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Highlights

e Water damping droplet penetration followed by original X-ray microtomography
e Spread, depth and quantity of the droplet monitored inside the earthen plaster
e Surface topography has a direct link with the inertial water penetration

e After impact, water behavior is only influenced by bulk properties of the plaster

e Aclayish plaster prevents water to penetrate too deeply but has a slow drying rate
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Abstract

Earth plasters are a very interesting solution for the coating of earthen construction, in
terms of embodied energy, technical efficiency, while keeping the hygroscopic properties of
the wall, unlike very little permeable coatings, as the cement-based ones. An experimental
campaign has been conducted on several earth plasters which differs by their sand
granulometry, earth origin and earth to sand ratio, leading to controlled surface topography
and bulk properties. A novel X-ray microtomography technique adapted to such material has
been relevant to observe directly the penetration of a water damping droplet inside the
plaster with the 2D radiograph method, and enhance the understanding of the role of the
surface and the bulk structure on it. A 3D scanning method was useful to understand the
microstructure of the different samples and analyse their differences in terms of porosity.
Two custom-made MATLAB codes have been developed in order to follow the droplet
parameters inside the material, such as the spread, the penetration depth and the relative
quantity of water along the time. Results show the consistent role of the surface topography
on the water inertial penetration, while the penetration rate due to diffusion is directly
linked to the bulk properties, and can be assimilated to a classic diffusion solution. The
determination of the drying rate in the earth plasters highlights that the plasters which
prevent the water to penetrate too deeply are also the ones which dry the slower, leading to

a questioning on the role researched in an efficient coating material.

Keywords

Earth plasters; X-ray microtomography; water penetration; water damping; surface

topography; drying rate.
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1 Introduction

In the current context of global warming, there is a growing interest on the use of raw earth
construction materials, [1;2]. This can be explained by their low embodied energy and
carbon. As a building material, raw earth has been used for centuries, especially because of
its availability, its high thermal inertia, and its hygroscopic properties [3;4;5;6]. However,
earthen walls are very sensitive to water which can cause problematic phenomena as
erosion [7] or mechanical weakening [8;9]. Earth plasters have nowadays the role to protect
the earthen walls from erosion as a sacrificial layer, and to offer a thermal and sound
protection to the housing, compatible with the rest of the earthen wall for the transfer of
vapor. Recent researches have already focused on the efficiency of the plasters in terms of
physical mechanical performances [10;11;12;13], or in terms of moisture absorption and
adsorption [14]. Only few recent studies have shown interest on the capacity of the
unstabilized earth plasters to resist to water projections in order to improve their durability

[15;16].

A large amount of researches have already focused on the behavior of liquid water and
vapor into earthen walls [17]. Yet, the absorption which occurs at the building facade is not
well understood. Capillary penetration of liquids into porous media has been a subject of
studies since many years already, and models for finite volume droplets on model materials
have been developed using simple analytical solutions as in [18;19]. Studies on water droplet
damping on porous surfaces and the droplet behavior after impact have recently been
published [20;21;22]. However, literature still gives very few information about surface

absorption on raw earth. Furthermore, raw earth is a complex material which adds several
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issues as multi-scale roughness, pore size distribution, and strong clay adsorption. X-ray
microtomography is a common technique to analyse the 3D microstructure of every kind of
material. It can also be used to observe the presence of liquids inside these materials,
leading to studies on water drying [23] or spatial variation of water saturation [24]. Very
recently this technique has been used to observe quick phenomenon such as water

movements inside the bulks [25].

The novelty of our approach is to consider surface topography of earthen plasters as an
influential parameter on the raindrop’s wettability and absorption. In this context, this paper
aims to give an idea of the effect of the surface topography and bulk properties on the
absorption of a water droplet on different earth plasters. For that purpose, earth plaster
samples with a great variety of composition (granulometry, earth, clay), have been realized
in order to obtain different surface topography and volume properties. An experimental
device has been designed to follow the absorption of the water droplet inside the material

by the technique of X-ray microtomography.

Finally, understanding the mechanisms of the absorption of water droplets on raw earth
materials will allow innovative design of material texturing or formulation to reduce the
vulnerability to moisture ingress. Buildings with unstabilized earthen materials exposed to
water projections or rain would particularly benefit from advances made on increased

surface durability.

2 Materials and methods

2.1 Material and sample preparation
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Earth plaster samples with different surface topography and different volume composition
were prepared to study the effect of both surface and bulk properties on the penetration of
a water droplet damping. Based on classic recommendation for the earth/sand mix for earth
plasters [26], sample compositions were designed in order to be sufficiently representative
of a real earth plaster, with variations of the sand granulometry, the origin and amount of
earth used. Theses formulations have been chosen among 20 formulations in order to obtain
the highest variety of surface and volume properties, except for B1 and B2 to study the

repeatability. The following Table 1 summarizes the composition of each sample.

Sand Process

Sand added Earth Clay Earth
Sample ranulometr (%) added  Water (%) Region
§ R . i
Al 0-315um 17 83 18.2 4.42 Dagneux
A3 315-630 um 17 83 15.5 4.42 Dagneux
A5 630-1mm 17 83 14.3 4.42 Dagneux
A9 0-2mm 17 83 14.3 4.42 Dagneux
Bl 0-630 um 30 70 15.9 7.8 Dagneux
B2 0-630 um 30 70 15.9 7.8 Dagneux
B1C 0-630 pum 30 70 16.3 11.4  Confluence
B1S 0-630 um 30 70 21.7 16.5 STA
B5 0-630 pum 50 50 15.9 13 Dagneux

Table 1: Earth plasters composition

Clay percentage is the final quantity of clay within the plaster. The process water percentage
refers to the percentage in mass of the plaster at the end of the fabrication. This quantity

has been determined in order to get the same workability for all the plasters. Three different



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

types of raw earths, named according to their origin location, Dagneux, Saint-Antoine (STA)
and Confluence, were tested. They all came from existing rammed earth constructions
located in Rhone-Alpes region in the South-East of France. The earth was sieved to a very
fine fraction of 60 um with the help of water, then heated to 95°C maximum to avoid
burning the clays, during 48 hours. The residue was then grinded with a small mobile crusher
to obtain a fine powder again. The particle size distribution of all three raw earths was
determined in accordance with the NF EN ISO 17892-4 norm [27]. Dagneux earth is
composed of 26% of clay (in mass), while STA earth is composed of 55%, and Confluence
earth 38%. The sand, coming from the French quarry La Petite Craz, was sieved into several
different size fractions. The sieved sand and the sieved earth were first mixed manually dry
together before adding the water. Then the plaster was poured manually into a cylindrical
mold of 7 cm in diameter and 2 cm in height which was previously greased on the side and a
filter paper was added at the bottom. The surface of the sample was then flattened with a
metal spatula. The plasters were cured under controlled temperature (20°C) for at least two
weeks before demolding. From the same mortar were produced two earth plaster samples.
Indeed bulk properties were measured on the cylindrical samples, whereas the replicas were

sawed into 2 cm cubes in order to have the right size for the X-ray microtomography.

The volumetric properties of each sample are presented in the Table 2. The density was
calculated from the mass and volume of the dry sample after shrinkage. The samples volume
was calculated based on dimensions measured with caliper. The water absorption coefficient
(called A-value) by capillarity was determined using the EN 1015-18 norm [29] protocol for
mortars, but modified for earth plaster samples. The design of the samples used for the A-
value test is the same than presented before. In addition, the edges of the samples were

coated with paraffin wax and then taped with aluminum tape. Only the top and the bottom

6
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surface were free. Weighting measurements have been realized every 5 minutes during the
water absorption. Porosity is determined for all samples by two successive tests. First with
the pycnometer, the volume of the skeleton of the sample is measured thanks to the volume
of azote under pressure injected in the cell containing the sample: the azote penetrates
inside the porosity. Then the sample is coated with paraffin and weighted into water: the
hydrostatic weighting gives its total volume. Thereafter, the relation between the porosity
denoted n, the volume of the sample Vs and the volume of the skeleton of the sample Vi is

equal to:

Vs—Vsk

n= sk (1)

Vs

Sample Al A3 A5 A9 Bl B1C  B1S B2 B5

Density (kg.m-3) 1660 1600 1650 1770 1820 1780 1700 1790 1830
A-value (kg.m2.s%5) 0.156 0.087 0.104 0.106 0.082 0.080 0.046 0.082 0.066

Porosity (%) 30 32 25 26 26 18 22 26 27

Table 2: Bulk properties of the earth plasters sample

It can be noticed that the A-value for B1S is twice lower than for B1 and B1C. It indicates that
the earth from STA has a lower capacity for the absorption of water by capillarity. As
expected, the highest porosity rate is for the samples A1 and A3, which presents the lowest
amplitude of grain size, and therefore a bad particle size staking. For the other samples, the
porosity rate is quite stable around 26%, except for sample B1S and B1C, which are
composed of a different earth. This result shows the influence of the earth origin on the

porosity of the earth plaster.
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2.2 Surface topography

The representative parameter for surface topography used in this study is the arithmetic
roughness Ra. It represents the arithmetic average height of the sample profile. For all the
samples, it was measured with the same experimental device (multi-chromatic confocal
sensor (STILL, Everest CHR)) and protocol than in a previous study on compacted earth
blocks [29]. It can be noticed that the range of values is high compared to the ones for the
compacted earth blocks from [29] (from 15 to 24 um). It shows the influence of the sand
granulometry and the fabrication method on this parameter. The roughness values R, for all

the samples are reported in Table 3.

Sample Al A3 A5 A9 Bl B1C B1S B2 B5

Ra(um) 16.4 28.7 29.3 23.5 11.7 14.5 9.3 13.8 5.2

Table 3: Arithmetic roughness R, for all samples

2.3 X-ray microtomography

The X-ray micro computed tomography (microtomography) is a nondestructive technique to
characterize material microstructure in two or three dimensions with a spatial resolution at
the micron scale. The X-ray laboratory scanner used for this experiment was Ultratom from
RX-Solution at Laboratoire Navier in France. A micro-focus X-ray source (Hamamatsu
L10801) illuminates the object with a tension of 130 KV and a current of 100 pA. A flat-panel
imager (Paxscan Varian, 1920 X 1560 pixels) recorded 16-bit 2D radiographs with a pixel size
of 20 um at 10 frames per second. The more the X-rays encounter matter, the more the X-

ray intensity decreases. Therefore, the microtomography system can build 2D radiographs of
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a porous or heterogeneous material with gray levels, based on X-ray attenuation directly
linked to the chemical composition and density. In order to obtain a 3D scan of the material,
an angular system rotates the object and, based on the 1440 images acquired for the whole

sample, a computer reconstructed a 3D image of the object.

In this paper, both 2D radiograph and 3D scanning methods are used. It takes several hours,
depending on the resolution of the image wanted, to get a stack of images, therefore it
needs the material to stand still for all the duration of the scan. With the 3D scanning
method, it is possible to measure the porosity of the material and its repartition along the
sample, especially concerning the zone just under the surface. Meanwhile the 2D projection
method is suitable to observe quick changes in the material. Indeed, it is possible to get
several images per second with this method, depending on the signal to noise ratio. This

makes it possible to follow the liquid water penetration through the surface.

3 Results

3.1 Development of the experimental set-up and adjustment of the X-ray

microtomography parameters

The experimental set-up is shown in Figure 1. Using a water delivering system above the
sample, a capillary tube is connected to a syringe pump (Harvard Apparatus). The capillary
tube has a 500 um internal diameter, the water droplet falls from the tube when its mass is
higher than the capillary forces, creating a 12 pl volume droplet. The distance between the
capillary tube and the surface of the sample is 5.5 cm, in order to get a droplet speed at
impact around 1 m/s. This speed is sufficient to get a correct spread and slow enough to

avoid the droplet’s bursting.
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Figure 1: Experimental water damping set-up (left), zoom on the sample, source and capillary

(right)

The size of the sample, a 2 cm cube, is relatively small, but it is sufficiently representative of
the micro and macro structure of the earth plaster, since it is more than ten times larger
than the size of the largest particle of the plaster (gravel around 630 um). With this small
size, the X-ray source can be positioned close to the core of the sample, allowing a better
resolution of the detected image. The shape of the sample is chosen cubic in order to avoid
beam hardening. Indeed, with a cylindrical sample, radiographs may exhibit beam hardening
artefacts as the X-ray beam go through less matter on the edge. To further reduce this
artefact, copper sheet of 0.5mm has been added in front of the X-ray source, thus low
energy X-rays are stopped. These precautions are mandatory, because we did not use image
for morphological study but we used the gray value from radiographs to quantify the density

of the sample and the distribution of water.
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The pixel size was set at 20 um and the image acquisition at 10 frames per second (fps). To
capture the water imbibition, we needed a field of view of 3 cm. To better detect the
surface, it is positioned in the center of the screen, thus we used only half the image.
Therefore, the pixel size is a relatively high value. The frame rate is limited by the Hard Drive
writing speed; indeed, each image is over 4.26 Mo. Moreover, a higher frame rate would
have decreased the signal to noise ratio and thus the image quality, making it more difficult
to identify the water within the material. Only one droplet is released at the surface of the
sample, and the recording time is 23 minutes. The recorded data is very important due to
the high-resolution images. Consequently, a short computer program has been created to
change the frame rate acquisition from 10 fps to 1 fps after 3 minutes, in order to avoid the
saturation of the storage capacity. To reduce the frame rate, the acquisition parameters are
kept constants, but the images are averaged by 10 by the imager. Indeed, the velocity of
water movement inside the earth plaster decreases with time, and it becomes sufficiently
slow after 3 min in order to allow a reduction of frame speed acquisition without any

prejudicial loss of information.

After several preliminary tests with pure distilled water, potassium iodide salt was added to
the water at a 5% concentration. It increases the attenuation of the signal by the liquid,
increasing the gray level difference between the dry earth plaster and material containing
water. The presence of water in the earth is then easier to detect by the decrease of the gray

value of the pixels in the material.

A first program was developed on MATLAB to detect the position of the water front in the
earth plaster, allowing the measurement of the depth penetration and the spread of the

droplet during the time. The principle of this program is as follow: within a specific region of

11



223  interest (ROI), where the droplet spreads, the mean gray level of the pixels is calculated for

224  each horizontal line. An example of this ROl is given by the yellow frame on the Figure 2.

;D‘etéc_tiﬂon af«the

Bhrens (%0 em),

225

226  Figure 2: ROIs used for the gray level calculation to detect the position of the water inside the

227 plaster

228  Areference gray value is set from a dry zone inside the plaster. A threshold is set at £0.02%
229  of this base value. Then, when the mean grey value calculated from the ROI overcomes this
230 threshold, the position corresponds to the location of the water front inside the material. To
231  illustrate this method, Figure 3 shows the mean gray value for each row of the yellow ROI,
232 from the top (at left; O pixels) to the bottom (at right; 220 pixels). One can see that the mean
233 grey value overcomes the threshold around 105 pixels, then the position of the water front
234  is at 105x20 um = 2.1 mm from the surface of the plaster since the upper side of the ROI

235  corresponds to the surface of the sample.
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Figure 3: Determination of the water front position with the mean gray value in the yellow

ROI (Figure 2) using the threshold

To measure the spreading, the same procedure is used, but the ROl is selected just under
the surface of the sample where the droplet impacts, and the calculation is made for vertical
lines instead of the horizontal ones. The results here indicate the size of the spread over the
time. An example of this ROl is given by the green frame on the Figure 2. Most of the time,
the threshold was equal to 0.02% of base gray value from the dry zone. However, for some
samples where the noise was too important, the threshold has been set to 0.03%. For
different samples, the spread was measured with these two values of threshold, leading to a

2% maximum error on the measurement.

A second MATLAB program was developed to follow the relative quantity of water inside the
material. The selected ROI, described on Figure 4, needs to surround all the penetrated
droplet, then the mean of the gray level of each pixel of the ROI is calculated. This mean

value is calculated over the time and compared to the initial mean gray value, giving a gray

13



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

value variation over the time. This allows the observation of the drying phenomenon, and its
speed rate. Because the average gray value of the picture drift slightly with time, due to
instability of the X-Ray source, a small ROl inside the material is selected, at a location where
it is certain that there cannot be water. In this ROl the same calculation is made, and the
result, assimilated to a slide, is subtracted to the main gray level variation. With this
addition, this code leads finally to the variation of the total gray value of the droplet in the

material, which can be representative of the water mass.

This method can be summarized by the following equations. GVR is the sum of the pixel’s
gray value for the droplet’s ROI, and GVD is the sum of the pixel’s gray value for the drift’s
ROI (i.e. far from the droplet). The suffix “I” refers to the initial value (before the drop of the
droplet), the subscript “average” is added when the total gray value (GVR or GDV) is divided
by the number pixel of the considered ROI: ndroper OF Ndrie. Finally, AGVRgperqge is the

variation of the average gray value in the droplet’s ROl due to the presence of water.

GVR GVD

GVRaverage = Ndroplet and GVDgverage = ?ift (2)
GVRI GVDI

GVRIaverage = Naroplet and GVDIaverage = arife (3)

AGVRaverage = (GVRaverage - GVRIaverage) - (GVDaverage - GVDIaverage) (4)

14
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Figure 4: ROIs used to measure the gray variation level over the time (size: 1.2x0.4cm yellow

/ 0.2x0.2cm blue)

3.2 Water droplet spreading and penetration depth

The X-ray microtomography method developed here aims at understanding the role of the
surface and volume on the penetration of a water droplet in earth plasters. Two parameters
are obtained from the image analysis described before, the water droplet penetration depth
D and water droplet spreading S. These parameters were monitored over time for all the

samples.

A representative example of the results obtained for all the samples is given in Figure 5(a).
The penetration depth D of the water droplet impacting the surface can be decomposed in
two phases. First, a quick increase of D during the first seconds is due to the speed of the
droplet; here D goes from 0 mm to 1 mm within the image rate of 10 fps. Then, following a
diffusion process inside a porous material, D increases up to 3.5 mm in 400 seconds then
stagnates. Note that data are noisier at the beginning due to a smaller acquisition time

during the first 3 minutes.
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For a better analysis, D has been plotted as a function of log(t), as shown on the Figure 5(b).
It is worth noting that the initial penetration Di, which can be extrapolated by the intercept
of the regression line, is approximatively equal to 1 mm. The slope of this regression line
gives information on the penetration speed of the droplet during the water diffusion

phenomenon.

O T T T T T T T
0 200 400 600 800 1000 1200 1400

time (s)

1600

1000 10000

log(t)

Figure 5: Water depth D over (a,top) time; (b,bottom) log(t) for sample A1 (b,bottom) with

regression to intercept the initial depth Di
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The evolution of the spread S is similar of that of depth D, as it can be seen on Figure 6(a),
with a quick increase from 9 mm to 11.75 mm during the 3 first minutes, followed by a
stagnation and even a slight decrease to 11.5 mm. This means that the drying has already
started and the water inside the material begins to withdraw on the sides. The initial
spreading occurs in a very short time of less than 20 ms [29] that cannot be observed with
the acquisition rate of our apparatus. The initial spread So considered here is thus the one
when the droplet is pinned to the surface by the capillary forces [29]. It is known from
previous work [29] that for an impacting droplet with the same speed and volume, the initial
spread is smaller than 9mm. As for D, S is plotted as a function of log(t) on the Figure 6(b),
showing that the speed of the water droplet spreading within the plaster is constant for the

first 3 minutes.
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Figure 6: Water spread over (a,top) time; (b,bottom) log(t) for sample A1l

The Table 4 sums up the results for the final depth penetration Df and spread Ssfor each
earth plaster sample. At a first sight these two parameters Dy and Ssvary from one sample to
another, with the following tendency: the droplet penetrates deeper for the A series, with
lower clay content, higher R, and A-value; and the droplet spreads more for the B series with
higher clay content, lower R, and A-value. However, a deeper analysis is required to

determine if this difference is due to surface properties, volume properties or both.

Sample Al A3 A5 A9 Bl B1C B1S B2 B5

Df(mm) 3.75 3.75 4.3 3.55 2.9 2.8 1.9 2.75  2.25

Sf(mm) 12 11.4 11.4 12.5 13 12.1 13.1 14 13.3

18
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321
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324

325

Dy /Sy 0.32 0.35 0.38 0.37 0.25 0.24 0.15 0.22 0.17

Table 4: Parameters D and St, and ratio Dz /S for all the samples

The depth-on-spread ratio Df/Ss has also been studied in this paper. It is an indicator of the
shape of the droplet and how it develops within the earth plaster. Since Ds and Sf vary

strongly between the samples, the Ds/Syis also very different from one sample to another.

3.3 Water drying monitoring

Since the duration of acquisition was 23 minutes and only one droplet has been dropped on
the sample, it was possible to observe and monitor the water drying inside the sample, with
the method described with (eq.4). Figure 7 shows an application of this method on the
representative sample Al. AGVR measured the X-ray attenuation due to the water, thus it
should be proportional to water mass. At first, an immediate decrease of total intensity
signifies that the droplet has penetrated through the surface. Then the drying begins and
follows for the entire duration of the experiment the same slope of 0.0043. The drying is not
yet over since it should end when the gray variation reaches 0, except modifications to the

plaster due to the water droplet.
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327 Figure 7: Gray value variation over the time per pixel inside the ROl surrounding the droplet

328 (see Figure 4) for the sample A1

329 The drying slope has been normalized by the final dimeter Sy in order to have a drying rate
330 independent of the size of the drying area. Table 5 summarizes the results for all the
331 samples. The drying rate for the A series is considerably higher than the B series, highlighting

332  that the composition of the plaster has a great influence on this drying rate ¢.

Sample Al A3 A5 A9 B1 B1C B1S B2 B5
@(s) 3.24E- 2.56E- 3.63E- 2.74E- 1.69E- 2.01E- 2.09E- 1.88E-  1.49E-

05 05 05 05 05 05 05 05 05

333 Table 5: Drying rate for all the samples

334

335 3.4 Pore size determination
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Table 6 presents three levels of porosity. First npyeno is the total porosity of the material,
determined experimentally with the pycnometer. However, this technique does not give any
information about the pore size distribution. Consequently, a custom MATLAB code has
been designed in order to obtain the porosity of the sample from a 3D image. The porosity
detected with this method is noted n:mo. Since the pixel size for the experiment was set at
20um, it is the smallest size of pore that this program is able to detect. Finally, the amount of

small pore ns (<20um) is the difference between npycno and Neomo.

Sample Al A3 A5 A9 BL BIC  B1S B2 B5
Noyeno (%) 30 32 25 26 26 18 22 26 27
Ntomo (%) 8 18 21 12 4 8 5 5 3

ns (%) 22 14 4 14 22 10 17 21 24

R.(um) 164 287 293 235 117 145 9.3 13.8 5.2

Table 6: Three levels of porosity and R, obtained for all the samples.

The porosity niwomo is quite small compared to npycno, as only pores larger than 20um are
considered. The largest porosity npycno was for A1 and A3 sample, due to the worst particle
size stacking, stable around 26% for the other ones, and lowest for STA and Confluence earth
(samples B1C and B1S). The porosity ntwmo for the A series is considerably higher than the B
series. In one hand, the role of the granulometry can be easily highlighted: the sample A5,
which is composed of the largest sand granulometry, presents a 21% n:womo porosity on its
25% npycno porosity, therefore only 4% of the pore are under 20 um. On another hand: the
role of the clay is remarkable: the sample B5, which is composed by the largest amount of
clay, present only a 3% ntmo porosity on his 27% npynco porosity, so 24% of the pore are under

20 um. The roughness R, has been rewritten in this table in order to compare it to the
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results of porosity. It appears that there is a consistent tendency between Rqs and ntomo,

suggesting that the samples with the highest amount of big size pore are also the roughest.

4 Discussion

In order to understand how the depth-on-spread Df/Sy ratio is related to the material by a
surface or volume effect, it is plotted versus the R, values on Figure 8(a), and versus the A-
value values, on Figure 8(b) for all the samples. The R, is a surface parameter whereas the A-
value depends more on the volume composition of the sample (granulometry, % of earth,

porosity...).
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Figure 8: (a, top) ratio D¢/Ss over surface parameter Rq; (b, bottom) D¢/Sf over volume

parameter A-value for all the samples

Both Rq; and A-value seem to have an influence on the D/S ratio. The hypothesis proposed
here is that the final ratio Dg/Sy is driven by both surface and volume phenomenon, but at

different timescales.

First, when the water droplet impacts the surface, it spreads over it and some of the water
penetrates into the material in a very short time (<1sec (logl)) due to inertial effects. The
kinetic energy of the water droplet forces it to penetrate through the porosity, while the

friction of the water around