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Micromechanical study of Raw Earth stabilization
using instrumented indentation
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Alkali-activated slag is used as a stabilizer in earthen materials to improve their mechanical properties and
to reduce their sensitivity to water. The efficiency of this stabilization is assessed through the mechanical
characterization of samples made of three stabilized raw earths (RE) with different mineralogical
compositions and equilibrated under five different hygrometric conditions. Instrumented indentation
tests are used to evaluate the cohesion of the stabilized samples as this testing method allows the
characterization of the mechanical properties of brittle porous materials at a local scale. The results show
an increase in hardness and elastic modulus and a strong decrease in water sensitivity of the three
different RE with increasing slag and activator contents.
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1 Introduction

Earth-based materials have a great potential for reducing the environmental footprint of buildings due to
their low environmental impact and their moisture and thermal buffering capacity [1-4]. However, the
mechanical properties of raw earth (RE) materials and their sensitivity to water [5,6] are a strong limitation
for amore widespread use. Currently, RE are stabilized with an addition of cement to improve compressive
strength in dry and humid environments [7-10]. However, the addition of cement increases the
environmental footprint of the material, significantly reduces its hygrothermal properties and thus its
thermal and hydric buffering capacity [11-14]. A potential solution to limit these drawbacks is the
stabilization of RE with alkali-activated slag, which has a lower global warming impact than cement [15-
17]. However, only a few works have focused on the study of the mechanical properties of such materials
and especially on the influence of relative humidity [18—-22].

Regarding the mechanical properties of RE materials, the most common tests are the unconfined
compressive strength (UCS) [20,22-24] and the triaxial shear stress test [20,25] on centimeter-sized
samples. Yet a characterization of the mechanical properties at a local scale is needed to study the
interactions between hydrates and clayey particles of the RE in stabilized samples. Instrumented
indentation testing is a more suitable method for this purpose, enabling the determination of hardness H
and elastic modulus E on small size samples [26—28]. These mechanical parameters are related to the
cohesive forces that develop within the material, especially for granular cohesive-frictional materials such
as RE [29-31]. Surface penetration testing is notably used in geotechnics to measure the mechanical
resistance of soils. The interest in using a spherical indenter lies in the fact that it allows the
characterization of heterogeneous samples and limits macro-cracking [32], a critical issue when testing
brittle materials. Moreover, the measurements can be performed on small specimens, which is particularly
critical when studying the fine granulometric fraction of RE as it reduces the consumption of raw material
and limits shrinkage-induced cracking during curing. Finally, the test duration can be short, limiting the
drying effects during measurements, and several tests can be performed on the same sample, facilitating
data collection and further statistical analysis.

The main objective of this study is to characterize the mechanical efficiency of RE stabilization with slag
using instrumented indentation. Only the fine granulometric fraction of the RE (< 400 um) is considered in
order to focus the study on the mechanical interactions between the clayey particles and the hydrates
formed during slag hydration. In particular, the mechanical characterization is carried out over a large
range of hygrometric conditions in order to study the water sensitivity of the samples, a critical parameter
regarding earthen materials [23,25,33—-35]. The use of local tests on specimens made only of the binding
phase (slag and RE), this for different environmental conditions, represents an original approach as
compared to previously published works.

The mechanical characterization is supported by microstructural investigations to study the influence of
the stabilization on clayey particles, as described in a companion paper [36].



2 Material and Methods
2.1  Materials

Three different RE were studied to evaluate the impact of their mineralogy on the stabilization by alkali-
activated slag. The RE labeled as FAC are residues of quarry washing sludge. Levens (Lev) and St-Martin
(SM) are two natural REs from the south of France and provided by Filiater (Nice, France). The studied RE
fractions are characterized by standardized geotechnical methods to assess their physicochemical
properties (Table 1, see [36] for a detailed description of the experimental methods).

Table 1: Geotechnical characterization results of the three raw earths.

FAC Levens (Lev) St-Martin (SM)
dio / dso / dgo (1m) 14 /54 /92 42/57/77 2/39/73
Dry density (g/cm3) 2.54 2.47 2.63
Specific Surface Area (m?2/g) 25.5 441 58.0
Clay content Slightly clayey Moderately clayey Moderately clayey
Calcite, quartz, Quartz, calcite, Quartz, calcite,
Mineral nature dolomite, kaolinite, muscovite, albite, muscovite, albite,
muscovite kaolinite kaolinite

FAC mainly contains carbonated species such as calcite and dolomite, the clayey particles are kaolinite and
muscovite. In particular, kaolinite has no significant surface charges and no specific interactions with water
[37,38]. Lev and SM have similar compositions, their main components being quartz and calcite.
Montmorillonite belongs to the smectite group and presents a high specific surface area, a high surface
charge density and a high swelling potential due to water absorption [38—40]. Its presence in Lev and SM
mainly explains their higher clayey activity as compared to FAC [41]. SM presents a slightly lower content
of montmorillonite but a significantly higher content of muscovite than Lev, explaining its higher specific
surface area.

The ground blast furnace slag (GBFS) used is provided by ECOCEM, France. Its physicochemical properties
have been presented in a previous paper [42]. The alkaline solutions used for slag activation are two
sodium hydroxide (NaOH) solutions of 4 and 12 M based on a previous work [42]. The 4 M solution is
considered to be just above the minimal concentration required to achieve satisfactory activation of the
slag after 28 days of curing. Conversely, the 12 M solution is just above the optimal concentration and
corresponds to a slight excess of sodium concentration [42].

2.2 Samples Preparation

The samples are obtained by mixing together two primary pastes: the first one is made of RE mixed with
deionized water and the second one is made of the alkali-activated slag paste in the fresh state. The latter
is obtained by manually mixing anhydrous slag with the activating solution for 2 minutes. The slag paste is
mixed with the wet RE paste immediately after its preparation to avoid any hardening. Thanks to the



deflocculation of slag grains in the activating solution, this protocol enables to obtain a homogenous mix
and then a homogeneous distribution of the slag-based binder in the sample. The water to slag ratio and
the water to RE ratio are kept constant and both equal to 0.4. The added slag content is evaluated through
the ratio of the dry mass of slag to the dry mass of RE and is setto 0, 5, 8, 10, 12 or 15%. Samples with no
added slag are formulated to have a similar sodium content as the formulations with 15% of added slag to
study the effect of the addition of sodium hydroxide on the RE behavior. The samples without added slag
are referred to as unstabilized samples.

After mixing, the samples are poured into prismatic molds with a cross-section of 4 x 6 mm? and a length
of 40 mm. The molds are then kept in a controlled atmosphere of 23 + 2°C and relative humidity (RH)
greater than 95% to prevent drying shrinkage or moisture gradient in the sample. The samples are
demolded after 24 hours and sealed in tightly closed plastic film and plastic bags to maintain endogenous
conditions for curing. Mechanical tests and microstructural characterization are all performed after 28
days of curing.

The evolution of mechanical properties as a function of moisture content is studied on four specific
formulations for each RE (Table 2) by conditioning the samples in five different hygrometric atmospheres
using saturated hygroscopic salt solutions (Table 3). After 28 days of curing under endogenous conditions,
the samples are unsealed and transferred to sealed boxes at different humidity levels and constant
temperature (23 + 1°C) until a constant mass is reached. The mass is considered constant when the
difference between two consecutive measurements over 24 hours is less than 0.1%.

Table 2: List of the formulations studied in different hygrometric conditions and the associated sodium concentrations (in the
activating solution, ratio of Na;0/RE and total concentration in the sample) after mixing. RE* (raw earth) stands for: FAC (clay-
limestone residues), Lev (Levens) or SM (St-Martin). The water to slag and water to RE mass ratio are both equal to 0.4.

Nomenclature Slag / RE* [Na]solution Na,O / RE* [Nalsample
(wt%) (M) (Wt%) (M)
RE* 0_12M 0 12 2.25 1.81
RE* 5 _12M 5 12 0.75 0.58
RE* 15_4M 15 4 0.75 0.53
RE*_15_12M 15 12 2.25 1.58

Table 3: Humidity levels and associated saturated salt solutions used for the RH controlled boxes at 23°C.

Relative Humidity (RH) Saturated solution Chemical formula
33+1% Magnesium chloride MgCl,
45 +3% Potassium carbonate K2COs3
65 +3% Ammonium nitrate NH4NO3
85 12% Potassium chloride KCl
>98 +1% Water H.0




2.3 Characterization Methods

Instrumented indentation

Instrumented indentation allows to measure the hardness and elastic modulus at a local scale [26], by
monitoring the applied force and the penetration of the indenter into the material. In standard indentation
tests, hardness H is typically measured by the ratio of the maximum applied load, Pmax to the area of the
hardness impression, A, left by the indenter on the surface of the material after complete unloading. In
instrumented indentation, the determination of the contact area is made from the continuous
measurement of the penetration depth during a loading-unloading cycle.
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Fig. 1: (a) Typical load — displacement curve of an instrumented indentation test (black) and representation of the slope of the
unload curve at the point of maximum force (red), a dwell at maximum load is applied to limit viscous effects during unloading.
(b) Cross-sectional schematic representation of the test. h,: residual depth, h.: contact depth, hpmax: maximum depth and hs:
elastic spring back.

Hardness H, is defined as the ratio between the maximum applied load, Pmax and the projected area of
contact between the indenter and the material, Ac:

Pmax

Ac

H = (1)

It corresponds to the average contact pressure on the surface.
In the case of axisymmetric indenters, the Young’s modulus can be determined using the following

equation derived by Sneddon:

(2)



with Ac the area of contact and S the slope of the unloading curve at the point of maximum load (S =
dP/dh, Fig. 1.a), and E, the reduced modulus defined as:

1 (A-v) 1d-v)
I + £ (3)

where E and E; are the elastic modulus and v and vi the Poisson’s ratio of the material and of the indenter
respectively.

The contact area between the indenter and the surface of the material depends on the penetration contact
depth h. (Fig. 1.b) and on the tip geometry. In the case of a perfect spherical indenter, they are related by
the following relation:

A, = ma? = 2nRh, — wh? (4)

with a the radius of the projected contact area and R the radius of the indenter (Fig. 1.b). The contact
depth is determined from the total penetration depth using the following equation, as given by Oliver and
Pharr [27]:
Pmax
5
5 (5)

he = hpax — €

with hmex the maximum penetration of the tip to the samples surface, Pmsx the maximum load, S the initial
slope of the unloading curve and € a geometrical parameter equal to 0.75 for a spherical indenter [27].

Therefore, hardness and elastic modulus depend on the determination of the slope of the unloading curve
at maximum load (S). This slope can be calculated by two methods, either by a linear fit of the upper part
of the unloading curve at the maximum load, or by the power law fit of the unloading curve through the
following relationship [27] and the calculation of its derivative at maximum load:

P =C,(h—hg)™
where C.,, m and hy are the parameters of the fit.

Both methods are used in this work considering that the unloading curve fitting with a power law could be
delicate due to some events in the curve and to the quality of the data set. The determination of the
unloading slope is carried out using a home-made Matlab program [43] which also takes into account the
stiffness corrections of the testing equipment. The use of Oliver and Pharr method has already been
validated on spherical indentation tests on porous inorganic materials [26,32,44,45]. It has also been
validated on the materials of interest in this work by measuring the contact radius of the residual imprint
and by comparing it to the calculated value (Fig. 2). The difference between the experimentally observed
contact radius and the calculated one is less than 2%. Furthermore, no piling up was observed around the
residual impressions, as already noted for porous mineral materials prone to microcracking and
densification under the impression [26,32,46].
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Fig. 2: SEM image (SE mode) of a residual impression on the SM_15_12M sample. Pmax = 10 N, R = 1.5 mm, calculated contact
radius from Eq. (4) and (5): a = 460 um, measured contact radius (yellow circle) = 452 um.

The tests are performed on an ElectroForce 3200 machine (TA instruments, USA) equipped with a 22 N
load cell with a resolution of 0.05 N and a capacitive displacement transducer with a measurement range
of + 0.5 mm and a resolution of 0.5 um. The load rate is kept constant to 0.32 N/s during loading. The
maximum load is maintained during 5 s at the end of the loading cycle before unloading. The sample is
mechanically held during the test to prevent macroscopic movements that could affect the displacement
measurement.

The indenter used is a 3 mm diameter tungsten carbide sphere. The use of a relatively large sphere enables
to test a sufficiently large volume of material to average the mechanical contributions of the different
components such as the RE particles, the anhydrous and the hydrated slag and the pores. A similar
approach has already been conducted on several brittle porous materials [26,32,44,46].

The maximum applied force is adjusted according to the characteristics of the material. On the one hand,
itis limited in order to avoid a too large damaged zone, which would affect the determination of the elastic
modulus of the material, and on the other hand, it must be sufficient to avoid the influence of the surface
roughness of the sample, as already described in [26]. The surface roughness of the tested samples was
measured with a RH-2000 high resolution optical microscope equipped with a non-contact confocal white
light profilometer NPS (Nano point scanner) and a NP1 sensor (Hirox, Japan). The measured average
surface roughness (Ra) of the samples ranges between 1 and 5 pum. The samples are not polished to avoid
any degradation of the surface and because impregnation with a resin would change the properties of the
samples. Therefore a minimum indentation depth of at least 40 um, corresponding to a contact radius of
350 um, was chosen in this work, to ensure that the test measures the average properties of the material,
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as a minimum penetration depth of five times the surface roughness is considered as sufficient to limit the
influence of roughness [32,47]. The corresponding applied load varies from 2 to 12 N depending on the
formulation. The level of applied force used in this work is large enough to limit a possible indentation size
effect noted for ceramics (typically below few mN [48]).

Typical load-displacement curves are shown in Fig. 3. A total of four tests are performed on each sample,
with two different samples for each formulation, i.e. 8 tests per formulation. The centers of two

consecutive indentations are distant by at least four times the contact radius to avoid interaction between
two adjacent measurements [26,32].

——FAC 5_12M
Lev_5_12M
——SM_5_12M

0 T T T T T T 1

0 10 20 30 40 50 60 70

Displacement (um)

Fig. 3: Load - Displacement curve of samples stabilized with 5 wt% of slag and an activating solution of 12 M.

The correlation between the measured hardness and the measured elastic modulus is shown in Fig. 4.
Despite some scatter in the experimental data, a clear correlation between the two parameters can be
noted, as already found in literature on both porous ceramics [32,44] and bone tissue [49].
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Fig. 4: Correlation between measured hardness and elastic modulus on all SM raw earth samples tested.

Therefore, in the following section only hardness values will be presented for the sake of comparison
between the different formulations tested, especially since hardness values are slightly less scattered than
elastic modulus values. However, it should be noted that, in the case of spherical indentation, the hardness
values are not intrinsic to a material but increase with the depth of penetration in the material [50] (Fig.
5). In fact, for small applied loads the behavior can be considered as mainly elastic, possibly described by
the Hertz theory of elastic contact. As the applied load increases, a damaged zone is progressively created
under the indenter, with an increase in the residual penetration depth. Hardness versus the ratio of
contact radius to the sphere radius, a/R, is often plotted to characterize a material behavior in
instrumented indentation and is referred to as a “contact stress-strain” curve (Fig. 5) [50]. Note that other
definitions of indentation strain exist in literature [51,52].

In this study, all the results presented are obtained with a 3 mm diameter sphere and at a similar
penetration depth, and therefore at a similar range of a/R ratio (Fig. 1.b), ranging between 0.45 and 0.60
depending on the formulations. For inorganic porous materials, the increase in hardness with penetration
depth is very pronounced after the creation of a damaged zone below the surface and an almost constant
hardness value is obtained for a sufficient penetration depth [32], which is the case in this work for a/R
values above 0.45 (Fig. 5).
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Fig. 5: Evolution of hardness with the depth of indentation expressed as the a/R ratio (contact radius on sphere radius) for
samples stabilized with 5 wt% of slag and an activating solution of 12 M.

Characterization of hydric properties

The water content W of the samples was measured immediately after the indentation test. The wet mass
of the samples my.:, after conditioning in different environmental conditions, is measured before placing
the sample in an oven at 105 °C until constant mass. The dry mass of the samples myis then measured and
the water content is calculated from the relation:

W = Myet — Mg (6)
mg

The total capillary pore volume V was obtained considering that near saturation in humidity (RH = 98%) all

the pore volume in which capillary condensation may appear is filled by liquid water. Thus, the capillary
pore volume is given by:

V= mw,98%/pw 7

with m,, 9g9, the mass of water in the sample at 98% RH (m,, 950, = W (98%) - my) and p,, the density of
water at 23°C (p,, = 0.997 g/cm?).
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The molar quantity of adsorbed water (n%, mmol/g) was determined as follows:
azMw 103 =W M0 (8)
My, o0 H,0
The water content of the samples conditioned at different RH levels (Table 3) is used to determine the
specific surface area of the samples by applying the BET method [53,54]. The BET equation gives the
relationship between the adsorbed water and the relative pressure of water [55]:
Cx

1-x)(1—-x+Cx)

n

na

=n$n-

(9)

where n? is the molar quantity of adsorbed water, n%, is the molar quantity of water needed to cover the
accessible surface with a monolayer of molecules, C is the BET constant of the material and x is the relative

pressure of water (x = P% = RH(%)/100).
The experimental quantity of adsorbed water versus the relative pressure of water x was interpolated
using the Akima split method on OriginPro software to obtain a continuous curve of adsorption from the
discrete experimental data points. To determine the parameters C and n%,, the interpolated data are fitted
with the linearized expression of the BET equation (Eg. (10)) in the linear range of adsorption, which was
here considered between 0.1 < x < 0.3.
x 1 c—-1
ne(1—x) n%cC * [n?nC

]x=b+sx (10)

with s and b the slope and intercept respectively of the linear fit which enable to determine C and n%
through the following relations:

c=241 (11)
)

1

5C (12)

Nm =

The specific surface area A was then obtained with the following equation:

with N the Avogadro number and a,, the molecular cross-sectional area of water (a,, = 1.15 x 10" m?
[56]).
Characterization of microstructure

Scanning electron microscopy (SEM) observations were performed on a Vega 3 SEM (Tescan, Czech
Republic). Observations were made on gold coated samples using back scattering electron (BSE) mode,
with an acceleration voltage of 5 kV and a working distance of 5 mm.
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3  Results

3.1 Indentation Results for Endogenous-cured Samples

Hardness measurements on the samples cured under endogenous conditions for 28 days are shown in Fig.
6 as a function of the added slag content and for the two concentrations of the activating solution (4 and
12 M). For FAC and Lev samples, the evolution of hardness with increasing slag content is similar and
presents three main phases: an increase between 5 wt% and 8 wt%, followed by a plateau up to 12 wt%
and by a significant increase at 15 wt%. This evolution can be explained by an increase in the volume
fraction of hydrated slag (see section 3.4). Nevertheless, some differences can be noted depending on the
nature of the RE. Especially, no significant evolution in hardness is noted for FAC samples between the 4
and 12 M activating solution (Fig. 6.a) on contrary to what is observed on Lev samples stabilized when the
slag content is above 5 wt% (Fig. 6.b). Moreover, a significant increase in hardness is observed for Lev from
12 wt% of slag with 12 M activating solution whereas it is observed from 15 wt% for the FAC samples and
the Lev samples stabilized with the 4 M solution. It is worth noting that, under endogenous conditions, the
hardness values obtained with Lev are the highest among all the samples tested.
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Fig. 6: Evolution of hardness at 28 days for samples cured in endogenous conditions as a function of the content of added slag

and the sodium concentration of the activating solution for (a) FAC, (b) Lev and (c) SM raw earths.
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For SM samples (Fig. 6.c), only the results for the 12 M activating solution are presented. Indeed, the
addition of sodium hydroxide to a raw earth modifies its rheological behavior through the flocculation or
deflocculation of clayey particles due to the interaction with Na* cations of the activating solution [57-59].
In the case of the SM raw earth, which presents the highest clayey content (Table 1), this flocculating effect
is too important to allow a satisfactory preparation of the samples with the 4 M activating solution on the
whole range of slag addition studied and in particular for slag contents lower than 10 wt%. In these
conditions, the stabilized paste obtained after mixing is not fluid enough to cast proper samples for
indentation measurements. However, when the 12 M solution is used, the sodium content is sufficiently
high to achieve a deflocculating effect and samples can be cast. SM samples stabilized with the 12 M
activating solution present a different evolution of hardness with increasing slag content as compared to
the other two RE. First a slight increase up to 10 wt% of added slag is noted, followed by a plateau value
above 10% of slag content.

3.2 Indentation Results with RH Level

The influence of water absorption on hardness of the samples conditioned under controlled humidity is
first presented for samples containing sodium hydroxide but without slag addition, by plotting the
hardness versus the relative humidity (Fig. 7.a) or the water content (Fig. 7.b).

13
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Fig. 7: Evolution of hardness versus (a, c) relative humidity and (b, d) water content for the samples with sodium hydroxide

addition only (a, b) and for samples with 15 wt% of slag addition (c, d). The dashed lines represented in (b) correspond to

exponential fits (Table 4).

All the unstabilized samples show a significant decrease in hardness with increasing RH (Fig. 7.a) or water
content (Fig. 7.b). The decrease is significant for RH values higher than 45%, corresponding to water
contents higher than 3.3%. The minimal hardness, almost equal to zero, is reached when the RH is equal
to 98% (FAC: 1.2 MPa — Lev and SM: 0.7 MPa), corresponding to a maximal water content in the samples
(> 15%). The decrease in hardness with the water content follows an exponential decay for the three RE.

The equations and correlation coefficients are given in Table 4.
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Table 4: Literal expression, numerical parameters and correlation coefficients (R?) of the exponential fit of hardness (H) evolution
with water content (W) (Fig. 7.b).

Equation H=a+b-exp(—c-W)
a b c R?
FAC_0_12M 1.12+0.18 35.11£4.95 0.31+0.04 0.989
Lev_0_12M 0.68 £0.23 30.21£3.76 0.42 £0.05 0.998
SM_0_12Mm 0.66 +0.05 37.21+19.77 0.59+0.16 0.994

For low (< 45% RH) and medium (< 65% RH) relative humidities, the measured hardness is significantly
different for the three RE. Unlike the samples kept under endogenous conditions (Fig. 6), hardness values
for the FAC samples are higher and the decrease with RH or water content is more pronounced than for
SM and Lev, as evidenced by the lower exponential constant (c) for this sample (Table 4). Lev presents
intermediate hardness values and SM the lowest.

Evolution of hardness with either the RH or the water content is also shown for stabilized samples with
15 wt% of slag addition and a 12 M sodium hydroxide solution (Fig. 7.c-d). On the one hand, the difference
in hardness between the three RE is significantly reduced as compared to unstabilized samples (Fig. 7.a).
In particular, at relative humidities lower than 45%, the stabilized samples present an important increase
in hardness for both Lev (+77% at RH = 45%) and SM (+122% at RH = 45%) as compared to unstabilized
samples, while the hardness for FAC is almost constant (-6%, for RH = 45%). Hence, the hardening due to
the addition of slag depends on the mineralogy of the raw earth and is higher for Lev and SM than for the
FAC.

On the other hand, the water sensitivity of hardness is strongly reduced with slag addition, with no
significant decrease noted up to 85% RH. Besides, the values obtained at 98% RH are significantly higher
than those of the unstabilized samples: 13.1 MPa, 8.3 MPa and 6.6 MPa for the FAC, Lev and SM samples
respectively. The loss in hardness at 98% RH as compared to 33% RH, is significantly reduced for stabilized
FAC samples (-33%) and, to a lesser extent, for Lev (-55%) and SM (-51%) samples. The maximum water
content is also reduced for stabilized samples as compared to unstabilized ones. This reduction is greater
for SM (-54%) than for Lev (-21%) and the FAC (-36%). Finally, even though hardness decreases globally
with water content (Fig. 7.d), no satisfactory correlation between hardness and water content can be
found for stabilized samples. The water content above which the decrease in hardness becomes significant
is above 6%, twice the value observed for unstabilized samples (Fig. 7.b).

The influence of formulation on the efficiency of slag stabilization is studied through the evolution of
hardness and water content with the RH level for all the formulations of the three RE tested (Fig. 8).
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Fig. 8: Evolution of hardness as a function of (a, c, ) the conditioning relative humidity and of (b, d, f) the water content
measured on (a, b) FAC, (c, d) Lev and (e, f) SM samples. The dashed lines in b, d, f are guides to the eye.
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Regarding the hardness evolution with RH (Fig. 8.3, c, e), two main ranges of RH can be identified, below
and above 65% RH:

- In the low RH range, the hardness increases due to stabilization and strongly depends on the
nature of the RE.

- Conversely, in the high RH range, all the stabilized formulations present higher hardness values as
compared to the samples with no slag addition (labelled RE*_0_12M), although the extent of the
improvement also depends on the nature of the RE. For RE*_15_12M, FAC samples present the
highest hardness (13.1 MPa) before Lev (8.5 MPa) and then SM (6.6 MPa) samples. In addition, all
the stabilized samples show a reduced water content at high RH but this reduction also depends
on the nature of the RE (Fig. 8.b, d, f).

Regarding more specifically the FAC samples, there are no significant differences in the hardness evolution
with humidity between the two samples stabilized with 15 wt% of slag, i.e. activated with 4 M and 12 M
solutions (Fig. 8.a). Both present higher hardness values than the sample with only 5 wt% of slag.
Nonetheless, the water content at high humidity of the FAC_15_4M sample is much lower than the
FAC_15_12M (Fig. 8.b) and the FAC_15_12M formulation shows higher hardness values with water
content, especially above 4%. This emphasizes that the hardness improvement observed for the
FAC_15_4M formulation at high humidity is partly due to a reduction of the water content. This also
explains the hardness improvement observed in the high humidity range for the FAC_ 5 12M and
compared to the unstabilized formulation (Fig. 8.a) since the water content measured on the FAC_5 12M
is always lower and does not exceed 4% (Fig. 8.b and Fig. S1.a). Regarding the evolution of hardness with
water content, the FAC_5 12M formulation is even detrimental since the hardness values are always
lower than the unstabilized samples for similar water contents.

For the Lev raw earth, the Lev_15_12M sample shows the highest hardness values in the whole humidity
(Fig. 8.c) and water content (Fig. 8.d) ranges. The Lev_15_4M formulation shows very little variation of
hardness in the whole humidity range (Fig. 8.c) and this is due to a nearly constant water content (Fig.
8.d). Even if the hardness at 98% RH is close to that of the Lev_15_12M sample, the water content is much
lower (Fig. 8.d). For the Lev_15_4M formulation, the stabilization significantly reduces the adsorption and
desorption of water. However, it should be noted that the hardness does not decrease at 98% RH despite
a much higher water content. This could be explained by a higher degree of reaction of the slag favored
by the higher water availability and by the longer equilibration time (42 days) needed at high humidity. As
noted for the FAC raw earth, the LEV_5_12M formulation shows low water contents in the whole humidity
range, and especially inferior to 4%, even at the highest humidity level (Fig. 8.c). The lower water contents
for the Lev_5_12M than for the Lev_0_12M in the high humidity range explain the higher hardness values
observed for RH superior to 65% (Fig. 8.b). Nevertheless, at the same water content, the Lev_5_12M
formulation shows lower hardness values than the unstabilized one.

Regarding the SM samples, the highest hardness values are obtained for the SM_15 12M sample followed
by the SM_5_12M sample and then the SM_15_4M sample either in terms of relative humidity (Fig. 8.e)
or water content (Fig. 8.f). However, the hardness improvement with stabilization is much lower than for
the other raw earth. The water content at high humidity is significantly reduced for all the formulations
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(Fig. 8.f). For SM samples, the critical parameter for the stabilization seems to be the concentration of the
activating solution over the content of added slag.

3.3 Porous Structure Characterization

For the three RE, the reduction in water content above 65% RH for the samples RE*_15 4M and
RE*_5_12M as compared to unstabilized samples is associated to the reduction of capillary condensation
in the macropores [60]. This results in an important reduction of capillary condensation for the three RE,
characterized by a decrease in the total capillary pore volume (Eq. (7)) as illustrated in Fig. 9.a. and by the
sorption isotherms performed on block samples, available as supplementary material (Fig. S1). The
reduction in capillary volume also comes with a decrease in specific surface area (SSA) as compared to the
RE*_0_12M formulations (Fig. 9.b). The decrease in SSA is explained by the flocculating effect of clayey
particles and the closure of the interlayer clay sheets due to the interactions between the sodium of the
activating solution and the negatively charged clay layers [58,61-63]. Increasing the slag content, while
maintaining a similar sodium concentration, results in similar SSA for the RE*_15_4M formulations but to
higher pore volume for the FAC and Lev formulations. The higher content of adsorbed water observed for
the RE*_15_12M samples in the range of RH below 45% (Fig. S1) is associated to a higher proportion of
fine pores in the structure and a higher specific surface area (Fig. 9.b). In fact, the RE* 15 12M
formulations have similar or slightly higher specific surface area than the unstabilized samples but a lower
pore volume. The evolution of the pore volume and SSA among the formulations is similar for the all three
RE, although less pronounced for the SM formulations.
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Fig. 9: Evolution of (a) the total capillary volume Vt and (b) the specific surface area (BET) for the formulations of the three RE.

4 Discussion

Suitability of instrumented indentation to characterize the properties of stabilized RE at a local scale

Spherical indentation enables the estimation of local mechanical properties of RE and stabilized RE, i.e.
hardness and Young’s modulus, parameters shown to be highly correlated in this work (Fig. 4). No macro-
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crack is noted at the sample surface that could affect the measurement of E or H, thanks to the use of a
spherical tip (Fig. 2) [26]. The typical contact diameter of the indented zone ranges from 900 to 1800 um
(Fig. 2 and Fig. 5) which is more than 3 times the maximum particle size (400 um for raw earth particles
and 40 um for slag grains). Especially, the influence of heterogeneities such as entrapped air defects (Fig.
2) is limited in instrumented indentation as compared to flexion testing where it can initiate a premature
failure. Moreover, the relatively large volume tested allows to average the respective mechanical
contributions of clays, slag and porosity present in the material, which is demonstrated by the limited
relative scatter in the measurements (around 15%). This value is close to those already measured on other
mineral materials: 10% on porous alumina (single phase with nano-sized pores) [44], 10% on hardened
gypsum (single phase with micron sized pores) [64]. Here the material is rather heterogeneous at the scale
of the indentation imprint scale: multiphase materials (slag and raw clay), presence of unhydrated grains
and of large pores, which can explain the larger relative scatter. Instrumented indentation testing appears
as a suitable technique for evaluating the effectiveness of slag stabilization in reinforcing raw sail,
especially in wet conditions (Fig. 7.c). Indeed, one of the main advantages of this test method is the
characterization of small samples, which allows the moisture equilibrium inside the specimen to be
reached in a shorter time. Moreover, the use of small samples makes it possible to study samples of pure
paste obtained from the finest fraction of the raw earth while limiting the cracking due to restrained
shrinkage.

The hardness of unstabilized RE, and thus the cohesion of raw earth particles, decreases significantly as
the relative humidity of the surrounding atmosphere increases, especially above 45% HR (Fig. 7.a). This
decrease in hardness is due to the increase in water content on the sample by sorption and capillary
condensation in the pores of the material and the subsequent decrease in bonds between clays due to the
reduction in water suction [23,34] or in capillary forces [35]. In the case of unstabilized samples, the
hardness decreases exponentially with water content (Fig. 7 and Table 4). However, when RE is stabilized,
the decrease in hardness with relative humidity and water content is strongly limited as compared to
unstabilized samples (Fig. 7.c). This emphasizes the effectiveness of stabilization in limiting the water
sensitivity of raw soils. Stabilization also reduces the differences in the measured mechanical properties
among the three tested raw earth, thus limiting the influence of raw earth mineralogy on hardness.

Influence of the microstructure on hardness improvement

Two main mechanisms are identified for the improvement in hardness and reduction in moisture
sensitivity with the stabilization of RE: the microstructural organization of clayey particles and the
formation, through slag hydration, of a network of hydrates intertwined with the clayey matrix.

When the slag content (i.e. 5 wt%) or the NaOH content (i.e. 4 M) are too low to produce a network of
hydrates that percolates through the material [36], the hardness improvement remains unsignificant
under endogenous conditions (Fig. 6). The improvement in hardness with increasing relative humidity for
these samples as compared to unstabilized RE*_0_12M samples (Fig. 8.3, ¢, e) is mainly due to a reduction
in the water content (Fig. 8.b d, f) through the decrease in their sorption capacity. This decrease is
characterized by a reduction of the capillary volume and of the SSA measured from the sorption isotherms
(Fig. 9). In particular, the microstructures of stabilized samples are much denser than the unstabilized ones
that present large capillary pores [36]. The addition of weakly activated slag grains tends to decrease the
total pore volume of the material as the presence of sodium cations favors the flocculation of the clayey

19



particles, especially around the slag grains, leading to a decrease of the SSA. This explains why the water
contents in the RE*_5_12M and RE*_15_4M samples remain relatively low (< 4%) even at high RH (Fig.
8.b, d, f). Since the decrease in hardness is well correlated with an increase in water content (up to 6%) for
unstabilized samples (Fig. 7.b), the relative stability of hardness with relative humidity for RE*_5_12M and
RE*_15_4M samples can be explained by a limited water content (typically below 4%).

The presence of a higher amount of slag between RE_5_12M and RE_15_4M limits the reorganization of
clayey particles due to the interaction between sodium and the surface of the slag grains, which limits its
adsorption by the clays, and to the spatial occupation of the slag grains, which are relatively large
compared to the clays. The reader is

Finally, the relatively high hardness values measured at 98% RH for FAC_15_4M (11.5 MPa - Fig. 8.b) and
Lev_15_4M (7.7 MPa - Fig. 8.d) samples may be due to the longer equilibration time (up to 45 days) at
high RH needed to reach a constant mass which favors slag hydration and thus hydrates precipitation.

When the slag and sodium contents are sufficient to induce a satisfactory activation of the slag grains,
typically in the RE*_15 12M samples, the microstructure formed is dense [36] with a similar SSA and a
slightly lower capillary pore volume than the unstabilized samples (Fig. 9). This is explained by the
precipitation of hydrates with a high SSA in the porosity of the material. Unlike the clayey particles, the
electrostatic bonds between the hydrate particles are not significantly sensitive to water in the range of
RH tested. Regarding FAC_15 12M and Lev_15_ 12M, a percolating network of C-A-S-H phases is formed,
despite different structures [36]. In fact, the addition of 15 wt% of slag corresponds to a volume fraction
of the binding phase equal to 19%, considering a CSH density around 2.0 g/cm?3 [65]. This is consistent with
the values of the critical volume fraction required for percolation in multiphase materials with entangled
structure found in the literature [66—68]. In these cases, despite relatively high water contents (> 4%), the
hardness is improved in the whole RH range (Fig. 8.a - d). Especially, the hardness values of RE*_15 12M
are almost twice as high as those of the unstabilized samples for similar water contents. In addition, the
influence of the RE mineralogy is significantly reduced due to stabilization (Fig. 7.c). In the case of the
SM_15_12M sample, the hardness improvement is lower than for the other RE*_15 12M samples, both
under endogenous (Fig. 6.c) and controlled conditions (Fig. 7.c), especially at high water contents (Fig. 8.f).
This is due to the precipitation of the outer product layer, which forms a shell on the surface of the slag
grain [36]. This shell inhibits slag hydration and prevents the formation of a percolating network. This may
explain why, in contrast to the others two RE, the hardness values present a plateau and no improvement
with increasing slag content (Fig. 6.c). This illustrates the strong influence of the mineralogy of RE on their
properties. For more detailed information on the microstructural organization of the samples, please refer
to the companion article [36].

5 Conclusion

Spherical instrumented indentation appears to be a relevant technique to characterize the mechanical
properties of the stabilized raw earths. The main advantages of this characterization method are: the
limitation of cracking, the measurement at a local scale of the average properties of the different
entangled phases (clay, sand or hydrate particles), the possibility of performing a statistically
representative number of measurements on the same sample and the use of small samples which enables
a faster moisture equilibration under different RH conditions. This enables to characterize pure binder
samples, containing only the finest granulometric fraction of the RE.
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The stabilization of three different raw earths by alkali-activated slag enabled to increase the hardness and
the elastic modulus of the three different RE, especially in high RH conditions. However, the efficiency of
the stabilization with respect to the water content depends on the mineralogy of the RE, and especially on
its clayey activity by modifying the alkaline conditions of activation of the slag. The relative influence of
the critical parameters of stabilization, i.e. slag content and concentration of the activating solution,
depends on the mineralogical composition of the raw earth. In fact, the hardness improvement measured
in the RH range is related to two different mechanisms: (i) the structural organization of the clayey
particles, mainly influenced by the sodium content, which reduces the sorption capacity and therefore the
amount of free water, and (ii) the formation of a percolating network of hydrates by slag hydration, which
decreases the water sensitivity. Finally, the stabilization of raw earth shows an important influence on the
pore volume and size distribution in the stabilized samples, but a limited effect on the microstructure of
the clayey particles.
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