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Abstract

Wildfires striking vegetated hillslopes appear to increase the hazard towards rainfall-induced landslides. One
mechanism little investigated in the literature consists in the formation of Wooden Embers Cover (WEC)
following the wildfire. This layer has very peculiar thermohydraulic properties and may affect the interaction
between the atmosphere and the subsoil. The paper presents an experiment conducted in an outdoor lysimeter
filled with pyroclastic silt (SILT) up to 75 cm covered with 5 cm of WEC. Water storage in the SILT layer,
soil water content, suction, and temperature were recorded for several years, initially under bare (no-WEC)
condition (4 years), then vegetated (no-WEC) condition (5 years) and, finally, with a WEC placed on the top
of the SILT (SILT+WEC condition; 3 years). The hydrological effect of the WEC was assessed by comparing
the response of the SILT+WEC with the SILT under bare or vegetated conditions. The WEC reduces water
losses by evaporation, thus increasing the average water content in the underlying SILT, an effect that is
detrimental to slope stability. To discriminate whether the barrier effect was associated with the lower thermal
or hydraulic conductivity of the WEC, a numerical simulation was carried out by considering the case of a
WEC with its real thermal and hydraulic properties and the case of a fictitious top layer placed on the top of
the SILT having the same hydraulic properties of the WEC but the thermal properties of the SILT. It is
concluded that the barrier effect of the WEC is mainly associated with its hydraulic properties, i.e. the WEC
acts as a capillary barrier. To demonstrate the practical implications of this findings, a case study of rainfall-
induced landslide has been reanalysed by simulating the presence of a WEC layer having the same
thermohydraulic properties as the material characterised in this study. It is shown that a WEC can substantially
reduce the severity of the triggering rainfall event, thus increasing the vulnerability of the slope to rainfall-

induced failure.
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1. Introduction

Wildfires striking vegetated hillslopes appear to increase the hazard towards rainfall-induced landslides
(Rengers et al., 2020; Ferreira et al., 2009; Silva et al., 2010, Bernard et al., 2020, Abdollahi et al., 2024). The
burning of vegetation has been observed to reduce the return period of rainfalls triggering shallow landslides
at the catchment scale in Italy (Esposito et al., 2023), USA (Kean et al., 2011; Staley et al., 2013, 2020; Kampf
et al., 2016; Raymond et al., 2020), Greece (Filis et al., 2020; Lainas et al., 2021), Spain (Mayor et al., 2007),
and Portugal (Lourenco et al., 2012; Melo et al., 2018).

The loss of vegetation removes the mechanical and hydrological stabilising effects activated by roots and
foliage (MacDonald, 2004; Cerda, 1998; Larsen et al., 2009). Roots generally act as mechanical reinforcement
aiding the slope to cope with the drop in shear strength occurring when rainfalls increase pore-water pressures
in the subsoil (Yuan-jun et al., 2022, Bordoloi et al., 2020). Following a wildfire, roots progressively disappear
over time at a rate that depends on fire severity and root type (Gehring et al., 2019). Fine roots are expected to
fail rapidly, whereas structural roots may continue reinforcing the subsoil for a period of time. The growth of
new vegetation and root systems may or may not offset the progressive loss of old roots depending on the type
of plants involved (Vergani et al., 2017).

Slope stability also benefits from hydrological effects induced by vegetation (Cerda et al., 2008, Rengers et
al., 2020) that a wildfire abruptly turns off. The first negative occurrence is the loss of rainfall interception by
the canopy and the consequent increase of the amount of rainfall falling on the slope. Another effect is the
vanishing of root water uptake induced by transpiration (Gerrits et al., 2010). Although soil evaporation
continues, this is a superficial process much less effective than transpiration in desaturating the subsoil.

A wildfire can affect this superficial evaporation because a few centimetres of a Wooden Embers Cover (WEC)
replace vegetation on the slope surface. The WEC has hydraulic and thermal properties that differ from those
of the subsoil and can affect rainfall infiltration and evaporation to an extent that is still poorly investigated in
the literature. It has been suggested that the subsoil decreases water retention after a wildfire due to the WEC
formation (Ebel et al., 2016). However, the fundamental thermo-hydraulic mechanisms leading to the reduced
water storage capacity have not been elucidated, nor have their consequences on slope stability.

The original research questions addressed by this paper are i) whether a WEC replacing vegetation following
a wildfire can alter the hydrological behaviour of the slope due to its different thermohydraulic properties
compared to the subsoil and ii) to what extent these changes can predispose silty volcanic soil slopes (SILT)
to rainfall-induced instability. These questions are investigated both experimentally and numerically.

A physical model (lysimeter) (Rianna et al., 2012) consisting of a one-cube meter-sized wooden tank was filled
with SILT and placed outdoors for several years to investigate the soil-atmosphere interaction, initially under
bare conditions over four years (no-WEC-bare conditions), followed by five years of vegetated cover (no-
WEC-vegetated conditions), and finally with a 5 cm-thick WEC placed on top of the SILT for four years, after
removing the vegetated layer (SILTWEC conditions). The hydrological effect induced by WEC was assessed
by comparing the response of SILTWEC against bare and vegetated conditions with no WEC. As the WEC

2
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was placed at environmental temperature, the impact of high temperatures on SILT topsoil, including a
reduction in soil aggregate stability and changes in soil water repellence (Shakesby et al., 2006; Letey, 2001)
could not be reproduced. Numerical modelling of the coupled thermohydraulic flow generated by the
atmospheric variables was developed to support data interpretation.

Finally, the practical consequences of a WEC forming on a silt slope were investigated numerically by
considering the case study of the 2005 rainfall-induced landslide that occurred in Nocera Inferiore, Italy
(Pagano et al., 2019). The slope is made of the same SILT tested in the lysimeter. Its response to meteorological
variables recorded at the landslide site was reanalysed by simulating the presence of a WEC with the same

thermohydraulic properties as the material tested in this study.

2. Physical model

Figure 1 shows a schematic layout of the physical model (lysimeter), in the version upgraded to carry out the
present study. The original physical model consisted of a 0.75 m thick SILT of volcanic origin in a wooden
tank (Rianna et al., 2014b). The SILT was collected in Nocera Inferiore (Italy) from the site where a rainfall-
induced shallow landslide occurred on 4 March 2005. The SILT was placed using the pluvial deposition
technique to reproduce the high porosity encountered in the field (70%), as detailed by Olivares & Picarelli
(2003). Details about the monitoring system, including meteorological variables and soil hydraulic and thermal
status variables, can be found in Rianna et al. (2014b).

The SILT had been tested for four years under bare conditions (Rianna et al., 2014b) and with a grass-vegetated
cover over the subsequent five years (Pagano et al., 2019). For the present study, a 5 cm-thick WEC layer was
placed on top of the SILT after removing the vegetation and maintained for three years. Additional instruments
were added to the WEC, including small tip tensiometers, heat dissipation suction probes to monitor matric

suction, and thermistors to monitor temperature.
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Figure 1. Physical model (lysimeter) adopted to study the soil-atmosphere interaction of the SILT layer under bare,
vegetated, and wooden embers-covered conditions

3. Materials and thermo-hydraulic characterisation

Figure 2 shows the grain size distribution of SILT and WEC materials. The SILT is a volcanic sandy silt
generated by the Plinian volcanic eruption of Vesuvius volcano in 79 AD. The WEC is a gravelly-silty-sand
obtained by burning strawberry tree wood. Both materials have no plasticity due to the high temperatures to
which they were exposed during their genesis. In the physical model, these materials were emplaced at high
porosity, 73% for the SILT and 80% for the WEC. Corresponding dry unit weights were 7 and 4.8 kN/m?,
respectively. The specific gravity is 2.6 and 2.4 for the SILT and WEC, respectively.
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Figure 2. Grading curves of SILT and WEC materials

Figure 3 shows the main drying water retention curves determined experimentally and modelled by the Van
Genuchten equation (1980) (parameters in Table 1, curves provided in supplementary data):

m

6=06,+ (0 — [1]

1
o [y
where 0 is the volumetric water content, s is the suction, 6 and 6, are the saturated and residual volumetric
water contents, respectively, and o, 7, and m are soil parameters. The SILT curve was derived by monitoring
simultaneously suction and volumetric water content in the bare SILT (Rianna et al., 2014b). The WEC water
retention curve was determined on laboratory specimens initially subjected to full saturation and then
desaturated in steps by air-drying. At each drying stage, specimens were weighed to back-calculate water
content from the specimen's final mass, while suction was measured using a small tip tensiometer. The Air-
Entry Value (AEV) of WEC and SILT were 4 kPa and 12 kPa, respectively. At 80 kPa (tensiometer full-scale
range), the WEC water content, 039, was equal to 0.2, lower than the value measured for the SILT (050=0.30).
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Figure 3. Soil Water Retention Curves for SILT and WEC

Table 1. Hydraulic parameters for SILT and WEC materials

SILT WEC
O (/) 0.70 0.80
Ores (M*/m?) 0.10 0.10
o (1/kPa) 0.049 0.080
n () 1756 2.260
m () 0.431 0.560
ksar (/) 3x10° 3x107
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The hydraulic conductivity at saturation of the WEC was measured on three specimens tested in a constant
head permeameter under a hydraulic head differential of 5 cm, which returned hydraulic conductivity values
of kEC=3.0, 3.1, and 3.0 x 10° m/s respectively. For SILT, the hydraulic conductivity at saturation was
derived via the joint transient measurement of suction and water content in the lysimeter, k3/E7 =3.0 x 10°
m/s (Rianna et al., 2014b). The unsaturated hydraulic conductivity function for both materials (Figure 4) was
determined through inverse analysis of the evolution of suction and water content along a desaturation path (in
the lysimeter for the SILT and the specimens for the WEC), according to the procedure proposed by Nicotera
et al. (2010), which is based on the numerical solution of the water flow Richards' equation. The inverse

analysis was carried out by using the Mualem-Van Genuchten (1980) model, i.e., Eq. [1] for the water retention

function and the following equation for the hydraulic conductivity function:

2

k = ksqe /0, [1 - <1 - ee%)m] = o Hr] 2]

where ks is the hydraulic conductivity at saturation and 0. is the effective degree of saturation. At full
saturation, the WEC hydraulic conductivity (k£¢=10-° m/s) is one order of magnitude higher than that of the
SILT (k3IET =10° m/s). The hierarchy between hydraulic conductivities reverses for suction exceeding 30 kPa.
At 50 kPa, the WEC hydraulic conductivity (k%E¢=10"" m/s) is already one order of magnitude lower than
that of the SILT (k2T =107'° m/s). The gap increases by two orders of magnitude at 100 kPa, (k}(E¢=10"2

m/s; k3kT =107° m/s) and four orders of magnitude at 300 kPa (k35:T=10""° m/s, k¥/E¢ =10 m/s).
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Figure 4. Hydraulic conductivity functions for SILT and WEC, obtained by back-analysing the evolution of suction and
water content along a desaturation path

The thermal properties (thermal conductivity, A, and volumetric specific heat, c,) were quantified
experimentally at different volumetric water contents. The thermal conductivity for the WEC and the SILT,

AVEC and ASIET respectively, was obtained from lysimeter data, interpreting measurements by heat dissipation
6
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probes installed in WEC and SILT layers according to the equation proposed by Shiozawa & Campbell (1990).
This equation relates 4 to the heat (q;) supplied to the probe per unit length, the time At during which q; is

supplied, and the temperature change, AT, that q; induces in the probe:

qt
AAT

A=

In(At) 3]

The volumetric water content in the SILT was measured by TDR installed at 15 cm below the SILT uppermost
surface (Rianna et al., 2014a). The volumetric water content in the WEC was inferred from suction
measurements and its water retention curve.

The thermal conductivity functions for the WEC and the SILT, respectively, are presented in Figure 5 and
show that AVEC remains markedly higher than AS™T at any volumetric water content. The thermal conductivity

A was modelled using the following equation (parameters listed in Table 2)

A = Al + 0(1 exp(blg) [4]
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Figure 5. Thermal conductivity functions for SILT and WEC

The volumetric specific heat function, c)Y£¢(8) for the WEC layer was derived by the formula proposed by
de Vries (1963), which quantifies this parameter by weighting the (known) volumetric specific heat of solid,
¢, and liquid, c,,, matrixes respectively according to their densities and volumetric fractions:

CEVEC = QsCsPs T PuwCuwPw 5]

where ¢s and @, are the volumetric fractions of the solid matrix (¢s =1-6sx) and the liquid matrix (Qw=0sat),

respectively, and ps and py are the densities of the solid matrix and liquid matrix, respectively (parameters in

Table 2).



164
165
166

167
168
169
170
171

172
173

174

175

176
177

Coppola, L., Reder, A., Rianna, G., Tarantino, A., & Pagano, L. (in press). Effects of Wooden Embers Cover
on thermo-hydrological response of silty volcanic cover and implications to post-wildfire slope

stability. Engineering Geology.

The volumetric specific heat function, c;'t7 (@) for the SILT layer was obtained by inverse analysis of heat
flux in the SILT in the physical model based on a triplet of temperature measurement points (Reder et al.,

2018) and modelled using the equation:
T = cpo + ag exp(by8) [6]

where cno, ao, and by are fitting parameters (Table 2).

For both materials, the volumetric specific heat increases with increasing water content (Figure 6), linearly
for the WEC, and more than linearly for the SILT. The specific heat for the WEC, cE¢(8), is markedly
higher than the one for the SILT, c5/t7(6), i.e., the WEC has higher capacity for heat storage. Thermal
parameters for WEC and SILT are reported in Table 2.

5
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Figure 6. Volumetric specific heat functions for SILT and WEC

Table 2. Thermal parameters for SILT and WEC

Volumetric specific heat function

¢s (MJ/m’K) - WEC 2.31%
WEC cno (J/m’ K) 0.055

o5 (g/em’) 2.41

SILT
LIQUID cw (MJ/m’K) 4.186 ap (J/m’ K) 0.025
MATRIX Pw (g/cm’) 1 bo(-) 5.252
Thermal conductivity

Ai(WmK?') 0.148 A(WmK') 0.897
WEC a(WmK”) 0.013 SILT o, (WmK") 0.3697
bi(-) 5.406 bi(-) 1.9974

(*) Waples and Waples, 2004)
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The capacity of a material to transmit temperature variations depends on its thermal diffusivity o, which
decreases with decreasing thermal conductivity and increasing volumetric specific heat (@ = A/c,p ). The
SILT thermal diffusivity function a7 (@) is nearly independent of volumetric water content and is placed
well below the WEC function aE¢ (@), which decreases sharply with increasing volumetric water content
(Figure 7). In short, although characterised by a higher thermal conductivity, the WEC is less prone to transmit
heat thanks to its heat storage capability. The gap with the SILT reduces at high volumetric water contents.

SILT
WEC
4 —
E
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=
[77]
=3
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T 2 —
©
E
Q
=
= 1 -
___—-—----
0 - T T T I T T
0 0.2 0.4 0.6 0.8

Volumetric water content, © (m3/m3)

Figure 7. Comparison between SIL and WEC thermal diffusivities functions

4. Monitoring results

This section presents the hydrological (water storage, volumetric water content, suction) and thermal
(temperature) response of the lysimeter under SILTWEC conditions (silt layer covered by wooden embers).
Measurements are presented separately for the SILT layer (§4.1) and WEC layer (§4.2). Measurements carried
out in the SILT layer in the period 2019-2022 are plotted in comparison with measurements previously detected
under bare condition, i.e., no WEC cover (2010-2014, Rianna et al., 2014a) and vegetated condition (2014-
2019, Pagano et al., 2019).

4.1 Thermal and hydrological response of the SILT layer under SILTWEC conditions (in comparison
with bare and vegetated conditions)

4.1.1 Suction and volumetric water content

Figure 8 plots the evolution of the average volumetric water content quantified by weighing the lysimeter. The

brown curve refers to SILT layer alone under no-WEC-bare conditions, the green curve to the SILT layer alone
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199  tested after sowing vegetation (no-WEC-vegetated conditions), and the grey curve to the WEC overlying the
200  SILT layer (SILTWEC).
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201 Figure 8. Measurements from September 2010 to August 2023 (a) Daily and yearly cumulated rainfall. (b) Water
202 storage computed from measurements of lysimeter total weight (data for no-WEC-bare after Rianna et al., 2014b; data
203 Jfor no-WEC-vegetated after Pagano et al., 2019).

204

205  Under all covering conditions, it may be observed that the average volumetric water content often stabilises at
206  a "wet threshold" during the wet period (Rianna et al., 2014b). This threshold is controlled by the drainage
207  occurring at the bottom of the lysimeter when pore-water pressures at the bottom attain zero or slightly positive
208  values, preventing any further increase in the amount of water stored in the soil (Rianna et al., 2014b). The
209  wet threshold observed at ~0.7 m*/m? volumetric water content is directly associated with the SILT porosity.

210 Volumetric water content lowers during the dry season due to evaporation (or evapotranspiration for the
211  vegetated cover) prevailing on rainfall infiltration. A different minimum is reached over the drying period
212 ("dry threshold") for the three covering conditions. As expected, the dry threshold is lower in the presence of
213 vegetated cover due to 'distributed' water uptake by roots as opposed to evaporation taking place from the
214 surface for the case of bare and WEC conditions. It is worth noting that the "dry threshold" (0.25 m*/m?) in the

215  presence of WEC is higher than the one observed under bare conditions (0.20 m*/m?).
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Figure 9a compares the evolution of volumetric water content for three selected hydrological years
characterised by different covering conditions but similar potential evaporation/evapotranspiration evolution
during the dry periods as shown in Figure 9b (curves for the three selected hydrological years are overlapped
in the same graph). The selected hydrological years are September 2012-August 2013 for the bare soil (3™
year), September 2015-August 2016 for vegetated soil (6" year), and September 2020-August 2021 for the
SILT+WEC (11" year). Starting from similar volumetric water content levels at the end of the wet season, the
decay in water storage differs for the three surface covers (bare, vegetated, and WEC) although driven by
similar meteorological forcing. The decay in water storage is gentlest for the case of the WEC trend and

steepest for vegetated cover, leading to substantially different dry thresholds.
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Figure 9. Three distinct hydrological years (37, 6" and 11"), each characterised by a different covering condition but
similar evolution of potential evaporation/evapotranspiration (curves are overlapped in the same graph). (a) Global
volumetric water content. (b) Evaporation/evapotranspiration (data for no-WEC-bare after Rianna et al., 2014b; data
for no-WEC-vegetated after Pagano et al., 2019).

Figure 10 plots the suction and volumetric water content evolution monitored at four depths as indicated in
Figure 1. Suction fluctuates over time consistently with weather conditions, reducing to a few kPas over wet
periods and increasing to tens of kPa over dry periods.

During the dry period, suction tends to increase more under vegetated soil conditions than under bare soil
conditions, especially at depths greater than 15 cm. Differences between vegetated and bare conditions are due
to the water uptake by roots throughout the SILT, which enhances desaturation far from the soil surface
(Pagano et al., 2019). For these two covering conditions, suction exceeds the tensiometers full scale of 80 kPa
around the middle of the dry period in any hydrological year. When this occurred, tensiometers were re-

saturated to enable suction monitoring during the following wet period.
11
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In the presence of WEC, suction observed over the wet periods shows a similar pattern to that observed for
bare and vegetated cover. Suction evolution observed for the case of WEC at any depth departs during the dry
seasons because of reduced water loss by evaporation. Suction remains relatively low during the dry period to
the point that the tensiometer measurement range is not exceeded, ensuring continuity of tensiometer

measurements over the transition from dry to wet periods.
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Figure 10. Measurements from September 2010 to August 2023. (a) Daily and yearly cumulated rainfall. (b), (c), (d),
and (e) Suction and volumetric water content measured at Line C-15 cm, Line D-30 cm, LineE-50 cm, and Line F-70
cm respectively (data for no-WEC-bare after Rianna et al., 2014b; data for no-WEC-vegetated after Pagano et al.,
2019).

Water content measured using TDR probes installed at the same depth as the tensiometers shows patterns
consistent with the suction measurements (Figure 10). Under all covering conditions, volumetric water content
observed over the wet periods attains a threshold at 6=~0.65, slightly lower than the value at full saturation
(052=~0.7). During the dry season, the evolution of water content diverges substantially for the three covering
conditions reflecting the variations in global water storage as presented in Figure 8 and Figure 9. The different
desaturation trends observed for the three different covering conditions determine three different dry minima
for the volumetric water content, ~0.4 for WEC, ~0.25 for vegetated, and ~0.35 for bare conditions.

Figure 11 displays water content-suction data points recorded at the four monitored depths to represent the
water retention behaviour of the SILT. The water retention behaviour appears to have remained very stable

over the 12-year period regardless of the covering conditions.
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Figure 11. Water content-suction datapoints measured at Line C-15 cm (a), Line D-30 cm (b), LineE-50 cm (c), and
Line F-70 cm (d) respectively

4.1.2 Temperature

Three hydrological years, the 2™ (no-WEC-bare conditions), the 6" (no-WEC-vegetated conditions), and the
11" (SILTWEC conditions) year were selected to illustrate the effect of covering condition on SILT thermal
response. The air temperature evolutions were sufficiently similar to make it possible to associate differences
in SILT thermal response with the type of covering.

It should be noted that a 5 cm thick WEC was added on the top of the SILT. As a result, the shallowest
thermistor of line B (Figure 1) was 5 cm depth under no-WEC-bare and no-WEC-vegetated conditions and 10
cm depth under SILTWEC conditions. The difference in depth from the surface also applies to the second
shallower thermistor C (10 cm depth under bare/vegetated conditions, 15 cm depth under WEC).

Figure 12a,b plots the average hourly air temperature over a day, computed by averaging the hourly
temperature over one trimester in the hot season (Jun-Jul-Aug, Fig. 12a) and in the cold season (Jan-Feb-Mar,
Figure 12b) for the 2™ (no-WEC-bare condition), 6" (no-WEC-vegetated condition), and 11" (SILTWEC
condition) year.

Figure 12c,d shows the temperature recorded by the thermistor for the line B (at 10 cm depth under SILTWEC
conditions) compared with the temperature simulated at 10 cm depth under no-WEC-bare/vegetated covering
by interpolating the temperatures measured at Scm depth (line B) and 15 cm depth (line C) according to the

approach presented by Rianna et al. (2014a) based on the heat transmission equation under 1D condition
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(Hillel, 2003; Marshall et al., 1996). This figure shows clearly that the WEC dampens temperature fluctuations

at the same depth compared to bare/vegetated covering.
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Figure 12. Average hourly air temperature over a day, computed by averaging the hourly temperature over one
trimester for the 2" (bare condition), 6" (vegetated condition), and 11" (WEC condition) years. (a) Measured air
temperature in the hot season (Jun-Jul-Aug). (b) Measured temperature in the cold season (Jan-Feb-Mar). (c)
Measured temperature in SILT+WEC against simulated temperature in bare and vegetated SILT in the hot season (Jun-
Jul-Aug). (d) Measured temperature in SILT+WEC against simulated temperature in bare and vegetated SILT in the
cold season (Jan-Feb-Mar).

4.2 Thermal and hydrological response of the WEC layer

A small-tip tensiometer and a heat dissipation probe to monitor matric suction were installed in the middle of
the WEC layer (line A Fig. 1). Figure 13 plots the suction evolution in the WEC layer over the last three years
of the experiment. Suction never drops below 5 kPa, ranging between this minimum value and 30 kPa for most
of the year. In the middle of the dry season, suction abruptly exceeds the tensiometer full-scale range with the

consequent measurement interruption.
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296  Figure 14 shows the average hourly temperature of air, WEC (line A) and SILT (line B) computed over the
297  two considered trimesters. The WEC temperature fluctuates according to the air temperature. During the dry-
298  hot period, the temperature in the WEC exceeds the air temperature while the temperature in the SILT remains
299  markedly below the air temperature in the central part of the day, implying that the WEC becomes hotter while
300  storing the heat supplied by the atmosphere without transmitting it to the SILT layer.
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Figure 14. Comparison between evolutions of air and soil temperature (SILT and WEC) during a) June-July-August
(Jun-Jul-Aug), b) January, February-March (Jan-Feb-Mar).

5. Numerical simulation of hydrological and thermal response of physical model

5.1 Governing equations

The coupled thermohydraulic approach proposed by Wilson (Wilson et al., 1994) has been adopted to analyse
the response of a two-layer system to the atmospheric variables. Similar approaches have been successfully
adopted to investigate embankment stability (Gitirana, 2005), soil-structure interaction (Al Qadad et al., 2012),
and soil-water budget (Cui et al. 2005).

Wilson's approach includes the water balance equation, the heat balance equation, and thermodynamic phase

equilibrium as the governing equations.

The water balance equation is expressed as:

1 0ug—uy) 1 0 . k, 0(ug —uy) N (Pa+u,,) 0 ( au,,) (7]
pwg 0t pugmy[0z\"" p,g 0z Popw /0z\"7 0z

where u,, (kPa ) = liquid pore-water pressure, u, (kPa ) = pore air pressure, u,, (kPa ) = partial pressure of

vapour pore-water, my (kPa!) = slope of soil water retention curve (SWRC), P, (kPa) = total atmospheric

pressure, k,, (ms™') = hydraulic conductivity function (HCF), D,, (°C) = vapour diffusivity through the soil,

pw (kg m™¥) = liquid water density, g (m s) = gravitational acceleration.

Compared with the traditional form of the water balance equation, describing the flow of liquid water through
porous media, equation [7] contains an additional term (the second one in the square brackets) accounting for

water flux in the water phase.
The heat balance equation is expressed as:
dr 0 ¢ 0T P, +u,\ 0 Ju,
—=—A=)-L,(——— ) =D, — (8]
Cr ot az<Aaz) ”( P, )62( ”az)

where T (°C) = soil temperature, C, (J/m* °C) = volumetric specific heat, A (W/m °C) = thermal conductivity,
L,, (J/kg) = latent heat of water vaporisation. In this equation, the second term on the right-hand side accounts

for the energy spent on water vaporisation and represents the coupling with the water balance equation.

The thermodynamic equilibrium between the liquid and vapour phases of water is expressed as:

(ua -
Uy = Uyg €XDP RT
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where u,,q (kPa) = saturated partial pressure of pore vapour, M,, (kg/mol) = water molecular weight, R (J/mol

°C) = ideal gas constant.

5.2 Boundary conditions
The following boundary conditions were imposed to the model:

1) Liguid water flux. Rainfall-induced flux is simulated by imposing an inward flux equal to rainfall intensity
as long as this condition generates pore-water pressure at the boundary that is less than zero. If this last
condition is not satisfied, null-pore-water-pressure is imposed at the boundary. During no-rain periods,
evaporation-induced flux is simulated by imposing an outward flux equal to the Actual Evaporation (AE),

in turn, assumed to be equal to the product of Potential Evaporation (PE) times a reduction function k:

AE =k PE [10]

Potential Evaporation is quantified according to the FAO approach (Allen et al., 1998) that takes the various
crop conditions into account thanks to the crop coefficient (k.-o,) that transforms the potential evaporation from
a reference surface (a hypothetical grass reference crop with prescribed crop height, surface resistance and

albedo) into potential evaporation in relation to the actual surface:

900
0.408A - (Rn - G) + ymuZm(ugo - uﬁ)

[11]
A+y(1+0.34uy,,)

PE = k¢ropRE = kerop

where PE [kg m™2 s7!] is the potential evaporation rate, RE [kg m~ s7'] is the potential evaporation rate from
a reference surface (hypothetical grass reference crop with prescribed crop height, surface resistance and
albedo), kcrop (-) is the crop coefficient, 7, [°C] is the air temperature, u., [m/s] is the wind speed at 2 m above
the surface of the ground, A [Pa °C™'] is the slope of the saturation vapour pressure curve at the air temperature
T., v [Pa °C™'] is the psychrometric constant at the air temperature 7, R, [W m™] is the rate of net radiation,
G [W m™] is the soil heat flux. The reduction function k considers the drop in the water vapour pressure in the
soil as suction increases as opposed to the case of the free water surface for which the original Penman equation

was derived. The reduction function was modelled according to Wilson et al. (1997):

exp [(ua _ uw)SMWg — RH

RT. Uy [12]
- -2
1-RH Uno

A seepage surface is applied at the bottom boundary to simulate the condition determined by the geotextile
and the perforated tank bottom. This consists of zero flux provided this condition generates pore water
pressures at the boundary less than zero; otherwise, zero pore-water pressure is imposed at the bottom boundary

(Reder et al., 2017).
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2) Vapour water flux. A vapour pressure (u,)s; was imposed at the surface and derived from air relative

humidity RH and air temperature T, records. RH provides the ratio (u,,)s/(Uyo)s, While T, provides the partial

pressure of the vapor phase under saturated conditions (u,)s using the Tetens equation (Tetens, 1930).

3) Thermal flux. Temperature T at the surface is assumed to be equal to air temperature T,, measured two

meters above the ground surface, in line with the approach followed by Wilson et al. (1997).

It is worth highlighting that the illustrated model incorporates evaporation as a superficial process and an
internal process associated with the deepening of the water phase transition surface over dry and hot periods.
The simulation was performed using an input/output hourly time step; moreover, the adaptive time stepping

scheme proposed by Milly (1982) was adopted for the inner time step.

5.3 Soil parameters

The numerical analyses were based on the soil-water retention and hydraulic conductivity functions defined
by Egs. [1] and [2] (hydraulic parameters listed in Table 1 for SILT and WEC layers) and thermal functions
defined by Egs. [3], [4], and [5] (thermal parameters listed in Table 2 for SILT and WEC layers).

5.4 Results

Figure 15 compares measured and computed suction at the four recorded depths over the period where the
WEC was in place. By considering the same soil properties and boundary conditions as per the physical model
(hereafter referred to as "SILTWEC"), the simulation reproduces the observed behaviour satisfactorily. It is
worth noting that the computed trend accommodates the low suction observed during the dry periods, which

is associated with the presence of the WEC layer.

To quantify the effect of WEC explicitly, the WEC layer of 5 cm was removed in the numerical model and
replaced with a SILT layer of equal thickness (referred to as "SILT80'). The results indicate that the suction in
SILTS80 increases dramatically due to the lack of the barrier effect associated with the WEC barrier.

The barrier to outward water fluxes generated by the WEC is associated with the specific thermohydraulic
properties of WEC material. One further simulation was conducted to investigate whether the WEC acts as a
thermal or hydraulic barrier. A material was designed with the hydraulic properties of the WEC and the thermal
properties of the SILT (referred to as SILWECh). This deactivates possible thermal barrier effects in the WEC.
Results indicate that the suction over the dry period with the SILTWECH top layer only slightly rises over the
SILTWEC one, demonstrating that WEC mainly acts as a hydraulic barrier. This effect is associated with the
lower hydraulic conductivity of the WEC compared to the SILT at high suction (>30 kPa), as shown in Figure
4, which makes the WEC top act as a capillary barrier.
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Figure 15. Comparison between measured and simulated suction at Line C-15 ¢cm (a), Line D-30 cm (b), Line E-50 cm
(c), and Line F-70 cm (d) respectively (grey curve = SILTWEC, physical model made of 75 cm of silt and 5 cm of WEC,
each material has its own thermal and hydraulic properties; orange curve = SILTWECh, WEC layer has the thermal
properties of the SILT; blue curve = SILT80, WEC layer replaced with SILT layer)

6. Implications of WEC formation on slope stability

The experimental results from the lysimeter tests and their numerical interpretation suggest that the formation
of WEC following a wildfire could inhibit soil water fluxes induced by evaporation during the dry season,
generating an increase in soil water content whose effect may extend to the subsequent wet season. Persistent
lower suction levels during the wet season may reduce the severity of the rainfall events triggering slope
instability, i.e., increase the slope's vulnerability to rainfall-induced failure. To demonstrate the potential
quantitative impact of a WEC forming on a silt slope, the case study of the rainfall-induced landslide that
occurred in 2005 in Nocera Inferiore, Italy (Pagano et al., 2010) was reanalysed by simulating the presence of
a WEC following a wildfire and attributing to the WEC the same thermohydraulic properties of the material

characterised in this study.

The evolution of suction and Factor of Safety (FoS) in the slope previously simulated under the scenarios of
vegetated conditions (no-WEC) under the measured climatic loading was compared with the evolution of

suction and FoS simulated assuming that the vegetation be replaced by a WEC at some point in time.

6.1 Morphological and hydrological characteristics of the 2005 Nocera Inferiore landslide

The landslide area is in the district of Nocera Inferiore in Southern Italy, on the eastern border of the Lattari
Mountains and approximately 15 km northwest of Salerno. This region is characterised by pyroclastic SILT
slopes of varying thickness and inclinations, primarily formed by the volcanic activity of the Somma-Vesuvius
complex. These SILT covers overlay fractured calcareous bedrocks and are susceptible to generating rainfall-

induced debris avalanches.

The stratigraphy on gentle slopes includes, from bedrock to ground surface, a basal paleosol of silty sand/sandy

silt approximately 1-meter thickness, a layer of pumices (coarse sand and gravel) with a low degree of
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weathering up to 1 m thickness, and a weathered and pedogenised volcanic ash layer up to 1 m thickness,
composed of silty sands/sandy silt (de Vita et al., 2006; de Vita et al., 2018). Steeper slopes exceeding 30°
inclination are more susceptible to rainfall-induced landslides. In these areas, the thickness of the pumice layer
tends to reduce and disappear when slopes reach around 40° inclination. When the pumice layer tends to
disappear, the slope becomes almost homogeneous in terms of hydraulic properties despite being formed by
silt layers of different geological origin. This geotechnical homogeneity is observed in the landslide area of
the Nocera Inferiore, particularly in the apical zone where the landslide is supposed to have been triggered
(Revellino et al., 2013). Similar homogeneity has also been noted in other areas of the Lattari Mountains
affected by debris avalanches (Calcaterra et al., 2004, Fiorillo et al., 2004, Forte et al., 2019), such as San
Pantaleone Hill (events in 1961, 1972, and 1997) and Monte Pendolo (event in 1971) (Rianna et al., 2023).

The finest fraciton of ash soils (silt with moderate clay fraction) for these SILT slopes is generally non-plastic
due to its volcanic origin. Soil porosity can reach up to 70%, with peaks attaining 80%. Over the past 60 years,
debris avalanches have involved SILT slopes approximately 2 m thickness, typically triggered by antecedent
cumulative rainfall exceeding 500 mm within the same hydrological year and a critical rainfall event
characterised by its exceptional duration (up to 15 hours), rather than its intensity. Rianna et al. (2014b)

provided a physical interpretation of the rainfall patterns inducing slope instability in these soil covers.

The Nocera Inferiore landslide is the most recent and significant event in the area recorded over the past fifty
years and occurred on 4 March 2005. A nearby weather station provided data about the meteorological
conditions triggering the landslide, including hourly precipitation, air relative humidity, and air temperature.
An antecedent amount of 800 mm characterised the rainfall history since September 1, 2004, and the critical
event consisted of 143 mm rainfall over 16 h duration. These conditions are consistent with other rainfall

events that have triggered debris avalanches in the Lattari Mountains (Pagano et al., 2010).

After the landslide, a triangular-shaped area was visible (Figure 16). It extended over an open slope with an
average inclination of 36° and mobilised a soil mass of 33,000 m*. The kinematics was typical of a debris
avalanche. The SILT slope angle in the apical zone of ~40° slightly exceeded the soil friction angle of 37-39°
(Pagano et al., 2010), likely triggering the landslide. The bedrock consisted of highly fractured limestone at 1
to 2 m depth, with the greatest depths in the apical zone. Figure 17 shows the evolution of meteorological
forcings in terms of rainfall and reference evaporation over the ten years preceding and following the landslide

event (from February 1998 to October 2008).
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435 Figure 16. The 2005 Nocera Inferiore landslide.
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437 Figure 17. Evolution of meteorological forcing at the landslide site between 1998 and 2008 (landslide event occurred
438 on 4 March 2005). (a) Daily rainfall; (b) Daily reference evapotranspiration, (c) Cumulative rainfall and reference
439 evapotranspiration over a hydrological year

440 6.2 Simulation of the effect of WEC formation following wildfire on rainfall-induced slope instability

441  Different mechanisms may contribute to initiate the rainfall-induced instability of the pyroclastic SILT slopes
442  in this area (Coppola et al., 2020). These include i) the reduction of soil shear strength due to loss of suction,

443 i) the reduction of pullout resistance of roots anchored to the fractured bedrock favoured by loss of suction,
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and iii) the static liquefaction generated by volumetric collapse occurring when suction reduces and saturation
is approached (Olivares, 2001; Olivares & Picarelli, 2003). Regardless of the mechanism, slope failure is
driven by the loss of suction generated by infiltrating rainwater. Therefore, the replacement of vegetation with
a WEC following a wildfire is expected to affect landslide initiation due to the WEC's effect on the slope's
suction regime. An in-depth analysis of the failure of the Nocera Inferiore landslide is out of the scope of this
work, and for the sake of simplicity, the attention is only focused here on the first mechanism, i.e., the reduction

of soil shear strength due to the loss of suction.

Pagano et al. (2019) simulated the effect of the 10-year meteorological time series ( Figure 17) on the suction
regime in the Nocera Inferiore SILT slope. The coupled thermohydraulic analysis was performed under 1D
conditions considering a column 2 m high and the constitutive thermohydraulic model for the SILT presented
in Section 3. Meteorological data were converted into evapotranspiration boundary flux according to the
approach by Tratch et al. (1995). The evapotranspiration was split into an evaporation and a transpiration
component. Transpiration-induced flux was distributed along the root zone mesh nodes, and the flux imposed
at each node was ‘reduced’ using the Feddes reduction function (Feddes et al., 1998). Evaporation-induced
flux was applied at the surface, and the actual evaporation was modelled by considering Wilson’s reduction

function (Eq. [12]).

Figure 18a shows the suction simulated for the vegetated slope at the depth of 1.5 m (taken as representative
of the average depth of the failure surface) starting from June 2000. The Factor of Safety (FoS) of the slope

was computed by considering the case of infinite slope and a failure surface located at the depth z=1.5m:

_ tang’ s S.tan ¢’

FoS = [13]
0 tanff yz sinfcosf

where y is soil unit weight (10.6 kKN/m?®), ¢'= friction angle (¢'= 37°), S, is the degree of saturation, s is the
suction, z is the depth of the potential failure surface (z=1m), and B is the inclination of the slope. As shown in
Figure 18D, the FoS follows the fluctuation of suction and reaches minima during the winter periods. The FoS

reduced to values lower than unity when the landslide occurred in March 2005.
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Figure 18. Evolution of suction and Factor of Safety (FoS) at slope mid-depth for the case of vegetated slope (no-WEC-
vegetated, green, curve,) and the scenario of WEC replacing the vegetation following wildfire on 1 June 2000
(SILTWEC, grey, curve). The case of bare soil (vegetation removed without the formation of a WEC) is also shown for
comparison (no-WEC-bare, brown curve). (a) Suction; (b) FoS.

A wildfire was assumed to occur on 1 June 2000, simulating WEC formation effects by i) removing the
evapotranspiration boundary flux, ii) adding a 5 cm thick WEC on the top of the SILT layer, and iii) applying
an evaporation boundary flux at the top of the WEC. Figure 18b shows that, in the case of wildfire and WEC

formation, failure would have occurred two years earlier (in Winter 2003).

A wildfire is responsible for the loss of root water uptake mechanism and the formation of a WEC
thermohydraulic barrier. To discriminate between these two effects, the case of bare soil was also simulated
(no-WEC-bare condition) by replacing the evapotranspiration with the evaporation boundary flux without
adding WEC layer on the top of the SILT slope. The bare soil maintains the same evaporative flux as the
vegetated cover. Still, it does not distribute the water uptake over the root zone and does not generate the
thermohydraulic barrier effect as the WEC. Figure 18b shows that the no-WEC-bare curve lies between the
no-WEC-vegetated and SILTWEC curves, indicating that both the deactivation of transpiration effects and the

WEC formation reduce FoS significantly following a wildfire.

7. Conclusions

The paper has presented a multi-year experimental investigation into the effect of Wooden Embers Cover
(WEC) overlying a layer of pyroclastic silt (SILT) on the hydrological regime of the SILT layer. The WEC
simulates the formation of a cover following wildfire. This experiment aimed to explore whether the thermo-
hydraulic properties of the WEC have beneficial or adverse effect on rainfall-induced instability of pyroclastic
SILT slopes. Experiments were conducted in an outdoor lysimeter filled with SILT up to 75 cm covered with
Scm of WEC. Water storage in the SILT layer, soil water content, suction, and temperature were recorded for
3 years (SILT+WEC condition, 2019-2022) and compared with the hydrological regime recorded in antecedent
experiments in the same lysimeter including bare condition (4 years, 2010-2014) and vegetated condition (5
years, 2014-2019).

The WEC reduces water losses by evaporation thus increasing the average water content in the underlying
SILT, an effect that is detrimental to slope stability. The barrier effect can be in principle associated with the

lower thermal conductivity of the WEC, which was reflected by the lower soil temperatures recorded when
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the WEC was in place. The lower is the energy supplied to the underlying SILT layer, the lower is the energy
made available for the phase transition from liquid to vapour water, in turn reducing the 'internal' evaporation.
A second effect can be associated with the lower hydraulic conductivity of the WEC layer at high suctions,
which develop in the WEC over dry periods.

To discriminate between these two effects, a numerical simulation was carried out by comparing the case of a
WEC with its real thermal and hydraulic properties with the case of a fictitious top layer placed on the top of
the SILT having the same hydraulic properties of the WEC but the thermal properties of the SILT. Negligible
differences were observed between the simulated suction at different depths leading to the conclusion that the
barrier effect of the WEC is mainly associated with its hydraulic properties, i.e. the WEC acts as a capillary
barrier.

The lysimeter data show that replacing the vegetation with a WEC generated an increase in water storage of
around 200 mm at the end of the dry season, with the SILT having reduced potential to store rainwater during
the subsequent wet season making it more susceptible to rainfall-induced instability. Landslides in pyroclastic
soil are associated with antecedent rainfall of 500-700 mm and a triggering high-intensity rainfall events that
release 80-150 mm of rains over tens of hours; these numbers indicate that 200 mm of reduced water storage
could be fatal for the slope during a wet period after a wildfire.

To gain a quantitative insight into the effect of a WEC on the susceptibility of SILT slopes to rainfall-induced
landsliding, the case study of the 2005 Nocera Inferiore landslide was reanalysed by simulating the presence
of a WEC following a wildfire. The numerical analyses show that the WEC makes the SILT slope vulnerable

to less severe rainfall events. For the scenario considered, the landslide would have occurred two years earlier.

Achronimous Description
SILT layer of silty volcanic soil
WEC wooden embrace cover
no-WEC-bare SILT without WEC and bare conditions
no-WEC-vegetated SILT without WEC and presence of a grass
layer of silty volcanic soil with superimposed a wooden embrace
SILT WEC :
cover, each material has its own thermal and hydraulic properties
layer of silty volcanic soil with superimposed a wooden embrace
SILT WECh
cover, WEC layer has the thermal properties of the SILT
SILT80 WEC layer replaced with SILT layer

List of notations

Symbol Unit Description
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0 [-] volumetric water content
0, [-] volumetric water content at saturation
0, [-] volumetric water content at residual state
0, [-] effective degree of saturation
a [1/kPa] water retention function parameter
n [-] water retention function parameter
m [-] water retention function parameter
Ksat [m/s] saturated hydraulic conductivity
A [W/mK] thermal conductivity
Cy [J/m3K] volumetric specific heat
qt [W/m] heat per unit length supplied to heat dissipation probe
AT K] temperature change
At [s] time span
Qs [-] volumetric fraction of solid matrix
Cs [MJ/m*K] volumetric specific heat of solid
Ps [g/cm?] density of solid matrix
Ow [-] volumetric fraction of water
Cw [MJ/m*K] volumetric specific heat of water
Pw [g/cm?] density of water
chy [J/mK] volumetric specific heat function parameter
ag [J/mK] volumetric specific heat function parameter
bo [-] volumetric specific heat function parameter
Uy [kPa] liquid pore-water pressure
Ua [kPa] pore air pressure
Uy [kPa] partial pressure of vapour pore-water
my" [1/kPa] slope of soil water retention curve
P, [kPa] total atmospheric pressure
kw [m/s] hydraulic conductivity function
D, [°C] vapour diffusivity through the soil
g [m/s?] gravitational acceleration
L, [J/kg] latent heat of water vaporisation
Uyo [kPa] saturated partial pressure of pore vapour
My [kg/mol] water molecular weight
R [J/mol°C] ideal gas constant
AE [kg/m?s] actual evaporation

27



Coppola, L., Reder, A., Rianna, G., Tarantino, A., & Pagano, L. (in press). Effects of Wooden Embers Cover
on thermo-hydrological response of silty volcanic cover and implications to post-wildfire slope
stability. Engineering Geology.

k [-] reduction function
PE [kg/m?s] potential evaporation
RE [kg/m?s] potential evaporation rate from a reference surface
Kerop [-] crop coefficient
Ta [°C] air temperature
Wm [m/s] wind speed at 2 m above the surface of the ground
A [Pa/°C] slope of the saturation vapour pressure curve at the air temperature ¢,
y [Pa/°C] psychrometric constant at the air temperature ¢,
Rn [W/m?] net radiation
G [W/m?] soil heat flux
o' [°] friction angle
y [kKN/m?] soil unit weight
Sr [-] degree of saturation
B [°] inclination of the slope
522
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