* 1.16-10° 4.31-10* 1.47-10%




