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Abstract: Soil has long been one of the most widely used building materials globally. The evolution
of soil-based construction materials has seen steady improvement over the centuries, even as tradi-
tional materials have given way to newer options like reinforced concrete. Nonetheless, soil-based
construction has maintained its relevance and, in recent decades, has garnered increased attention
due to sustainability concerns and renewed research interest. Among the innovative earth-based
materials, shot-earth (SE) stands out as one of the most advanced. Research on SE has facilitated
efficient handling of soil variability in mix design and provided structural engineers with relevant
models for dimensioning and detailing reinforced SE constructions. This paper focuses on studying
the durability characteristics of various types of SE to ascertain their ability to withstand environ-
mental degradation over their intended lifespan. The tests conducted indicate that SE can serve as
a viable construction material in numerous real-life scenarios, offering a sustainable alternative to
existing materials.

Keywords: shot-earth; physical properties; chemical composition; water absorption; durability

1. Introduction

Construction materials made from excavated soil are considered sustainable because
they have a positive impact on the construction industry’s supply chain and help reduce its
environmental impacts. Given that soil constitutes the most abundant construction waste,
with an annual amount of 18 million tons of unpolluted soil excavated in Switzerland [1],
it becomes evident that the positive effects on the environment and society also include a
reduction in landfill waste and the associated logistical costs and impacts [2]. Moreover,
a more efficient yet lighter supply chain, reduced landfilling of waste, and decreased
construction material costs, all contribute to cost reduction, thereby creating opportunities
to enhance the financial sustainability of construction projects.

Switzerland has heavily invested in cleantech innovation in recent decades, leading to
the emergence of numerous innovations in soil-based construction materials [3]. Similarly,
other countries have also made significant investments in the development of cleaner
materials, including those based on soil [2,4,5]. However, a further step must be taken to
reach a stage where these innovations penetrate the construction materials market. The
rationale is simple: despite the merits of these sustainable materials, professionals such
as architects, engineers, developers, authorities, and contractors need to be confident that
these materials can be used without compromising the safety, serviceability, and durability
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of constructions. Additionally, they must ensure that these materials can be manufactured
and installed seamlessly while remaining economically viable.

Shot-earth (SE) is a new construction material [6] that has been developed in close
collaboration with the construction industry. Aspects like the design models that apply
to reinforced SE structures [7], creep behavior, mix design techniques, and models to
predict the strength that will be obtained using a particular excavation soil [3] have been
researched. Therefore, SE is one of the closest candidates to reach the market. Despite this
major advancement, the construction business in punctuated by different use cases that
require particular aspects to be researched (see Figure 1). One of these is the capacity of the
material to withstand over time the different environmental conditions of the site where a
specific structure will be built. In order to be able to predict the performances over time
under a specific environmental aggression, the material must be holistically understood.
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Figure 1. A wine cellar in Biel /Bienne, Switzerland: its walls are constructed using SE, capable of
accommodating 400 bottles. These walls, along with the vault and pavement made of excavation
earth rasillas, ensure perfect storage conditions for the wine (www.pittet-artisans.ch, accessed on 12
January 2020 [8]).

The durability of soil-based materials has been the subject of intense but sparse re-
search, resulting in several knowledge gaps in both testing methods for their durability
and the mineralogy of these hardened materials. This knowledge is essential for accurately
assessing the durability properties of materials such as SE, optimizing the mixed design
process, and preparing predictive models for scenario analyses. Several studies about the
durability of conventional cement-based composites can be found in the literature. As an
example, carbonation, shrinkage, creep, and water absorption of low-cement concretes is
addressed in [9]. An optimization analysis of the mix of low-cement concretes to improve
durability is provided in [10]. The consequences of the crystallization pressure during
the hydration of Portland reaching the ultimate tensile strength of concrete matrix, thus
getting worse durability, is discussed in [11]. The effects of introduction of additives as re-
cycled granite quarry dust or nanosilica particles on physical performances of cementitious
mortars is discussed in [12,13], respectively.

This paper reports a series of studies conducted on the chemical and physical char-
acteristics of two particular mixes of SE [14,15], aiming to fill a gap in the understanding
of the durability of soil-based materials and to compare the durability and mineralogical
characterization of SE with standard cementitious materials.

Specifically, a wide experimental campaign was devoted to identifying and quanti-
fying the main chemical and physical properties of SE, with specific reference to density,
porosity, water absorption [9-11], and resistance to specific aggressive agents such as
HCI, HNOs;, and HpSO4 [11-13]. As confirmation of the extrapolated data, a XRD spectra
analysis post acid attacks was conducted, enabling the identification of primary phases
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susceptible to chemical degradation within the SE, contrasting it with conventional cemen-
titious composites.

This has underscored the comparable, and sometimes even superior, durability of SE
compared to mortar and ordinary concrete, highlighting its innovative potential for further
application in the construction field.

2. Materials and Methods

SE is fabricated and cast using a modified shotcrete dry process [2,6]. The process
accelerates a mixture of excavated earth, coarse aggregate, and, if needed, stabilization,
through a nozzle at a speed reaching 300 km /h (Figure 2a—c). Water is added at the nozzle
in small percentages. The process guarantees optimal compaction and green strength.
For stabilization, a binder like gypsum, hydraulic lime, cement, or others can be used,
depending on the application. For some applications, no stabilization is needed. Aggregates
can be reclaimed from sieving the excavation soil or from deconstruction wastes.

@)

(b) ©

Figure 2. (a) 45° manufacturing method, (b) final refinement to smooth exposed surface; (c) SE panel

after curing [6].

In this study a SE 772 was used, and the numbers indicate the parts in volume of the
excavation earth, the aggregate, and the stabilization. Prismatic samples made of SE were
realized and compared in terms of compressive strength (M) with two different types of
construction materials: concrete from core drilling (C) and a mortar with Portland cement
classified as M20. The mixes of the concrete and the cementitious mortar are shown in
Tables 1 and 2, respectively.

Table 1. Mix design of the concrete.

Cement Aggregates W/C

Dosage 0-3mm 3-5mm 5-10mm  10-25mm
CEMII/A-L325R 340 935 65 400 565 0.52
(kg/m?)  (kg/m%)  (kg/m?) (kg/m%)  (kg/m?)

Table 2. Mix design of the cementitious mortar.

Cement Dosage Sand W/C
CEMII325R 1 part 3 parts 0.5

Mixes outlined in Tables 1 and 2 have been adopted to obtain a plain concrete and
standard cementitious mortar without additives, thus exhibiting standard performances.
This allows comparing the SE performances with those of commonplace building materials.
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2.1. True Density, Bulk Density and Porosity

In order to quantify the main physical characteristics of the samples, true density,
Dtrue, was measured by a helium pycnometer (Micrometrics Accupyc 1340, Norcross, GA,
USA) using a sample in the form of a little piece with variable dimensions according to UNI
EN 1936:2006 [16] regulation. Bulk density, Dy, was geometrically evaluated as the ratio
between the measured mass and the known volume. Therefore, porosity P was evaluated
through Equation (1):

P = (1 — Dpuk/Dtrue) x 100 1

2.2. Capillary Water Absorption

Capillary absorption test was performed following the UNI-EN 1015-18:2004 [17] by
applying an impermeable sealant on the sides of the dried samples. The samples were
then placed inside a container with 10 mm of water, and they were resting on insulating
supports so that the lower face of the prism, not covered by the sealant, was in direct
contact with the water. The weight change was measured after 10 min, 90 min to calculate
the capillary absorption coefficient C, [(kg/m?) min®°] based on Equation (2):

Ca=01M; — My). (2)

For rehabilitation mortars, which should have a low capillary rise value, the weight af-
ter 24 h of immersion is also considered, this time measuring C}, [kg/ m?] using Formula (3):

Cp, =0.625 (M3 — M), 3

being:
Mj: mass in grams when the specimen is dry;
Mj: mass in grams after 10 min of imbibition of the sample;
M,: mass in grams after 90 min of imbibition of the sample;
Mj3: mass in grams after 24 h of imbibition of the sample.

2.3. Chemical Attacks

To understand the chemical durability, the samples were placed in contact with differ-
ent aggressive environments.

A calcium chloride resistance test was carried out following UNI EN 998-2 [18].

The samples were placed in a 30%wt solution of calcium chloride for 28 days at a
temperature of 38 °C to promote the entry of calcium chloride into the matrix, and then at
4 °C for 42 days to promote the formation of calcium oxychloride hydrate. To evaluate the
damages of the sample, a compression test on the residual samples was carried out; the
tests were performed following the UNI EN 196-1:2005 [19] and using an INSTRON 5567,
(INSTRON, Norwood, MA, USA) equipped with a maximum load cell of 30 kN.

Sodium sulfate resistance test was carried out following EN 998-2 [18]. The samples
were immersed for 1/3 of their length in a 3.5%wt solution of sodium sulfate for 60 days,
monitoring the progress of efflorescence formation.

Finally, in order to evaluate if the presence of earth instead of cement has a beneficial
effect within an acidic environment, the samples were placed in contact with 2.15 N
hydrochloric acid, 2.15 N nitric acid, and 2.15 N sulfuric acid. The acid concentration
is expressed in Normality in order to have the same concentration for monoprotic and
biprotic acids. The normality of 2.15 corresponds to 10 wt%, typical for a durability
test in cementitious materials. The samples were placed in a beaker with a ratio of acid
volume/sample surface area close to 1/8, (about 50 mL of acid). After 7 days the sample
has been extracted, dried, and weighed to calculate the weight loss.

2.4. SEM Analysis

To deepen the analysis related to the resistance of materials to chlorides, sulfates,
and acids, a microstructural analysis was performed. In the course of the present work,
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an ESEM-Quanta 200 scanning electron microscope coupled with EDS analysis (model
ESEM-Quanta 200 FEI, coupled with an X-ray EDS microanalysis system, Oxford INCA-
350 (Oxford Instruments plc, UK, Tubney Woods, Abingdon, Oxfordshire, UK) was used.
Before SEM analysis the sample was coated with an Au-Pd sputtered layer to make the
sample conductive.

After chemical attacks SEM analysis was performed on the residual samples to evalu-
ate microstructural modifications and phase formation.

2.5. XRD Analysis

To distinguish the characteristic mineralogic phases of cements with SEs, and especially
to see if and how they change after any attack, mineralogical analysis is performed by X-ray
powder diffraction.

This test was performed by a powder diffractometer (PW 3710, Philips Research
Laboratories, Eindhoven, The Netherlands) with Cu K« radiation in the 5-70° 26 range and
speed of 1°/min, operating at 40 mA and 40 keV on powdered samples characterized by a
grain size of 20-30 pm. Centre for Diffraction Data (ICCD) cards were used to identify the
crystalline phases with the aid of XPert High Score Plus software (v3, Malvern Panalytical
Ltd., Malvern, Grovewood Road, Malvern, Worcestershire, UK).

3. Results
3.1. True Density, Bulk Density and Porosity

For the physical characterization the results obtained are summarized in Table 3.
Looking at the value of bulk density, also defined as specific weight, it is possible to
classify SE concrete as a lightweight concrete, having a specific weight of 1.87 i.e., between
0.8 g/cm3 and 2 g/cm?3, following UNI-EN 206-1:2006 [20]. Lightweight concretes can
be used as structural or non-structural, depending on their mechanical properties. This
value is comparable to the one reported by Danillo Wisky Silva [21]. The true density of SE
sample presents a lower value than OPC (around 3 g/cm? as reported by Sadrmomtazi
et al.) due to the low cement content in the mixture of this sample [22]. The significant
difference between true and bulk density confirms the presence of porosity in the material
similar to that of OPC [21].

Table 3. Bulk density, true density, and porosity of the samples (SE = shot-earth; C = concrete;
M = mortar).

Sample V (cm?) M (g) Dpuik (g/cm3) Dirue (g/cm3) Porosity (%)
SE 59.25 110.84 1.87 2.64 29.03
C 35.00 67.90 1.94 2.68 27.55
M 254.72 465.15 1.83 2.73 33.07

Comparing the results obtained on SE with those for the other types of materials
chosen as references, it can be seen that the values are consistent with each other. Especially
the values of density and porosity of SE are more similar to those of concrete than to mortar
and all of them can be defined as lightweight cements.

3.2. Capillarity Water Absorption

The data obtained from the capillarity absorption are represented in Figure 3.

The uptake trend of SE samples is consistent with that of other samples. All the
samples are below 10%, but more similar behavior is shown by SE and C in line with the
more similar porosity values. On the contrary the mortar sample shows lower absorption
notwithstanding it presents the higher value of porosity. This is probably due to high % of
closed porosity and not open porosity in this sample.
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Figure 3. Capillarity water absorption.

Making reference to UNI EN 998-1:2010 [23] regulation, it is possible to include the
samples in the categories of water absorption by capillarity. According to Table 4, SE and C
samples are included in W1 category, with 0.2 (kg/m?®) min®® < C, < 0.4 (kg/m?) min®?,
while M belongs to the W2 category with C, < 0.2 (kg/m3) min®?.

Table 4. Categories of capillarity water absorption according to UNI EN 998-1:2010.

WO W1 W2

0.2 (kg/m3) min®® < C, < 0.4
(kg/ m?3) min®®

Ca > 0.4 (kg/m3) min®® Ca < 0.2 (kg/m3) min®>

From the results shown in Figure 4, it is evident that the SE sample is totally consistent
with the other samples analyzed and, in some cases, better.

7
6
5
E 4
[eYo]
~ 3
5
o 2
1
0
B SE mC EM HSE mC M

Figure 4. Capillarity absorption coefficients (SE = shot-earth, C = concrete, M = mortar).

Comparing the results obtained in this test with a porosity test (Table 3), we can see
that as porosity increases, capillary absorption decreases. This behavior can give us an idea
about the type of porosity. In fact, the C samples, while having a lower total porosity than
the M samples, absorb more water, which means that their pores are mostly open while
those of the M samples are close pores. SE samples are in the middle, so we can say that its
open porosity is lower than C samples but higher than M samples. Conversely, SE samples
are more sensitive than C and M samples with respect to long term water absorption as
measured through the Cb coefficient. This can be ascribed to the presence of micropores
in the soil phase of SE samples, through which water penetrates very slowly. This effect
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especially occurs in loamy soils. This suggests avoiding the use of SE to realize elements
directly exposed to rain, unless proper additives like hydrophobizing agents are added.

3.3. Chemical Attacks

The image of the samples after the calcium chloride resistance test (Figure 5) are the
following.

Figure 5. SE (a), C (b) and M (c) samples after calcium chloride resistance test.

Figure 5 shows that for the mortar sample (M) the presence of white dots correspond-
ing to Cl salt precipitation is absent in the other two samples. This can be correlated to the
calcium chloride attacks on the M sample because it is constituted of cement paste and
sand only, while the concrete and the SE also have big aggregates inside them which, since
they do not react with calcium chloride, make its action less dangerous. The presence of
chlorine in the samples after a chemical attack is also confirmed below by SEM analysis.

The mechanical compression test was then carried out on six samples pre and post
attack by calcium chloride.

In the case of M samples, despite the load applied, there is no decrease in compressive
strength remaining in the M20 strength class; this may be due to a very high starting
strength where the sample does not reach fracture (Figure 6).

30
—_ 25.500
& 25
2
% 19.688 19.688 mer
'%D 20 : - m SH post attack
b M
z
§ 15 || _ M post attack
A
§ mCLS
210 _
§ CLS post attack
ﬁ X 5.498 4.828
z | .
o
E 0 1

Figure 6. Maximum compressive strength before and after calcium chloride resistance test.

The SE samples have a decrease of about 12% of the maximum compressive strength,
but the results are quite satisfied because the samples are still within a good strength class
according to UNI EN 998-2 regulation [18], going from a M5 before the test to a M2.5
strength class after the test.
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It is worth noticing that the ultimate compressive strength of the concrete samples
deeply decreases, going from 25.5 MPa before attack to 4.61 MPa after attack. This can
be ascribed to the capacity of CaCl, to dissolve the cement paste around the aggregates
according to the following reaction:

3CaC12 + Ca(OH)z + 14H20 > 3CaO‘CaC12-15H20

Calcium chloride inside the concrete reacts with Ca (OH);, formed during the cement
hydration, leading to the formation of 3CaO-CaCl,-15H,0, which is responsible of the
significant mechanical property decrease.

The smaller amount of cement gel in the SE sample leads to the maintenance of the
properties due to the lower chemical reactivity.

The other salt used for chemical attack was sodium sulfate, and in Figure 7 the samples
after the test are reported.

Lyt W s
St i

(b) (c)
Figure 7. SE (a), C (b) and M (c) samples after sodium sulfate resistance test.

There are some small salt crystals formed at the top of the SE samples, but it is evident
that these crystals are few and do not seem to have created any major cracks or fractures in
the samples, indicating that the presence of gypsum in the SE samples is not much.

In the C sample, whitish formations are noted along the outer surface although not
such as to cause obvious damage. In the M sample the walls show white spots. In any case,
no structural problems seem to have arisen.

Regarding the acid resistance tests mentioned in Section 2, the reactions that occur
within cement materials are the following:

Ca(OH), + 2HCI — CaCl, + 2H,O (formation of calcium chloride, very soluble);

Ca(OH),; + 2HNO; — Ca(NO3); + 2H,0 (formation of calcium nitrate, a strongly
hygroscopic salt);

Ca(OH), + H,SO; — CaSOy - 2H,0 (formation of gypsum that could lead to the
formation of ettringites).

The alkaline nature of cement and concrete makes these materials susceptible to acids
attacks that are both strong (HCl, HNO3, H,SO,) and weak (CH3COOH), provoking their
decalcification with the loss of soluble calcium salts and the transformation of hydrated
silicates into progressively less binding products.

The hydrochloric acid environment is deleterious and the physical-chemical transfor-
mations that take place lead to expansive processes that cause the material to break. Tiirkel
et al. [24] observed that the leakage of soluble salts causes an increase in the number and
size of the pores of the cement paste as well as accelerating the reaction rate. According to
the Chandra twofold model [25] the soluble CaCl, formed reacts with C3A phase forming
Friedel’s salt, C3A-CaCly-10H,O, and the interaction between hydrogels may also result in
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the formation of some Fe-Si, Al-Si, and Ca-Al-Si complexes which appeared to be stable in
pH range above 3.5.

The attack of the cementious matrix by nitric acid produces calcium nitrate that
is soluble in water and leachable together by gels of hydrated oxides of Si, Al, and Fe
that are sparingly soluble and which constitute a corroded layer. Moreover, Pavlik [26]
demonstrated that after about a year of exposure of the cement paste to solutions of low
concentrations, an additional zone in the apparently uncorroded core formed containing
an increased content of S03.

The most negative effect on cementitious materials is given by sulfuric acid due to
the synergistic effect of acid attacks and sulphates [27-29]. By the reaction among calcium
aluminates (C3A) and portlandite (CH) with sulfates ions, two major expansive products
are formed: secondary ettringite (CagAly(504)3(OH)12.26H,0, a principal destructive
compound) and secondary gypsum (CaSO4.2H,0O, soft non-binder compound) [30-32].

The results obtained after the different acid attacks are reported within Figure 8. The
weight loss (AP%) has been calculated 24 h after taking off the samples from the acid.

-80 -80
70 70
£ 60 -60
2 50 W SE £ 50 mSE
) oy
8 -40 mC < 40 mC
2 30 oM g 30 oM
D 2
2 20 5 20
-10 = -0
0 0
(@ (b)
-80.00
£ -60.00
5 mSE
93]
8 -40.00 mC
ED mM
g 20.00
=
0.00

()

Figure 8. Weight loss % after hydrochloric acid (a), nitric acid (b), and sulfuric acid (c) attack (dust
and sample).

Interestingly, hydrochloric acid, which is known to dissolve cement by transforming
hydrated lime into calcium chloride, which is very soluble, has less effect in SE samples.
This behavior is due to the presence of soil instead of cement, soil being richer in clays and
with less lime present, so the material is less susceptible to this type of attack.

In this case also, SE samples perform the best, showing a lower weight loss than other
samples. The reason is the same as that reported for hydrochloric acid, namely a lower
presence of lime due to replacement of cement by soil, which does not react and gives the
sample less reactivity with this type of acid.
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