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Both nitric and hydrochloric acids also decompose the silicates and aluminates present
in the cement matrix, thus confirming the fact that SE samples are more resistant to these
acids since they contain less cement.

On the contrary, in the case of sulfuric acid the weight loss varies greatly if one
considers the residual dust or not, and this means that the samples have been disintegrated
but most of the powder formed is not dissolved in the solution. Sulfuric acid, when in
contact with lime, forms gypsum; the formation of gypsum means that the weight loss
is not as noticeable because the chemical nature of some elements has changed but these
elements have not been dissolved in the acid.

3.4. SEM Analyses

SEM analyses were first performed on the pre attack SE samples, and the images
obtained are reported in Figure 9.

Figure 9. SEM images of pre attached SE samples. (a) (600x). (b) (1200x). (c) (2400x) Blue
rectangles = gel area, White rectangle = aggregate.

The earth and cement fractions are well blended together as the binder matrix ap-
pears homogeneous. Some aggregates with dimensions between 10 and 20 pm are also
distinguishable, and the interface between aggregate and matrix presents good adhesion.

In Figure 9a it is possible to see two highlighted areas. The blue area corresponds to
cementitious gel with a chemical composition corresponding to Si = 20 wt% and Ca = 30%,
determined by EDS analysis. The chemical composition of the aggregate (white area) shows
a higher amount of silicon and a lower amount of Ca (Si = 28% and Ca = 7%), in agreement
with siliceous aggregates. In the interface area intermediate chemical composition is
observed, i.e. Si = 20% and Ca = 26% due to the chemical interaction between matrix and
aggregate. The presence of the mentioned elements is shown in the EDS graphic of the
blue area of the sample. In the post chloride attack of SE specimens, both inner and outer
surfaces were analyzed, and the images are reported in Figure 10.

The samples appear to be fairly homogeneous both internally and externally, and no
diffuse salt precipitation is observed. The main elements found in the examined samples
are Silicon, Calcium, Aluminum, Magnesium, Chlorine, Iron, and Sodium. On the sample
surface, the presence of chlorine is significant (about 6%), considering that it is only due to
eluate residues, probably deposit is formed. Only in the outer surface samples, rare white
dots are evident, with a chemical composition of Ca = 20% and CI = 5%, corresponding to
crystallization of calcium chlorides.

The chemical analysis of aggregate particles remains unchanged, corresponding to Si
and O in agreement with their siliceous natures. From the chemical analysis of the inner
part of the samples a significant concentration of chlorine is observed in the cementitious
gel (Cl = 3.7-9wt%). From these data it seems that chlorine diffuses in the gel more than it
concentrates in the crystals.
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Figure 10. SEM images of outer surfaces (a,b) and inner (c,d) in SE sample post calcium chloride
attack.
The presence of the Cl on the sample surface is also confirmed by the chemical analysis
reported in Figure 11.

Quantitative Results
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Figure 11. Semiquantitative chemical analysis of the outer surface of the SE sample after calcium
chloride attack.

Regarding post attack samples from sodium sulfate, SEM images were taken from both
the samples from the emerged side (thus where ettringite eventually forms, Figure 12a) and
the immersed side (Figure 12b) and compared with the pre attack SE samples (Figure 9).
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Figure 12. SEM images of the SE sample post sodium sulfate ((a) (600 )) emerged part and ((b) (600x))
immersed part. (c) Semiquantitative chemical analysis of emerged part.

It is worth noticing that no salts or fractures are evident from the images and the
matrix appears to be homogeneous.

The elements present in the SE samples are mainly Calcium, Magnesium, Iron, Alu-
minum, Potassium, and Silicon (Figure 12). The percentages of these elements vary slightly,
probably depending on the concentration of soil or the presence of aggregates, but since
the soil and cement are perfectly amalgamated, it is impossible to state which elements
relate to the soil alone and which to the cement.

Analyzing the immersed part makes it evident that Sulphur is homogenously dis-
tributed in the sample with a concentration of 1.1-1.95%, but it is particularly concentrated
in the cementitious gel with an average concentration of 4 wt% (Figure 12).

Also, analysis of the sample corresponding to the surface content of Sulphur that is
not immersed is also observed, and this probably can be related to diffusion of Sulphur
inside the sample.

3.5. XRD Analyses

XRD analysis was carried out, for all types of samples, pre attack, after acid attack,
after calcium chloride attack, and after sodium sulfate attack, to see the crystal structure of
the samples and whether this changes after exposure to aggressive agents.
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Comparisons were then made to see how the crystal structure changed in the different
situations, i.e., in contact with calcium chloride and hydrochloric acid, sodium sulfate and
sulfuric acid, and finally in contact with nitric acid.

- HC1 and calcium chloride

The crystalline phases present in the SE pre attack samples are quartz coming from
both aggregates, matrix, and calcite. After an attack by calcium chloride, a slight decrease
in the peak related to calcite (29°) is seen, but the graphs remain about the same. After the
attack by hydrochloric acid, on the other hand, the peak relating to calcite (29°) disappears,
due to the high solubility of this phase in HCl, and quartz remains the only phase present
(Figure 13a). This is because the calcium present in the form of calcium hydroxide reacts
with hydrochloric acid to form calcium chloride, which is a very soluble substance, so only
the quartz of the aggregates remains in the sample, which does not dissolve in contact with
the acid.

In pre attack concrete and mortar (Figure 13b,c) samples, in addition to quartz and cal-
cite, dolomite is also present. In both samples after attack by calcium chloride (Figure 13b,c),
the peaks of the dolomite and calcite decrease in favor of quartz, although the crystalline
phases do not change. After the attack of hydrochloric acid, the peaks for calcite and
dolomite disappear in favor of a quartz increase, since calcium has reacted and turned into
calcium chloride.

- H,S0, and sodium sulfate

The pre and post attack XRD patterns from sodium sulfate appears to be quite similar
for every sample, and only few small peaks related to calcite decrease for SE (Figure 14a),
while for C (Figure 14b) and M (Figure 14c) samples the dolomite peak decreases signifi-
cantly in favor of calcite.

On the contrary, with the acid attack, XRD patterns pre and post acid attack change
significantly; calcium in the form of calcium hydroxide in contact with sulfuric acid forms
gypsum, which in the case of the SE sample is present in an important way (peaks at 11°,
21°,29°,31°, 33°), going on to consume all the calcite whose peaks disappear. The peaks
related to quartz, on the other hand, remain almost unchanged, since quartz does not react
with the acid. Gypsum, quartz, and residual calcite or dolomite are the crystalline phases
present post sulfuric acid attack.

- HNOs;

For nitric acid there is no comparison with the related salt, but it is interesting to see
how the peaks related to calcite (and for the C and M samples also to dolomite) disappear
due to their solubility and the free Ca formed reacts with the acid to form calcium nitrate.
Quartz remains the only crystalline phase present after a nitric acid attack for all the samples
(Figure 15).

In general, what can be said in relation to all the XRD patterns examined is that the
samples behave consistently with each other, and those containing more aggregates (and
therefore more quartz) are more resistant to attacks, especially acid attacks. SE samples
turn out to be more resistant to attacks because, in addition to containing aggregates,
they contain less calcium since part of the cement is replaced by soil, and this allows for
less reactivity and consequently leads to a lower weight loss. These considerations are
consistent for all the salts and the acids tested, except for nitric acid, where the weight loss
turns out to be greater for SE than in the other samples tested.



Sustainability 2024, 16, 2444 14 of 19

2000 | SE post HCL Oa
1000 — a Q '| Q a
[
'I
0 _j - J‘L i—‘l\lz S A? ppe JM ? e,
1500 —| Da

SE post calcium chloride
1000 —|

500 | Q ' O Q

0 = @.-* &é;fqu'v——‘wT%M«M#—g) P
1500 —| a

SE pre attacks

1000 — <
500 — Q I

. o SPIL I, T PNV SR ¥ 4 e

10 20 30 40 50 60
(a)
Q
1500 4 C postHCL
1000 —
500 — {l 1
} )|
S S e e T NN LS SN ¥ SO GNP GI V WY SO

Q (@
400 { C post calcium chloride O 2) c

—WWW“'MW¥%MMVMWM

600 Oc
C pre attacks p c
400 2
D
200 f
0 [y L M%WWMW
Y — . - . - v - . |
10 20 30 40 50 60 70
(b)
3000
O Pa
M post HCl |
2000 —
1000 —
0 =t A A LL I SN U SO | . A \ A
800 |
M post calcium chloride 2 c
600 O
400
200 ! l | !
0 w\ Samncemns 41%‘#/‘\ a L]:‘ -ﬁ JITAﬁ- TﬂlL‘,l depetr %m —r‘nﬁk—‘.!“‘
C
20001 M pre attacks
1000 a D
|}
o . i ? J ? R A 'S U I ST
10 20 30 40 50 60 70

Position [°2Theta]

(c)

Figure 13. SE (a), C (b), and M (c) comparison pre attack, after calcium chloride, and post hydrochloric
acid attack. (C = calcite, Q = quartz, D = dolomite).
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Figure 14. SE (a), C (b), and M (c) comparison pre attack, post sodium sulfate, and post sulfuric acid
attack. (C = calcite, Q = quartz, D = dolomite, G = Gypsum).
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Figure 15. SE (a), C (b), and M (c) comparison before and after nitric acid attack. (C = calcite,

Q = quartz, D = dolomite).
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4. Conclusions

The main physical and chemical performances of SE samples have been identified
through a comprehensive experimental campaign and compared to those exhibited by
conventional cementitious composites like concrete and mortar. Summing up, this study
carried out yields with positive implications. In detail, the values of the true density
(2636 g/cm3) and porosity (29%) confirm that the SE samples are in line with the reference
ones. The same can be said for the capillary water absorption test, which places the SE
samples in category W1 according to UNI EN 998-1:2010, the same category as mortar.
Although mechanically weaker, SE specimens are generally more resistant to chemical
attack by salts, precisely because of the presence of earth that replaces cement and does not
react. The compressive strength remains almost constant after chemical attack, while for
concrete, a dramatic decrease in this property is evident (25.5 MPa before and 4.6 MPa after
the CaCy, attack).

Even in acid attacks, the substitution of cement by earth plays an important role in the
resistance of the samples to acid contact. In particular, the SE samples also showed greater
resistance to nitric acid and hydrochloric acid than the reference samples, reporting a lower
percentage of weight loss, 25% for hydrochloric acid and 45% for nitric acid. This is because
the soil used in SE samples replaces part of the cement, resulting in less lime available to
react. However, with sulfuric acid, there is a greater weight loss from SE samples compared
to the reference ones, although it is still a relatively low value (21%). These results have
been corroborated by XRD and SEM analyses, which allow for assessing the final conditions
of the samples after acid attacks. The investigation confirms that the SE samples have good
resistance to chemical attacks.

Therefore, given the results obtained in this study; it is possible to conclude that the
durability of SE samples is perfectly in line with that of mortar and concrete, if not, in some
cases, even better. The outcomes obtained in the present paper can be interpreted as a
benchmark to corroborate further investigations about the durability of SE construction.
Particularly, this study highlighted that the durability of SE and soil-based material must be
assessed, taking into account specific chemical and physical aspects to avoid implementing
durability-enhancing strategies at the mix design or technological level that are not needed
nor effective. Finally, this study will permit the creation of further optimization strategies
for construction in sustainable excavated soil leading to the use of less cement with a
corresponding lower amount of CO; emitted for the clinker production.
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