
Vol.:(0123456789)1 3

Bulletin of Engineering Geology and the Environment          (2022) 81:454  
https://doi.org/10.1007/s10064-022-02947-x

ORIGINAL PAPER

Clues of wildfire‑induced geotechnical changes in volcanic soils 
affected by post‑fire slope instabilities

Dario Peduto1 · Luca Iervolino1   · Giuseppe Esposito2 · Vito Foresta1 · Fabio Matano3 · Rocco Masi4

Received: 20 April 2022 / Accepted: 18 September 2022 
© The Author(s) 2022

Abstract
Wildfires can significantly affect mountain hillslopes through the combustion of trees and shrubs and changes in soil prop-
erties. The type and magnitude of the associated post-fire effects depend on several factors, including fire severity and soil 
physical–mechanical-hydraulic features that, coupled with climate and topographic conditions, may cause increased runoff, 
erosion, and slope instability as consequence of intense rainfall. The post-fire response of slopes is highly site-specific. 
Therefore, in situ surveys and laboratory tests are needed to quantify changes in key soil parameters. The present study docu-
ments the post-fire physical and hydromechanical properties of pyroclastic topsoil collected from three test sites that suffered 
wildfires and rainfall-induced post-fire events in 2019 and 2020 in the Sarno Mountains (Campania Region, southern Italy). 
The tested pyroclastic soils in burned conditions show (i) no significant changes in grain size distribution, soil organic mat-
ter, and specific gravity; (ii) a deterioration in shear strength in terms of decreased soil cohesion caused by the fire-induced 
weakening of root systems; and (iii) a decrease in hydraulic conductivity. Accordingly, it can be argued that the documented 
post-fire erosion responses were mainly caused by the reduced cohesion and hydraulic conductivity of the burned topsoil 
layer, as well as by the loss of vegetation cover and the deposition of fire residues. Although deserving further deepening, 
this study can represent the necessary background for understanding the initiation mechanism of post-fire erosion processes 
in the analyzed area and on several natural slopes under similar conditions.
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Introduction

Wildfires leave a significant mark on the landscape through 
the combustion of trees and shrubs and changes in soil char-
acteristics that may cause reduced infiltration of rainwater 
and consequently increased runoff and erosion compared 
to the unburned areas. Intensive erosive processes such as 
rill erosion, gully erosion, and channel erosion in burned 
areas have been documented worldwide (e.g., Benda et al. 
2003; Rengers et al. 2016). The mobilization of sediments 
downstream and incorporation of additional material within 
the hydraulic flows along the drainage network may lead 
to sediment-laden and debris flows (Woods and Balfour 
2008). These mass movements may occur as a consequence 
of intense rainfall within a few years after a fire and several 
times in the same burned basin (De Graff 2018; Staley et al. 
2020). The relatively high flow velocities may increase the 
hazard and risk conditions for people living near the outlets 
of burned watersheds and thus exposed to the impact of flow 
processes.
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Analyzing predisposing factors leading to post-fire soil 
erosion and debris flows involves different research fields, 
including geotechnical, geomorphological, and geological 
sciences. Generally, the fire-induced changes in geotechni-
cal properties of soils are site-specific since the soil types 
may have different characteristics, mainly depending on 
geology, topography, and climate. In addition, wildfires can 
be characterized by variable intensities according to local 
conditions. Concerning the fire effects on soil geotechni-
cal properties, there is much debate in the literature because 
information about modifications to physical or hydraulic char-
acteristics is often discordant. For instance, previous studies 
have shown that grain size increases, decreases, or does not 
change depending on the soil type (Ulery and Graham 1993; 
Terefe et al. 2008; Stoof et al. 2010; Esposito et al. 2017). 
The effects of fire on the soil organic matter (SOM) content 
are also highly variable. These effects may range from the 
almost destruction of the SOM (Alauzis et al. 2004; García-
Corona et al. 2004) to increases in the topsoil due to the 
deposition of dry leaves and partially burned plant materials 
(González-Pérez et al. 2004). Moreover, even no significant 
effects on SOM content were observed (Fernández et al. 1997; 
Badía and Martí 2003). The behavior of hydraulic conductiv-
ity is strongly variable as well. Literature studies report (i) 
decreases in post-fire hydraulic conductivity because of ash 
clogging/sealing soil pores and fire-induced soil hydrophobic-
ity (Neary et al. 1999; Robichaud 2000; Shakesby and Doerr 
2006); (ii) no change (Stoof et al. 2010), or (iii) even increases 
for severe fires, which can destroy the hydrophobic layer and 
form macropore flow pathways by burning the soil root sys-
tems (Lei et al. 2022). Besides this, very little information 
can be found on the fire effects on soil mechanical proper-
ties and their implication on debris flow occurrence. Moody 
et al. (2005) identified the critical shear stress as a reference 
parameter to analyze the inception of soil particle movement. 
It has been seen that this soil parameter depends on tempera-
ture; in particular, fire may burn some roots, contributing to 
a decrease in soil cohesion (Nakane et al. 1983) and causing 
soil friction angle variations (Tiwari et al. 2019) especially 
for more severe burns (Peduto et al. 2022). In addition, the 
mechanical properties of fire-affected hydrophobic soils 
have been tested, showing that soil shear strength decreases 
as soil hydrophobicity increases (Movasat and Tomac 2021). 
In a variable framework like this, research efforts should be 
focused on defining a clear scientific background able to sup-
port post-fire analyses adequately.

This paper aims at enhancing the existing knowledge about 
the effects of wildfires on geotechnical properties of soils orig-
inated from pyroclastic airfall deposits (i.e., andosols – WRB 
2006) of the Campania region (southern Italy). The study sites 
occur within one of the most exposed areas to landslides in 
Italy since it was affected by multiple events in the past, includ-
ing the disaster of 5–6 May 1998 (Cascini et al. 2011). In the 

aftermath of such a disaster, much research was developed 
to analyze the geotechnical properties of pyroclastic layers 
and soil horizons involved in the slope failures in unburned 
conditions. Recent studies demonstrated that pyroclastic soils 
in this area are also susceptible to post-fire erosion processes 
(Esposito et al. 2013, 2017, 2019), which can supply hyper-
concentrated and debris flows threatening the urban centers 
downstream. This study provides a preliminary characteriza-
tion of the modifications to physical–mechanical and hydraulic 
properties of the topsoils affected by three wildfires in 2019 
and 2020 (Fig. 1a), followed by rainfall-induced soil erosion 
processes a few weeks later. The research findings can be use-
ful to improve the knowledge about mechanisms controlling 
post-fire erosion responses in similar areas and providing input 
data for implementing prediction models or planning in situ 
monitoring systems.

The study area

Geology, geomorphology, and past landslides

The study area is located in the Campania Region, southern 
Italy, along the southern slope of a carbonate massif formed 
by Mesozoic limestone and dolomite rocks (Di Nocera et al. 
2011), and referred to as Sarno Mountains (Fig. 1). These 
latter reach a peak elevation of 1133 m above sea level and 
their morphology is characterized by steep slopes with aver-
age gradients of about 35°, decreasing to about 10° in the 
foot slope. The vertical continuity of the slopes is interrupted 
locally by vertical carbonate scarps extending laterally up to 
a few hundred meters. The scarps correspond to erosion pro-
files of thick carbonate beds, with heights ranging from 1–2 
m to 10–15 m. Instead, the lateral continuity is interrupted 
by several stream valleys extending downslope from about 
the ridge crest, with lengths reaching up to 2 km and average 
depths around 30 m. Since the Late Quaternary, the mas-
sif was mantled by pyroclastic airfall deposits derived from 
multiple eruptions of the nearby Somma-Vesuvius volcanic 
complex (Rolandi et al. 1998).

The slope-mantling deposits consist of a thin layer of col-
luvial deposits made by reworked pyroclastic deposits locally 
mixed to calcareous debris, covering pyroclastic sequences 
made of alternating layers of ashes and pumices, locally 
interrupted by buried soil horizons. These deposits are clas-
sified as andosols (WRB 2006) and are characterized by dif-
ferent hydraulic and mechanical properties and negligible 
cohesion (Cascini and Sorbino 2002; Crosta and Dal Negro 
2003; Bilotta et al. 2005; Picarelli and Vinale 2007; Damiano 
and Olivares 2010; De Vita et al. 2013). Accordingly, the 
shear strength of the volcaniclastic cover is controlled mainly 
by matric suction (Picarelli et al. 2020) and by plant roots in 
the surficial zone (Foresta et al. 2020). The well-developed 
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vegetation in the area, formed by oak, chestnut, and pine 
forests mixed with Mediterranean shrubs, represents a strong 
protection against surface erosion (Esposito et al. 2017). On 
the other side, this canopy cannot stabilize the entire volcani-
clastic cover, as demonstrated by past landslides involving 
fully vegetated zones. The overall development of vegeta-
tion in the area is favored by a Mediterranean climate with 
hot, dry summers, and moderately cool, rainy winters, with 
average annual precipitations in the order of 1000–1200 mm.

The current volcaniclastic cover (Fig. 1b) is not continuous 
in the space since its thickness varies according to topography, 
as well as to the occurrence of mass movements and erosion 
processes. The thickness ranges from less than half a meter 
within the steepest areas (maximum slope angles up to 50°) 
to up to 5–7 m on gentle slopes (De Vita et al. 2013). The 
base of the massif is constituted by talus deposits, includ-
ing reworked volcaniclastic material mixed with carbonate 
debris derived from slope instability processes. These latter 
include (i) rockfalls affecting the fractured carbonate scarps; 
(ii) shallow landslides involving the volcaniclastic cover; 
and (iii) post-fire surface erosion. All these processes were 
documented in the scientific literature developed after the 
geo-hydrological event on 5 and 6 May 1998. This event was 
characterized by hundreds of shallow landslides that occurred 
over the entire Sarno Mountain Range, involving the volcani-
clastic deposits and uppermost strata of the carbonate bed-
rock (Fig. 1a). In many cases, initial debris slides (Cruden 
and Varnes 1996) evolved into debris avalanches (Hungr 
et al. 2001) before being channelized into the narrow gullies 
or channels in which the mobilized mass transformed into 
rapid and extremely rapid debris/hyperconcentrated flows 

(Pearson et al. 1987; Cruden and Varnes 1996; Guadagno 
et al. 2005; Cascini et al. 2008). Overall, about 2,000,000 m3 
of pyroclastic sediments and carbonate rocks were displaced 
during the entire event (Cascini et al. 2008). The impact of 
flows on urban settlements caused 160 fatalities; 115 people 
were injured, 1210 became homeless, and severe damage to 
buildings and economic activities quantified in more than 30 
million Euros (Brondi and Salvatori 2003).

Historical research documented a moderate frequency of 
events like this in the past centuries, both in the Sarno area and 
other parts of the region characterized by similar geological 
and geomorphological properties (Migale and Milone 1998; 
Calcaterra et al. 2000; Guadagno and Revellino 2005). Not-
withstanding, no correlation was found with wildfires that, 
according to data from the National Forestry Corps, affect 
the Sarno Mountain Range with a relatively high annual fre-
quency, especially during the summer season (https://​sit2.​
regio​ne.​campa​nia.​it/​servi​zio/​catas​to-​incen​di). On the other 
hand, Esposito et al. (2017, 2019) documented that erosion 
and flow processes are very likely in wildfire-affected areas 
due to intense rainstorms impacting the burned topsoils. Such 
rainstorms are often associated with frontal storms and isolated 
convective cells occurring mostly in the late summer-autumn 
period (De Luca et al. 2010), when most of the recorded post-
fire erosion processes have occurred. It is worth noting that 
sediment-laden and debris flows characterizing post-fire 
responses (Fig. 2) have a relatively low magnitude with respect 
to flows similar to the ones occurred during the 1998 event. 
Despite this, the associated hazard and risk levels are very high 
if the potential impact on urban settlements is considered (e.g., 
Esposito et al. 2019 – Fig. 2).

Fig. 1   The study area of the Sarno Mountains with the indication of a the flowslides of 1998, the three burned areas in 2019 and 2020, the 
boundaries of past burned areas within the period 2000–2014, and sampling areas; b The pyroclastic cover thickness

https://sit2.regione.campania.it/servizio/catasto-incendi
https://sit2.regione.campania.it/servizio/catasto-incendi
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Post‑fire erosion responses

The three burned sites in the municipalities of Siano 
(Sn2019 and Sn2020) and Sarno (Sr2020) were also affected 
by post-fire erosion processes and consequent floodings in 
the weeks following the fire events (Fig. 2). Rainstorms 
characterized by sub-hourly durations (i.e., 30 and 50 min) 
triggered erosion responses in November 2019 and Septem-
ber 2020 with peak 10-min rainfall intensities of 50 and 102 
mm/h, respectively, according to the data recorded by a rain 
gauge of the Civil Protection located about 3000 m from 
the burned sites. The average storm intensities resulted in 
25.2 and 51 mm/h. In the burned watersheds, both hyper-
concentrated and debris flows took place, overwhelming the 
urban settlements downstream and damaging some buildings 
along with parked vehicles (Fig. 2). Some images acquired 
using a UAV in the aftermath of the Sn2019 post-fire event 
highlighted several rill networks developed along the burned 

slopes, demonstrating that part of the sediment was mobi-
lized by concentrated surface runoff during the rainstorm 
before being deposited along the underlying road.

Materials and methods

Figure 3 shows the procedure followed to investigate changes 
in soil geotechnical properties because of fires characterized 
by different burn severity. It consists of two main steps: (i) 
in situ assessment of the fire burn severity and sampling; (ii) 
geotechnical laboratory tests on undisturbed soil samples.

Soil sampling was essential to perform geotechnical labo-
ratory tests on undisturbed samples. It was conducted in 0–5 
cm depth to limit the analysis to the shallow fire-affected 
topsoil layer. Undisturbed soil samples were collected in the 
three test sites on different dates to appreciate any changes 
in geotechnical properties of post-fire soils. To prevent from 

Fig. 2   Timeline showing the 
occurrence of wildfires and 
consequent post-fire responses. 
Photos of the wildfires (a, b, c) 
(credits: Croce Azzurra Siano 
volunteers) and post-fire events 
(d, e, f) are reported below
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changes of soil properties due to spatial variability, single 
and multiple sampling locations were randomly selected 
within accessible homogeneous areas (i.e., plots), which were 
qualitatively derived from the field investigations carried out. 
Each plot was characterized by homogeneous basic features 
(e.g., vegetation type, root system condition, etc.). In par-
ticular, with reference to the burned areas, we classified each 
plot according to the specific level of burn severity recorded. 
In this regard, in situ burn severity was assessed according 
to the procedure proposed by Parsons et al. (2010), through 
field surveys conducted for each burned site seven days after 
the fire events. The primary objective was to identify fire 
damage on the three sampling sites and document changes 
in the ecosystem and topsoil conditions. The mean charac-
teristics considered to assess the burn severity were ground 
cover, ash color and depth, soil structure, and roots condi-
tion. Ground cover refers to effective organic cover that miti-
gates runoff and erosion and includes litter, duff, and woody 
debris. Ash color and depth include information on the color 
and depth of ash (on the order of cm). Soil structure refers 
to the adhesive contribution of the SOM, which binds soil 
particles into stable aggregates against detachment. Roots 
condition indicates the degree of change in roots because of 
fire. To estimate changes from pre-fire conditions, burned 
and unburned areas (Control Sn2019, Control Sn2020) char-
acterized by similar soil and vegetation were compared. For 
each burned site, soil burn severity was assessed in pits close 
to the sampling points considered for the geotechnical analy-
ses. The results of the burn severity assessment were sum-
marized into five classes (Low, Moderate-Low, Moderate, 
Moderate-High, High).

The laboratory testing program included (i) Roots Analy-
sis (RA) (no. 37); (ii) Loss-on-Ignition (LOI) tests (no. 29); 
(iii) Particle-size by dry-sieving (PSS) tests (no. 45); (iv) 

Pycnometer Method (PM) tests (no. 45); (v) Direct Shear 
(DS) tests (no. 32); (vi) Retention (R) tests (no. 4); and (vii) 
Permeability (P) tests (no. 2).

The RA aimed to quantify the Root Content by Weight 
(RCW) in the samples used for the DS tests. For this pur-
pose, the procedure shown by Schuurman and Goedewaagen 
(1971) was adopted. Precisely, after the DS tests, the samples 
were washed to extract the roots, removing all soil particles 
and impurities around them. Afterward, the roots were tipped 
out onto a fine gauze, moisture was pressed out, and then 
they were transferred to a small paper bag with tweezers. 
Finally, the roots were dried at 75 °C, preventing them from 
pulverizing. After drying for about 48 h, the bags of roots 
were placed in a desiccator to cool. The roots were then 
weighed. Starting from the RCW for each of the DS tested 
soil samples, the dimensionless parameter known as Root 
Volume Density (RVD) was then derived (Zhu and Zhang 
2016) as the ratio between the total volume filled with the 
roots (Vr) and the total volume (Vtot) of the tested soil sample 
at the initial stage of the DS test, equal to the initial nominal 
volume of the employed cross-sectional square-shaped sam-
ples (L = 60 mm and H = 20 mm):

Vr values were calculated as the ratio between the avail-
able RCW values (g) and the unit weight of the roots (γr 
= 0.63 g/cm3), assumed in this work as that reported by 
Foresta et al. (2020), who investigated more in details the 
physical and mechanical properties of soil grass roots under 
similar conditions.

LOI tests are widely used for measuring the SOM con-
tent. SOM is oxidized at 500–550 °C to carbon dioxide and 

(1)RVD(%) =
Vr

Vtot

x100

Fig. 3   Workflow used to analyze the fire effects on the topsoil physical, mechanical, and hydraulic properties (RA, root analysis; LOI, loss on 
ignition; PSS, particle-size by sieving; SG, specific gravity; DS, direct shear; R, retention; P, permeability)
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ash. The weight loss during this reaction is easily meas-
ured by weighing the samples before and after heating and 
is closely correlated to the organic matter of the sediment 
(Dean 1974; Bengtsson and Enell 1986). All LOI analyses 
were carried out in a muffle furnace. For this study, the 
procedure described in the ASTM D7348-08 (2011) was 
followed. LOI temperatures close to those proposed by Dean 
(1974) and Bengtsson and Enell (1986) (i.e., 550 °C for two 
hours) were adopted. LOI values were calculated using the 
following equation:

wherein W105 represents the dry weight of the sample before  
combustion and W550 the dry weight after heating to 550 °C  
for two hours (both in g).

PSS tests were performed to determine the grain size dis-
tribution curves (GSDCs) following the procedure illustrated 
in the standard reference ASTM D422-63 (2007).

The specific gravity (Gs) of each soil sample was com-
puted by following the standard pycnometer method (PM) 
ASTM D 854 (2014).

Saturated DS tests were conducted on undisturbed soil 
specimens measuring 60 mm × 60 mm × 20 mm. The ASTM 
D3080 (2011) standard procedure was followed. To reflect 
the low-stress levels characterizing the in situ conditions of 
the analyzed topsoil layer, the adopted vertical stresses (σ’vc) 
were fixed to 9, 15, 20, and 29 kPa. DS tests were carried 
out in a shear testing device, applying a lateral displacement 
velocity of 0.0124 mm/min derived from information on the 
consolidation time of the tested specimens.

Transient fields of water content and pressure head in 
variably saturated soil slopes are determined by Richards’ 
equation (Richards 1931):

where h is the pressure head or suction head; H is the total 
head (i.e., the sum of suction head and elevation); k(h) is the 
hydraulic conductivity function (HCF); θw(h) is the pressure-
head dependent volumetric water content. The relationship  
between pressure head and water content is known as soil 
water retention curve (SWRC). In order to solve Eq. (3) for 
fields of suction head and water content, two characteristic 
functions, SWRC and HCF, must be defined and known.

The scientific literature highlights that the soil hydraulic 
behaviour is characterized by hysteresis (e.g., Mualem 1976a; 
Wheeler et al. 2003; Tami et al. 2004; Li 2005; Tarantino 
2009; Yang et al. 2012; Pirone et al. 2014; Chen et al. 2019; 
Rianna et al. 2019; Comegna et al. 2021). The hysteresis can 
affect the effective in situ soil hydrological response at the 
beginning of critical rainfall events, with permeability and 

(2)LOI [%] =
(

W105 −W550

W105

)

∗ 100

(3)∇ ⋅ k(h)∇H =
��w(h)

�t

volumetric water content at a given suction on a wetting path 
distinguished by a lower value than those on the correspond-
ing drying path. The effective field hydrological paths gener-
ally develop along different scanning curves, which depend 
on the state of the reversal point in the process of successive 
wetting and drying.

The soil hysteretic nature has been known for a long time. 
However, in many engineering applications, the soil is assumed 
to be nonhysteretic since the measurement of a complete set of 
hysteretic SWRCs is extremely time consuming and costly (Lu 
and Likos 2004; Tsai 2010).

In this work, Soil Water Retention Curves (SWRCs) were 
derived by continuously drying undisturbed and initially 
saturated soil specimens (measuring 2461 mm2 × 20 mm) 
according to a specific hydraulic path known as “main dry-
ing curve.” For the purpose of the main dying SWRCs deter-
mination, a suction-controlled oedometer, described in detail 
by Aversa and Nicotera (2002), was adopted. This apparatus 
can control the stress state variables identified by the net 
vertical stress (σv–ua) and the matric suction ψ = (ua–uw), 
where σv is the total stress, ua the pore-air pressure, and 
uw the pore-water pressure (Fredlund and Rahardjo 1993). 
Matric suction can be explained as pore-water pressure 
with a negative value with respect to the pore-air pressure. 
The changes in the water content within soil pores result in 
changes in matric suction. Hence, the water flow within the 
unsaturated soil is affected by the less water-filled spaces 
among solid particles. As a result, the permeability of the 
unsaturated soil varies with the changes in matric suction 
(Fredlund and Rahardjo 1993). The variation range of the 
applicable matric suction depends on the air-entry value 
(AEV) of the adopted porous plate. A 100-kPa porous plate 
was used in this work.

There are several models for the SWRC and HCF; here, 
the widely used van Genuchten’s model for the SWRC (see 
Eq. (4)) and van Genuchten–Mualem's model (see Eq. (5)) 
for the HCF (Mualem 1976b; van Genuchten 1980) with 
respect to matric suction ψ were adopted:

wherein θw is the volumetric water content (i.e., the fraction 
of the total volume of soil occupied by the water contained 
in the soil); θs is the saturated volumetric water content; θr 
is the residual volumetric water content; Ks is the saturated 
hydraulic conductivity; and α, n, m represents curve fitting 
parameters. Van Genuchten’s model fitting parameters (α, 

(4)
θw − θr

θs − θr
=

[

1

1 + (�ψ)n

]m

(5)K = Ks

{

1 − (��)n−1
[

1 + (��)n
]−m}2

[1 + (��)n]
m

2
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m, and n) control part of the S-shape curve. The effect of 
α is closely related to the reciprocal of the AEV of a soil. 
The AEV is a critical value of suction, at which the largest 
pores in the soil matrix start losing water. Coarse-grained 
soils have a low AEV and a high α value, whereas fine-
textured soils have a lower α. The n parameter gives infor-
mation about the soil pore-size distribution. In particular, the 
n parameter controls the slope of the curve and reflects the 
width of the voids size distribution. It is known that a unit 
increase in suction at or near the steepest part of the curve 
causes more water to be extracted from coarse-textured soils 
(high n) than from fine-textured soils (low n), but not at 
other places of the SWRC. Finally, the m parameter refers 
to the asymmetry of the model and is correlated to the n 
parameter.

Permeability (P) tests were performed on undisturbed 
samples to determine the saturated hydraulic conductiv-
ity (Ks) of the burned (B1) and revegetated (B2) samples. 
Constant head tests were carried out, and Darcy’s law was 
applied according to the standard method (ISO 2004):

where q is the infiltration water amount within the time 
interval t, L is the height of the sample, A is the cross-
sectional area of the sample, and Δh is the pressure head 
difference.

Results

Field surveys led to burn severity assessment of the three 
sites under study (Fig. 1a), where undisturbed soil samples 
were collected. The physical and hydromechanical proper-
ties of unburned (UB), burned (B1), and revegetated (B2) 
soil samples were investigated.

Field investigations

The three sampled areas (Fig. 1a) are characterized by 
a complex stratigraphy of the pyroclastic deposits due 
to the interplay among several eruptive phases from the 
Somma-Vesuvius volcanic complex and the development 
of erosive and pedogenic processes over the slopes. The 
total thickness of ash-fall deposits fallen on the Sarno and 
Siano sites due to the Sarno (17 ka), Ottaviano (8 ka), 
Avellino (3.5 ka), Pompei (AD 79), Pollena (AD 472), 
and Montagna di Somma (AD 1631) eruptions ranges 
from 4 to 7 m (De Vita et al. 2006). Complete pyroclastic 
series can be found only in conservative morphological 
areas, usually characterized by slope angles lower than 
about 28°. Between 28 and 50 slope angles, the erosive 

(6)Ks =
q L

A Δh t

processes usually reduce the remaining soil thickness and 
over 50° only carbonate bedrock outcrops (De Vita and 
Napi 2011).

The pyroclastic stratigraphy (Cascini et al. 2000; De 
Vita and Napi 2011) shows a thin upper layer of highly 
organic soil, followed by a horizon formed by weathered 
and pedogenised fine and coarse pumiceous ashes in a silty 
colluvial matrix up to 1 m thick. They usually lie on the 
AD 472 eruption layer, formed by 0.3 to 1.2 m thick well to 
poorly graded pumice from coarse ash to lapilli in grain size, 
that had buried strongly weathered fine ash, sand with silt 
deposits (1- to 2-m-thick paleosoil). Then, we may have a 
further pumiceous buried horizon, attributed to the Avellino 
eruption (3.6 ky), resting on older strongly weathered fine 
ash and silty sand deposits, representing a buried paleosoil. 
Older pumice and paleosoils horizons can also be found 
between about 3 to 7 m of depth, and finally, the bedrock 
consists of fractured carbonate rocks.

The study sites are distinguished by different vegetation 
types (Fig. 4). In particular, the Sn2019 burned site is domi-
nated by the presence of shrubs on terraced fields that are 
no longer cultivated (Tree Height: 0.5 m), whereas the cor-
responding unburned control site consists in degraded oak 
forests with a predominance of turkey oaks and/or downy 
oaks (tree height, 2.5 m). The Sr2020 site is characterized 
by herbaceous vegetation with occurrence of chestnut cop-
pices (tree height, 1.5 m). Finally, holm oak forests (tree 
height, 7.5 m) dominate over the Sn2020 burned site, as 
well as the related unburned control site. Overall, plant 
roots condition was found different between unburned 
(UB) and fire-affected (B1, B2) sample classes. In par-
ticular, under unburned (UB) condition, the roots were 
characterized by a color tending toward brown, as well as 
non-negligible stiffness and elasticity. In contrast, the B2 
samples, and to a greater extent the B1 samples, exhibit 
predominantly black roots, due to the fire-induced combus-
tion. Such fire-affected roots were characterized by being 
drier and having lower stiffness and elasticity than those of 
the UB control sites. In addition, unlike the UB samples, 
which exhibit a root system characterized by several subsys-
tems (primary, secondary and terziary roots), for the burned 
samples, we found only the presence of the primary roots 
probably because the sub-systems had been weakened by 
the fires and eventually lost.

Given the difficulty to assess and describe the root sys-
tems under pre-fire condition, in this paper we assume that 
the pre-fire root systems conditions for the Sn2019 and 
Sn2020 sites can be equated with those of the correspond-
ing unburned control sites.

Undisturbed soil samples (Fig. 4) were collected in the 
Sn2019 burned area one week (B1-Sn2019) and five months 
after the fire event (B2-Sn2019); in addition, it was possible 
to collect unburned samples (UB-Control Sn2019) located 
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in the proximity of the burned area. The Sr2020 fire area 
only allowed the collection of burned samples one week 
(B1-Sr2020) and eight months after the fire (B2-Sr2020). 

As for the Sn2020 fire site, unburned (UB-Control Sn2020) 
and burned (B1-Sn2020) samples were collected one week 
after the fire.

Test Site Sample Coordinates [m] Burn Severity Slope Soil depth Vegetation
E N [-] [°] [m] [-]

lortno
C Sn

20
19

UB-1 472856 4517894

-

19.4 0.5-2 degraded oak

forests with a

predominance of

turkey oaks and/or

downy oaks

UB-2 472874 4517888 19.5 0.5-2

UB-3 472868 4517904 21.7 0.5-2

UB-4 472855 4517912 19.9 0.5-2

UB-5 472860 4517927 18.3 0.5-2

lortno
C Sn

20
20

UB-6* 472014 4517618

-

10.7 0-0.5

holm oak forests

UB-7 472011 4517607 10.6 0.5-2

UB-8 472025 4517617 10.4 0-0.5

UB-9 472024 4517600 10.6 0-0.5

UB-10 472029 4517592 10.7 0-0.5

UB-11 472044 4517595 14.2 0-0.5

Sn
20

19

B1-1* 473196 4517942 Mod-Low 20.0 0.5-2

Terraced Fields 

which are no

longer cultivated

B1-2 473182 4517968 Low 33.7 0.5-2

B1-3 473147 4518009 Low 27.5 0.5-2

B1-4 473218 4518037 Mod-Low 30.3 0.5-2

B1-5 473151 4518067 Low 36.3 0.5-2

B2-1 473196 4517945

-

20.0 0.5-2

Terraced Fields 

which are no

longer cultivated

B2-2 473183 4517967 28.5 0.5-2

B2-3 473145 4518011 26.7 0.5-2

B2-4 473222 4518042 30.5 0.5-2

B2-5 473149 4518069 36.3 0.5-2

Sr
20

20

B1-1* 469772 4517975 Mod-High 9.2 >5

areas with

herbaceous 

vegetation with

occurrence of

chestnut coppices

B1-2 469791 4517955 High 10.2 >5

B1-3 469784 4517939 High 11.8 >5

B1-4 469837 4517954 Mod-High 8.7 >5

B1-5 469823 4517934 Mod-High 10.0 >5

B1-6 469848 4517921 Mod-High 9.6 >5

B1-7 469865 4517912 High 9.2 >5

B1-8 469824 4517904 High 9.8 >5

B1-9 469837 4517893 High 9.8 >5

B2-1 469770 4517971

-

10.7 >5

areas with

herbaceous 

vegetation with

occurrence of

chestnut coppices

B2-2 469793 4517957 10.2 >5

B2-3 469780 4517941 11.8 >5

B2-4 469835 4517960 10.4 >5

B2-5 469830 4517931 9.9 >5

B2-6 469852 4517925 9.6 >5

B2-7 469867 4517914 9.2 >5

B2-8 469834 4517905 9.8 >5

B2-9 469839 4517895 9.9 >5

B2-10 469842 4517899 9.8 >5

Sn
20

20

B1-1* 471972 4517629 High 19.6 0.5-2

holm oak forests

B1-2 471981 4517652 HIgh 22.2 0.5-2

B1-3 471981 4517674 High 22.0 0.5-2

B1-4 471989 4517663 Mod-High 21.0 0.5-2

B1-5 471990 4517635 Mod-High 19.4 0.5-2

UB-6 (Control Sn2020)

B1-1 (Sn2019)

B1-1 (Sr2020)

B1-1 (Sn2020)

5cm

5cm

5cm

5cm

Fig. 4   Soil samples information sheet. The table, distinguishing the 
different sample classes (i.e., UB: unburned samples, B1: burned 
samples collected soon after the fires, B2: burned samples collected 
5 months and 8 months after the Sn2019 and Sr2020 wildfires, 
respectively) for each test site, shows (i) the coordinates of the sam-
pling point expressed in the UTM 33 N–WGS84 system; (ii) the burn 
severity assessment (from low to high) of each burned sampling point 

according to Parson’s procedure (Parsons et al. 2010); (iii) the slope 
of each sampling point obtained with a 5 × 5 m DTM (Digital Ter-
rain Model); (iv) the depth of the pyroclastic cover at each sampling 
point; (v) the type of vegetation in each test site (Vegetation) (Iovino 
2007); and (vi) photos (asterisks in the table indicate the samples) of 
soil collected in both unburned and burned areas
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The investigated burned sites exhibited different soil burn 
severity (Fig. 4 and Table 1). Indeed, the Sn2019 sampling 
site was characterized by low/moderate-low burn severity, 
whereas both Sr2020 and Sn2020 sites showed a moderate-
high/high burn severity. As for the Sn2019 site, surface 
organic layers were not completely consumed (75% of the 
pre-fire ground cover and surface organic matter were not 
consumed). The ground color appeared brown/black (lightly 
charred), the understory vegetation was green, and scorched 
needles or leaves (mostly intact) were found within the top-
soil layer. Soil structure was not changed from its unburned 
condition (Control Sn2019), and roots were partially 
scorched. Regarding the Sr2020 site, 25% of the pre-fire 
ground cover and surface organic matter (litter, duff, and 
fine roots) was not consumed. The dominant color of the 
site was black. Ash and charcoal layers (up to 5 cm) were 
found. Soil structure decreased because of the consumption 
of organic matter and the deposition of fire residues. The 
soil appeared loose- and single-grained. Most roots were 
found to be consumed or charred. Concerning the Sn2020 
sampling site, 25% of the pre-fire ground cover and surface 
organic matter (litter, duff, and fine roots) was not destroyed. 
The prevailing color of the site was grey. A layer of grey ash 
(up to 6 cm) was found along the burned slope. Soil struc-
ture was less stable than the unburned condition (Control 
Sn2020) because of the consumption of organic matter and 
ash deposition. The soil appeared loose, and most roots were 
found to be consumed or charred.

Soil physical properties

Figure 5 shows the main physical properties of the analyzed 
soil samples for the unburned (Control Sn2019 and Control 
Sn2020) and burned (Sn2019, Sr2020, Sn2020) test sites.

Overall, the UB and B2 samples are characterized on 
average by higher RCW than the corresponding B1 samples, 
showing significant standard deviations due to the marked 
spatial variability of roots content within the tested topsoil 
layer (Fig. 5a). Specifically, as for the Sn2019 fire, a shift 
from an average RCW of 0.20 g ± 0.19 g (UB) to values 
lower than 0.01 g (B1) and then to 0.10 g ± 0.10 g (B2) is 
observed. Samples burned from the Sr2020 fire (B1) record 
an average RCW of 0.02 g ± 0.02 g, whereas those collected 

eight months after the fire (B2) of 0.23 g ± 0.18 g. The 
Sn2020 B1 samples exhibit an average RCW of less than 
0.01 g, whereas the corresponding UB of 0.15 g ± 0.10 g.

SOM content expressed by LOI is highly site-specific 
because it mainly depends on the vegetation and soil type. 
Moreover, it can also depend on the degree of combustion 
reached during the fire and thus on soil burn severity. As 
for the sites under study, Fig. 5b shows that the combined 
effects of the abovementioned factors do not appear to 
have significantly affected SOM values. Indeed, on aver-
age, the UB and B2 samples exhibit a negligible difference 
in LOI values compared to the B1 samples. Focusing on 
the Sr2020 site, the average LOI of the burned samples 
(B1, 11.1% ± 1.9%) is similar to the revegetated ones (B2, 
11.8% ± 3.2%). As for the Sn2020 site, the UB and B1 
samples show similar LOI values of 12.2% ± 5.0% and 
10.35% ± 4.4%, respectively.

The specific gravity of the soil (Gs) is related to LOI. 
Therefore, it also revealed its site-specificity, depending 
on the amount and type of organic matter within the soil 
samples. The results of the Sn2019 site show changes in 
Gs because of fire, with higher values for the UB and B2 
samples than for the B1 samples (Fig. 5c). In contrast, the 
Sr2020 and Sn2020 sites exhibit no significant changes in 
Gs among the tested sample classes. Particularly, the Sn2019 
soil ranges from Gs values of 2.55 ± 0.05 for the UB samples 
to values of 2.42 ± 0.08 (B1) and 2.58 ± 0.12 (B2). The 
burned samples from the Sr2020 fire (B1) are characterized 
by Gs values of 2.51 ± 0.04, whereas the revegetated ones 
(B2) of 2.47 ± 0.05. The burned samples from Sn2020 (B1) 
exhibit Gs values of 2.54 ± 0.05, whereas the corresponding 
UB show values of 2.57 ± 0.06.

Overall, according to the Unified Soil Classification Sys-
tem (USCS), the Grain Size Distribution (GSD) of all analyzed 
samples ranges from silt in sand (MS, gravel = 10%, sand = 
57%, silt = 33%) to well-graded gravel (GW, gravel = 53%, 
sand = 44%, silt = 3%). By considering each site (Fig. 5d), the 
GSD of the Sn2019 soil does not change on average for the 
three sample classes (UB, gravel = 20%, sand = 65%, silt = 
15%; B1, gravel = 22%, sand = 58%, silt = 20%; B2, gravel = 
14%, sand = 65%, silt = 22%), resulting as silt in sand (MS). 
Similar behaviors are recorded for the Sr2020 and Sn2020 sites, 
where the GSD of the samples does not significantly change on 

Table 1   Soil burn severity 
assessment in each burned 
test site according to Parsons’ 
procedure (Parsons et al. 2010)

* Ground cover refers to effective unburned organic cover (e.g., litter, duff, ground fuels, vegetation needles, 
and leaves)

Test site Ground cover* Ash color Ash depth Soil structure Roots Soil burn severity

Sn2019 75% Brown/black 2 cm No change Charred Low/Mod-Low
Sr2020 25% Black/grey 5 cm Changed Charred Mod-High/High
Sn2020 25% Grey/white 6 cm Changed Charred Mod-High/High
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average either over time (B1, gravel = 30%, sand = 54%, silt 
= 16%; B2, gravel = 24%, sand = 59%, silt = 17%) or because 
of the fire (UB, gravel = 20%, sand = 65%, silt = 15%; B1, 
gravel = 15%, sand = 60%, silt = 25%), resulting also as silt 
in sand (MS).

Soil mechanical properties

Table 2 and Fig. 6 show the results of the DS tests. In gen-
eral, the effect of fire consisted mainly of a decrease in the 
cohesive contribution to the soil shear strength.

Test Site Sample Roots LOI Gs Silt+Clay Sand Gravel
[g] [%] [-] [%] [%] [%]

 lortno
C Sn

20
19

UB-1 NA NA 2.48 16.9 61.1 22.0

UB-2 NA NA 2.57 20.4 64.1 15.5

UB-3 NA NA 2.56 22.4 57.0 20.6

UB-4 0.06 NA 2.60 3.6 76.7 19.7

UB-5 0.33 NA 2.53 14.1 62.7 23.2

 lortno
C Sn

20
20

UB-6 <0.01 8.14 2.62 19.5 67.9 12.7

UB-7 0.31 9.16 2.54 20.5 55.3 24.2

UB-8 0.16 19.35 2.49 18.7 65.4 15.9

UB-9 0.11 15.44 2.49 19.4 66.8 13.8

UB-10 0.14 8.84 2.55 19.4 64.0 16.6

UB-11 0.16 NA 2.55 20.5 58.5 21.0

Sn
20

19

B1-1 NA NA 2.53 20.6 50.2 29.3

B1-2 NA NA 2.46 17.7 65.9 16.4

B1-3 NA NA 2.31 21.2 52.6 26.2

B1-4 NA NA 2.42 18.6 56.4 24.9

B1-5 <0.01 NA 2.41 21.2 65.4 13.4

B2-1 0.15 NA 2.73 14.3 70.0 15.7

B2-2 0.01 NA 2.61 19.1 64.6 16.2

B2-3 <0.01 NA 2.61 32.7 56.7 10.6

B2-4 0.23 NA 2.41 28.9 53.8 17.2

B2-5 0.11 NA 2.52 12.6 76.8 10.6

Sr
20

20

B1-1 0.08 12.10 2.53 19.7 59.8 20.5

B1-2 <0.01 7.73 2.55 12.6 54.6 32.8

B1-3 <0.01 9.03 2.49 13.4 48.0 38.6

B1-4 <0.01 12.00 2.49 20.3 45.1 34.6

B1-5 <0.01 13.39 2.45 26.8 59.7 13.5

B1-6 <0.01 12.77 2.51 5.8 59.0 35.2

B1-7 <0.01 9.79 2.45 13.7 42.0 44.4

B1-8 <0.01 11.30 2.54 18.8 53.7 27.5

B1-9 <0.01 12.05 2.55 16.2 60.6 23.2

B2-1 0.21 16.31 2.42 12.1 52.5 35.4

B2-2 0.53 10.53 2.52 17.1 68.0 14.9

B2-3 0.31 12.71 2.50 22.0 56.7 21.3

B2-4 0.09 10.15 2.47 17.1 59.4 23.5

B2-5 0.58 11.29 2.45 14.3 59.2 26.5

B2-6 0.17 9.68 2.50 22.5 59.6 17.9

B2-7 0.16 17.99 2.35 11.6 54.5 33.8

B2-8 0.06 8.95 2.44 19.6 51.7 28.7

B2-9 0.11 7.73 2.53 17.4 59.0 23.6

B2-10 0.10 12.28 2.50 14.3 69.9 15.8

Sn
20

20

B1-1 <0.01 13.99 2.50 17.0 65.6 17.4

B1-2 <0.01 7.89 2.56 25.2 58.4 16.5

B1-3 <0.01 15.74 2.55 25.1 61.0 13.8

B1-4 <0.01 8.82 2.59 29.0 58.9 12.1

B1-5 <0.01 5.31 2.65 29.2 56.2 14.7
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Fig. 5   Main physical properties of the tested soil samples a roots; b 
loss on ignition (LOI); c specific gravity (Gs); d average grain size 
distribution curves (GSDCs), of the soil samples for each test site and 
soil class (i.e., UB unburned samples, B1 burned samples collected 

soon after the fires, B2 burned samples collected 5 months and 8 
months after the Sn2019 and Sr2020 wildfires, respectively). “NA” in 
the table indicates that the corresponding information is not available, 
whereas “No.” is the number of tested samples
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The Sn2019 (Fig. 6a) B1 samples show a decrease in 
cohesion compared to the corresponding UB, from c = 4.7 
kPa to the value of c = 3.4 kPa. In contrast, the friction 
angle almost does not change (35.5° for UB to 35.1° for 
B1). Samples collected five months after the fire event (B2) 
exhibit cohesion and friction angle of 3.3 kPa and 34.7°, 
respectively, thus not recovering the cohesion of the UB 
samples and keeping the friction angle almost unchanged.

Regarding the Sr2020 site (Fig. 6b), the samples col-
lected eight months after the fire event (B2) show higher 

cohesion than those collected soon after the fire (B1). In 
particular, a shift from a cohesion of 4.9 kPa to 6.7 kPa 
occurs. In addition, also in this case, the friction angle 
remains almost unchanged over time (i.e., 35.3° for B1 
and 34.6° for B2).

The samples of the Sn2020 site (Fig. 6c) reveal the same 
trend as the other two case studies. Indeed, the cohesion 
ranges from 3 kPa for the UB samples to 1.6 kPa for the B1, 
whereas the friction angle is almost kept constant (i.e., 41.1° 
for UB and 41.0° for B1).

Table 2   DS tests results

a soil material
b value of porosity before the consolidation stage
c value of porosity at the end of the consolidation stage
d value of porosity at the end of the shear stage
e vertical stress at failure
f shear stress at failure

Test site Samplea ni
b

[-]
nc

c

[-]
nf

d

[-]
σvf

e

[kPa]
τf

f

[kPa]

Control Sn2019 UB-1 0.69 0.69 0.70 10.6 12.9
UB-2 0.62 0.62 0.63 10.6 11.7
UB-3 0.71 0.71 0.72 10.6 12.5
UB-4 0.66 0.66 0.67 17.7 17.1
UB-5 0.59 0.58 0.60 34.2 29.2

Control Sn2020 UB-6 0.61 0.61 0.62 10.6 10.4
UB-7 0.62 0.62 0.63 17.7 17.5
UB-8 0.72 0.71 0.72 34.2 33.0
UB-9 0.70 0.70 0.72 10.6 14.6
UB-10 0.61 0.61 0.63 17.7 18.3

Sn2019 B1-1 0.67 0.67 0.68 10.6 10.4
B1-2 0.64 0.64 0.63 17.7 16.1
B1-3 0.68 0.66 0.67 23.5 20.4
B1-4 0.67 0.66 0.66 34.2 27.0
B2-1 0.53 0.53 0.52 10.6 10.4
B2-2 0.64 0.64 0.64 17.7 15.4
B2-3 0.65 0.64 0.64 23.5 20.0
B2-4 0.64 0.63 0.62 34.2 26.7

Sr2020 B1-1 0.68 0.68 0.69 10.6 14.6
B1-4 0.69 0.69 0.73 10.6 12.5
B1-5 0.71 0.70 0.70 17.7 14.2
B1-6 0.65 0.64 0.64 34.1 27.9
B1-9 0.67 0.66 0.66 34.1 31.3
B2-1 0.74 0.74 0.76 10.6 14.6
B2-4 0.65 0.64 0.66 10.6 12.9
B2-6 0.64 0.63 0.63 34.1 28.3
B2-7 0.71 0.70 0.73 10.6 13.3
B2-8 0.63 0.62 0.63 17.7 20.8
B2-9 0.64 0.63 0.64 34.1 31.7

Sn2020 B1-2 0.63 0.63 0.64 10.6 11.7
B1-3 0.72 0.72 0.73 17.7 15.8
B1-4 0.64 0.63 0.64 34.1 31.7
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Soil hydraulic properties

Figure 7a shows the trends of the SWRCs obtained from 
the suction-controlled oedometer tests on undisturbed soil 
samples initially saturated and then subjected to a continu-
ously drying process.

Overall, the hydraulic behaviors seem to depend on 
the characteristics of the specific burned site and its burn 
severity.

Concerning the Sn2019 site, the B1 sample exhibits lower 
volumetric water content (θw) than the corresponding B2 up 
to matric suction of 10 kPa. Beyond this value, no signifi-
cant deviations in θw appear between the two sample classes. 
Thus, in this case, the fire effect is significant at low matric 
suction levels.

As for the Sr2020 site, similar values of θw are recorded 
between the B1 and B2 samples up to matric suction of 1 
kPa; after this value, the SWRC of the B1 sample tends to 
deviate from that of the B2 sample, showing a higher θw at 
given matric suction.

In this work, a significant increase in air-entry value (AEV) 
and n parameter between the B1 and B2 samples of the Sn2019 
site is noticed (from 1.93 to 4.08 kPa and from 1.44 to 2.21, 
respectively), whereas the Sr2020 keeps AEV and n values 
almost unchanged (from 1.06 to 1.10 kPa and from 1.14 to 
1.36, respectively).

The general trends of the HCFs show increases in the per-
meability coefficient (K) for the B2 samples compared to the 
B1 samples, mainly in the range of matric suction between 
0.01 and 30 kPa (Fig. 7b). At higher matric suction values, 
no significant changes are observed. However, the change 
in the permeability coefficient seems more significant for 
the Sn2019 sample, which is characterized by a maximum 
increase of K (between B1 and B2) of 1.07E-03 cm/s (at 
0.2 kPa matric suction), whereas the maximum increase for 
the Sr2020 sample is 9.32E-04 cm/s (at 0.01 kPa matric 
suction).

Eventually, the Ks value of the B1 sample (3.30 × 10−4 cm/s) 
is lower than the B2 (1.28 × 10−3 cm/s).

Discussion

Laboratory test results provided insights into the post-fire 
physical and hydromechanical properties of pyroclastic soils 
collected from three sites affected by wildfires in 2019 and 
2020. In general, the fire-induced changes in soil properties 
were highly site-specific due to the intrinsic variability of 
the tested soils and the different burn severity of the fires.
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Fig. 6   DS tests results in terms of shear strength envelopes for the a 
Sn2019, b Sr2020, c Sn2020 soil samples (i.e., UB unburned sam-
ples, B1 burned samples collected soon after the fires, B2 burned 
samples collected 5 months and 8 months after the Sn2019 and 
Sr2020 wildfires, respectively). “c”, “φ’”, and “R2” are the soil cohe-
sion, effective friction angle, and coefficient of determination of the 
failure envelopes, respectively
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Qualitative in situ assessment of ground cover and soil 
structure revealed that the Sn2019 site did not exhibit sig-
nificant fire-induced changes compared to the corresponding 
unburned control site (Control Sn2019) (Table 1). The main 
effects were the deposition of partially burned residual mate-
rial (e.g., leaves, charcoal) and the scorching of topsoil roots. 
This evidence may be because the ground cover was sparse 
before the fire, so there was not enough fuel to maintain the 
heat for a sufficient time to significantly affect the SOM. 
On the other hand, the Sr2020 and Sn2020 burned sites 
were characterized by significant changes in ground cover, 
soil structure, and root condition. Here, the fires caused the 
removal of 75% of the vegetation, the burning of organic 
material in the surface soil horizon, and the almost complete 
combustion of fine roots (Table 1). The Sr2020 and Sn2020 
sites were also characterized by the deposition of post-fire 
residual material above the topsoil layer, distinguished by 
ash colors ranging from black/gray to white with a thickness 
of 5–6 cm (Fig. 4).

As extensively demonstrated in the literature, all the 
documented changes may play a relevant role in triggering 
post-fire runoff and erosion processes (Woods and Balfour 
2008). Loss or reduction of effective ground cover is a key 
factor in reducing soil roughness and infiltration capacity 
while increasing soil erodibility and the risk of overland 
flow generation (Moody et al. 2013; Rengers et al. 2020). 

The organic compounds can also act as an adhesive that 
binds soil particles into stable aggregates that resist detach-
ment (Mataix-Solera et al. 2011). Depending on soil type 
and degree of heating, exposed soils may become loose and 
thus more susceptible to detachment by wind, water, and 
gravity (Parsons et al. 2010). In addition, previous studies 
suggest that ash may wash or infiltrate into the soil, clog-
ging soil pores and limiting infiltration rates, resulting in 
increased soil–water retention and decreased soil hydraulic 
conductivity (Mallik et al. 1984; Woods and Balfour 2006; 
Lei et al. 2022).

Regarding soil physical properties (Fig. 5), no significant 
change was observed in the GSD of burned samples (B1) 
compared to the corresponding unburned (UB) or revegetated 
(B2) samples of the three sites, in agreement with the find-
ings of Esposito et al. (2017), who showed that the textural 
classes of the pyroclastic soils in the same study area were 
not significantly affected by a fire in 2012. However, it is 
worth noting that several studies report both increases (Ulery 
and Graham 1993; González-Pérez et al. 2004; Terefe et al. 
2008; Granged et al. 2011) and decreases (Stoof et al. 2010) 
in GSD as a consequence of fire. In general, the increases in 
the average GSD are linked to the aggregation of finer clay 
particles into stable silt- and sand-sized particles. Depending 
on soil type, Granged et al. (2011) explained the increment 
of the coarser fraction observed immediately after a fire by 
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the calcination of iron and aluminosilicates at temperatures 
near 300 °C, whereas Ulery and Graham (1993) and Terefe 
et al. (2008) attributed the increase of the sand fraction to 
the aluminum oxides and hydroxides released during the 
clay decomposition, which may act as cementing agents in 
the formation of sand-sized particles. On the other hand, 
the decreases in GSD are found in literature as a result of 
the physical weathering of the sand-sized particles into silt-
and clay-sized particles due to heating and burning (Stoof 
et al. 2010). Based on the previous remarks, it is likely that 
none (or both) of the two above-mentioned phenomena has 
occurred for the case studies at hand, depending upon the 
specific type of investigated soil (i.e., pyroclastic and coarse-
grained) as well as the thermal conditions reached during the 
fire events.

Figure 8 plots Gs against LOI calculated for the sam-
ples of Sr2020 and Sn2020 fire sites. The black dashed line 
indicates the general trend consisting of a decrease in Gs as 
LOI increases. Such a trend can be explained by the SOM 
that, as verified during the field surveys, was mainly formed 
by roots, soil aggregates, and fire residues (e.g., ash and 
charcoal), resulting in lighter than mineral particles and tak-
ing up a larger volume at fixed weight. Therefore, as LOI 
increases, the SOM content also increases with respect to the 
mineral content of the soil. Generally, the value of LOI is 
not significantly changed among the sample classes of each 
test site (Fig. 5). In contrast, the type of SOM varied because 
it strictly depends on the type of soil, vegetation, and the 
specific soil burn severity (i.e., the degree of combustion 

reached by the particular type of SOM). Indeed, a severe 
fire can leave highly combusted organic matter, depending 
on its duration and intensity. The Sn2019 B1 samples were 
characterized mainly by fire residues partially or not at all 
burned by the low burn severity fire (e.g., leaves and char-
coal), whereas the Sr2020 and Sn2020 B1 samples exhibited 
layers of post-fire residual material on the topsoil distin-
guished by a high degree of combustion. In the light of this, 
data related to samples of the Sr2020 and Sn2020 fire sites 
do not display significant changes in LOI and Gs between 
the B1 samples and the B2/UB samples (Fig. 5b, c), respec-
tively. The burn severity of these fires was moderate-high 
and a severe level of combustion characterized the post-fire 
residues that, for this reason, assumed a negligible weight. 
In contrast, for the Sn2019 fire site (Fig. 5c), we found a 
reduction in Gs caused by the fire (on average, from 2.55 
for UB to 2.42 for B1). We assume that this decrease in Gs 
was due to the deposition of fire residues characterized by 
a lower degree of combustion than those of the Sr2020 and 
Sn2020 sites and, consequently, a higher volume. Indeed, 
as evidence of this, the samples collected five months after 
the fire event (B2) showed an average Gs value similar to the 
unburned samples (UB) since most of the post-fire residues 
were removed from the topsoil layer as a result of post-fire 
erosive processes mainly driven by intense rainfall (Fig. 2).

Overall, the average RCW was lower in the B1 samples 
compared to the UB and B2 samples (Fig. 5a). From the 
field surveys, we observed that the soil roots had been par-
tially or totally burned by the heat produced during the fires, 
leading to negative impacts on soil cohesion.

In particular, concerning changes in soil mechanical prop-
erties, a general reduction in the cohesive contribution of 
B1 versus UB and B2 samples was found (Figs. 6 and 9). 
This was mostly due to the fire-induced roots combustion 
and weakening in the B1 samples. In particular, the investi-
gated soils are loose and of pyroclastic origin, in a way that 
only their root systems and SOM aggregates may provide a 
cohesive contribution under saturated conditions (Foresta 
et al. 2020). The results reveal that fire can weaken surficial 
roots, reducing the associated contribution to the soil shear 
strength, leaving the soil more prone to saturate and thus 
reach the critical strength of failure. In turn, this leads to the 
frequent occurrence of post-fire landslides and debris flows. 
In addition, soil shear strength may be increased/recovered 
after a variable time, strictly dependent on the specific site 
(i.e., roots) and fire conditions. In this regard, detailed long-
time observation and research concerning the relationship 
between the post-fire temporal evolution of the vegetation 
state (mainly roots condition) and the geotechnical proper-
ties of the affected soil are necessary to improve the knowl-
edge on the mechanisms of post-fire landslides.

Moreover, our results highlight that the higher shear strength 
of unburned and revegetated samples compared to burned 
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samples seems mainly due to root content rather than SOM 
(as it is related to LOI values) (Fig. 9a, b). As confirming evi-
dence of this, with reference to the Sr2020 fire, Fig. 9c shows an 
increase in cohesion for the B2 samples with a reduction in LOI 
(i.e., potentially lower SOM content due to runoff). In contrast, 
Fig. 9d shows that as root content increases, cohesion always 
increases. Furthermore, since the investigated topsoil is highly 
heterogeneous and site-specific, it is worthwhile to analyze the 
results for individual test sites (Fig. 9). The B1 samples of the 
Sr2020 and Sn2020 fire sites show lower cohesion values than 
the corresponding B2 and UB samples, respectively (Fig. 9c, 
d). The latter are characterized by higher average RCW, with no 
significant differences in LOI. Therefore, in this case, the higher 
cohesion for the B2 and UB samples may depend on the con-
tribution to shear strength provided by the root systems, which 
is reduced for the B1 samples due to the fire-induced scorching 
and weakening of roots. Similarly, the Sn2019 fire produced 
root burning and weakening, decreasing the cohesion of the B1 

and B2 samples compared to corresponding UB samples. Thus, 
in this case, the cohesion did not change five months after the 
B1 sampling. Here, we show that even a low burn severity fire 
can potentially reduce the cohesion of the topsoil layer, and this 
weakening of mechanical strength can persist for a considerable 
time following a fire, during which the triggering of post-fire 
debris flows is possible (e.g., McGuire et al. 2021).

Several researchers have found that roots can lose strength 
following a fire, thereby reducing their cohesive contribu-
tion, leaving hillslopes more prone to failure (Regelbrugge 
and Conard 1993; Jackson and Roering 2009; De Graff 
2018; Gehring et al. 2019; Lei et al. 2022). The key role of 
vegetation in stabilizing hillsides is well known (Löbmann 
et al. 2020). Living plants can increase soil shear strength 
via mechanical effects and evapotranspiration-induced suc-
tion (Bordoloi and Ng 2020). Here, we found that plant 
roots tend to increase the shear strength of soil primarily 
by increasing the soil cohesion, which is consistent with the 
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literature studies on the topic (e.g., Wu 2013). In addition, 
we showed that the recovery/increase in soil shear strength 
depends on time and the specific site/fire conditions. Moreo-
ver, the tested sample classes are characterized by a fine-
grained fraction ranging between about 15% and 25%, which 
may have affected the obtained cohesion values. However, 
in this regard, we assume that the cohesion values found are 
due to the presence of root systems rather than the amount of 
fine-grained fraction, given that the tested soils are charac-
terized by being granular, loose, and cohesionless (Comegna 
and Damiano 2016; Olivares et al. 2018).

In this work, the hydrological response to a continuous 
drying process of initially saturated soil samples collected in 
the Sn2019 and Sr2020 fire sites was investigated to examine 
the effects of fire on the soil hydraulic properties (Fig. 7).

The B1 samples from the two sites showed lower satu-
rated hydraulic conductivity (Ks) compared to the corre-
sponding B2 samples. We suggest that this difference in 
Ks was likely due to the phenomenon of post-fire residues 
clogging soil pores for the B1 samples (Woods and Balfour 
2010) and to the change in the macropore flow paths for the 
B2 samples (Nyman et al. 2014), which were characterized 
by higher RCW.

The SWRCs of the B2 samples exhibited different behav-
iors for the Sn2019 and Sr2020 fire sites compared to the 
corresponding B1 samples. In particular, the B2 sample of 
the Sn2019 site showed increases in volumetric water con-
tent at low matric suction values (up to 10 kPa). In con-
trast, the B2 sample of the Sr2020 site was characterized by 
decreased volumetric water content over most of the range 
of matric suction investigated (between 2 and 100 kPa). The 
different behaviors between the B2 samples of the two test 
sites may be due to the different burn severity of the fires, 
which may have resulted in different effects on the factors 
that affect soil–water retention capacity.

Generally, fires in the study area occur during the dry 
period (late summer-early autumn) when vegetation mois-
ture conditions and weather are favorable factors for the 
ignition and subsequent spread of fires. To properly under-
stand the triggering mechanism of the post-fire events that 
occurred at the three test sites, it is helpful to compare the 
rainfall intensity with the Ks of the tested soil samples (i.e., 
B1 and B2). Ks is an important soil characteristic affecting 
soil water storage, runoff generation, and erosion. Overland 
flows are frequent in burned areas where rainfall intensity 
exceeds the Ks values at shallow soil depths (e.g., De Bano 
2000), according to the Hortonian mechanism (Horton 
1932). In contrast, if the rainfall intensity is less than the 
Ks of the surface soil, all the water will infiltrate into the 
soil, and runoff will not be generated. The 10-min peak 
storm intensities (I10) characterizing the rainstorms that 
triggered the post-fire events (i.e., hyperconcentrated and 
debris flows) in November 2019 and September 2020 were 

50 and 102 mm/h, respectively. The average storm intensities 
resulted in 25.2 and 51 mm/h. On the other hand, the Ks of 
the considered B1 and B2 samples were 11.8 and 46.8 mm/h, 
respectively. Thus, by comparing the rainfall intensities with 
the Ks, we verified that conditions leading to the Hortonian 
infiltration-excess mechanism would have occurred in both 
cases. However, erosion responses were recorded only after 
the B1 sampling (i.e., not after the B2 sampling). There-
fore, besides the decreased hydraulic conductivity and the 
decreased cohesion of the topsoil, we suppose that the trig-
gering of post-fire overland flows may have been favored by 
the loss of vegetation cover and the deposition of post-fire 
residues (e.g., charcoal, ash). This issue deserves to be fully 
investigated with in situ analyses in the follow-up of this 
research. In addition, further future studies on fire-induced 
changes in soil properties, as well as long-time and continu-
ous observation data and research, will further help reveal 
the starting mechanism of post-fire events.

In the present work, we have assumed that the SWRCs 
obtained through wetting path are likely to be characterized 
by lower values of volumetric water content compared to 
the SWRCs derived following a drying path, as well as by 
the same shape, regardless of the specific sample class con-
sidered (i.e., burned or revegetated samples). Indeed, Leung 
et al. (2015), who studied the hysteretic behavior of rooted 
and bare soil samples, showed that the shape of the SWRC 
in wetting path is unchanged, regardless of the actual sample 
class. This evidence led us to assume that burned samples 
(seen as bare soil samples) and unburned samples (seen as 
rooted soil samples), besides exhibiting water content or 
coefficient of permeability values always lower than those 
found on the associated drying curve, are also likely to be 
characterized by the same shape of the SWRC in wetting 
path. This would result in lower K values for the wetting 
curve, associated with an increased runoff and erosion rates. 
On the same line, Comegna et al. (2016) have investigated 
the influence of potential wetting paths on virtual slope sta-
bility conditions, stressing the potential errors in the predic-
tion of landslide triggering, which might be associated with 
the use of a unique SWRC assumed to simplify the wetting 
paths. In particular, along scanning curves, they have high-
lighted that a quicker water content change than found in 
other paths could take place; therefore, under critical pre-
cipitation the time to failure could be shorter than expected.

Conclusions

The data presented in this study document the physical and 
hydromechanical properties of pyroclastic soils collected 
from three test sites that suffered wildfires and rainfall-
induced post-fire events in 2019 and 2020.
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The results revealed to be site-specific, mainly depending 
on soil characteristics and fire burn severity.

Regarding the soil physical properties, no significant 
changes were found in the grain size distribution, SOM, 
and specific gravity of burned compared to unburned and 
revegetated samples.

Moreover, the results from the DS tests demonstrated 
degradation of the soil mechanical properties because of 
the wildfires. In particular, a decrease in soil cohesion was 
observed due to fire burning and weakening of the root sys-
tems. We found that even a low burn severity fire can cause 
a decrease in soil cohesion, and recovery of this contribu-
tion is possible, mainly depending on site conditions, burn 
severity, and time after the fire. In addition, no change in soil 
friction angle due to fire was found.

Regarding soil hydraulic properties, the burned samples 
exhibited soil water retention and hydraulic conductivity 
changes under both saturated and unsaturated conditions. 
Specifically, a decrease in the hydraulic conductivity of 
burned soils compared to revegetated samples was found.

We infer that the documented post-fire erosion responses 
have been mainly fostered by the reduced cohesion and 
hydraulic conductivity of the burned topsoil layer, along 
with the loss of vegetation cover and the deposition of post-
fire residues, as observed by many authors worldwide.

These findings provide important insights into the 
changes in physical and hydromechanical properties of fire-
affected pyroclastic soils. They represent a key for under-
standing the initiation mechanism of post-fire debris flows.

Bearing in mind the lack of information on the effects 
of fire on the physical-hydro-mechanical properties of 
pyroclastic soils, the presented study – although deserving 
further deepening – may represent a starting point to pro-
vide input data to stability analyses aimed at assessing the 
possible increase of the susceptibility to slope instability 
processes over several natural slopes that are in the same 
conditions as the ones here analyzed.
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