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Abstract: A soil depleted of its organic carbon content is typically destabilized, i.e., its capacity to
maintain its microstructure intact under various stress conditions weakens, and consequently, land-
slides and mudflows can be triggered and propagated more easily. In a previous work, we showed
with a rheological analysis that the removal of the sole water-soluble organic carbon “destabilized”
the slurry very similarly to what occurs with the removal of the vast majority of soil organic carbon.
In principle, the water-soluble organic carbon can be dissolved by rainfall, during which water can
infiltrate the soil, eventually leaving it either by percolation or evaporation. These two processes are
mimicked here with two different soil water wetting procedures. The stability of the treated (wetted)
soils is studied with rheological and granulometric experiments. The former run on concentrated
suspensions, while the latter run on very diluted ones. Despite this, the results agreed very well,
indicating that the two wetting procedures induce the same destabilization of the soil which behaves
as the one depleted by the whole water-soluble organic carbon. Our results concluded that a soil
destabilized by a wetting procedure, i.e., by a rainfall event, will be more prone to trigger a landslide
that will propagate more swiftly and will stop with more difficulties.

Keywords: landslide; mudflow; slurry; natural hazard; soil organic carbon; dissoluble organic carbon;
vane geometry; particle size distribution

1. Introduction

Mud and debris flows are mixtures of soil and water that become mobile and flow
down slopes due to gravitational instability [1]. They are serious geological hazards and
can cause significant damage in mountainous areas around the world [2,3]. Researchers
have conducted numerous experimental [4], numerical, and theoretical investigations [5,6]
to characterize these phenomena, aiming to develop effective early warning systems [7] and
practical mitigation strategies [8]. Mudflow triggers, evolution, and arrest are influenced by
multiple factors acting on different length scales: at the macroscale, the morphological char-
acteristics of the site and its vegetation cover [9]; at the mesoscale, the geopedological and
hydraulic properties of the soil [10]; and at the microscale, the soil grain chemical-physical
properties [11,12].

Focusing on the microscale, the soil organic carbon (SOC) content is one of the
chemical-physical properties that can play a role in mudflow triggering, evolution, and
arrest [13]. SOC originates from plants, animals, and microorganisms and their exudates.
Since 1948 [14], it has been known that the SOC increases the soil stability, defined by
Haynes and Swift [15] as the capacity to resist the slacking and the dispersive actions of
water in order to maintain the soil’s porous structure intact. According to the hierarchical
theory of aggregation, the soil is composed of macroaggregates that are made of more
stable microaggregates of primary particles [16]. SOC is crucial for the stabilization of the
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soil structure, and, in a simplified interpretation, a transient and temporary SOC binds the
microaggregates together, forming the macroaggregate, while a persistent SOC sticks the
primary particles together. The transient and temporary SOC has weak interactions with
soil grains, is accessible to microbial attack, and is frequently renewed, while persistent SOC
develops strong interactions with the soil grains and is protected from degradation [17].
Great attention was devoted in the literature to the dynamics of the water-soluble fraction
of SOC, the so-called dissoluble organic carbon (DOC), and its effects on the regulation of
nutrient availability, metal mobility, and microbial activities both in soils and water [18].
Moreover, it is known that DOC is the fraction of the transient and temporary SOC that
might be easily dissolved by rainfall water [19] and can thus play a role, among other
factors, e.g., [20], in the triggering and propagation of shallow landslides.

In 2015, Carotenuto et al. [21] collected soil from a site in south Italy that was involved
in a catastrophic landslide to study how the rheology of a soil slurry is affected by the
selective removal of different quantities of SOC. In particular, they removed the DOC
fraction (about 6% of SOC) by suspending the soil (w:v = 1:10) in an aqueous solution of
10 mM of KCl for 1 min [22], while larger amounts of SOC (up to 89%) were subtracted
from the soil by suspending it (w:v = 1:10) in a 5%wt NaOCI aqueous solution [23] for
10 to 120 days. The authors proved that the removal of the sole DOC significantly reduced
the viscosity and yield stress of the slurry. They also showed that any further additional
removal of SOC induced only minor changes with respect to the removal of the sole
DOC fraction.

In this work, we further investigated the possible action of rainfall on the “destabiliza-
tion” of the soil. To this end, we treated the soil without the aid of any chemical-physical
treatment, and instead mimicked the “soil wetting” occurring in natural conditions. In
particular, let us consider that the rainwater can infiltrate the soil, draining downwards and
flowing away from it, or it can be retained by the soil to successively leave it by evaporation.
These two processes may act differently on the eventual removal of DOC. In the first case,
a DOC fraction is first dissolved in water and then transported away from the soil. In the
second case, it is dissolved in the water retained by the soil, and it remains in the site once
the water evaporates. We experimentally mimic these two processes by suspending the
soil in water, which is brought away either by drawing it or by evaporation. In the first
case, we mimic the rainwater infiltration/drainage process. In the second case, we mimic
the infiltration/evaporation process. After these two treatments, the rheology of the soil
slurry is characterized, and the results are compared with literature data [21] taken on a
slurry made of the same soil investigated here with or without the whole DOC. Moreover,
the effect of the two different wetting treatments on the stability of the soil aggregates
are investigated by means of an innovative method based on granulometric measure-
ments. We disperse the soil in water and keep the suspension stirred. The evolution of the
suspended soil granulometry is followed over time to estimate the dynamics of the soil
aggregates’ breakup.

The aim of this paper is to investigate the soil destabilization induced by rainwater
infiltration/drainage or the infiltration/evaporation process by means of rheological and
granulometric measurements on concentrated and diluted slurries, respectively.

2. Materials and Methods
2.1. Materials: Soil

The soil was the same used in our previous works [21,24], and was collected at a
depth of 50-80 cm from the surface within a pedological BW horizon, from a slope affected
by a catastrophic landslide in 1999 [25] in the Cervinara site (Avellino, South Italy). The
coordinates of the collection site are (41.006760°; 14.646719°) and a map showing its position
is reported in Figure 1. The soil was stored in a closed vessel after having dried it. This
limits the organic carbon degradation over time; however, the rheology of slurries prepared
in these years was monitored to be sure that the soil did not evolve over time.
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Figure 1. Satellite map of collection site in Cervinara (Avellino, South Italy). The geographical coordi-
nates are reported. A miniature of Italy is shown to individuate Avellino Area in Campania region.

Cervinara soil granulometry is quite wide, with grain dimensions between 0.6 um
and 2 mm, and with the presence of a few coarser pumices. It cannot be used to prepare
a slurry directly measurable with the rheometric tool used in this work, which limits the
grain dimensions to 250 um to avoid physical and fluid dynamics interferences [26]. The
collected soil was then subjected to a precise pre-treatment: air-drying for 4 days at 40 °C,
removal of coarse and fragile pumices by hand, sieving to 2 mm to obtain a sample of
fine earth, and final gentle grinding until the whole sample passed through a 250 um
sieve. Although this procedure changes the original soil granulometry, it keeps the soil
composition and the SOC content intact. The resulting material was already referred to as
NCT in [21], which stands for Not Chemically Treated, and we slightly changed the name
to SNCT.

The organic carbon content of SNCT is 8.51 g/kg and its dissoluble organic carbon
(DOCQ) is 0.51 g/kg, i.e., about the 6% of the total organic carbon. These data were mea-
sured by Carotenuto et al. [21]. Once the DOC was removed from the soil, the resulting
sample was referred to as SDOC. As a reminder, the DOC was removed with a mild
chemical-physical treatment (by suspending the soil, w:v = 1:10, in an aqueous solution of
10 mM of KCl for 1 min).

SNCT and SDOC samples were subjected to the two different wetting procedures
sketched in Figure 2 and described below:

e  The soil was suspended in distilled water, which was left to freely evaporate at room
temperature until a dried soil was obtained. After one night in an oven at 40 °C, the
whole soil sample was gently sieved to 250 um to break the possible aggregates formed
during the previous steps. With this procedure, the whole soil organic carbon remains
within the sample, thus mimicking the rainwater infiltration/evaporation process. The
soil obtained using this method is referred to as “evaporated water SNCT”: SNCT-EV
or “evaporated water SDOC”: SDOC-EV.

e  Thesoil was suspended in distilled water and left to settle. The clear supernatant water
was drawn by a syringe, and the resulting viscous and dense paste was then dried
at a temperature that never exceeded 40 °C. The whole soil sample was then gently
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sieved to 250 um to break the possible aggregates formed during the previous steps.
With this procedure, the organic carbon dissolved in the water is drawn together with
the supernatant, thus mimicking the rainwater infiltration/drainage process during
which the organic carbon in the water is brought away from the soil. The soil obtained
using this method is referred to as “drawn water SNCT”: SNCT-DR or “drawn water
SDOC”: SDOC-DR.

Notice that SDOC underwent the two wetting treatments, although already deprived
of the DOC fraction and thus not further affectable by wetting treatments, to assess whether
secondary alterations of the soil samples occurred during the procedure.

evaporated
Water is left Water is
to evaporate drawn
until obtaining a and the
dried soil soil is dried
drawn
- water ‘
soil a == A water soil @ = A water
Organic Carbon is Organic Carbon is
dissolved in water but it dissolved in water and
remains in the sample removed from the sample

Figure 2. Sketch of the two different soil wetting treatments to obtain the “evaporated water soil”,
SNCT-EV or SDOC-EV, and “drawn water soil”, SNCT-DR or SDOC-DR.

2.2. Methods
2.2.1. Rheology

The slurry samples for the rheological tests were prepared by manually mixing dried
soils with bi-distilled water with a solid volume fraction of 40% in all cases. This percentage
is similar to what is found in natural slurries during both the initiation stage and the
mudflow evolution [27].

Rheological tests were run with a strain-controlled rheometer, ARES G2 (TA Instru-
ments), equipped with a four-blade vane geometry (27.62 mm diameter) rotating within a
cup 29.99 mm in diameter. The vane geometry was chosen to minimize wall slip effects in
the measurements [28]. The cell was equipped with a solvent trap to avoid water evapora-
tion. The temperature was set at 23 °C and controlled with a Peltier cell with a precision of
£0.1 °C. An accurately designed experimental protocol [21] was used to minimize sedi-
mentation artifacts unavoidably occurring in these systems. The flow curve, viscosity vs.
shear rate, was obtained with a sequence of constant shear rate tests of 120 s. Before each
step, the sample was first rapidly manually remixed within the cup to re-homogenize the
sample, and a pre-shear at 10 s~! for 15 s was run immediately before the constant shear
rate tests. During the constant shear rate, step data evolved over time. The first part of the
transients was slightly noisy and was dominated by the microstructural slurry response
to the new imposed flow field. The second part was dominated by the occurrence of the
unavoidable soil sedimentation which induced a linear reduction of the viscosity over time.
To estimate the viscosity at time zero, i.e., unaffected by the sedimentation, the second part
of the data was linearly extrapolated to zero.

Tests were repeated at least three times using freshly prepared samples.
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2.2.2. Granulometry

We measured the volumetric particle size distribution with the Mastersizer 3000 Laser
Diffraction Analyzer (Malvern) equipped with a HydroEv sample dispersion unit, which
allowed us to measure the sample granulometry starting from a stirred diluted water
dispersion. The instrument can detect particles from 0.01 to 3500 pm.

The soil samples were gently added to the water, which was stirred at a constant
velocity of 1500 rpm. In diffractometric measurements, the water suspension must be
rather transparent, and a light obscuration percentage of about 10% to 20% is typically
considered suitable. In our measurements, all the tests started from the same obscuration
of about 15%; to this end, 0.1-0.3 g of soil were typically added to 400 mL of bi-distilled
water. As the timing of the experiment was a crucial parameter in these non-conventional
tests, the whole loading step lasted exactly 30 s for all the samples. Upon loading, the
evolution of the particle size distribution was followed over time for 13.4 min by averaging
data recorded each 53 s. During these 53 s, the sample is lit by a red laser for 20 s, and by
a blue laser for 30 s; the remaining 3 s were due to instrument internal procedures. The
diffraction theory of Mie was used to obtain the particle dimensions. We thus recorded
15 sets of data that described the time evolution under the constant stirring condition of
the particle size distribution, as shown in Figure 3 as an example. The stirring flow breaks
some larger particles (soil macroaggregates), thus increasing the quantity of smaller ones
(soil microaggregates). According to the hierarchical theory of aggregation of soil, the
microaggregates form the macroaggregates, thanks to the cohesive forces mainly due to
DOC. The evolution of the particle size distribution was thus affected by the amount of
DOC effectively binding together the microaggregates.
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2 data set
35F 3 data set B
5 data set
3 30 8 data set 7
=~
= 2 11 data set
GE.) ST — 15dataset ]
S 20¢r B
o
> 15+t .
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0.5 b
0.1 1 10 100 1000

d [um]

Figure 3. Example of the evolution over time of the soil particle size distribution under constant
stirring conditions.

3. Results
3.1. Rheology

In Figure 4, the flow curves of the different samples are shown. Data are interpolated
with a power law function, Equation (1):

-n—1

1=Ky )

where K is the consistency, which represents the viscosity value at shear rate y = 1, and
n is the flow index, n = 1 indicates a Newtonian behaviour. The best fit parameters are
reported in Table 1 together with the coefficient of determination, R2. A clear shear thinning
behaviour is observable with a flow index close to 0 for all the samples. This is in agreement
with our previous results on slurries made with soils with different content of organic
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1 [Pa-s]

carbon [21]. In the context of a mud flow propagation, the observed marked shear thinning
behaviour suggests that, once triggered, mudflow may progressively accelerate.

104 ¢

10° |

T T T T T T T 104 3 T T T T T T T
power-law regr. E power-law regr.
® Sncr : — B Spoc
_—— O  Sncrev [ — — — O Spocev
______ O  Sncror 10363 —____. O Sopocor 3

102 3 102 E 3
10t 3 10t E 3
Q) (b) N
100 1 1 1 1 1 1 1 100 1 1 1 1 1 1 1
002 005 01 02 05 1 2 5 002 005 01 02 05 1 2 5
shear rate [s7] shear rate [s”]

Figure 4. Flow curves at 23 °C obtained with original, evaporated water and drawn water soil
samples for (a) SNCT and (b) SDOC. The error bars are the standard deviation of at least three test
repetitions; when not visible, error bars are within the symbols.

Table 1. Values of the consistency, K, and the flow index, n, obtained with the best fit of Equation (1)

through data of Figure 4.
K [Pa-s"] n R?
SNCT 71.3 0.0066 0.998
SNCT-EV 30.3 0 0.972
SNCT-DR 35.5 0 0.966
SDOC 21.4 0.092 0.998
SDOC-EV 21.1 0 0.946
SDOC-DR 20.3 0.013 0.998

Figure 4b shows that the two water wetting treatments do not influence SDOC samples.
This agrees with the idea that water can only affect the soluble fraction of the organic
carbon, which was already removed in SDOC samples. The three curves in Figure 4b almost
overlap, and, indeed, K and # coincide within the experimental uncertainty. This allows us
to assess that the wetting treatments do not induce secondary alterations to the soil samples.

Figure 4a shows that both water wetting treatments have a clear and measurable effect
on SNCT. The viscosity decreases, and the shear thinning behaviour does not change: the
consistency is almost halved, and #n remains practically zero (Table 1). The flow curves of
SNCT-DR and SNCT-EV slurries lie between the SNCT and SDOC ones, as indicated by the
values of the consistencies reported in Table 1. It is interesting to note that the effects of
the two water wetting treatments on SNCT samples are the same, as the two flow curves
of SNCT-DR and SNCT-EV are superimposed. As a reminder, in the case of the evaporated
water soil, the fraction of DOC eventually dissolved remains in the sample, while in the
drawn water soil, it is removed from the sample.

3.2. Granulometry

Here we only focus on SNCT, SNCT-EV, SNCT-DR, and SDOC samples since water
wetting treatments do not affect the rheology of SDOC samples, as shown in Section 3.1.

Figure 5 shows the similar initial volumetric particle size distributions of the four
samples. The volumetric average diameters of SNCT, SNCT-EV, SNCT-DR, and SDOC are very
similar: 72, 71.5, 68, and 70 um, respectively. The four samples have the same minimum
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(about 0.6 pm) and maximum (about 400 pum) particle diameter. Let us, however, notice
that the latter value is slightly larger than the mesh dimension (250 um) of the used sieve;
this is possible because of the irregular shapes of the soil grains. Small differences between
the four particle size distributions can be observed in Figure 5; however, they are minor
details that cannot explain the differences measured rheologically.

4 v rvvveong v rvvveong v rvveong
—— SncT
o SNCT-EV
3| o SNCT-DR i
—=— Sboc
S,
£ 2}
=
o
>
1 -
0
0.1 1 10 100 1000
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Figure 5. Initial particle size distribution of the four samples: SNCT, SNCT-EV, SNCT-DR, SDOC. Error
bars are the standard deviations of at least three replicates.

The particle size distributions evolve over time under constant stirring conditions,
as already shown in Figure 3. To more effectively highlight the difference between the
initial and the final particle size distribution, only these two are plotted in Figure 6 for
each soil sample. The smallest evolution is measured for the SNCT sample, where only a
little reduction of the amount of large macroaggregates is detected. The evolution of the
particle size distribution of the SNCT-EV, SNCT-DR, and SDOC samples is more pronounced.
A clear reduction of larger macroaggregates in favour of smaller ones is now evident.
Moreover, the three final distributions appear to be very similar. To further compare the
four samples’ behaviour, we plot in Figure 7 the average volumetric diameter Dy, also
called De Brouckere mean or Dy 3, as a function of stirring time. We chose Dy as it reflects
the size of the particles which constitute the bulk of the sample volume, and it is most
sensitive to the presence of large macroaggregates in the particle size distribution. The
Dy of the SNCT sample evolves differently over time from that of the other samples; it
only slightly diminishes as the final value is about 81% of the initial one, while that of the
others shows a more marked reduction, with a final value of about 67% of the initial one.
Most of Dy evolution occurs in the first 7 min for all samples; after that, a slower evolution
follows until it reaches a steady plateau at about 12 min. Notice that the curves of the two
water-treated samples lie in between the curves of SNCT and SDOC, and are very close to
the last one. This suggests that the two wetting treatments affect the soil very similarly and
lead to a behaviour comparable to that of the SDOC sample.
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Figure 6. Initial and final particle size distribution of the four soil samples obtained under constant
stirring conditions (1500 rpm) at room temperature. Error bars are the standard deviations of at least
three replicates.
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Figure 7. Volumetric mean diameter of the four soil samples as a function of the stirring time. Error
bars are the standard deviation of at least three replicates.
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To highlight the breakup of macroaggregates in favour of the formation of smaller
aggregates, in Figure 8 we plot the evolution over time of the volume fraction of particles
with a large diameter, D [186 um] Figure 8a, and particles with a small diameter, D [10 um]
Figure 8b. As expected, the former decreases over time, while the latter increases. It is also
evident that: (i) the evolution of both volume fractions of the SNCT sample is much less
pronounced than that of the other three samples; (ii) the curves of SNCT-EV and SNCT-DR
lie in between the curves of SNCT and SDOC samples, and in any case, are closer to the
SDOC curves.

D[186 D[10
3.0 . ; ; ; ; . [186] 3.0 ; ; ; ; ; ; [10]
25+ 1
— 20+ 1 —25¢t 1
S S,
g 15f 1 g
= =
2 e
= 10} : 20t .
05} 1
(b)
0.0 1 1 1 1 1 1 1.5 1 1 1 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
time [min] time [min]

Figure 8. Time evolution of the volume fraction of particles with diameter of 186 pm (a) and 10 um
(b) to highlight the breakup of large aggregate and the formation of smaller ones.

4. Discussion

The rheological results agree with the granulometric ones in suggesting that the water-
wetting-treated soils, SNCT-EV and SNCT-DR, behave very similarly to the soil without the
dissolved organic carbon, SDOC. In fact, on one hand, the 40% suspensions made with
both water-wetting-treated samples show a flow curve practically superimposed on that
of the SDOC suspension. On the other hand, SNCT-EV and SNCT-DR show an evolution of
their particles’ size distribution under constant stirring conditions very similar to that of
the SDOC soil. From these results, we can conclude that the water wetting treatments are
able to dissolve, in whole or in part, the soluble soil organic carbon, and it is unessential
whether the dissolved organic carbon is brought away from the soil, as in the SNCT-DR, or
is left in contact with it, as in SNCT-ev. This suggests that the stabilizing action of the DOC
is exerted only if the organic carbon is still linked to the soil skeleton.

From our results, we can argue that DOC dissolves in water with a characteristic
time longer that the experimental duration. Indeed, if this were not the case, the SNCT
suspensions—concentrated and diluted—should behave identically to the SNCT-EV ones,
where all the dissolved DOC is not brought away from the sample. We can thus conclude
that during the measurements, the SNCT samples keep the soluble organic carbon linked to
the solid skeleton.

Interestingly, we also underline that we get the same qualitative information by
investigating very dilute suspensions with unconventional granulometric measurements
and concentrated suspensions with rheological tests. We might then assume that the same
qualitative effect is also observable in very concentrated samples, i.e., in the soil covering a
natural slope.

Our results suggest that a long enough rainfall can “destabilize” the soil, no matter
whether the rainwater infiltrates the soil and percolates downwards, or infiltrates the soil
and evaporates. A mud made of this soil will propagate more swiftly and it will very likely
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be more difficult to stop. Moreover, we may hypothesize that if a long rainfall event capable
of dissolving the DOC linked to the soil covering a natural slope is shortly followed by
another rainfall event, a mudflow can be more easily triggered, and it can propagate more
rapidly. In addition, the organic carbon may affect the capacity of the soil to retain water,
especially in conditions close to saturation [29,30]. One of the mechanisms responsible for
a landslide trigger is the soil collapse and liquefaction [31] that can thus be affected by the
content of the soil organic carbon and its soluble fraction. In view of all these considerations,
the destabilizing effect of the dissolution of the organic carbon should be considered as
a cofactor determining the mudflow triggering and evolution, and we suggest that the
estimations of SOC and DOC content must also be included in the risk assessment analysis.

Finally, the results obtained from the granulometric analysis can give further per-
spectives in the study of the propagation of landslides where a multiscale approach for
granular materials is implemented [32]. Within this framework, the soil grains undergo
three interacting mechanisms: segregation, comminution, and mixing. We showed that the
rainfall-induced removal of DOC, or a fraction of it, makes the comminution easier, and
this could be taken into account in the models mentioned above.

5. Conclusions

For the first time, two different rainwater infiltration mechanisms are mimicked
with two wetting treatments to investigate their effect on the destabilization of soil. The
destabilization is assessed by studying the rheology of concentrated soil slurry and the
evolution of the soil particle size distribution of very diluted suspensions. The different
experimental approaches lead us to the same conclusions.

The use of granulometry, along with the unconventional experiments developed in
this work, is a new and rapid technique to investigate soil stability.

The wetting treatments mimic the rainwater infiltration/evaporation mechanisms and
the infiltration/percolation ones. In the first case, the DOC is dissolved, and it remains
within the sample. In the second case, it is dissolved, and it is brought away from the
sample. The two typologies of samples behave identically in our tests, thus allowing us to
conclude that soil destabilization occurs when the organic carbon is “detached” from the
solid grains.
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