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Editoriale
Cari Lettori e cari Soci
How reacting, nowadays? In any way possible, but certainly by learning and teaching how to 
reduce energy consumption, paying attention not only to unitary consumption - a role assigned 
to the technicians of the past - but to our collective consumption as a whole - a role that today’s 
humanist technicians cannot fail to take, acting on society.
Here I share some practical notes, to quickly understand and give an example of what to do, and 
what NOT to do again in the face of pandemics induced by the endless exploitation of natural 
resources, in face of wars announced for years by some and not foreseen by others.
We often ask ourselves: 1. whether it is really true that the use of the Internet and the web re-
quire a lot of energy. 2. whether we should do something as individuals for a web of lower ener-
gy consumption or reduced environmental impact, with a better social and economic impact.
Granted that internet access must be guaranteed I answer these two questions.

1. Energy consumption. It’s not easy at all to calculate how much we individually consume. Some-
one will tell you that it does not matter if you delete your emails from your PC or your photos 
from your smartphone, and - looking only at the energy aspect and not at the others - this is 
partly true.
The studies on how much we consume are however in strong agreement: the energy con-
sumption of the ICT industry is significant – between 3 and 10% of global energy consumption 
– and is increasing like no others. This industry capitalizes more than any other on the stock 
market and dominates our individual lives and social organizations. Not only cryptocurrency mi-
ning systems, even machine learning systems for Artificial Intelligence (AI) are among the most 
energy-hungry, not really smart systems.

It seems to me more interesting to male use of simple certainties:
–  We shouldn’t consume more than necessary. Few know how many kilograms of waste they 

produce every day, yet they know that the less they produce, the better for the environment. 
Well, the same goes for digital consumption: if we do not compulsively share links and kittens,  
we consume less energy, we steal less time from each other. We should not connect if it is 
not essential, I would say, recalling a lucky slogan from the 70s that referred to the right to 
work: all should digit less, but all should be enabled to digit!

–  We know that data traffic is rapidly increasing, let’s reduce it. Traffic growth implies the con-
struction of mega data centres, in enormous excess of demand, in order, indeed, to increase 
consumption. We should fight such that only the necessary data are collected, that only few 
are kept.

–  ICT use renewable energy. Is it good? Questionable: if it consumed less, leaving the benefit of 
renewable energy to more essential uses - for example, trams - wouldn’t it be better? And 
so goes for bitcoins, a currency that is mainly useful for those who have something to hide.

–  Increasing the efficiency of digital engines, in every context (from networks to Apps). Per unit 
transmitted, stored, processed, digital engines consume less and less. Those excited by 5G 
tell us that we will be able to download an entire HD movie in 10 seconds instead of 10 mi-
nutes. This is not necessarily good: without general policies the increase in unitary efficiency 
DOES NOT lead to a decrease in overall consumption.

It doesn’t just apply to digital. Since it is today cheaper to call, we make calls all the time. And 
what about the cars? Today we do many more miles with a litre of fuel, but cars are heavier. To 
move a jacket and tie, a wallet and a smartphone, we move 2500 kilos of aluminum, plastic and 
steel. Total: more fuel is consumed than before.
It is called the rebound effect, something that especially engineers should reflect on, becoming 
humanist technicians inventing truly effective social approaches and solutions to problems that 
really exist (those requiring a finding, not a research), questioning the ideology of solutionist 
efficiency to which they are often unaware subjects.

2. What to do, personally?
–  Reduce our consumption, adopt an ecological use for digital data: produce less of it, reduce it, 

enhance it, really transmit what matters to posterity and friends
–  Avoid exposing the little ones to the habit of the screen, of any kind, at all times. WHO recom-
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mends ZERO screen hours for children under 2 and a maximum of 1 hour per day between 
2 and 5 years of age.

–  Change devices only when absolutely necessary:   one additional year of use of the old smartpho-
ne means a lot for the environment.  Ask for repairable devices!

–  Using Signal and not WhatsApp, and more and more alternative tools that take care of the 
impact. We could call it organic digital, bio-digital

–  Give children and grandchildren your time, play with them a lot with wooden games, and when 
needed also with screen games, let them use the web in an active, conscious way

–  Do not accept the judgments on one’s person formulated by the AI, because in reality they are 
judgments on the average of the training set that concerns us; in any case use your right to 
explicability.

Now I would also like to challenge this: if you, personally, do nothing, you have no right to speak! 
Let’s think about it: there are many areas - for example drug use among minors - in which I 
CANNOT do anything significant, “except” to be indignant, protest, demand a change. What’s 
the difference? If I think about what I can do as an individual I feel crushed and helpless. If I think, 
instead, about what we can do as a collective, we and I are powerful. As humanist technicians, as 
conscious digital consumers we can do everything: ask for less energy consumption, for smart 
use of the web. Dreaming about access for everyone to Internet, but for using it as necessary. 
The question poses a vision of society which is “I”, the answer gives a vision which is “we”. To me, 
it means a lot.  Let’s react.

Pietro Jarre
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1. Introduction

Debris flow events are amongst 
the most dangerous natural ha-
zards, powerful and destructive, 
with the ability to move large vo-
lumes of debris and destroy infra-
structure. They have caused a lot of 
damage to the built environment 
throughout the years and repre-
sent a great risk to the human life.

The United States Geological 
Survey has classified debris flow as 
one of the most dangerous natu-
ral hazards in terms of loss of life. 
According to Takahashi (1981), in 
Japan, debris flow events cause 
about 90 deaths each year.

Most recently, Casey A. Dowling 
and Paul M. Santi (2013) con-
ducted a study analyzing debris 
flow fatalities in the period from 
1950 to 2011. In this study were 
analyzed 213 events of debris 
flow that occurred in 38 countries 
around the world. The number of 
fatalities recorded in these events 
is 77’779. This study concluded 
that debris flows kills at least a 
median of 165 persons annually 
worldwide, the median number of 
people killed in fatal debris flow 
per event according to this study 
is 11.

According to the Federal Offi-
ce for the Environment (FOEN), 
between 1972 and 2018, natu-

ral hazards (floods, debris flows, 
landslides and stone and rock fall 
process) manifested in Switzer-
land caused approximately 305 
million francs of damage per year. 
Regarding the material damage 
caused, more than 90% is due to 
floods and debris flows, 10% to 
landslides. Surveys made by the 
Federal Institute for Forest, Snow 
and Landscape Research (WSL) 
showed that four out of five mu-
nicipalities have suffered damage 
from debris flow or flooding in the 
past 45 years.

Climate change and the inten-
sified use of land, not adapted to 
natural hazards, only increase the 
risk associated with them. As a re-
sult, an increase in the frequency 
and intensity of natural disasters 
is to be expected in the years to 
come. Since debris flows are consi-
dered one of the most dangerous 
natural hazards, it is more impor-
tant now than ever to properly 
study and understand this natural 
phenomenon, so as to assess the 
intensity it can reach and the da-
mage it can cause.

To this end, in this article we will 
define the main types of structures 
vulnerable to debris flows, based 
on a historical survey carried out 
in this study. Then, we will propo-
se a methodology for assessing the 
damage caused to buildings by de-
bris flows and lastly, we will propo-
se a general approach, which may 
be widely implemented, for the 
evaluation of debris flow intensity.

Debris flow events are known today as one of the most dangerous natural hazard events due 
to the elevated impact pressures they can reach. Depending on its intensity, a debris flow has 
the capacity to flatten forests and carry along the tree trunks, to completely demolish buildings 
and consequently to create a great risk to human life.
However, the damage caused to a building by a debris flow also depends on the structural resi-
stance of the building, orchestrated by many other indicators such as the construction material, 
the number of floors, the orientation of the building, the maintenance levels, etc. As a result, a 
historical survey was conducted in this work, studying the different types of building structures 
and the damage they suffered due to debris flows. Furthermore, the damage to the buildings 
as such is a parameter that can be assessed by various methods. What is certain is that the 
higher the intensity of the debris flow, the greater the damage to the built environment and 
thus the greater the risk to human life.
In order to understand better this natural process and reduce the risk of human and economic 
losses a large amount of research has been done in the field regarding the process of debris 
flow itself. Nevertheless, the assessment of debris flow intensity remains a task quite difficult to 
accomplish. The latter is due to various reasons; for instance, on one hand, there is the versatility 
of debris flow in terms of the origins of the materials that compose it, the height and velocity 
it can reach and on the other hand, the difficulty of determining these parameters. These chal-
lenges have been at the origin of many different approaches developed and used throughout 
the years in order to assess debris flow intensity. In this paper some of the existing approaches 
established in the quest of debris flow intensity assessment will be presented and evaluated.
The main objectives of this paper are first the definition of the main types of structures vul-
nerable to debris flows, then the suggestion of a methodology to assess the damage caused 
to buildings by a debris flow and finally the proposal of a general approach, commonly imple-
mentable, for the assessment of the intensity of debris flows.
Keywords: Debris flow; Building vulnerability; Building damage; Impact pressure.
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environment

1.1. Debris flow classification

Depending on their composition, 
debris flow can be classified into 
two categories:
1.  Muddy debris flow: contains a 

large fraction of fine particles 
(<40 mm), which when mixed 
with water, form a muddy 
mass. The large particles can be 
considered as dispersed in this 
muddy mixture, with little to 
no contact between them. The-
refore, the relative movements 
between the particles are quite 
lubricated, dictating the beha-
vior of the entire mixture. De-
posits of this type of debris flow 
have a regular, rounded shape in 
the direction of flow.

2.  Granular debris flow: contains 
a high concentration of large 
particles, with a low fraction of 
fine ones. As a result, contacts 
between the grains during a flow 
are easy and numerous. The de-
posits of this type of debris flow 
have an irregular shape, with 
edges similar to those of a sand 
pile.

Granular debris flows are more 
dangerous than muddy debris 
flows because their fronts contain 
large boulders and rocks, resulting 
in higher velocities and greater de-
structive force.

In this study, we will only be in-
terested in the impacts of granular 
debris flow on buildings.

2. Debris flow in history

A historical study of past events of 
natural hazards is necessary and 
very useful mainly in two areas:
1.  Study of phenomena: the analy-

sis of past events allows us to 
become familiar with the va-
rious natural hazards. Thanks to 
records and investigation of past 
events, we have been able to de-
termine most of the properties 
of diverse natural hazards.

2.  Future land use planning: with 
the aim of determining the dif-
ferent danger zones and the 
protective measures that must 
be put in place.

The historical study conducted in 
this paper covers four major de-
bris flow events in Switzerland 
and France, two in Italy and three 
major events in the world (Vene-
zuela, China and South Korea). For 
each event, information was col-
lected on the characteristics of the 
debris flows (height, volume, velo-
city; if available), the construction 
materials and the damage caused 
by the event. The main goal of this 
study is to become familiar with 
the typology of affected buildings 
and the damage they suffered du-
ring past debris flow events.

Table 1 shows the physical cha-
racteristics of the 13 debris flow 
disasters, the construction mate-
rials of the buildings as well as the 
damages caused.

3. Types of building 
structures

In this section are categorized the 
different types of building structu-
res retrieved from the historical 
survey made in this study. The dif-
ferent categories are obtained first 
on the basis of the type of structu-
res and then in dependence of the 
construction materials and the 
number of stores.

Among the various structures 
affected, we very often find cha-
lets – rural buildings in mountain 
regions, the essential construction 
material of which is wood (whose 
main building material is wood). 
The other types of structures ob-
served are masonry and reinforced 
concrete villas, industrial halls and 
multi-storey apartment buildings.

As presented in Table 2, four 
main building types were catalo-
gued in this work: chalet, indivi-
dual villa, industrial building and 

residential building. Each of these 
is subdivided into several cate-
gories based on the construction 
material and the number of floors.

For example, the observed indi-
vidual villas affected by debris flow 
were most often built of masonry 
or reinforced concrete and were 
between two and three stories 
high – this will give us a total of 
four categories of structures:
1.  Two-story masonry individual 

villa;
2.  Three-story masonry individual 

villa;
3.  Two-story reinforced concrete 

individual villa;
4.  Three-story reinforced concrete 

individual villa.

4. Debris flow building 
damage assessement

The damage that an element at 
risk can suffer from debris flow de-
pends on various factors. The two 
main determinants of the degree 
of damage to structures are the in-
tensity of the debris flow and the 
structural strength of the exposed 
object.

The structural strength of the 
exposed object itself depends on 
several factors, among which: the 
construction material, the height 
/ floors of the building, the age of 
the building, the mitigation mea-
sures, the orientation of the bu-
ilding, the regularity in building 
elevation etc.

Each construction material has 
a different structural resistance to 
the impact of debris flow. In com-
parison with reinforced concrete 
buildings, masonry buildings have 
very low resistance to horizon-
tal thrust. As a result, reinforced 
concrete buildings can withstand 
much greater debris flow impacts 
than masonry buildings.

In the studies made by Hu et al. 
(2012) and Kang et al. (2016), it 
was illustrated through examples 
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of real events that for the same 
debris flow intensity, depending 
on the construction material, the 
damage to buildings is not of the 
same degree.

Thus, according to the study by 
Kang et al. (2016), for an impact 
pressure of less than 35 [kPa], rein-
forced concrete buildings suffer 
only minor damage. On the con-
trary, under an impact pressure of 
between 15 and 30 [kPa] masonry 
and wooden buildings suffer major 
structural damage. It was determi-
ned in this study that an impact 
pressure greater than 100 [kPa] is 

required for a reinforced concrete 
building to suffer major structural 
damage.

In the study by Hu et al. (2012), 
the authors established two types 
of structures according to the con-
struction material: reinforced con-
crete buildings and concrete brick 
buildings. For reinforced concrete 
constructions, they obtained that 
the latter undergo major structural 
damage when the impact pressure 
is greater than 110 [kPa].

Then, in the study by Zanchetta 
et al. (2004), the authors establi-
shed damage classes independent-

ly of the typology of the structures, 
depending on the impact pressure. 
According to their classification, 
under an impact pressure greater 
than 90 [kPa], all buildings are 
completely destroyed.

All of the above-mentioned 
approaches classify the damage 
caused to a building during debris 
flow event based on the impact 
pressure.

In this study we use another 
approach in order to assess the 
damage to buildings, regardless 
of the impact pressure of debris 
flow; classification of the damage 

Tab. 1 – Historical survey recapitulation.

Chronological recapitulation of the historical study on past debris flow events

Place Date(s) Height 
[m]

Velocity 
[m/s]

Volume [m³] Construction 
materials

Damages caused to the built environment 

Verdun, France 24.06.1875 - - 100’000 Masonry -  30 buildings completely ruined;
-  15 buildings with major damages.

Modane, France 25.08.1987 0.5 to 1.0 - 80’000 Steel -  16 buildings ruined or seriously damaged;
-  7 ground floors and cellars et 75 garages et cellars 

flooded.

Martello, Italy 08.1987 1.2-3.0 - - Masonry -  Several buildings completely ruined;
-  Many buildings with major damages.

Sarno, Italy 05.05.1998 
06.05.1998

2.0 2 to 5 - Masonry -  150 buildings completely ruined;
-  500 buildings gravely damaged.

Vargas, 
Venezuela

15.12.1999 0.5 to 6.0 - 1.8 million Masonry  
Reinforced concrete

-  23’000 buildings completely ruined;
-  42’000 buildings gravely damaged.

Grimentz (VS), 
Switzerland

12.05.1999 2.0 - 11’000 Ground floor in 
reinforced concrete, 
upper floors in wood

-  Significant structural damage;
-  Translation of the structure;

Schans (GR), 
Switzerland

11.2002 - - 50’000 Ground floor in 
reinforced concrete, 
upper floors in wood

-  Many buildings seriously damaged or entirely 
ruined.

Brienz (BE), 
Switzerland

23.08.2005 2.5 to 4.0 6 to 10 70’000 Reinforced concrete  
Masonry  
Wood

-  48 buildings completely ruined;
-  More than 200 buildings damaged, with damages 

ranking from severe to mild.

Domène, 
France

23.08.2005 2.0 - - Masonry  
 Reinforced concrete

-  70 buildings seriously damaged.

Zhouqu, China 07.08.2010 6.0 to 9.0 11 - Masonry  
Reinforced concrete

-  33 buildings completely ruined;
-  20 buildings with major damage.

South Korea 07.08.2011 0.4 to 5.8 1 to 8.5 - Masonry  
Reinforced concrete  
Wood

-  Many buildings have suffered major structural 
damage,

Modane, France 01.08.2014 0.5 to 2.0  40’000-60’000 Steel -  13 industrial buildings et 1 house damaged.

Bondo (GR), 
Switzerland

23.08.2017 1.0 to 2.5 - 220’000 Masonry  
Reinforced concrete

-  13 buildings completely ruined;
-  Hundreds of buildings gravely damaged.
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in order of severity. This approa-
ch defines the different damage 
classes according to the percen-
tage of damage suffered by the 
element at risk (also applied by 
Jakob et al. (2011)). The proposi-
tion of building damage evalua-
tion in this work is presented on 
Table 3.

5. Debris flow intensity

Unfortunately, natural hazard 
events are often poorly documen-
ted. With regard to debris flow, a 
large number of parameters are 
generally lacking preventing us to 
carry out an effective assessment 
of the building’s vulnerability 
to these events. There are cases 
when the information necessary 
for the calculation of the major 
parameters is available, but quite 
rarely. On the other hand, the hei-
ght of the debris flow at the point 
of impact can be estimated easily 
and with a small margin of error. 
Consequently, in the current avai-
lable literature, there are several 
studies that link the intensity of 
debris flow to a single parameter: 
the height of the deposits.

This first simplified approach 
for determining the intensity of 
the hazard has been used in seve-
ral studies carried out on the vul-
nerability of buildings to debris 

flow (Fuchs et al. (2007), Akbas et 
al. (2009), Tsao et al. (2010), Lo et 
al. (2012), Papathoma-Köhole et 
al. (2012), Totsching and Fuchs 
(2012), Ciurean et al. (2016)).

However, in the study made 
by Li et al. (2010), in addition to 
its height the authors proposed 
to take flow velocity into consi-
deration when estimating the 
intensity of debris flow. This ob-
servation was also made by Papa-
thoma-Köhole et al. (2012) where 
the authors pointed out that other 
parameters, apart from debris flow 
height, such as debris flow velocity 

and impact pressure, must be ta-
ken into consideration for a more 
cautious estimate of the intensity.

The study by Jacob et al. (2011), 
is one of the very few where the 
intensity of the phenomenon was 
determined as a function of the 
flow velocity and the maximum 
height at the point of impact. In 
order to evaluate the intensity 
of the debris flow, this study em-
ployed the equation (1.2) presen-
ted in Table 4.

So as to be able to assess the 
intensity of a debris flow more ac-
curately, it is necessary to establi-
sh the velocity of the debris flow 
alongside its height. Determining 
the latter is difficult but not im-
possible.

In some cases where surveil-
lance measures have been put in 
place, velocity can be measured or 
estimated from high-speed videos. 
In the absence of monitoring mea-
sures, the speed of the debris flow 
can be calculated.

Several equations proposed for 
such a calculation can be found in 
the available literature. Equations 
(2.1) by Chow and (2.2) by Wigmo-
sta, presented in Table 5, are based 

Tab. 2 – Brochure of the different types of vulnerable structures considered in this work.

Brochure: Types of vulnerable structures

N° Construction type N° Construction material(s) Number of stories

1 Chalet 1.1 Wood 1

1.2 First floor in concrete, upper floors in timber 2-3

2 Individual villa 2.1 Masonry 2-3

2.2 Reinforced concrete 2-3

3 Industrial building 3.1 Steel 3

3.2 Wood 3

4 Residential building 4.1 Masonry ≥ 3

4.2 Wood ≥ 3

4.3 Reinforced concrete ≥ 3

Tab. 3 – Damage classification defined in the present study.

Damage class Description % damage 
to the entire 
structure

I. Sedimentation The load-bearing elements of the building are not affected and 
the stability of the building is not impacted. The damage to the 
building consists in sedimentation and damage to the windows 
and doors. Therefore, no major intervention is necessary.

< 20

II. Minor 
structural 
damages

A minor part of the load-bearing structure is affected, but 
the damage caused is repairable and does not require urgent 
intervention. The debris flow has entered the building causing 
damage to the indoor walls.

20-50

III. Major 
structural 
damages

Major damage to the walls and supporting columns of the 
building. Urgent reconstruction of the damaged structural parts 
is necessary. The affected parts are repairable; however, the 
repair costs are likely to be very high. An evaluation is necessary 
in order to decide whether a total reconstruction might be a 
better solution. An evacuation has to be carried out.

50-80

IV. Total 
collapse

The building is totally destroyed or has suffered unrepairable 
damage to the load-bearing structure. The building must be 
completely rebuilt.

> 80
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on the observed ruins on the buil-
dings. They are based on the height 
of the debris flow at the point of 
impact and take into consideration 
the height of the debris flow at the 
point of impact. Equation (2.3), 
proposed by Rickenmann, inclu-
des the slope of the channel and 
the volume of the debris flow.

Regardless of the approach cho-
sen/available for the determina-
tion of velocity, there will always be 
a considerable margin of error in 
the values obtained. Consequent-
ly, this margin of error must be 
accounted for in the results obtai-
ned for the intensity of the hazard 
and then will also be reflected in 
the estimation of the vulnerability 
of the building which is a function 
of the intensity; this may produce 
significant deviations in the final 
results of the vulnerability asses-
sment.

The Swiss Association of Can-
tonal Fire Insurance Institutions 
(VKF) has taken a different appro-
ach from the previous two in defi-
ning the intensity of debris flows. 
They have classified the intensity 

of debris flows based on their hei-
ght and/or their velocity. The clas-
sification established by the VKF is 
presented on Table 6.

The disadvantage of this classi-
fication is the lack of representa-
tive values. As already mentioned 
earlier and according to the short 
historical study carried out in this 
paper, debris flows can reach high 
velocities and heights. Some va-
lues of these two parameters are 
presented in Tables 7 and 8.

All the approaches mentioned 
so far are different in the choice or 
application of parameters, never-
theless they all revolve around two 
parameters: the height and/or the 
velocity of the debris flow. These 
are the two most commonly used 
parameters to determinate the in-
tensity of debris flow.

Still, an important remark to 
make regarding this phenomenon 
is that for the same height, two 
debris flows can have different 
flow velocities and vice versa. This 
is primarily due to the materials 
that make up the debris flow. De-
pending on the location of origin, 

the geological and geomorphologi-
cal characteristics of the materials 
can vary greatly from one debris 
flow to another and thereby affect 
the density of the debris flow. This 
leads us to the conclusion that to 
effectively determine the intensity 
of a debris flow, we cannot rely so-
lely on its height and flow velocity 
disregarding its density.

The intensity of the debris flow 
correlates with the damage to bu-
ildings; in general, the higher the 
intensity of the debris flow, the 
greater the damage caused. The 
damage caused by a debris flow on 
a building depends on the impact 
pressure that the debris flow exerts 
on the building which can be cor-
related with debris flow density. 
Impact pressure could therefore 
prove be an interesting parameter 
to assess the debris flows intensity. 
This point was also raised in studies 
conducted by Papathoma-Köhole 
et al. (2012) and Kang et al. (2016).

The impact pressure of a debris 
flow consists of three components:
1. Static pressure;
2. Dynamic pressure;
3.  Static replacement pressure 

(due to impact force).
In the study by Kang et al. 

(2016), the intensity was determi-
ned as a function of three parame-
ters: the velocity, the height and 
the impact pressure of the debris 
flow. The relation used for the cal-
culation of the impact pressure is 
the one proposed by Zanchetta et 
al. (2004): 

P gh vt df df� �
1
2

2� � (3)

with  ρdf : debris flow density
	 	 ν: debris flow velocity
  h: debris flow height
The three main parameters used in 
equation (3) for calculating the im-
pact pressure, the velocity, height 
and density of debris flow should 
be estimated or if possible calcu-
lated.

Concerning the density of de-

Tab. 4 - Existing equations for debris flow intensity evaluation.

Equation Parameters  Author Equation 
number

I = 0.1 Ddpt Ddpt: deposit height measured in cm  Li et al. (2010) (1.1)

IDF = dv2
d: height of the debris flow at the point of impact  Jacob et al. 

(2011) (1.2)
v: velocity of the debris flow at the point of impact

Tab. 5 – Existing equations for debris flow velocity evaluation.

Equation Parameters Author Equation number

v = (2gΔh)0.5 g: gravitational acceleration Chow (1959) (2.1)

v = (1.21gΔh)0.5 Δh: height of the debris flow Wigmosta (1983) (2.2)

v = 2.1Q0.33S0.33
Q: peak discharge

Rickenmann (1999) (2.3)
S: channel slope

Tab. 6 – Evaluation of debris flow intensity according to VKF.

Intensity Height of the debris flow hf [m] Velocity of the debris flow vf [m/s]

0 Zero 0 Or 0

1 Low Doesn’t exist Or Doesn’t exist

2 Medium ≤ 1 Or ≤ 1

3 High > 1 And >1
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bris flows, it generally ranges from 
1’500 to 2’500 [kg/m3], or more 
precisely, as illustrated by several 
studies (Curry 1966; Okuda et al. 
1980; Li and Luo 1981; Pierson 
1981, 1985; Li et al. 1983; Zhang 
1993; Iverson 1997; Hu et al. 
2012), from 2’000 to 2’200 [kg/
m3]. Different assessment method 
was applied by the VKF, who assi-
gned a specific density per type 
of debris flow. Thus, according to 
their recommendations, mud-
dy debris flows have a density of 
1’800 [kg/m3] and granular debris 
flows a density of 2’200 [kg/m3].

The inconvenience of equation 
(3) is that it omits the pressure 
due to the impact force with single 
isolated elements (blocks or tree 
trunks) during a debris flow event.

Currently, in Switzerland, the 
three components of impact 
pressure are calculated separately 

according to the VKF. The asso-
ciation suggests three equations 
to calculate the three different im-
pact pressures exerted during the 
impact of a debris flow on building 
surfaces. The three proposed equa-
tions are presented in Table 9.

In the case of a granular debris 
flow, the static replacement pres-
sure is already taken into account 
in the dynamic pressure equation 
with the pressure coefficient a = 4 
[-]. In the case of a muddy debris 
flow, this pressure must be consi-
dered as an additional effect and 
thus calculated (the impact for-
ce is calculated according to the 
equations that apply for block and 
rockfall events).

5.1. Granular debris flow 
intensity proposition

The proposal for the hazard inten-
sity assessment in this study is an 
adaptation of the VKF recommen-
dations. As such, the intensity will 
be evaluated as a function of the 
velocity or height, plus the impact 
pressure of the debris flow. In or-
der to determine the limits of the 
different intensity categories, the 
results of several studies in the 
field of debris flows as well as the 
historical study carried out in this 
work were taken into considera-
tion.

The proposed intensity rating is 
as shown on Table 10.

In order to incorporate the de-
bris flow impact pressure into the 
proposed intensity classification, 
it will be necessary to carry out 
an analysis based on the proposed 
debris flow velocities and heights 
in each intensity category. To this 
end, the impact pressure will be 

Tab. 7 – Debris flow height values based on the theoretical and historical data.

Theoretical 

Height [m] Source Remark

0.5-3 VKF According to the VKF the maximum height of the debris flow ranges 
between 0.5 and 3 [m]. As the debris flow spreads out, its height decreases.

Historical Survey

Hauteur [m] Event Remark

9 Zouqu, Chine Event classified as extreme.

6 Vargas, Venezuela Event classified as extreme.

4 Brienz, Suisse One of the largest debris flow events in Europe.

Tab. 8 – Velocity values based on the theoretical and historical data.

Theoretical

Velocity [m/s] Source Remark

15-20 VKF According to the AEAI, the velocity of a debris flow can reach 15 to 20 [m/s] 
only at places where a strong gradient is present. This velocity decreases to a 
value in the range of 2 to 7 [m/s] at locations where the gradient decreases

40-60 Erika Prina Howald -

60 Philippe Coussot -

Historical Survey

Velocity [m/s] Event Remak

15 South Korea Event classified as extreme.

10 Brienz, Switzerland Maximum velocity occurrence registered in Europe.
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calculated according to equations 
(4.1) and (4.2).

As such, for a granular debris 
flow with ρ = 2.2 [t/m3] and a = 
4 [-], the results are presented in 
Tables 11 and 12.

Based on field investigations, 
as pointed out earlier in this work 
Zanchetta et al. (2014), were able 
to conclude that most buildings 
are completely destroyed as soon 
as the impact pressure exceeds 90 
[kPa]. Following the results pre-
sented in Table 11 and Table 12, we 
can perceive that starting at a velo-
city of 3 [m/s] the dynamic pressu-
re starts to grow much faster than 
the static pressure with heights in 
the same order of magnitude as 
the velocities. This is due to the 
fact that for granular debris flows, 
the pressure resulting from the 
impact force of singular elements 
is included in the equation for cal-
culating the dynamic pressure. The 
latter implies that the pressure va-
lues obtained in Table 11 consider 
the two pressures: dynamic and 
static replacement.

This work’s final proposal for the 
evaluation of the intensity of a gra-
nular debris flow, with the impact 

pressures added, is presented in 
Table 13.

6. Discussion

In this paper, a brief historical stu-
dy of past debris flow events in 
Europe and some of the most im-
portant around the world has been 
undertaken. This study was made 
in order to help determine the dif-
ferent types of building structures 
that have been exposed to debris 
flows in the past and to observe 
the different damages they have 
suffered. Based on this historical 
survey we have been able to define 
various types of building structu-
re most vulnerable to this natural 
hazard.

Then, we have proposed a 
methodology for the assessment 
of building damage and debris flow 
intensity. The various proposals for 
damage assessment and hazard in-
tensity assessment have emerged 
from thoughtful study. However, 
these are areas that require fur-
ther, more profound research.

Regarding the different inten-
sities, it may be interesting to do 
additional examinations in order 
to validate the response of the dif-
ferent structures. As for its quan-
tification, there is still no equation 
that calculates the intensity of the 
hazard as a function of the total 
impact pressure of the debris flow. 
The total impact pressure consi-
ders several critical parameters: 
flow velocity and height, debris 
flow density, and impact force.

Tab. 10 – Adaptation of VKF’s debris flow intensity evaluation.

Intensity Height of the debris flow hf [m] Velocity of the debris flow vf  [m/s]

1 Low < 1 Or < 1

2 Medium 1 ≤  hf ≤ 2.5 Or 1 ≤ vf ≤ 3

3 High 2.5 < hf ≤ 5 Or 3  ≤ vf ≤ 5

4 Extreme > 5 Or >5

Tab. 9 – Debris flow impact pressure components.

Pressure resulting from the dynamic solid 
stress qf [kN/m2]

Vertical surcharge due to materials deposited on a 
submerged building qa [kN/m2]

Static replacement pressure due to 
concentrated load (shock) qe [kN/m2]

q a vf f f� � 2 (4.1) q g ha f a� � (4.2) q
Q
Ae

e= (4.3)

qf: pressure caused by the debris flow qa: surcharge due to debris flows qe: pressure caused by the debris flow

a: pressure coefficient g: gravitational acceleration Qe: impact force

ρf: debris flow density ρf: debris flow density A: impact area

vf: flow velocity of the debris flow ha: flow height of the debris flow

Tab. 11 – Impact pressure in fonction of the debris flow velocity.

Velocity of debris flow vf [m/s] 0.5 1 2 2.5 3 3.5 4 5

Impact pressure qf [KN/m²] 2 9 35 55 79 108 141 220

Tab. 12 – Impact pressure in fonction of the debris flow height.

Height of debris flow  hf [m] 0.5 1 2 2.5 3 4 5 6

Impact pressure qa [KN/m²] 11 22 43 55 66 88 110 132
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1. Introduction

With the climate change and the 
intensification of land use, not su-
ited to natural hazards, the risks 
associated with these hazards are 
only becoming more pronounced. 
Consequently, the frequency and 
intensity of natural disasters are 
likely to intensify in the years to 
come.

In Switzerland, natural hazards 
have caused a material damage of 
around 305 million francs per year 
in the period between 1972 and 
2018, according to the Federal Of-
fice for the Environment (FOEN). 
Nighty percent of the material 
damage was caused by floods and 
debris flow events.

Debris flow is considered as one 
of the most dangerous natural 
hazards. powerful and destructi-
ve, with the ability to move large 
volumes of debris and destroy 

infrastructure. They have caused 
a lot of damage to the built en-
vironment throughout the years 
and represent a great risk to the 
human life.

Depending on their composi-
tion, debris flow can be classified 
into two categories; muddy de-
bris flow which contains a large 
fraction of fine particles and gra-
nular debris flow which contains 
a high concentration of large 
particles, with a low fraction of 
fine ones. Granular debris flows 
are more dangerous than muddy 
debris flows because their fronts 
contain large boulders and rocks, 
resulting in higher velocities and 
greater destructive force. For this 
reason, this study will be concen-
trated on granular debris flow and 
the vulnerability that the build en-
vironment shows to it.

The loss of human life and pro-
perty during debris flow events 
is associated with the damage 

to buildings, which depends on 
their vulnerability to debris flow. 
However, the vulnerability of in-
frastructure to debris flow is still 
not well understood. Meanwhile, 
the study of the interaction betwe-
en the built environment and de-
bris flow phenomena is now more 
important than ever for all the re-
asons mentioned above.

There exist several studies that 
deal with the subject of the vulne-
rability of buildings to debris flow 
events (Fuchs et al., 2007; Akbar et 
al., 2009; Quan Luna et al., 2011; 
Jakob et al., 2011; Hu et al., 2012; 
Totsching and Fuchs., 2012; Papa-
thoma-Köhle et al., 2012, 2016; 
Kang et al., 2016; Cuirean et al., 
2016).

Nevertheless, there is still no 
general understanding of the dif-
ferent damage that buildings can 
suffer during a debris flow event 
depending on the characteristics 
of the buildings that contribute to 
their vulnerability.

This work aims toward develo-
ping a general approach for quan-
titative assessment of physical 
building vulnerability depending 
on the debris flow intensity and 
the resistance of buildings. To 
this end, there will be considered 
methodologies and results from 
other studies that analyze the inte-
raction between the built environ-
ment and the debris flow events as 
well as the data collected from the 
brief historical survey made in the 
present work.

Debris flow events are responsible for a fair amount of disasters worldwide that have caused 
a great deal of damages in the built environment. All the same, this phenomenon has caused 
many casualties. It is therefore, amongst the most dangerous natural hazards due to the eleva-
ted impact pressures it can reach.
Debris flow destructive character is the main reason for the abundant research done regarding 
the processes of debris flow itself as well as the interaction between the latter and the built 
environment. Nevertheless, there is still no general approach available for quantification of the 
physical vulnerability of the built environment to debris flow events.
The present paper aims towards attaining a universal method for quantification of the vulnera-
bility appertaining to the built environment, taking into consideration the buildings features that 
contribute to their vulnerability. To this end, in this work, will be presented and evaluated the 
existing methodologies for the vulnerability assessment of different types of buildings to debris 
flow and then, will be presented our own suggestion.
The final aim of this paper is the construction of vulnerability curves based on the resistance of 
a given building typology and therefore its vulnerability to debris flow and debris flow intensity.
Keywords: Debris flow; Building vulnerability; Vulnerability curves.
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2. Vulnerability 
assessment

From a natural science and engi-
neering perspective, vulnerability 
is defined as the degree of loss, in 
terms of percentages of structural 
damage, to a given feature or set of 
features within the affected area. 
Vulnerability is very often expres-
sed on a scale of 0 (no damage) to 
1 (total damage).

According to Jakob et al. (2011), 
vulnerability is the most difficult 
parameter to estimate with com-
plete certainty. First because ca-
sualties caused by debris flows are 
linked to the collapse of buildings 
and are therefore an incidental 
consequence. Second, the type and 
level of damage to buildings is very 
difficult to assess.

The three most common 
methods used to assess physical 
vulnerability are described in Table 
14. These approaches are based on 
general assumptions and each of 
them has certain advantages and 
shortcomings.

2.1. Methodology

In order to assess the vulnerabili-

ty of the buildings to debris flow 
in this study, a combination of 
the following two methods will be 
used: vulnerability indicators and 
vulnerability curves.

The vulnerability assessment of 
buildings will be carried out throu-
gh two essential parameters:
1.  The intensity of the debris flow;
2.  The structural strength of the 

element at risk.
Regarding the intensity of debris 

flow this study will consider the dif-
ferent categories suggested by Mi-
teva and Prina Howald (Table).

The structural strength of the 
element at risk influences its vul-
nerability to debris flow events. 
There are many factors that con-
tribute to the vulnerability of buil-
dings and should be considered in 
its assessment.

2.2. Quantification of 
intensity
The intensity of the debris flow 
will be calculated with an adapted 
form of Li et al. (2010), with the 
pressure expressed in [kN/m2]:

I = 0.005 qa (1)

with  I: debris flow intensity
  qa: static impact pressure

2.3. Quantification of 
elements structural strength

The resistance of each type of buil-
ding will be calculated in this stu-
dy, using the equation proposed by 
Li et al. (2010):

R
i

ns

i
ns� �

�
�

�

�
�

�
�

1

1

� (2)

with  R: structural strength of 
element at risk

	 	 ξi: resistance factor
  ns:  total number of indica-

tors where ns ≥ 1
In order to determine the re-

sistance of each building, a score 
must be attributed to each resi-
stance factor. In this study, scores 
will be assigned based on existing 
studies (Li et al., 2010; Ciurean et 
al., 2016) and personal reflections.

2.3.1. Building materials

As we have already seen in the va-
rious studies cited in this work, 
reinforced concrete buildings 
have a particularly high resistance 
compared to other construction 
materials. For this reason, the 
score determined in the study 
by Li et al. (2010) seems to be 

Tab. 1 – Vulnerability assessment methods.

N° Method Description Applied by

I. Vulnerability curves Vulnerability curves are generally specific to each building. They have a 
direct correlation to the intensity of the risk, providing quantitative results 
(Papathoma-Köhle 2016). The disadvantage of this method is that it neglects 
the characteristics of buildings that contribute to their vulnerability

Fuchs et al. (2007); 
Akbas et al. (2009); 
Quan Luna et al. (2011); 
Totschnig et al. (2011);

II. Vulnerability matrices Vulnerability matrices are qualitative methods, the construction of matrices 
often depends on expert judgment or empirical data (Papathoma-Köhle et 
al. (2017)). According to Menoni (2006), vulnerability matrices are composed 
of intensities and ranked damage levels.
The disadvantage of this method is that it neglects the characteristics of 
buildings that contribute to their vulnerability.

Zanchetta et al. (2004);
Sterlacchini et al.(2007);

III. Vulnerability Indicators The «vulnerability indicator» method is still in the development phase. 
Since there are many uncertainties associated with using an indicator-based 
approach, some studies use them in combination with a well-established 
approach, such as vulnerability curves.

Li et al. (2010); 
Rheinberger et al. (2013); 
Du et al. (2014);  
Godfrey et al. (2015); 
Ciurean et al. (2016);
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underestimated. Accordingly, in 
this study, the score of reinforced 
concrete buildings defined by the 
study by Ciurean et al. (2016) will 
be used.

In the studies made by Li et al. 
(2010) and Ciurean et al. (2016), 
no scores are distributed for cases 
where the construction materials 
are steel and reinforced concrete 
mixed with wood (ground floor in 
reinforced concrete, upper floors 
in wood). This is because the resul-
ts in these two studies are obtai-
ned empirically and no buildings 
constructed with these materials 
were present in both studies.

Regarding the mixed con-
structions (ground floor in rein-
forced concrete, upper floors in 
wood) it is important to take into 
consideration that buildings with 
this type of construction are often 
placed on a slope, thereby making 
it easier for the debris flow to reach 
the upper floors in wood, in this 
case the score distributed to this 
type of construction is more likely 
to be similar to that used for wo-
oden constructions than the one 
used for reinforced concrete con-
structions. However, in the case 
where a building is not placed on 
a slope and depending on the hei-
ght of the debris flow, the stren-
gth of reinforced concrete, which 
is much higher than that of wood, 
can strongly influence the degree 
of damage. Thus, in this study, the 
score we will consider for buildin-
gs with this type of construction 
is 0.6.

As for the score assigned for ste-
el constructions, it is well known 
that steel is a very ductile mate-
rial; this characteristic increases 

its strength compared to masonry 
and wood. However, in the case 
of industrial halls, the supporting 
structure is made of steel, while 
the facades are generally made of 
other materials (for example san-
dwich panels) that are much less 
resistant than steel. The score of 
1.0 will therefore be assigned in 
this study.

2.3.2. Number of floors / height

Regarding the “number of stories 
/ height” indicator, the scores that 
this study is going to use are a 
combination of those defined by 
Li et al. (2010) and Ciurean et al. 
(2016). For one- to two-story buil-
dings, the scores from the first sur-
vey are preferable; as the second 
survey’s scores appear overstated. 
For the other two categories (three 
or more stories), the scores defi-
ned by Ciurean el al. (2016) were 
preferred. The reason being that 
in the study by Li et al. (2010), the 
authors regroup buildings of three 
to five floors into one category, 

while in the study by Ciurean et al. 
(2016), a differentiation has been 
established.

However, the score of 0.1 given 
in the case of a single floor seems 
quite low. In this study, we will re-
place the latter with a score of 0.2.

Finally, the indicators will be 
weighted according to their in-
fluence on the building’s resistance 
capacity.

The construction material of 
the building (ξmat) has a greater in-
fluence on the vulnerability of the 
building to debris flow than the 
number of floors / height of the 
building.

Thus, the weighting coefficients 
assigned to these two indicators 
are: 2.0 for the building material 
and 1.0 for the number of floors/
building height.

Hence, equation (2) used for the 
calculation of the resistance of bu-
ildings, proposed by Li et al. (2010) 
will take the following form:

R mat floor� ( )2
1
2� � (3)

Tab. 2 – Evaluation of debris flow intensity used in this study.

Intensity Debris flow height hf [m] Debris flow velocity vf  [m/s] Impact pressure qf  [kPa]

1 Low < 1 Or < 1 < 22

2 Medium 1 ≤ hf ≤ 2.5 Or 1 ≤ vf ≤ 2.5 22-55

3 High 2.5 < hf ≤ 5 Or 2.5 < vf ≤ 3.5 56-110

4 Extreme > 5 Or > 3.5 > 110

Tab. 3 – Scores used in existent studies for the indicator “construction materials”.

Material Score – Li et al. (2010) Score – Ciurean et al. (2016)

Wood 0.2 0.25

Reinforced concrete and wood - -

Masonry 0.8 0.9

Steel - -

Reinforced concrete 1.3 1.95

Tab. 4 – Scores used in this study for the indicator construction materials.

 Construction materials

Wood Reinforced concrete and wood Masonry Steel Reinforced concrete 

Score 0.2 0.6 0.8 1.0 1.95
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2.4. Vulnerability function

The vulnerability (V), will be calcu-
lated according to the intensity of 
the hazard (I) and the resistance of 
the frame (R) through the function 
proposed by Li et al. (2010):

V
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2.5. Vulnerability curves

Vulnerability curves were deve-
loped for each typology of vul-
nerable structure defined in the 
study by Miteva et Prina Howald 
represented on Table X, based on 
the two indicators selected (con-
struction materials and number 
of floors/height).

3. Results

The vulnerability curves obtained 
for each type of structure are illu-
strated in Figure 1.

According to the results obtained 
in this study, the most vulnerable 
structures are those built entirely 
of wood. On the other hand, the le-
ast vulnerable buildings are those 
constructed of reinforced concrete. 
It should be noted, however, that 
according to the results obtained 
in this study, a three-story chalet 
with the ground floor constructed 
of reinforced concrete and the two 
upper floors of wood, has a lower 
vulnerability than a two-story ma-
sonry building. This can be explai-
ned by the fact that reinforced con-
crete has much higher structural 
strength than masonry.

Thus, for a debris flow of me-
dium intensity (according to the 

Tab. 5 – Scores used for the number of floors.

Number of 
stories

Score – Li et al. 
(2010)

Score – Ciurean et al. 
(2016)

Score – Present 
study

1 0.1 0.4 0.2

2 0.4 0.85 0.4

3 0.9 1.0 1.0

> 3 0.9 1.2 1.2

Tab. 6 – Brochure of the different types of vulnerable structures defined by Miteva et 
Howald Prina.

N° Construction type N° Construction material(s) Number of stories

1 Chalet 1.1 Wood 1

1.2 First floor in concrete, upper floors in timber 2-3

2 Individual villa 2.1 Masonry 2-3

2.2 Reinforced concrete 2-3

3 Industrial building 3.1 Steel 3

3.2 Wood 3

4 Residential building 4.1 Masonry ≥ 3

4.2 Wood ≥ 3

4.3 Reinforced concrete ≥ 3

The function used for the construction of the various curves is V = f (I, R), (4) with the in-
tensity of the hazard calculated according to equation (1) and the resistance of the buildings 
determined by means of equation (3).

Fig. 1 – Vulnerability curves for all the types of vulnerable structured defined previously in 
this study.
Explanation of the legend: the first two letters indicate the type of structure (CH = Chalet; 
IV = Individual villa; IH = Industrial hall; RB = Residential building), the next letter/two letters 
indicate the building material (W = Wood; WC = Reinforced concrete and wood; M = 
Masonry; RC = Reinforced concrete; S = Steel) and the number at the end indicates the 
number of floors of the building.
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intensities defined in this work 
(Table 13), maximum height of 
the debris flow: 2.5 [m]), a ma-
sonry building will suffer major 
structural damage or will be com-
pletely destroyed, while a buil-
ding with a reinforced concrete 
ground floor will suffer only mi-
nor structural damages (because 
the debris flow won’t reach the 
wooden floors).

Furthermore, we can notice 
that a three-story individual villa 
made of masonry has almost the 
same vulnerability to the hazard as 
a two-story individual villa made 
of reinforced concrete. One initial 

explanation is the fact that the vul-
nerability of one-story building in-
creases as soon as the debris flow 
reaches 2 [m] in height. However, 
an overestimation of the strength 
can might have been made due to 
the indicator “number of floors / 
height” and the scores assigned to 
it. This can also be noticed in the 
case of the steel industrial hall 
and the masonry residential buil-
ding with more than three floors. 
According to the results of the 
present study, these two distinct 
typologies of building present al-
most identical vulnerability cur-
ves. Thus, we can conclude that the 

indicator “number of floors / hei-
ght” and the corresponding scores 
must be further examined.

Finally, this work shows that the 
typology of structures most vul-
nerable to debris flows is the one-
story chalet. On the contrary, the 
one that presents a minimal vulne-
rability is the reinforced concrete 
residential building of over three 
floors.

3.1. Comparison with other 
studies

First comparison of this study’s re-
sults can be made with the results 
derived in the study by Ciurean et 
al. (2016). However, it is impor-
tant to mention that the vulnera-
bility in the latest is assessed based 
on the cost of damage caused to 
the built environment and not the 
structural strength of the latter as 
established in this work.

Based on the study by Cuirean 
et al. (2016), for one-story wood 
buildings and two-story wood 
buildings to achieve a vulnerabi-
lity of 1.0, a pressure of about 26 
[kPa] (debris flow height of about 
1.2 [m]) and respectively 37 [kPa] 
is required. This is in concordance 
with the results of the present stu-

  Fig. 2 – Vulnerability 
curves established by 
Ciurean et al. (2016).

  Fig. 3 – Vulnerability 
curves established 
by the present stu-
dy – Wooden cha-
let.
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dy, according to which a one-story 
wooden chalet achieves a vulnera-
bility of 1.0 for a pressure of 27.5 
[kPa] and a two-story wooden cha-
let achieves it at an impact pressu-
re equaling 37.5 [kPa].

Also, when comparing the cur-
ves for masonry buildings establi-
shed in the Cuirean et al. (2016) 
study and the present one the 
findings are rather close. For a 
one-story masonry building with 
a vulnerability of 1.0, an impact 
pressure of 45 [kPa] is required 
according to the research of Cuire-
an et al. (2016), from the results 
of this study, the impact pressure 
under such conditions is 40 [kPa]. 
Then, for two-story masonry bu-
ildings to attain a vulnerability 
of approximately 0.97, an impact 
pressure of about 68 [kPa] and 70 
[kPa] is needed according to Cui-
rean et al. (2016) and this study, 
respectively.

Another study’s results that will 
be compared with this works resul-
ts are those obtained by Kang et al. 
(2016).

In the study by Kang et al. 
(2016), the structures were clas-
sified into two main groups: buil-

dings constructed with a material 
other than reinforced concrete 
(non-concrete frame) and rein-
forced-concrete frame buildings. 
In the group of buildings made of 
a material other than reinforced 
concrete, they have considered 
wood and masonry buildings. It 
should be noted that in the study 
by Kang et al. (2016), the building 
material, is the only indicator con-
sidered.

According to the graph shown in 
Figure 5, from the study by Kang 
et al. (2016), for “non-concrete 
frame” buildings the vulnerability 

reaches 1.0 as the impact pressure 
approaches 50 kPa. This is consi-
stent with the results obtained in 
this study for one-story wood and 
masonry buildings.

Then, for reinforced concrete 
buildings, the impact pressure re-
quired in order to obtain a vulne-
rability equal to 1.0, according to 
Kang et al. (2016) is of about 225 
[kPa]. The pressure obtained in the 
present work is about 215 [kPa].

To conclude, the results establi-
shed in the present work remain 
close to those established in pre-
vious studies.

4. Discussion

This paper suggests a combined 
method in the quest of vulnera-
bility assessment of buildings to 
debris flow. The proposal of which 
as well as the function for vulnera-
bility determination have emerged 
from thoughtful study.

Regarding the vulnerability of 
buildings, it would be interesting 
to do a more in-depth study that 
would take into consideration se-
veral indicators and then finally, 
to analyze the vulnerability of bu-
ildings according to several com-
binations of indicators in order to 
be able to assess their influence on 
the resistance of the building in a 
more precise way.

Fig. 4 – Vulnerability curves established by the present study – Masonry individual villa.

  Fig. 5 – Vulnerability 
curves obtained by 
Kang et al. (2016).
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geoingegneria e attività estrattiva

1. Introduction

Snow avalanches are natural 
phenomena that can cause tran-
sportation problems, damages to 
structure and infrastructures, fata-
lities, etc. Usually, avalanches can 
be categorized as dry or wet snow 
avalanches (Peitzsch et al. 2012). 
Wet avalanches still represent a 
fascinating topic since it is diffi-
cult to forecast and control/trig-
ger them using explosives (Baggi 
and Schweizer 2009; Peitzsch et al. 
2012; Stimberis and Rubin 2011; 
Simenhois and Birkeland 2010; 
Lackinger 1987).

In this work, the attention is 
given to snow glide avalanches 
which can be considered as wet 
avalanches (McClung and Scha-
erer 1993). The snow gliding is a 
translational motion of a whole 
snow slab due to gravitational for-
ces (der Gand and Zupančič 1965; 
McClung 1981). This motion is 
more probable to happen when 
the ground surface has reduced 

basal friction (e.g. grassy or smo-
oth rocks), the slope inclination is 
higher than 15°, the snow-ground 
interface has a temperature of 0°C 
and/or liquid water is present in 
this interface, etc… (Conway and 
Raymond 1993; der Gand and Zu-
pančič 1965; Lackinger 1987; Mc-
Clung 1981; McClung and Clarke 
1987). It is possible that a crack 
propagates at the upper limit of 
the slab due to the development 
of tensile stress generated by the 
snow gliding (Feistl et al. 2013). 
This crack is named glide crack 
and has a typical half-moon sha-
pe. This propagation coincides 
with a change of the slab equili-
brium (Fig. 1). Therefore, the slab 
starts to move downwards and a 
force redistribution takes place 
from the crown to the stauchwall 
(Bartelt et al. 2012a; Ancey and 
Bain 2015). If the stauchwall is 
able to withstand the force redi-
stribution, a new equilibrium of 
the slab is obtained; otherwise the 
glide avalanche is triggered (Bar-

telt et al. 2012a; Feistl et al. 2013). 
It seems clear that there are only 
two possible situations after the 
crack opening: (i) an immediate 
avalanche release, or (ii) the new 
equilibrium is preserved. Howe-
ver, delayed releases may happen. 
In these cases, the delay between 
the crack propagation and the 
glide avalanche release can range 
from hours to weeks (Ancey and 
Bain 2015).

Bartelt et al. 2012a presented 
a model – the Stauchwall model 
– meant to study the slab-stau-
chwall interaction after the crack 
propagation (Fig. 1). Here, the slab 
is assumed as a rigid body and the 
stauchwall as an homogeneous and 
viscoelastic one. After the crack 
propagation, in the transient state, 
the stauchwall may reach the criti-
cal strain rate εcr which implies its 
failure and the avalanche release. 
Otherwise, it is considered that the 
stauchwall does not fail and that 
the slab reaches a new equilibrium.

In the present paper, the Stau-
chwall model is coupled with a 
stress failure criterion in order to 
also consider the possibility that a 
snow glide avalanche release is due 
to the achievement of the shear 
strength τcr of the stauchwall. This 
new model is named Stuachwall 
stress model. Thanks to this new 
failure criterion, it is possible to exa-
mine the causes of delayed releases 
and define operative methods me-
ant to trigger instable slabs on the 
slope after the crack propagation.

In addition, the skier’s fall/bra-

Avalanches are natural events that can have consequences such as silvicultural losses, infra-
structural damages, fatalities. In this paper, the attention is given to glide avalanches starting 
by a glide crack, a tensile crack that propagates at the crown – the upper release limit – due 
to the internal stress variation. However, the presence of a glide crack does not always give 
rise to a glide avalanche. In fact, when the slab starts to move, interacts with the stauchwall 
(the downslope boundary of the slab) which can fail or withstand.The Stauchwall model was 
adopted in order to verify if the gliding avalanche is triggered or not, by analyzing the dynamic 
stability of a slab subjected to an initial perturbation. In this paper, the model has been expan-
ded by coupling it with a stress failure criterion. Thanks to this new failure criterion, it is possible 
to investigate the possible causes of subsequent glide avalanches triggering (in terms of hours 
or even days) after the crack propagation. In addition, the effect of a skier’s fall/brake on the 
slab stability is analyzed. Finally, a sensitivity analysis of the model pointed out the important 
role played by the basal snow/soil friction. Therefore, it is shown that actions meant to increase 
this characteristic may be taken into account to effectively prevent glide avalanches.
Keywords: Glide avalanches, Stauchwall model, Full-depth avalanches, Avalanche release, Shear 
strength, skier.
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ke effects on the slab-stauchwall 
stability are investigated and a 
sensitivity analysis is performed 
in order to point out the parame-
ters that have the largest influen-
ce in the model results. The same 
analysis is then used to demon-
strate how small increases of basal 
friction may be used to prevent 
snow glide avalanches.

1.1. The Stauchwall model

As introduced, the Stauchwall mo-
del (Bartelt et al. 2012a) is adopted 
in the present work. Several appli-
cations and discussions regarding 

this model are present in literature 
(e.g. Bartelt et al. 2012a; Feistl et al. 
2013; Feistl et al. 2014; Höller 2014; 
Ancey and Bain 2015). A small sum-
mary regarding this model is pre-
sented in the following paragraphs.

The Stauchwall model assumes 
that a prismatic monolithic slab 
(having density ρ, length l, depth 
h, and width b) starts to move on a 
slope inclined of ψ at the time t = 
0 to which corresponds the crack 
formation. It is hypothesized the 
presence of a basal friction µ un-
der the slab. It has to be µ < tanψ 
in order to let the slab start the 
motion. Due to the slab move-
ment (t ≥ 0), the stauchwall un-

dergoes to an axial strain ε(t) and 
to an axial stress σx(t) (Fig. 2b) that 
can be evaluated considering the 
following slab equilibrium:
mü(t) = mgx – µ mgy + σx(t)bh (1)

where: m is the slab mass (m = 
ρbhl), gx and gy are the components 
of the gravity acceleration parallel 
and perpendicular to the slope and 
ü(t) is the slab acceleration in the 
direction parallel to the slope. The 
compressive normal stresses are 
considered to be negative.

Since snow shows viscoela-
stic characteristics (Mellor 1974; 
Salm 1975; Voytkovskiy 1977; 
Von Moos 2002; Von Moos et al. 

  Fig. 1 – Schematic re-
presentation of the 
snowpack after the 
crack propagation. gx 
and gy are the compo-
nents of the gravity 
acceleration parallel 
(gx) and perpendicular 
(gy) to the slope. u(t), 
u t( ), and ü(t) are, re-
spectively, the displace-
ment, velocity, and ac-
celeration of the slab. 
The strain at the stau-
chwall is denoted by 
ε(t). d is a generic di-
stance on the slab whi-
ch it is assumed that an 
eventual skier falls/bra-
kes and stops his mo-
tion.

Fig. 2 – Stauchwall model: (a) schematic representation of the Burger’s model; (b) detail of the stauchwall. In Fig. 2a the subscript m refers 
to the Maxwell dashpot ηm and spring Em while k refers to the same elements of the Kelvin-Voigt model (ηk and Ek).
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2003), Bartelt et al. 2012a model-
led this viscoelastic behavior con-
sidering a Burger’s model. This 
consists in a Kelvin-Voigt model 
in series with a Maxwell model 
(Fig. 2a). The stauchwall (Fig. 2b) 
is considered as a homogeneous 
prism (with density ρ, length ls, 
depth h, and width b) and having 
no basal friction. This last assu-
mption is true in the presence of 
melted water in the snowpack. It 
is also considered that it is possi-
ble to neglect the stauchwall stress 
history for t < 0. In addition, the 
displacements having direction 
parallel to the slope of stauchwall 
lower side are not allowed. Thanks 
to these hypotheses and conside-
ring the stauchwall as a mono-di-
mensional element, it is possible 
to find the differential equation 
that puts in relation the stress 
σx(t), the strain rate ε( )t  and their 
derivatives:
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where: ηk and Ek refer, respectively, 
to the dashpot and the spring ele-
ments of the Kelvin-Voigt model, 
and ηm and Em refer to the same 
elements of the Maxwell model. 
Note that the stauchwall self-wei-
ght is neglected in the evaluation 
of the stress σx, and this stress is 
assumed independent of the coor-
dinate x.

Thanks to these assumptions, 
Bartelt et al. 2012a affirmed that 
the strain rate ε( )t  and its derivati-
ve ε( )t  can be evaluated by knowing 
the slab velocity u t( ) and its accele-

ration u t( ), as:
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Therefore, by substituting Eqs. 3a 
and 3b in Eq. 2 the following equa-
tion is obtained:
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The system of differential equa-
tion composed by Eq. 1 and 4 
represent the Stauchwall model. 
With the substitution of the mass 
definition in Eq. 1, it is possible to 
observe that the model is indepen-
dent of both the width b and the 
depth h.

This system has to be numeri-
cally integrated with the following 
initial conditions:

u
u

x

x

( ) ,
( ) ,

( ) ,
( ) .

0 0
0 0

0 0
0 0

�
�
�
�
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(5)

reminding that t = 0 corresponds 
to the crack formation.

The stauchwall failure is attai-
ned if the strain rate ε( )t  reaches 
the critical value �cr s� � �10 2 1( )  
(Bartelt et al. 2012a, 2012b; Fei-
stl et al. 2013). In fact, the snow 
shows a brittle compressive failure 
for this strain rate which was pro-
ved thanks to triaxial tests (Sca-
pozza and Bartelt 2003; Scapozza 
2004).

2.The Stauchwall Stress 
Model

In order to combine the original 
strain state stauchwall failure cri-
terion with a stress failure one, it 
is necessary to evaluate the mate-
rial strength and the stress state 
of the stauchwall after the crack 
opening (t > 0). In the Stauchwall 
model, the stauchwall is assumed 
as a viscoelastic material having 
no friction to the ground. Two 
sets of rheological parameters 
(Tab. 1), for two different snow 
densities, were adopted. These 
values (utilized by Bartelt et al. 
2012a, 2012b; Feistl et al. 2013) 
were evaluated thanks to triaxial 
tests performed by Von Moos et 
al. 2003. 

In addition, it was hypothesized 
that the stauchwall is isotropic 
(Salm 1975; Desrues et al. 1980; 
De Biagi 2009; Köchle and Sch-
neebeli 2014) and homogeneous. 
The homogeneity of the snow is 
another aspect that can be verified 
when all layers of the snowpack 
have fully metamorphosed to wet 
grains thanks to high temperatu-
res or rain (Hirashima et al. 2008). 
A last assumption was neglecting 
the stress history of stauchwall 
before the crack propagation (for 
t < 0). This assumption is anyway 
already considered as an initial 
condition for the solution of the 
Stauchwall model (Eq. 5).

Concerning the failure criterion 
added to the Stauchwall Stress 
Model, it is assumed that the stau-
chwall fails when the shear stren-
gth is reached and a Tresca failure 
criterion is considered. 

It is assumed that the stau-
chwall is composed of moist snow 
considered having a volumetric 
water content θ (%). Therefore, its 
shear strength, which is conside-
red uniform within the stauchwall, 
follows the empirical formulation 
of Yamanoi and Endo 2002, eva-
luated as a function of its dry den-
sity ρdry as:

Tab. 1 – Snow rheological parameters (Bartelt et al. 2012a).

ρ Em ηm Ek ηk

kg/m3 Pa Pas Pa Pas

210 1.0 · 108 1.5 · 109 2.0 · 106 1.0 · 106

250 1.5 · 108 1.4 · 109 1.5 · 107 2.5 · 106



Aprile 2022 25

geoingegneria e attività estrattiva

� � �
cr dry e� � � �9 40 10 4 2 91 0 235. . . (6)

This formulation is valid in the ran-
ge 0 ≤ θ ≤ 8.2% and for new snow, 
decomposed snow, and rounded 
grains (Yamanoi and Endo 2002; 
Hirashima et al. 2008).

To define the stauchwall stress 
state, the pattern in Fig. 2b is con-
sidered, where a vertical section 
of the stauchwall is represented. 
It is assumed that this section be-
longs to a vertical plane x, y and 
the axis z is perpendicular to it. 
The origin of z is at one flank of 
the stauchwall so that z = b is the 
opposite flank. It can be assumed 
that at z b∈[ , ]0  the displacements 
in z direction are constrained by 
the surrounding snow. Thus, this 
generic stauchwall vertical plane x, 
y shows plane-strain conditions. If 
the vertical component of the sel-
f-weight is neglected, the stress 
σy(t) is zero at every point belon-
ging to the vertical line connecting 
two generic points A and B (Fig. 
2b). Therefore, σx(t) is the smallest 
principal stress (if σx(t) < 0 ∀ t ≥ 0) 
because σy(t) = 0 and σz(t) = ν(σx(t) 
– σy(t)). For this reason, the maxi-
mum absolute shear stress acting 
in the x, y plane is evaluated as:

�
�

m
xt

t� � � ( )
2

(7)

and it has an inclination φ = 45° – ψ 
with respect to the horizontal.

Hence, the stauchwall fails (for 
t ≥ 0) when at least one of the fol-
lowing inequalities is true:

 � � � �( ) ( )t OR tcr m cr� � (8)

which represents the coupled fai-
lure criterion. In fact, the inequa-
lity  � �( ) ( )t tcr�  is the criterion 
adopted by Bartelt et al. 2012a and 
the second inequality (� �m crt( ) � ) 
is the one proposed in this work.

In the Section “Results and 
Discussions” some analyses are 
presented as well as the obtained 
results.

2.1. The Stauchwall Stress 
Model applied to a skier’s fall/
brake

Let’s consider a slab and a stau-
chwall. It is possible that imme-
diately after the crack opening 
the stauchwall does not fail. The-
refore, the system reaches at t1 a 
new equilibrium. We assume that 
a skier is skiing on the slab at t ≥ t1 
in a direction parallel to the x axis 
(Fig. 2b) with a speed vskier,i. The to-
tal mass of the skier is considered 
equal to mskier = 80 kg. It is possible 
to suppose that at a certain time 
t1 > t2, the skier falls/brakes and 
then stops his motion (vskier,f = 0) 
at a distance d(≤ l)along the x axis 
after a time δtstop. It is supposed 
that this distance is completely 
included on the slab. Therefore, 
the variation of the skier’s kinetic 
energy is:

�K m v

m v
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(9)

where δvskier = vskier,f – vskieri = –vskier,i 
is the is the skier’s speed varia-
tion.

The variation of the skier’s po-
tential energy in the distance d 
is:
∆P vskier  = m vskier gdsinψ  

= m vskier gxd
(10)

Thanks to the Energy Conserva-
tion Law, to stop his motion, the 
work that the skier must apply on 
the slab is:
Wskier = ∆Kskier + ∆Pskier = Fstopd (11)

It is possible to assume that the 
skier applies a constant force Fstop 
on the slab in order to stop his mo-
tion. Therefore, the work applied 
by the skier is Wskier = Fstopd and:

F m g
d

m vstop skier x skier skier i� �
1

2
2

, (12)

So the skier’s deceleration is con-
stant and equal to 
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For t2 ≤ t < t3 (t = t3 + δtstop), 
when the skier is decelerating, 
he applies a constant force to the 
slab. Thus, the slab equilibrium 
becomes:
mü(t) =  mgx – µmgy + 

+ σx(t)bh + Fstop
(14)

For t ≥ t3, when the skier has stop-
ped, the force equilibrium is:

mtotü(t) =  mtotgx + 
– µmtotgy + σx(t)bh

(15)

where mtot = m + mskier.
Note that these two forces equi-

librium (Eq. 14 and 15) are no lon-
ger independent of the slab width 
b and thickness h.

If Equation 14 is divided by 
the slab mass m, it is possible to 
highlight the term Fstop/m that 
represents the skier fall/brake 
contribution on the slab accele-
ration. This term should be small 
if the slab is very heavy. This ob-
servation is anyway examined in 
the Section 3.3 where the analyses 
results are presented.

The Equations 16a, 16b and 
16c summarize the three diffe-
rent systems of equations that 
have to be used in order to eva-
luate the effect of a skier’s fall/
brake. In particular, Equation 
16a represents the Stauchwall 
model. This Equation has to be 
used in the first phase when 
the crack propagates. Equation 
16b represents the Stauchwall 
stress model applied to the case 
when on the slab a skier-bra-
king is present (therefore called 
skier-braking model). In order 
to numerically integrate this sy-
stem of equations, we assume the 
results of the Stauchwall model 
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3. Results & Discussions

The results and discussions of the 
performed numerical analyses are 
presented in this Section. At the 
beginning, attention is given to 
the results of analyses carried out 
using the Stauchwall model. Sub-
sequently, the results and com-
ments on the delayed releases and 
the skier’s triggering are reported. 
Finally, the results of the sensiti-
vity analyses are shown and some 
observations for the control and 
prevention of these avalanches 
are given.

3.1. Stauchwall model 
analysis

The results of the analyses carried 
out using the Stauchwall model are 
presented in this Section. In parti-
cular, investigations on the failure 
criteria and stauchwall length are 
performed.

Stauchwalls are not so well de-
fined in real cases and they may 
be partially destroyed after the 
avalanche release. Thus, the stau-
chwall length is difficult to be me-
asured/estimated. In Figure 3 the 
results of six analyses meant to 
study the influence of these length 
estimations are presented. In these 

two graphs the shear strength τcr (θ 
= 0) and the critical strain rate εcr 
are also plotted. The analyses were 
carried out considering a fixed to-
tal length l + ls = 30m, ψ = 35°, µ = 
0.45 and three stauchwall lengths 
ls = 1,2 and 4 m. For what regards 
the first three analyses, the assu-
med density (with the correspon-
ding rheological parameters) is ρ = 
250 kg/m3 and results are reported 
in Figure 3a. A density ρ = 210 kg/
m3 (with the related rheological 
parameters) is considered for the 
other three analyses and the resul-
ts are displayed in Figure 3b.

From Figure 3 it is possible to 
notice that the stauchwall length 
estimation has a much larger effect 
on the maximum strain rate than 
the maximum shear stress. Assu-
me as a reference the results obtai-
ned using a stauchwall length of 2 
m and a density ρ = 250 kg/m3. If 
this length is halved the maximum 
strain rate increases by 34 % (23 
% for ρ = 210 kg/m3) while the 
maximum shear stress incremen-
ts by 12 % (11 % for ρ = 210 kg/
m3). Similarly, doubling the stau-
chwall length (ls = 4 m) implies a 
26 % reduction of the maximum 
strain rate (17 % for ρ = 210 kg/
m3) while the maximum shear 
stress decreases by 13 % (7 % for ρ 
= 210 kg/m3). Since the stauchwall 

length has to be supposed and the 
stauchwall stress is less sensitive 
to this hypothesis, the stress cri-
terion should help to understand 
if the stauchwall fails. This fact can 
be verified by paying more atten-
tion to Figure 3a. It is possible to 
notice that the snowpack under 
study fails, by reaching only the 
critical strain, only if a stauchwall 
length of ls = 1  m is assumed. In 
parallel, if the shear strength is ta-
ken as a failure criterion, the assu-
mption of the stauchwall length is 
less important since for both ls = 
1 and 2 m the stauchwall will fail.

It is interesting to highlight 
that it is possible to determine if 
the stauchwall failure is due to the 
stress criterion or to the strain rate 
criterion. To do this it is necessary 
to evidence that the curves obtai-
ned in Figure 3 have to be read in 
an anticlockwise direction starting 
from the axes origin. As example, 
let’s consider the results of the 
analysis performed considering ls 
= 2 m and ρ = 210 kg/m3 (Fig. 3b). 
It is possible to affirm that in this 
case the avalanche is released be-
cause the critical strain rate is at-
tained while the stauchwall stress 
never reaches the material stren-
gth. As a matter of fact, proceeding 
on the curve starting from the axes 
origin, the critical strain rate is the 

(Eq. 16a) for t = t1 (at the end of the first transient state) as initial conditions. Finally, Equation 16c is the 
Stauchwall-skier model. This equation is valid when the skier is on the slab immediately after he stops his 
motion and, for this reason, when he does not apply force to it (t ≥ t3). The initial conditions to solve this 
system (Eq. 16c) are the results of the skier-braking model (Eq. 16b) for t = t3
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first line intersected by the curve. 
This means that the remaining 
part of the curve is just theoreti-
cal since the avalanche is triggered 
as soon as the critical strain is re-
ached. Therefore, it is possible to 
distinguish in between failures.

Another important fact can be 
pointed out looking at the results 
obtained for ρ = 210 kg/m3 and ls 
= 4  m (Fig. 3b). In this case it is 
difficult to be sure if the avalanche 
is released only by looking at the 
strain rate criterion. However, the 
stauchwall failure is clear conside-
ring the stress criterion. This fact 
highlights the importance of cou-
pling these two criteria.

The results of analyses perfor-
med considering a snow density 
ρ = 250 kg/m3 (with the related 
rheological parameters), a stau-
chwall length ls = 2 m and varying 
the slope inclination and the slab 
length are summarized in Figure 
4. The target of these analyses is to 
calculate the frictions for which the 
avalanche is triggered and to define 
if the release is caused because the 
critical strain rate is attained (solid 
color) or if the shear strength is re-
ached (top bar prisms with transpa-
rency). It can be observed that the 
critical strain rate is exceeded when 
relatively small friction values are 

considered. The cases of avalanches 
due to the fact that shear strength 
is attained correspond to small in-
tervals of friction values only. From 
Figure 4 it is interesting to observe 
that the stress criterion is stricter. 
In detail, if the strain rate criterion 
is the only one adopted, it is possi-
ble to underestimate the minimum 
friction value necessary to avoid a 
glide avalanche because with this 

value the material strength is exce-
eded and the avalanche is triggered.

3.2. Delayed releases

Thanks to the stress failure crite-
rion it is possible to examine de-
layed releases. Let’s consider the 
Stauchwall model (Eq. 16a) and let’s 
suppose that in the transient state 

Fig. 3 – The plots show the results considering a fixed total length l + ls = 30 m, three stauchwall lengths ls = 1,2 and 4 m, ψ = 35°, µ = 
0.45. Figure 3a shows the results of the analyses carried out considering a density ρ = 250 kg/m3. The results of the analyses carried out 
assuming ρ = 210 kg/m3 are displayed in Figure 3b. In the plots the shear strength (τcr (θ = 0)) and the absolute value of the critical strain 
rate εcr are represented.

Fig. 4 – The image displays a three-dimensional plot showing the friction values necessary 
to trigger the avalanches considering different slope inclinations and slab lengths. This graph 
has been computed considering a density ρ = 250 kg/m3 (with the related rheological pa-
rameters of Tab. 1), and a stauchwall length ls = 2 m. The solid color of the bars represents 
the frictions for which the critical strain rate is attained while the top bar prisms, with tran-
sparency, represent the friction values for which the shear strength (τcr (θ = 0)) is attained.
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the stauchwall did not fail. It is pos-
sible to consider the curve obtained 
considering ls = 4 m in Figure 3a as 
example. In this case, for a certain 
time t1 > 0 coincident with the end 
of the transient state, a new equili-
brium exists. This time t1 can be de-
fined as the time in which the slab 
acceleration becomes constant and 
equal to zero. Therefore, the stress 
becomes constant and equal to:
σx (t ≥ t1) = ρgl(µcosψ – sinψ) (17)

and the strain rate becomes 
� � �( ) /( )t t t tx m� � �1 1  (therefo-
re �( )t t� �1 0). Since both the 
strain rate and the shear stress are 
constant and considering that the 
failure is not attained for t > t1, the 
avalanche can be triggered only by 
two factors, an equilibrium pertur-
bation or a loss of strength.

A perturbation of the slab-stau-
chwall equilibrium can be caused, 
as an example, by an increasing 
presence of melted water at the 
snow-soil interface which reduces 
the basal friction µ. It is possible to 
suppose that this variation (which 
starts at the generic time t2 ≥ t1) is 
very slow so that the strain accelera-
tion is almost zero while the stress 
inside of the stauchwall increases 
(Eq. 17). For this reason, it is not 
possible to attain the critical strain 
rate. However, the stauchwall can 
fail because the shear strength is 
attained (e.g. dashed line in Fig. 5).

The second possible cause of a 
delayed release is a reduction of 
the material strength. To take into 
account this strength variation, 
it is possible to suppose that at t 
= t2 the snow is on the slope and 
that its humidity starts to increase 
(due, as example, to solar irradia-
tion or to rain). This water content 
raise produces a reduction of the 
snow shear strength (Eq. 6). Thus, 
the stauchwall stress can arrive at 
the material strength and, as con-
sequence, the avalanche is trigge-
red (e.g., dotted line in Fig. 5).

An even more realistic situation 
can be the combination of both 

the mechanisms presented before 
(e.g., solid line in Fig. 5). In fact, 
water due to metamorphism/rain 
may act on both the basal friction 
and the shear strength.

3.3. Skier’s triggering

The analysis of a skier that stops 
over a slab is presented in Figure 
6 (Eq. 16a, b and c). This specific 
case represents a perturbation of 
the slab equilibrium. Therefore, if 
the avalanche is triggered by the 
skier, it is possible to consider it as 
a delayed release. With the nota-
tion previously introduced, the pa-
rameters assumed in the analysis 
are b = 10 m, t = 0.5 m, ls = 2 m, l = 
20 m, ψ = 35°, ρ = 250 kg/m3 (and 
the related rheological parameters 
of Tab. 1), vskier = 13.9 m/s and d = 
10 m. The results are presented in 
Figure 6. It is possible to note that 
the effects of the skier’s fall/brake 
are quite limited in terms of shear 

stress while they are more marked 
in terms of strain rate. The critical 
values are not attained in both ca-
ses. It has to be underlined that no 
changes in basal friction and shear 
strength were considered during 
the analysis. Moreover, it is impor-
tant to point out that the results 
are dependent on the slab mass.

In fact, according to the model 
introduced in Sub-section 2.1, the 
outcomes of some analyses under-
lined the fact that a fall/brake of 
a skier has noticeable effects only 
in very light slabs. In this case, the 
critical strain rate may be attained 
while the increase of shear stress is 
relatively small. As example, the cri-
tical strain rate in the stauchwall is 
attained due to the skier’s fall/brake 
considering the following parame-
ters b = 0 m, t = 0.3 m, ls = 2 m, l = 10 
m, ψ = 35°, ρ = 250, ψ = 35°, ρ = 250 
kg/m3 (and the related rheological 
parameters of Tab. 1), vskier = 13.9 
m/s and d = 5 m. However, if the 
snowpack thickness is increased by 

Fig. 5 – The image displays a graph in which the snow resistance domain (for a fixed density) 
is defined as the area under the grey line which represents the shear strength as a function 
of the volumetric water content. It is then considered a stauchwall that does not fail after the 
glide crack propagation (considering θ = 1%, l = 20 m, ls = 2 m, ρ = 250 kg/m3, ψ = 30°, and 
µ = 0.50 and the related rheological parameters of Tab. 1). The generic point of coordinates 
θ = 1%, τm(t > t1) = 2.5 kPa represents the stauchwall status at t = t1 and it is coincident 
with the point from which the three straight lines generate. The dotted line represents the 
evolution of the stauchwall status due to the increase of water content, the dashed line 
represents a basal friction decrease and the solid line is a combination of both mechanisms.
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just 5 cm, the maximum stauchwall 
strain rate results below to the cri-
tical value. Similarly, if the distan-
ce d is increased by one meter, the 
critical strain value is not reached. 
In literature (Feistl et al. 2014; van 
Herwijnen and Simenhois 2012) 
glide avalanche having short slabs 
and thin snow covers are recorded 
even if, unfortunately, slabs widths 
are not reported. However, these 
cases represent a relatively small 
amount of the field observations. 
Therefore, it seems plausible (even 
if not very probable) that, after a 
crack propagation, the snow re-
mains on the slope and that a skier 
can trigger the glide avalanche.

3.4. Sensitivity analysis

An investigation of the model sen-
sitivity has been carried out. This 
investigation is implemented using 
the Stauchwall model (Eq. 16a) wi-
thout considering the failure cri-
teria. In particular, a base analysis 
is performed considering the fol-
lowing parameters: b = 30 m, t = 0.5 
m, ls = 2 m, l = 30 m, ψ = 35°, µ = 
0.35, ρ = 250 kg/m3 and the rela-
ted rheological parameters (Tab. 1). 
Subsequently, one by one, all the 
parameters are varied by ±5% in or-
der to understand the role played by 
them in the model results. It has to 
be underlined that the results of the 
Stauchwall model are independent 
of the slab width b and thickness t.

The results of this sensitivity 
analysis are summarized in Figu-
re 7. This plot was created in order 
to point out the important role 
played by the basal friction µ and 
by the slope inclination ψ. In fact, 
these two parameters are the ones 
that most affect the model results. 
The variation of all the other pa-
rameters creates a relatively small 
change in the results. This is evi-
denced with a grey area in Figure 7.

The results show that the eva-
luation of both the basal friction 
and the slope inclination is crucial 

in order to have a reliable model. 
Of course, it is much simpler to 
measure a relatively precise value 
of slope inclination rather than 
assess the basal friction, that is of 
more uncertain and delicate de-
termination. This value depends 
on many slope characteristics like 
type of surface, surface roughness, 
type of vegetation, vegetation len-
gth, presence of water, etc.

3.5. Prevention & control

In this Subsection, some ideas re-
garding the prevention and con-
trol of glide avalanches are made 
thanks to a general view of the 
results reported in the previously 
Subsections.

It is possible to start by recalling 
the two examined mechanisms as 
possible delayed release causes be-

Fig. 6 – The image shows an analysis performed considering at first the results of the 
Stauchwall model then the effect of the skier’s braking and finally the transient of the new 
system. The shear strength and the critical strain rate are also plotted in the graph.

Fig. 7 – The image shows the results of the sensitivity analysis. The continuous thick line 
represents the base analysis, the dashed curves are the variations of the slope inclination 
ψ. The variations of the basal friction μ are plotted with a dotted curve and the grey area 
encloses the variations of all the other parameters.
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cause it is interesting to consider 
them in order to artificially trigger 
glide avalanches. Water could be 
used in order to reduce the basal 
friction by pouring it in the crack 
using a helicopter. A second possi-
bility is the reduction of the mate-
rial strength by watering the stau-
chwall. However, this method can 
imply a large quantity of water. In 
fact, 10 kg of water are necessary 
in order to produce a 1 % increase 
in the volumetric water content 
per m3 of snow. A third solution 
consists in coupling these two 
methods. At first, it is possible to 
act on the stauchwall to enable the 
water to decrease the shear stren-
gth. Water can be poured into the 
glide crack at the second transit 
of the aircraft. However, these 
methods (even if they are coupled) 
do not guarantee an immediate (or 
predictable with a good certainty) 
release which is not perfect in ac-
cordance with the principles of ar-
tificial triggering. As a subsequent 
action, water can be used to strike 
the slab. This operation can act on 
the slab equilibrium in a way like 
the skier’s fall/break. Unfortuna-
tely, it is not simple to compute 
the effect of this strike. However, 
although large helicopters having 
large buckets can carry up to ~2-4 
m3 of water, the effect of the strike 
may be negligible if the targets are 
very heavy slabs. Moreover, the 
Stauchwall model considers rigid 
slabs while the real snow could ab-
sorb part of the impact energy.

The important role that the ba-
sal friction plays in the Stauchwall 
model results was underlined in 
the sensitivity analysis. This effect 
can be interpreted in another way: 
small increases of this characteri-
stic reduce noticeably the strain 
rate and shear stress inside the 
stauchwall. This fact can be used for 
avalanche prevention. On slopes 
where frequent glide avalanches 
occur, short furrows (perpendicu-
lar to the maximum slope inclina-
tion) may be created. Otherwise, as 

less impacting measure, the grass 
can be shortened before the winter 
(cutting it or using animals which 
graze it) or shrubs can be implan-
ted. Feistl et al. 2014 pointed out 
as these two slope characteristics 
(short grass and shrubs presence) 
are related to glide avalanches ha-
ving longer slab and that occurred 
on steeper slopes. Another way to 
interpret this observation points 
out that shorter grass and shrubs 
prevent glide avalanches in cases of 
short slabs and mild slopes.

4. Conclusions

The present work focuses on the 
study of glide avalanches. In par-
ticular, analyses were performed 
using the Stauchwall model for 
which a stress failure criterion was 
coupled with the criterion adopted 
in previous works. The numerical 
results show that glide avalanches 
may be triggered because the snow 
shear strength is attained while the 
critical strain rate is not. It was also 
proved that the utilization of just 
the critical strain rate as a failure 
criterion may lead to underestima-
tion of safe basal friction values.

In glide avalanches, it is difficult 
to define/measure the stauchwall 
length which is an important pa-
rameter in the Stauchwall model. 
The present work shows that the 
stauchwall length estimation has 
much larger effects on the maxi-
mum strain rate rather than the 
maximum shear stress. Therefore, 
the Stauchwall Stress model could 
be an interesting option.

An important characteristic of 
these avalanches is that they may 
be not triggered immediately after 
the crack propagation but after se-
veral hours or days. The Stauchwall 
stress model has been used in or-
der to make some considerations 
regarding these delayed releases 
thanks to the adopted new failu-
re criterion. Hence, it was proved 

how an increase of the stauchwall 
water content or/and a reduction 
of the basal friction can lead to the 
avalanche release.

The proposed model has been 
also expanded to consider the 
skier’s fall/brake over the slab. 
The results show as this effect may 
trigger a glide avalanche in the 
case of very light slabs.

The sensitivity analysis has hi-
ghlighted how small variations in 
the slope angle and in the basal fri-
ction lead to quite noticeable va-
riations in Stauchwall stress model 
results.

Finally, some considerations 
regarding possible methodologies 
meant to prevent and/or control 
glide avalanches are presented. A 
possible artificial trigger metho-
dology has been outlined. It has 
been then pointed out how the 
stauchwall stress model sensitivity 
to the basal friction could be used 
as a glide avalanche prevention 
method.

Further studies may focus their 
attention on many influencing 
aspects. Rheological parameters of 
different snow types may be impor-
tant in order to apply more effecti-
vely the stauchwall model. Studies 
meant to determine the stauchwall 
length can be crucial since this len-
gth plays a very important role. 
Moreover, model refinements may 
give more realistic results. It can be 
interesting, for example, to consi-
der the effect of the basal friction 
under the stauchwall or no longer 
consider the stauchwall as a lum-
ped element and model it as a vi-
scoelastic continuum.
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1. Introduction

The growing international con-
cerns of climate change and oil 
import dependence are not a sur-
prise, such that a greater interest 
in hydrogen energy has come as 
a consequence [1]. Today, several 
factors have led to growing interest 
in a hydrogen energy economy, 
especially for transportation and 
the need to store renewable electri-
city supplies [2]. However, very 
few empirical works have been de-
veloped to address the crucial que-
stion of “how” to spread the use of 
hydrogen, or “how to get it”. Today, 
in fact, the academic and political 
debate has already assumed the 
need for the use of hydrogen, but 
still unclear and unambiguous are 
the positions regarding the types 
of hydrogen production process 
that must be perpetuated and im-
plemented for the so called “sustai-
nable energy transition” [3]. Policy 
plays a key role in the promotion 
of different paths of energy sour-
ces exploitation, and much resear-
ch has been conducted to assess its 

effects on renewable energy inno-
vation [3, 4].

The aim of this paper is to analy-
ze the status of green transition 
for oil-dependent countries, espe-
cially in relationship with newest 
hydrogen policies worldwide.

This paper is structured as fol-
lows: the introduction will cover 
an overview of the current poli-
tical and economic framework, 
trying to emphasize the impor-
tance of investing in hydrogen 
and its related costs. The empirical 
analysis will then focus on the in-
vestigation of which factors better 
and mostly impact oil capacities 
and reservoirs of countries, with 
respect to green projects. In par-
ticular we are interested in esti-
mating the effort towards overall 
hydrogen projects, considering 
recent uptakes and findings from 
both literature and governments’ 
agenda. The idea that stimulated 
this analysis, methodologically 
based on a Panel Data Set of ob-
servations on 79 countries, con-
cerns the influence and role of 
dependence on hydrocarbons, 
such as oil, on the choices to con-

cretely develop the prospects for 
exploitation of Hydrogen, as a 
primary energy source considered 
more sustainable. So, our focus 
is to understand if oil-dependent 
countries are currently investing 
in hydrogen, and whether they are 
more focused on blue or green hy-
drogen. The results will show that 
fossil fuel consumption, pressured 
by recent policies and institutions, 
relates to green policy projects and 
in particular with blue Hydrogen, 
whereas we can not assume the 
same for countries with big oil ca-
pacities and reserves.

1.1. Investing in Hydrogen

The strategic repositioning of “na-
tional” energy policies has resu-
med the progressive affirmation 
of an increasingly wide collection 
of consensuses on the issues of 
sustainability [5], which has also 
used the renewed the need for 
energy policies of independence 
and autonomy. This happened in 
particular ways in countries which 
had and are currently having diffi-
culties in importing hydrocarbons 
from countries of verified com-
plexity, variability, and direct and 
indirect burdens [6].

The search for an increasingly 
sustainable national energy mix 
needs to be viewed in accordan-
ce with the search for national or 
local autonomy in the generation 
of green energies, which are beco-
ming more and more essential to 
the economic development of each 
nation [7]. National policies have 
followed this lead by focusing on 
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and Storage Technologies (“CCS”) policies with refer to countries’ upstream capacity of hy-
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will take into consideration Oil Reserves in relationship with Fossil Fuel Consumption, Blue or 
Green hydrogen projects and other variables with respect to countries. Stata 17 was used for 
the analysis. The results confirm the hypothesis that countries with high fossil fuel consumption 
rather invest in blue hydrogen instead of green, towards a “zero-carbon-emission” perspective, 
but oil capacities and reservoirs still pushes down energy transition. Moreover, those countries 
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sustainable energies, both directly 
and indirectly financed from go-
vernments [8]. CCS and hydrogen 
are becoming the main characters 
of a new Sustainable Development 
Scenario all over the world. Policy-
makers and experts argue about 
whether to invest in green or blue 
hydrogen, but the different point 
of views seem to converge into 
finding massive public support 
to enhance the efficient hydrogen 
supply chain. The European Com-
mission’s strategy “A hydrogen 
strategy for a climate-neutral Eu-
rope” [9] is already addressing the 
ways in which to exploit hydrogen 
investments, and finding the ne-
cessary instruments. On the one 
side, there is “green” hydrogen 
with low carbon emissions, and 
on the other there is the intent of 
developing infrastructures for hy-
drogen transport and storage.

The New Green Deal plays a 
crucial role in improving energy 
efficiency, energy autonomy and 
reaching sustainability goals: hy-
drogen strategies have been im-
plemented inside the New Green 
Deal. The strategy adopted by the 
European Commission foresees 
three phases – 2020-2025, 2025-
2030, and 2030-2050 – which as-
sume objectives such as [9]:
•  Reducing hydrogen costs of pro-

duction from industrial proces-
ses with low Greenhouse Gases 
(“GHG”) emissions.

•  Exploiting all possible syner-
gies with existing and feasible 
infrastructures for the logistical 
diffusion of the potential of hy-
drogen.

•  Reducing the cost of generating 
renewable electricity, including 
the reduction of the hydrogen 
costs of production due to indu-
strial processes with low GHG 
emissions.

•  Reductions in the capital expen-
ditures of the electrolysers, in 
particular the large ones: from 
about 900 €/kW today to 450 
€/kW in 2030 (this forecast is 

slightly more optimistic than 
that of the aforementioned 
IEA ratio, which indicates 550 
€/kW) and down to 180 €/kW 
after 2040.

•  Exploiting all of the possible 
synergies with existing and fea-
sible infrastructures for the logi-
stical diffusion of the potential 
of hydrogen. This includes ma-
ximizing the value of the inno-
vations introduced by the use of 
hydrogen in the verticalization 
of industrial processes.

•  In the long term (after 2040), 
green hydrogen should reach 
full maturity and become com-
petitive; in the meantime, space 
and incentive should be given to 
blue hydrogen with CCS.

•  Blue hydrogen investments 
should progressively increase 
through subsides, pilot projects, 
and EU and national funds, in 
order to boost both demand and 
offers.

We are close to a turning point with 
respect to the goals mentioned 
above. Between November 2019 
and March 2020, market analysts 
increased the list of planned global 
investments in electrolysers from 
3.2 GW to 8.2 GW by 2030 (of whi-
ch 57% will be in Europe) [10].

The number of companies that 
have joined the International Hy-
drogen Council grew from 13 in 
2017 to 81 as of today. The Coun-
cil aims to promote the meanin-
gful use of hydrogen in various 
strategic fields, and to identify the 
current limits that must be solved 
thanks to the governments’ sup-
port [11].

1.2. Hydrogen and CCS

Hydrogen is the new resource 
which is seen as a new achievable 
sustainable perspective for green 
energy mix policies. It can both 
be used as energy carrier and an 
energy source. Hydrogen has been 
labeled according to its original 

energy source:
•  “Grey” hydrogen, from natural 

gas to hydrogen.
•  “Brown” hydrogen, from coal to 

hydrogen.
•  “Blue” hydrogen, from natural 

gas to hydrogen with the storage 
of CO2.

•  “Green” hydrogen: from water, 
via electrolysis, to hydrogen. 
This is the only method which 
is usually considered to be a 
“100% Green” solution to create 
clean power energy.

•  “Purple” hydrogen, from 
electrolysis supported by nucle-
ar energy.

However, there is another po-
tential way to view hydrogen: as 
energy storage. Batteries may be 
a cheaper means of storing energy 
in the short-term, but hydrogen 
can be stored indefinitely, offering 
a potential solution to the current 
challenges weighing on the energy 
industry.

Green hydrogen is more and 
more often considered to be a 
“game changer” in some sort of 
“fight against climate change”, be-
cause it usually enables the decar-
bonization of difficult-to-decarbo-
nize sectors. Green hydrogen can 
convert wind and solar energy to a 
flexible zero-carbon fuel that can 
displace many fossil fuel applica-
tions. The demand for this hydro-
gen already exists, with some 100 
million metric tons of hydrogen 
already in use in industrial appli-
cations. Most of today’s hydrogen 
is produced by using steam metha-
ne reforming or other methods to 
extract hydrogen from fossil fuels. 
Green energy could decarbonize 
this existing industry by the use 
of curtailed wind and solar energy 
to split water into hydrogen and 
oxygen by way of electrolysis.

According to the European 
Commission’s July Hydrogen Stra-
tegy [8], the actual indicative costs 
for hydrogen production today are:
-  38€/MWh for current high-car-

bon production;
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-  50€/MWh for “blue” hydrogen 
with CCS;

-  65-135 €/MWh for “green” hy-
drogen.

It is important to remark that the-
se costs – especially those related 
to blue hydrogen – are merely in-
dicative, because they are very lo-
cation specific. Moreover, because 
there are some difficulties in fin-
ding the right metal hydrides to 
match with the necessary criteria, 
the possibility of a storage system 
of hydrogen is still uncertain [12].

It is also important to consider 
the costs of developing an efficient 
infrastructure system: according 
to Enagàs, Snam and other com-
panies [13], the investment costs 
of a complete infrastructure deve-
lopment – not including storage, 
distribution pipelines and CO2 in-
frastructures – vary from 27 to 64 
billion euro, covering full capital 
costs of the project, while OPEX 
costs might range from 106 to 
3.5 billion euro. Most of the ave-
rage total costs for these projects 
are still under evaluation, but it 
is a common fact that hydrogen 
and CCS plants are very expensi-
ve – especially in capital and ope-
rating costs – and unfortunately, 
they do not seem to provide a clear 
net margin in the short-term due 
to their high production costs, as 
mentioned before in this paper. 
The European Hydrogen Alliance 
[9] was born to sustain a financing 
solution: governments should 
support local/national private en-
tities to enhance investments in 
both blue and green hydrogen. It 
is also worthwhile to mention the 
importance of the cost reduction 
potential in the long term for tho-
se policies.

Carbon capture also plays a cru-
cial role in energy transition, even 
if it remains an area of debate. Ac-
cording to the “Global Status of 
CCS” Report [13], CCS facilities 
can be summarized into:
•  Large-scale CCS facilities, whi-

ch are able to capture large ca-

pacities of CO2 from industrial 
sources and power generation, 
including transport and sto-
rage hubs projects, of around 
400-800 ktpa. Those facilities 
must be covered by commercial 
return in both the capture and 
storage phases.

•  Small-scale CCS facilities, whi-
ch are able to capture CO2 from 
power or industrial sources un-
der the abovementioned thre-
sholds. These facilities are more 
for the testing of strategies, and 
they do not expect a commercial 
return on those projects.

Current CCS facilities are able to 
capture 40Mt of CO2 per year. As 
the decarbonization of one ton of 
steel requires 627 cubic meters of 
green hydrogen, in a steel plant 
with an annual production of 4 
million tons of steel the electricity 
required by a polymer electrolyser 
to make available all of the hydro-
gen needed would be about 8,800 
GWh. To power it, all of the electri-
city (8,400 GWh) generated by 
the large offshore park of 2.8 GW, 
planned in the Channel of Sicily, 
would not be enough. Assuming 
that, in 2030, the efficiency of the 
electrolysers is a little higher than 
expected today, linked to wind 
energy sources, it would be possi-
ble to decarbonize half of the 8 mil-
lion tons of steel which, according 
to the Federmanager study, should 
still be produced in blast furnaces. 
Moreover, the use of photovoltaic 
plants would require the total em-
ployment of 6,000-7,000 hectares: 
this objective seems unrealistic, 
because this technology will have 
to provide the most important 
share of the energy required to 
achieve the other objectives of the 
new PNIEC, revised upwards.

Having stated that countries 
need to find new technologies and 
invest in eco-innovation to meet 
the expectations held by the New 
Green Deal and Paris Agreement, 
understanding which factors do 
affect investment policies in hy-

drogen is not as straightforward 
as projected.

According to the IEA [14], in 
the long-run 40% of the global 
hydrogen produced will be blue, 
and 18% of this production will be 
captured by attached CCS plants. 
As a consequence, countries with 
high fossil fuel consumption and 
oil reserves might decide to invest 
in these policies to mitigate their 
emissions levels.

The literature regarding the 
relationship between green tech-
nologies and fossil fuel countries 
and factors is wide. Some authors 
assess that the so-called substi-
tution effect between green and 
non-green technologies does not 
occur all of the times [15]. In parti-
cular, Gursan [16] showed that in-
direct effects linked to natural gas 
can outweigh the direct ones and 
constitute a bridge to renewables 
or lock-in to fossil fuels.

It is known that oil & gas compa-
nies, along with energy company 
framework in general, grants long 
product life cycles, slow turnover 
of existing equipment, low volume 
production of new equipment, low 
operating costs per unit in existing 
large-scale systems. There is huge 
competition between different 
technologies, and usually green 
transitioning requires whether to 
switch to renewable sources or to 
adopt expensive auxiliary equip-
ment’s, like CCS [17]. Pressures 
coming from investors, regulation 
policies and institutions might mi-
tigate radical innovations towards 
low-carbon energy transition. In 
particular, a broadened piece of 
research from Noailly and Smeets 
[18] considering renewable ener-
gies in general terms showed that 
firms specializing in renewable te-
chnologies are more vulnerable to 
financing constraints than firms 
investing in fossil fuels. This result 
holds for small and large firms as 
well. This might mean that inve-
sting in renewables is riskier than 
investing in fossil fuel.
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Wietschel et al. [19] addressed 
the question from several points 
of view, including input-output, 
a general equilibrium model, sy-
stem dynamics and econometric 
analysis. They concluded that hy-
drogen as an energy carrier might 
be linked with GDP, welfare and 
employment at both the national 
and regional level; in particular, 
competitiveness might be the trig-
ger to incentivize hydrogen invest-
ments.

Tseng et al. [20] used a Mar-
ket-Allocation (“MARKAL”) model 
to estimate the impacts on hydro-
gen in the US economic energy 
system, discovering that, overall, 
a hydrogen economy might boost 
energy efficiency by lowering the 
consumption of oil and derivati-
ves. They also addressed the fact 
that, in order to fight the most 
impeding cost-barrier of hydro-
gen production, coal seems to be 
the most competitive way to pro-
duce it, without considering its 
consequences on emissions. They 
also stressed the importance of 
capturing the CO2 deriving from 
gray/blue hydrogen production, 
even though it might add 25% or 
30% to the overall costs of hydro-
gen production [21]. Neverthe-
less, there seems to be a trend in 
the cost-reduction of hydrogen 
production which leads to a mas-
sive reduction in the spread of in-
vestment costs [22]. Some of the 
reasons might rely on improved 
supply chains and higher-volume 
production, along with technology 
innovation.

A similar approach has been 
used by Kawakami et al. [23], who 
analyzed the impact of CO2 targets 
on Japan’s energy system towards 
2050. In their research, among 
other factors, they considered 
GDP, fossil fuel and hydrogen im-
port spending, the average energy 
price and energy supply, the car-
bon price and the amount of hy-
drogen introduced. Their research 
shows that emission reduction 

targets might not be enough to 
push countries towards energy 
transition, due to greater econo-
mic pressure.

Lee [24] forecast the econo-
mic consequences of hydrogen 
on South Korea’s energy system 
through a general equilibrium 
model, stating that hydrogen de-
velopment might lead to the re-
duction of the production cost 
and GDP growth in the end. Most 
importantly, he concluded that hy-
drogen energy needs to come from 
non-fossil fuel sources in order to 
effectively reduce greenhouse ga-
ses emissions, in which govern-
ment intervention plays a crucial 
role.

2. Materials and Methods

2.1. Rationale

Following the abovementioned 
examples from the literature, this 
paper aims to address the research 
gap of the understanding of macro-
economic outcomes on hydrogen 
from a different point of view and 
with respect to current policies. In 
particular, choosing whether to 
invest in blue or green hydrogen 
projects might rely on the nature 
of the country and its dependan-
ce on fossil fuel consumption and 
hydrocarbon capacities. Indeed, 
we observe the ongoing efforts of 
different nations to use hydrogen 
to reduce their dependence on pe-
troleum imports. About 9 million 
tons of hydrogen are produced 
each year in the US and 50 million 
tons worldwide, mostly and most 
cheaply from the steam reforming 
of natural gas [25]. Dunn [26] ope-
ned their introduction with the 
depiction of ongoing efforts by 
different nations to reduce their 
dependence on oil. He suggests 
that nations’ renewed interests in 
hydrogen are mainly due not only 
to the advent of technological ad-

vances but also to the resolution 
for risk posed by the current de-
pendence on petroleum use.

By looking at IEA’s [14] hydro-
gen policy database, we can ob-
serve that only 66 projects out 
of 222 are financed by private 
investments: the most important 
are the hydrogen refueling station 
in Netherlands, the NCG conver-
sions to H2 in the UK, and several 
power supply and demand projects 
in Brasil. Yara and Evoenergy are 
financing a renewable ammonia 
plant and hydrogen test facility in 
Australia, and there are some on-
going investments in the transport 
sector from automotive industry 
companies. Most of the projects 
are financed by public funds or 
public-private partnerships. The 
range of funding amounts (natio-
nal currency 2018) might be very 
wide, like the 250 million euro 
“National Innovation Programme 
Hydrogen and Fuel Cell Techno-
logy” project financed by the Ger-
man Ministry of Transport and 
digital infrastructure. According to 
the EEA Report [9] on sustainabi-
lity transition in Europe, there are 
some remarkable fiscal sustainabi-
lity risks for Belgium, Spain, Italy, 
Luxembourg, and Hungary in the 
medium and long term; matching 
with our hypothesis, evidence 
of hydrogen and CCS projects in 
those countries is lacking. In the 
US, some CCS projects will bene-
fit from the California low-carbon 
fuel standard (LCFS) and 2018’s 
tax credit law [27].

For the reasons explained abo-
ve, we expect to see a relationship 
between H2-CCS policies and the 
Government’s GDP per capita, 
which is necessary to sustain those 
initiatives. Following Nicolli and 
Vona’s [28] approach to heteroge-
neous policies and technologies, 
we considered blue and green po-
licies based on IEA’s [14] Hydro-
gen Policies Database and IOGP’s 
(2020) Global CCS projects. We 
constructed a categorical dummy 
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which takes value one for Blue 
Hydrogen projects, value two for 
Green ones and value three if no 
hydrogen projects exist or have 
existed in that country. We consi-
dered both past hydrogen policies 
and announced initiatives which 
have not yet started. This is be-
cause most of the observed poli-
cies started in 2020, but most of 
their costs were already included 
in 2019’s budgets. In order to do 
so, we have constructed a panel 
dataset from 2000 to 2019 period. 
Then, we will take into considera-
tion fiscal balance, trade balance 
and other variables indirectly rela-
ted to oil reserves and green policy 
measures.

2.2. Data Analysis

On overall, most part of data has 
been retrieved from the GlobalE-
conomy dataset, while the Fossil 
Fuel Consumption data of 2019 
has been retrieved from Our World 
in Data [29] and data on hydrogen 
has been taken from IEA database 
[14]. We took into consideration 
79 countries for the whole period, 
considering the information avai-
lable.

From our dataset it turned out 
that among 79 countries, 32 have 
invested in CCS or hydrogen po-
licies. Of these, as many as half 
show a dualism of their CCS-H2 
policy. This result highlights 
some important remarks: those 
countries investing in CCUS and 
hydrogen policies for decarboni-
zation targets are very solid inno-
vative countries like Denmark, the 
Netherlands and Germany, with a 
very positive economic and finan-
cial situation for those countries. 
There are a few exceptions, such 
as Spain, Thailand, Argentina, and 
Italy; further exploiting the nature 
and the background of green poli-
cies and financing in those coun-
tries goes beyond the aim of this 
paper, but it is important to un-

derline that the European Union 
is providing solid financial suste-
nance to fulfill New Green Deal 
strategies towards 2030 [30].

Tab. 1 shows a brief description 
of the variables used for the model 
estimation, while Table 2 reports 
the descriptive statistics.

On overall, the dataset appe-
ars quite balanced. The maximum 
and minimum values suggest that 
there are consistent differences 
within the countries. We interpret 
oil reserves as the ability for each 
country to elaborate hydrocar-
bons upstream, including those 
reserves which can be potentially 
recovered. The categorical variable 
created ad hoc for the analysis will 
explain how different hydrogen 
policies will relate with the depen-
dent variable. In addition to those, 

we have decided to include several 
control variables following litera-
ture approach.

We have decided to include con-
trol variables to better estimate 
our model. Following Wietschel 
et al. [19] approach, we have inclu-
ded GDP and trade balance to as-
sess wealth and competitiveness. 
Fiscal balance represents a proxy 
for evaluating the propensity of 
countries to use public debt for fi-
nancing green policies.

Following Kawakami’s [23] ap-
proach, Fossil Fuel consumption 
has been inserted and it is estima-
ted in KW/h. Following Lee’s ap-
proach, we have included capital 
and labor since productivity might 
influence energy scenarios. All of 
the variables are expressed as per 
capita values in order to avoid bia-

Tab. 1 – Variable summary.

Variable name Storage type Display Format Variable label

Oil storage Double %10.0g Oil reserves, billion barrels

GDP Double %10.0g GDP per capita, current U.S. dollars

Capital Double %10.0g Capital investment as % of GDP

Labor Double %10.0g Labor force, million people

Trade Balance Double %10.0g Trade balance as % of GDP

Fiscal Balance Double %10.0g Fiscal balance as % of GDP

Fossil Fuel Cons long %10.0g Fossil fuel consumption

BankCredit Double %10.0g Bank credit to institutions and 
companies, % of GDP

H2policy Long %9.0g 1=blue, 2=green, 3=none

Source: author’s computation.

Tab. 2 – Descriptive statistics.

Variable Obs Mean Std. dev. Min Max

Oil storage (billion barrels) 1314 13.8857 42.76354 0 295.35

GDP (USD per capita) 1327 21314.83 21277.64 390.09 118823.6

Capital (% of GDP) 1308 24.58524 6.278366 10.22 57.99

Labor (million people) 1328 32.80453 103.2681 .17 787.18

Trade Balance (% of GDP) 1308 2.976804 10.64408 -25.12 48.45

Fiscal Balance (% of GDP) 1263 -1.347506 6.54597 -89 43.3

Fossil Fuel Cons (KWh) 1328 1299824 3615104 11 3.5e^07

BankCredit (% of GDP) 1328 13.85276 11.03191 .04 74.68

H2policy 1328 2.28012 .8945094 1 3

Source: author’s computation
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sed information due to the diffe-
rent magnitudes of countries’ indi-
ces. The correlation matrix showed 
no significant correlations betwe-
en variables. We have decided to 
convert variables into logarithmic 
form to reduce the effect of out-
liers and obtain residuals that are 
approximately symmetrical distri-
buted. By doing so, heteroskeda-
sticity should be mitigated. Mo-
reover, we are more interested in 
examining the marginal changes 
in explanatory variables in terms 
of multiplicative – percentage – 
changes in the dependent variable.

We have dropped missing obser-
vations to achieve a more balanced 
panel dataset.

2.3. Model Framework

Considering the log-linear form of 
the dependent variable, but also 
the categorical variable of our in-
terest, the dummy variable inte-
raction expansion model seems to 
be the best fit for the analysis. We 
have also inserted an interaction 
term between the dummy va-
riable associated with Fossil Fuel 
consumption to better assess the 

relationship between an eventual 
“green” orientation in a “grey” 
economy. By using interaction va-
riable, we are asking the regression 
model to assess different slopes in 
the interaction terms for different 
levels of categorical variable.

The model estimation would be:

y = β0 + β1  logGDP + β2 logLabor + 
+ β3 logTrade + β4 logFisc +  
+ β5 logCredit + β6 h2policy2 +  
+ β7 h2policy3 + β8 h2policy2 ·  
· logFossFuel + β9 h2policy3 · 
· logFossFuel

As explained by te Grotenhius et 
al. [31], this framework is useful 
if main effects represent a grand 
mean effect, while the interaction 
effects are deviations from the 
grand mean, in case of unweighted 
balanced data, which is our case 
and in general for linear models. 
In particular, Cobb-Douglas loari-
gthmic form reduces the effects of 
outliers because logarithms tend 
to make the tend “flat”. It has smal-
ler values in terms of “magnitude”, 
which also explains the difference 
of the estimated coefficient with 
respect to the level-level model. 
The logarithimic form express 

values in terms of their elasticity 
and facilitates the interpretation 
of results. However, as Zhu et al. 
[32] reports, one problem related 
to the Cobb-Douglas production 
function might be the violation of 
strict exogeneity of variables, sin-
ce there might be various factors 
affecting the output level and the 
choice of inputs at the same time. 
In this case, it might not be a pro-
blem because we have considered 
exogenous uncorrelated variables. 
Despite this, omitted variable bias 
might still be a problem in our mo-
del since the uncertainty of consi-
dering all elements for best esti-
mation fit. Moreover, in this case 
we did not include time effect ele-
ment because we do not think that 
there are unexpected variations or 
special events which might affect 
the outcome variable.

3. Results

3.1. Model Estimation

Tables 3 shows the results estima-
ted from the interaction model. 
We have considered a robust esti-
mation to reduce heteroskedastici-
ty bias during estimation process.

As expected, Stata has dropped 
a lot of information during the 
estimation. As we already know, 
the R-squared explains how well 
explanatory variables account for 
changes in the dependent one. As 
expected, omitted variable bias 
led to an R-squared equal to 51%, 
which is quite satisfying, although 
there might be several factors not 
considered in the model which mi-
ght affect our dependent variable. 
The F-value and the Prob>F equal 
to zero means that, on overall, the 
model applied can statistically si-
gnificant predict the dependent 
variable.

It is important to remind that 
Stata omits the first value of the 
categorical variable – which in our 

Tab. 3 – Interaction model results.

logOilStor Coefficient Robust 
std.err.

t P>|t| [95% confidence 
interval]

Loglabor -.1246371 .1858277 -0.67 0.503 -.491163 .2418888

Logtrade 1.023285 .1621535 6.31 0.000 .7034544 1.343116

Logfisc .5512914 .0986375 5.59 0.000 .3567391 .7458437

Logcredit -.2442689 .2186657 -1.12 0.265 -.6755644 .1870265

logGDP -.3448266 .1924432 -1.79 0.075 -.7244009 .0347476

_ih2policy_2 9.307176 2.691088 3.46 0.001 3.999283 14.61507

_Ih2policy_3 -2.377526 2.697626 -0.88 0.379 -7.698314 2.943263

logFoss .7075578 .1705108 4.15 0.000 .3712428 1.043873

_Ih2pXlogFo_2 -.7771422 .214607 -3.62 0.000 -1.200432 -.353852

_Ih2pXlogFo_3 .1368713 .1964806 0.70 0.487 -.2506664 .524409

_cons -5.548253 3.195184 -1.74 0.084 -11.85042 .7539158

Number of obs 203 R-sqiared 0.5137

F(10,192) 38.02 Prob>F 0.0000

Source: author’s computation
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case would be “presence of blue 
hydrogen projects” as reference 
group. The indicative variable is 
generated with “_I” term put at 
the beginning of the variable. In 
general, indicative variable will 
express difference in means: when 
the dummy is zero, the expected 
value of the outcome is equal to 
the intercept, considering only a 
hypothetical relationship betwe-
en the dependent and categorical 
variable. In this case, the coeffi-
cient of hydrogen corresponds to 
the difference between the mean 
of the outcome for having green 
projects rather than blue ones, or 
having no hydrogen projects at all.

Unfortunately, only few va-
riables turned out to be statistical-
ly significant. The Trade and Fiscal 
balance has a positive correlation 
with Oil Reserves at 1% statisti-
cal significant level. The results 
confirm that oil is very important 
for export strategies. Statistical-
ly speaking, an increase of 1% in 
those variables lead to an increase 
of about 1% and 0.5% of Oil Re-
serves. This also positvely impact 
fiscal balance of the country.

What seems even more inte-
resting is that the variable Fossil 
Fuel Consumption is statistical 
significant at 1% level, meaning 
that an increase of 1% in Fossiil 
Fuel consumption for a country 
lead to an increase of 0.7% of oil 
reserves. Reagarding the catego-
rical variable, at a first sight, it is 
important to assess that oil reser-
ves in correlation with fossil fuel 
negatively affect green hydrogen 
policies in favor of blue ones. We 
can notice that for a unit increase 
in Fossil Fuel consumption there 
is a decrease of Green Hydrogen 
projects with respect to the Blue 
ones, which impacts the oil reserve 
capacity. This means that oil reser-
ves countries do have high fossil 
fuel consumption, as expected, 
and to reach decarbonization tar-
gets they are propensing towards 
blue hydrogen.

3.2. Discussion

The outcome of the estimation 
shows that fossil fuel consump-
tion is positively linked to green 
projects like hydrogen, oil-depen-
dent countries are still behind in 
finding the right way to reach the 
decarbonization target of 2050 or 
similar goals and most of the coun-
tries investing in hydrogen are in-
deed “wealthy” countries that have 
not suffered much from European 
austerity or are international rich 
countries. Of course this is con-
nected to oil capacities since the 
major oil&gas countries gauns 
huge revenues from that. Despite 
the results shows a potential posi-
tive correlation between hydrocar-
bon capacities and green hydrogen 
projects, by looking at the data we 
can notice that the green transi-
tion is yet far from achievement, 
especially in big oil exporters 
[33,34]. This fact is confirmed by 
our results, which show that tra-
de balance is positively correlated 
with oil reserves. Moreover, defi-
cit-oriented policies tend to under-
mine public debt financing.

In fact, although 14 member sta-
tes have included hydrogen in their 
national policy agenda for alter-
native infrastructure frameworks 
[35], countries with large oil reser-
ves which are not currently inve-
sting in hydrogen policies, such as 
Egypt, Hungary, Kuwait, Russia 
and others, still rely on oil and gas 
to create and supply power demand 
at both the national and interna-
tional levels. While it seems quite 
obvious the connection between 
fossil fuel consumption and hydro-
carbon capacities, decision-making 
in green technologies investment 
seems to be trivial to assess. From 
the results above we can suppose 
that green hydrogen seem to be 
the most attractive energy sour-
ce for long-term energy efficiency 
solution. However, there are still 
huge barriers which mitigate the 
investments on those technologies, 

in favor or other renewable ones or 
mostly in favor of a more “econo-
mic” Blue hydrogen project.

4. Conclusions

The aims of his paper to analyse 
factors influencing energy sustai-
nable policies have finally empha-
sized the relationship between oil 
reserves storage of countries and 
hydrogen policies; indeed, as our 
results well show while fossil fuel 
consumption is positively linked 
to green projects like hydrogen, 
oil-dependent countries are still 
behind in finding the right way to 
reach the decarbonization target 
of 2050 or similar goals.

Investing in green policies requi-
res huge efforts from both private 
and public funding. Moreover, the 
risk associated to those projects is 
generally really high, which mitiga-
tes the willingness of investors to 
pay for those “risky” R&D expendi-
tures. As a consequence, we could 
take into considerations other 
important elements such as the 
private credit to government in-
stitutions and public companies, 
trade and fiscal balance, and other 
control variables. Our panel data 
analysis show a situation in which 
pathway toward decarbonization 
is very far from being achieved. In 
this sense, it is essential to build 
strategies for low carbon emis-
sions which are not only efficient 
in reaching the targeted goal, 
but also in terms of profitability, 
cost-reduction and transparency 
towards stakeholders and inve-
stors. Policymakers should define 
strategies based on most recent 
researches’ outcomes, always ta-
king into considerations the cru-
cial role of private investments for 
sustaining those initiatives. Priva-
te-Public-Partnerships should be 
incentivized to attract know how, 
reduce uncertainties, and mitiga-
te a potential failure risk of the so 
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called “sunk costs” of R&D expen-
ditures for green projects.
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1. Introduction

The underground storage of na-
tural gas is a worldwide solution 
adopted to guarantee a real-time 
response to the market gas reque-
sts, a high degree of elasticity in 
the management of production 
and transport structures, and the 
maintenance of “strategic” reser-
ves (Benetatos et al., 2020). It con-
sists in seasonal and cyclical with-
drawal and injection of natural gas 
in geologic formations. UGS dates 
back to the beginning of the last 
century and since then, hundreds 
of facilities have been developed 
worldwide. Depleted gas and oil 
reservoirs, deep saline forma-
tions, salt caverns and un-minable 
coal beds are the favorite candida-

tes for safe geological storage of 
natural gas. 

From the last decades, the un-
derground storage system and 
related technologies have been 
approached with increasing inte-
rest also in terms of CO2 seque-
stration and of large-scale stora-
ge of chemical energy. Strategies 
for CO2 capture and permanent 
storage have been developed to 
reduce greenhouse gases in the 
atmosphere and contrast clima-
te change (Bocchini et al., 2017). 
Chemical storage implies transfor-
ming electrical power into che-
mical energy in the form of H2, 
which can then be used as such or 
combined with captured CO2 to 
produce green CH4 (referred to as 
the gas-to-power technology).

Based on the above, it is evident 
that underground storage systems 
can play a fundamental role in the 
transition to a decarbonized and 
more sustainable energy future.

In the context of gas storage, 
both current regulations and pu-
blic concerns call for geomecha-
nical analyses to assess system 
safety conditions in terms of sto-
red gas containment, earthquake 
hazard and subsidence magnitude 
and extension. Given the exten-
sion and complexity of the system 
in terms lithological, stratigraphi-
cal, and geometrical representa-
tion of the investigated volume, 
rock heterogeneity, as well as the 
involved multi-physic problems 
(fluid-flow, geochemical, stress-
strain, between the others), 3D 
numerical multi-disciplinary tech-
niques represent the best practice 
to simulate the phenomena under 
analysis.

For reservoir rock mechanics 
simulations, the Finite Element 
Method (FEM) is the reference 
method (Jing & Hudson, 2002), 
adopted by numerous commercial 
softwares, such as: Geomechanics 
(Schlumberger, 2020) and Diana 
FEA (DIANA FEA, 2021). Even 
though, the numerical methods 
are constantly evolving to impro-
ve the stability and accuracy of the 
solutions for specific application 
problems. Recently, the virtual 
element method (VEM) (Beirão 
da Veiga, Brezzi, et al., 2013) has 
been formalized and adopted in 

The storage of natural gas in underground geological formations (UGS) has been widely adop-
ted to guarantee a real-time response to the market requests as well as to ensure National 
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process toward the de-carbonization goals.
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different field of investigation, as 
it will be discussed later on in the 
paper. The VEM derives from the 
Mimetic Finite Difference method 
(MFD) (Lipnikov et al., 2014) and 
is considered a generalization of 
FEMs because it overcomes some 
limitations of the original method, 
especially related to the shape of 
the elements which constitutes 
the discretized volume or the ap-
plicability to non-conforming 
grids (Gain et al., 2014), thus al-
lowing the presence of hanging 
nodes and hybrid grids.

The goal of the research presen-
ted in the paper is the validation 
of a Virtual Element Method code 
recently developed in a wider re-
search project involving multi-di-
sciplinary competences (Berrone, 
Borio, & D’Auria, 2021; Berrone, 
Borio, D’Auria, et al., 2021). The 
validation test was performed on 
a realistic case study represen-
ting a gas reservoir in the Italian 
Adriatic offshore. The investiga-
tion domain was selected also in 
accordance with the growing inte-
rest for the future conversion of 
this area into storage systems (for 
example the Adriatic Blue project 
by eni). Under the assumption of 
linear-elastic domain, the VEM re-
sults, in terms of stress variation 
and displacement due to fluid wi-
thdrawal/injection, were verified 
via a commercial FEM solver de-
dicated to geomechanical simu-
lations and typically used in the 
oil&gas industry.

2. Considerations on the 
mechanical behavior of 
underground formations 
experiencing ugs

Pressure changes induced in ge-
ological formations by fluid pro-
duction and/or storage affect the 
rock stress state and can induce 
surface movements. 

Gas storage systems are usually 
generated from the conversion of 
exploited hydrocarbon reservo-
irs. During primary production, 
the quasi-monotonic pressure 
decrease occurring over decades 
can induce formation compaction 
(loading) according to a consistent 
time-dependent behavior of the 
sandy reservoir materials (Musso 
et al., 2021). When a depleted re-
servoir is converted into a stora-
ge, it is initially refilled with gas; 
this phase generates a pressure 
increase and thus a decrease of 
the effective stresses (unloading). 
The subsequent cycles of gas wi-
thdrawal/injection (loading/
unloading) occur in the elastic 
field, with a stiffer behavior than 
in primary production. The simu-
lation of the deformations indu-
ced by gas withdrawal/injection 
cycles requires an appropriate 
choice of the relevant parameters 
by selecting the reference range 
of strains of the process from lab 
tests (Marzano et al., 2019; Roc-
ca et al., 2019). Furthermore, the 
transverse isotropy of the clastic 
formations can affect their me-
chanical response during storage 
cycles, as in the case of wellbores 
(Deangeli et al., 2021; Deangeli & 
Omwanghe, 2018; Parkash & De-
angeli, 2019).

The UGS-related pressure va-
riations due to the withdrawal/
injection phases affect the forma-
tion cyclically and over relatively 
short periods (typically 5-7 mon-
ths); consequently, seasonal and 
cyclical ground movements can be 
induced and detected. In details, 
the gas production during winter 
period induces an increase of the 
effective stresses basically in the 
reservoir formation and its com-
paction with a consequent subsi-
dence at the ground level; instead, 
the summer injection activities 
induce a decrease of the effecti-
ve stresses and the expansion of 
the formation with a consequent 
surface uplift. The behavior is 

commonly referred as the ‘earth 
breathing’ phenomenon.

Different researches focusing 
on the storage systems located in 
the Po Plain at around 1000-1500 
meter-depth (Benetatos et al., 
2020; Codegone et al., 2016; Coti 
et al., 2018) highlighted the consi-
stency between the cyclical pres-
sure variations affecting the re-
servoirs and the induced ground 
movements acquired by InSAR 
techniques. The mechanical an-
swer of the investigated UGS sy-
stems was calibrated in terms of 
induced ground movements, on 
the basis of superficial movement 
survey and of the geomechanical 
data retrieved from well logs, in 
situ tests and lab analyses. The 
results indicated that the forma-
tions affected by gas injection/ex-
traction behave nearly elastically, 
in agreement with previous works 
(Ferronato et al., 2013; Teatini et 
al., 2011). 

3. Numerical method

The Virtual Element Method 
(VEM) is the latest evolution of 
the Mimetic Finite Difference 
(MFD), with various points of 
contact with the Virtual Element 
Method (FEM) so as to repre-
sent an important generalization 
(Beirão da Veiga, Brezzi, et al., 
2013; Beirão da Veiga et al., 2014, 
2016a, 2017). The key aspect of 
this approach consists in preser-
ving the polynomial accuracy that 
is ensured on not necessarily con-
vex polyhedral elements and in 
the presence of hanging nodes. 
Their innovative feature consists 
in the use of a local approximation 
space which includes polynomial 
functions that do not have expli-
cit expression (hence the name of 
virtual elements). Indeed, explicit 
integration of shape functions for 
the stiffness matrix evaluation is 
avoided, thus it is only necessary 
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to carefully choose the degree of 
freedom of the elements where the 
solution is calculated to preserve 
the method stability and accuracy. 
All this is possible by applying 
suitable projection operators in 
place of the unknown polynomial 
functions for the determination 
of the components necessary for 
the evaluation of the solution (Ah-
mad et al., 2013). VEM have been 
already employed to a variety of 
engineering problems such as li-
near elasticity/inelasticity applica-
tions (Beirão da Veiga et al., 2015; 
Beirão da Veiga, F, et al., 2013) and 
fracture mechanics (Benedetto et 
al., 2018). In the context of geo-
mechanics, the implementation 
of VEM, although limited, has 
shown promising results. In par-
ticular 3D compression has been 
investigated by VEM over cor-
ner-point and polyhedral grids de-
scribing sedimentary formations 
(Andersen et al., 2017a, 2017b). 
Analysis was performed on the 
accuracy of the solution respect to 
the approximation of the bilinear 
form and of the loading term on 
structural complex geometries, to 
the presence of cells with non-pla-
nar faces and to the coupling with 
fluid flow simulations.

The research project has the 
aim to implement a VEM code 
dedicated to the simulation of 
the stress-strain response of deep 
natural formation subject to flu-
ids production and/or storage. In 
the present paper the validation 
test concerns the solution the 
variational formulation of the 
momentum balance equations 
with bilinear form, with u, ν de-
fined in the Virtual Space  V (eq. 
1), under the assumption of small 
deformations and isotropic linear 
elastic constitutive law, depending 
on Young’s Modulus (E) and Pois-
son’s ratio (ν) (eq. 2). ��3 re-
presents the domain of investiga-
tion with boundary Γ partitioned 
in disjoint non-trivial surfaces ΓD 
(lateral and bottom surface) and 

ΓN (top surface) and mixed ho-
mogeneous boundary conditions 
implicitly supposed (eq. 3). The 
implemented VEM are of order 1 
for convex polyhedra, therefore 
the degrees of freedom coincide 
with the vertices of the element. 
The discrete local problem is 
expressed in eq. 4, ∀ νh ∈ Vh, where
V v V v V Eh h h E h

E
h� � � � �� �: |   and 

h h� �  is a tessellation of Ω into di-
sjoint non-overlapping polyhedral 
elements E. The space Vh

E is defined 
in eq. 5, where H1(E) is the space 
of functions having a square-inte-
grable gradient on E, ∂E indicates 
the set of edges of the polyhedron, 
P1(E) is the space of polynomials 
of degree lower than or equal to 
1 and the symbol Π1

0 indicates a 
suitable projection on the polyno-
mials of the VEM function, which 
can be calculated from the degre-
es of freedom (details in (Ahmad 
et al., 2013; Beirão da Veiga et al., 
2014). As the stabilization form is 
S(·,·), it is sufficient to choose the 
scalar product of the degrees of 
freedom of the two involved fun-
ctions. As forcing term is imposed 
the variation of the pore pressure 
(Δp) induced by the production/
injection operations (eq. 6).

For the calculation of the polyno-
mial projection matrices, reference 
was made to (Beirão da Veiga et al., 
2014, 2016b) and for the solution 
of the linear system the precondi-
tioned conjugate gradient method 
was then applied (Saad, 2003).

4. Case study 

The case study reported in the 
Benetatos et al., 2017 paper was 
adopted to validate the VEM ap-
proach. The main info about the 
case study are summarized in the 
following; further details can be 
found in the reference paper. In-
formation about the geological 
and structural characteristics, geo-
logical and mechanical properties, 
production history of both on-
shore and offshore Italian hydro-
carbon fields were collected from 
technical reports and public data. 
All the information was used to 
define a synthetic 3D model repre-
sentative of the off-shore Adriatic 
panorama. A simplified regio-
nal-scale stratigraphy consisting 
of continuous and homogeneous 
geological formations representa-
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tive of the Po Valley and Adriatic 
regions was assumed. The repro-
duced gas reservoir is an axially 
symmetric anticline trap at around 
1500 meter depth, bounded by a 
lateral aquifer. The hosting forma-
tion consists of a sandy interval, 
100 m thick, belonging to the tur-
biditic sand-clay alternation. The 
caprock is a 20 m continuous clay 
layer belonging to the same turbi-
ditic sequence (Figure 1). 

For the scope of the present re-
search, we adopted the multi-phy-
sics 3D numerical simulation ap-
proach used by (Benetatos et al., 
2017) to reproduce the domain 
of investigation, to simulate the 
induced pressure variation and 
to evaluate the geomechanical 
behaviour of the system (Figure 
1). In particular, on the basis of 
the same geological model, a sen-
sitivity analysis was performed to 
sufficiently extend its dimensions 
so that the boundary effects on 
the calculated solution by the nu-
merical solvers of the geomecha-

nical problem can be considered 
negligible. Additionally, we pro-
longed the fluid flow analysis con-
sidering not only a ten year pri-
mary production period but also 
simulating successive gas storage 
injection/production activities. 
Figure 2.A shows the variation 
of the average static pressure of 
the system during the primary 
production (t0 to t2), the re-pres-
surization period due to the late-
ral aquifer support (t2 to t3), and 
the storage phase (t3 to t6). From 
t1 on (t1 corresponds to the mi-
nimum static pressure recorded 
during primary production) the 
activation of the aquifer shows its 
effects in term of system re-pres-
surization.

The spatial/temporal evolution 
of the pore pressure obtained via 
the multiphase flow simulation 
represents the forcing function 
applied to the geomechanical mo-
del. The geomechanical model was 
adopted to simulate the evolution 
of stress-strain field and of the ef-

fects in terms of induced sea flo-
or movements via both FEM and 
VEM methods. The mechanical 
analyses of all the timesteps were 
developed in the elastic domain, 
the only constitutive law current-
ly implemented in the VEM code. 
Other constitutive models (such 
as Mohr-Coulomb yield function) 
are currently under implementa-
tion, and they will widen its appli-
cation domain. To reproduce the 
stiffer behavior of the formation 
during the re-pressurization pha-
se and the storage cycles (t2 to t6), 
a Young’s Modulus value 3 times 
the one assumed during the de-
pletion phase (t0 to t1) was adop-
ted (Codegone et al., 2016; Coti et 
al., 2018).

5. Discussion

On the basis of the elastic hypothe-
sis, the VEM and FEM geomecha-
nical simulations were run only 

Fig. 1 – (A) 3D numerical model for geomechanical simulations and (B) top geometry of the reservoir (modified from Benetatos et al., 
2017).
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for the timesteps highlighted in 
Figure 2. 

Figure 2 compares the evolu-
tion of the punctual displacement 
at sea floor (50 m below sea level), 
both for the vertical (Figure 2B) 
and horizontal (Figure 2C) com-
ponents, and for each time step 
of analysis. Two reference cells, 
Cell#1 and Cell#2, were assumed 
(Figure 3A): they correspond to 
the positions of the maximum 
vertical and horizontal displace-
ment, respectively. Due to the ra-
dial symmetry of the system, only 
one cell is sufficient to describe the 
horizontal components of the di-
splacement. 

VEM results were also shown in 
terms of displacement and stress 
distribution maps. Comparison of 
the two solver solutions, instead, 
are reported as trends along two 
reference segments, the HH’ ho-
rizontal segment on the top sur-
face and the VV’ vertical segment, 
zooming on the reservoir (-1200 
m to -2000 m) (Figure 3B). This 
choice is constrained to the data 
availability: indeed, FEM commer-
cial software exposes the centroid 

average value, instead of the nodal 
one. Two representative timesteps 
of the storage phase were identi-
fied for the comparison: t5, i.e. the 
end of a production cycle, and t6, 
i.e. the end of an injection cycle. 

Figure 4 refers to the end of 
the production cycle, t5: (A) and 
(C) show the maps of the vertical 
and horizontal displacements at 
the sea floor computed by VEM 
code. In (B) and (D) the compari-
son between the VEM and FEM 
results along the HH’ horizontal 
segment is plotted. 

Figure 5 refers to the effective 
stress variation induced by a pro-
duction cycle (from t4 to t5): (A) 
and (C) show the distribution of 
the horizontal and vertical effecti-
ve stress variation computed by 
VEM code along a vertical section 
throughout the reservoir. In (B) 
and (D) the comparison between 
the calculated VEM and FEM ef-
fective stress variation along the 
VV’ vertical segment is displayed.

Figure 6 and Figure 7 are specular 
to Figure 4 and Figure 5 as they refer 
to the injection cycle form t5 to t6.

Fig. 2 – (A) The static pressure evolution in time. Black markers are the geomechanical timestep of analysis. Comparison between VEM 
and FEM results in terms of (B) vertical displacement at Cell#1 and (C) horizontal displacement at Cell#2.

Fig. 3 – (A) the positioning of Cell#1 and Cell#2 at the grid top and (B) vertical VV’ and 
horizontal HH’ segments adopted for the comparison between VEM and FEM results.
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Fig. 4 – End of production cycle – timestep t5 – Vertical displacement: (A) map of the VEM results at the sea floor and (B) comparison 
between the VEM and FEM results along HH’. Horizontal displacement: (C) map of the VEM results at the sea floor and (D) comparison 
between the VEM and FEM results along HH’.

Fig. 5 – End of production cycle – timestep t5 – Variation of the horizontal effective stress: (A) distribution of the VEM results along 
a vertical section throughout the reservoir and (B) comparison between the VEM and FEM results along VV’. Variation of the vertical 
effective stress: (C) distribution of the VEM results along a vertical section throughout the reservoir and (B) comparison between the 
VEM and FEM results along VV’.
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Fig. 6 – End of injection cycle – timestep t6 – Vertical displacement: (A) map of the VEM results at the sea floor and (B) comparison 
between the VEM and FEM results along HH’. Horizontal displacement: (C) map of the VEM results at the sea floor and (D) comparison 
between the VEM and FEM results along HH’.

Fig. 7 – End of injection cycle – timestep t6 – Variation of the horizontal effective stress: (A) distribution of the VEM results along a ver-
tical section throughout the reservoir and (B) comparison between the VEM and FEM results along VV’. Variation of the vertical effective 
stress: (C) distribution of the VEM results along a vertical section throughout the reservoir and (B) comparison between the VEM and 
FEM results along VV’.
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In all the illustrated cases, a very 
satisfactory agreement between 
the VEM and FEM solvers is ob-
served. Although the curvature 
of the present anticline results in 
non-planar cells at the reservoir 
level prompting a possible source 
of errors, VEM accurately repro-
duces the solution with negligible 
discrepancy.

6. Conclusions

The paper presents the validation 
of a Virtual Element Method code 
performed on a realistic case stu-
dy representing a gas reservoir in 
the Italian Adriatic offshore. The 
code has been recently developed 
as part of a wider research project 
involving multi-disciplinary com-
petences and it applies the Virtual 
Element Method in the elastic 
domain to calculate the response 
of stress-strain fields due to pore 
pressure variation induced by hy-
drocarbon production and/or sto-
rage operations.

According to the 3D multi-disci-
plinary modelling approach, the 
pore pressure evolution in a geo-
logical representative grid induced 
by the primary gas production and 
subsequent storage conversion 
was simulated via a multiphase 
flow software. The effects of the 
forcing function (i.e. pressure va-
riation) in terms of stress-strain 
evolution is then calculated by a re-
ference FEM approach (via a com-
mercial software) and by the VEM 
code. The comparison was develo-
ped in terms of effective vertical 
and horizontal stress variations 
along a representative vertical 
segment, and of induced sea floor 
displacements, both vertically and 
horizontally, along a representati-
ve horizontal segment. The results 
show an optimum correspondence 
between the two approaches. 

The present work represents the 
first important step in the evolu-

tion of the code toward a holistic 
approach which will be able to 
address rigorously the different 
physics of the phenomenon under 
investigation. In the next futu-
re, different constitutive models 
will be implemented to properly 
address the most common stress-
strain behaviors exercised by hy-
drocarbon reservoirs during fluid 
production/injection. Furthermo-
re, the code will be tested in a more 
complex geological/structural en-
vironmental involving also faults.
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1. Introduction

Rockfall protection embankments 
(RPE) have been considered a pro-
fitable solution against rockfall 
events for more than 60 years, 
due to their ability to stop and/or 
deviate blocks impacting with very 
high kinetic energy and to sustain 
repeated impacts before collapse 
(Lorentz et al., 2006; Lambert & 
Kister, 2017a). Their easiness of 
maintenance and of repair after 
impacts, high durability in time, 
as well as their reduced environ-
mental effects represent the most 
recognized advantages. Neverthe-
less, their realization depends on 
the geometrical characteristics of 
the site, which has to be suitable 
for the installation of a massive 
ground system, considering both 
material retrieval and handling 
possibilities and the construction 
difficulties. Furthermore, the ove-
rall stability of the slope has to be 

assured, as the huge weight of the 
embankment might represent an 
unfavourable effect.

Different types of embankmen-
ts have been developed during 
the years, differing for shape and 
for materials of uphill, core, and 
downhill faces (Hennebert et al., 
2014; Lambert & Kister, 2017b). 
Among the various solutions, the 
reinforced earth embankment 
(Fig. 1) represents a valuable type, 
widely adopted in rockfall ha-
zardous areas (Peila et al., 2007). 
This system is made up of over-
laid layers of compacted soil, each 
wrapped in a tensile resistant ele-
ment, generally a geogrid (Brunet 
et al., 2009). Due to this, a side 
inclination of 70° can be reached, 
and, consequently, at equal sel-
f-weight, structures higher than 

Rockfall protection embankments are compelling mitigation measures for those situations in-
volving very high kinetic energy or large blocks and where the slope toe is almost flat. Several 
systems have been developed, and, among them, reinforced earth embankments allow con-
siderable heights and inclination of the faces up to 70°. Nevertheless, a common procedure 
for including the dynamic condition, i.e. the impact, against such structures has not been de-
lineated yet, and also the existing European Standards do not define a unique procedure. This 
work aims at defining a design flowchart in agreement with the Eurocodes, encompassing 
verifications both in static and seismic conditions and in dynamic one, i.e. when a block impacts 
against the structure. All the failure scenarios are considered and the embankments have to be 
designed first to intercept blocks. Considering the impact, an energy approach is suggested to 
assess the stability of the structure and a procedure to determine the displacements occurred 
at the impact is herein delineated. With a simple analytical solution, herein explained, the 
percentages of energy dissipated at the impact by plasticization or friction can be derived and 
used to evaluate the displacements.
Keywords: Rockfall embankments, reinforced earth, design procedure, Eurocode 7.
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the simple earth ones can be rea-
lized. Despite their wide employ-
ment, a codified design procedure 
has not been defined yet.

The most challenging aspect in 
the design lies in the correct defi-
nition of the impact force and the 
distribution of the stresses in the 
structure, and thus, the resistan-
ce mechanisms. Studies related 
to the impact of a body against a 
granular medium have been car-
ried on considering the impact 
of projectile and its penetration 
(Boguslavskii et al., 1996; Walker, 
2001; Ahmed et al., 2020), or fol-
lowing the inelastic collision mo-
dels (Carotti et al., 2004), or based 
on the elastic contact Hertz mo-
del (Popov, 2010), or based on the 
energy balance (Wang & Caves, 
2008). Some interesting findings 
have been obtained considering 
experiments and studies related 
to rockfall protection galleries 
(Schellenberg & Vogel, 2009). Ne-
vertheless, these studies generally 
consider an infinite granular me-
dium or with a rigid stratum be-
low. Referring in particular to em-
bankments, both experimental 
and numerical studies have been 
developed, providing several in-
teresting suggestions. Small scale 
experiments have been conducted 
by Hofmann & Mölk (2012) on 
different kind of embankments, 
and by Kister et al., (2014) on a 
two-dimensional framework. Real 
scale experiments have been per-
formed on different types of em-
bankments, with wooden reinfor-
cements (Burroughs et al., 1993; 
Hearn et al., 1995), with cushion 
layers (Yoshida, 1999; Maegawa 
et al., 2011; Lambert et al., 2014). 
As long as interesting, these expe-
riments are leading with an im-
pact energy much lower than the 
capacity of the structure. Specifi-
cally considering reinforced earth 
embankments, Peila et al. (2007) 
and Mongiovi et al. (2014) have 
performed three and two full-sca-
le tests, respectively, trying to 

understand the behaviour of the 
structure against multiple im-
pacts and until collapse. Due to 
the costs and operational difficul-
ties these kinds of experiments 
are not easily repeatable and thus 
these tests constituted the basis 
for validation of numerical mo-
dels (Castiglia, 2000; Ronco et 
al., 2009, Ronco, 2010, Murashev 
et al., 2013). Numerical models 
have been developed also for pure 
earth embankments (Plassiard & 
Donzé, 2009 and 2010; La Por-
ta et al., 2019), or other kind of 
embankments (Breugnot et al., 
2016).

At present, as reported by Lam-
bert & Kister (2017a), besides the 
modelling approach, four are the 
main design practices for dealing 
with the impact: (i) mass based 
approaches, i.e. the embankment 
is assumed to be able to stop the 
block and withstand the impact, 
and thus the structure is just desi-
gned with respect to gravity loads; 
(ii) penetration criteria based ap-
proaches, for which the minimum 
embankment thickness is derived 
multiplying for a factor 2 or 3 the 
estimated value of the penetra-
tion of the block; (iii) pseudo sta-
tic approaches, which considers a 
load that is statically equivalent to 
the dynamic impact for designing 
the embankment and thus only 
the structure static stability in 
combination with gravity loads is 
checked; (iv) energy approaches, 
which assess the ability of the 
embankment in withstanding the 
impact estimating analytically the 
energy dissipated within the em-
bankment and evaluating that the 
consequent deformation of the 
structure is consistent with the 
embankment dimensions.

Despite all the studies and inve-
stigations, a common procedure 
for including the dynamic condi-
tion, i.e. the impact, against such 
structures has not been defined 
yet, as well as a universally defi-
ned flowchart for the whole de-

sign process of these structures. 
Also the existing European stan-
dards related to this topic as the 
Italian UNI 11211-4 (2018) and 
the Austrian ONR 24810 (2021), 
even providing some interesting 
suggestions, do not delineate a 
unique procedure. Among these 
considerations, however, they re-
commend evaluating the impact 
actions through accurate rockfall 
propagation analyses, which allow 
the estimation of the kinetic ener-
gy and height of the impacting 
block.

Focusing on reinforced earth 
rockfall protection embankmen-
ts, this work aims at delineating 
a design procedure encompassing 
all the safety/stability require-
ments of EN 1997-1 (2004) (Eu-
rocode 7, named EC7), based on 
previous findings and performing 
some analytical considerations. 
A flowchart for the design is pro-
posed, defining all the load condi-
tions and assessments that should 
be performed. Considering the 
embakment as a massive structu-
re whose aim is to withstand the 
impact of a block with high kine-
tic energy, the assessment should 
consider the static, the seismic, 
and the dynamic conditions. Sug-
gestions are provided to compute 
the energy dissipation and the con-
sequent displacements induced by 
the impact. Finally, an example of 
calculation for a dynamic situation 
is provided.

2. Design of 
embankments

2.1. Regulations and 
Standards

Embankments are generally consi-
dered as geotechnical works, and, 
referring to Eurocodes (and in par-
ticular to EC7), they have been in-
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serted in Geotechnical Category 2, 
i.e. a category which should inclu-
de conventional types of structure 
and foundation with no exceptio-
nal risk or difficult soil or loading 
conditions. They are specifically 
dealt with in Section 12, without a 
particular reference to rockfall pro-
tection embankments. To be fair, 
the term “rockfall” appears only in 
the paragraph 4.2.3 (Assessment 
of the Design), where EC7 prescri-
bes that the assessment of the de-
sign “should include a careful review 
of the most unfavourable conditions, 
which occur during construction 
with regards to […] environmental 
impacts and changes including land-
slides and rockfalls”.

In the framework of a limit sta-
tes based design, in conjunction 
with a partial factor method, 
among the limit states indicated 
in the EC7, for the specific case of 
RPE, neglecting the presence of 
water, the following limit states 
should be verified: (i) loss of the 
overall stability, (ii) failure in the 
embankment slope or crest and 
(iii) deformations in the embank-
ment leading to loss of servicea-
bility (e.g. cracks). Moreover, as a 
massive structure, (iv) the bearing 
capacity of the subsoil should be 
assessed. Even if not specifically 
mentioned, in the specific case of 
RPE, the self weight, the seismic 
actions, and the dynamic loads 
(i.e. the impact) are the actions 
that have to be considered. No 
predefined design situations are 
reported, even though it is impli-
cit that the effects of an impact 
have to be properly investigated 
as part of the short-term and 
long-term scenarios. Focusing on 
reinforced earth, the EC7 at Par. 
9.1.2.3 requires additional veri-
fications, such as: (v) failure of a 
structural element or combined 
failure in the ground and in the 
structural element, (vi) move-
ment of the retaining structure, 
which may cause collapse, (vii) 
failure by sliding at the base; (viii) 

failure by toppling. Among the 
actions, collision forces are also 
mentioned.

In the European panorama of 
standards and codified procedu-
re, UNI 11211-4 (2018) and ONR 
24810 (2021) are specifically for 
rockfall protective structure and 
deal with embankments. 

Referring to the former, the par. 
5.3.4. deals with reinforced earth 
RPE. The suggested verifications 
should encompass the stability 
of the work also in presence of 
dynamic loads, and in particular 
it should be assessed that: (i) the 
height of the embankment is such 
to intercept the design block; (ii) 
the block does not overcome the 
structure due to its rotational ki-
netic energy; (iii) the static stabi-
lity also in presence of reinforce-
ments, which have to be properly 
assessed; (iv) slope overall stabili-
ty for the presence of the embank-
ment; (v) correct water outflow of 
the slope (vi) the stability of the 
embankment in dynamic condi-
tions. Referring to this last point, 
the UNI 11211-4 recommends 
to define the maximum admissi-
ble uphill penetration, such that 
the embankment can be repaired 
with reasonable costs, and the 
maximum downhill deformation 
not to provoke collapse or interfe-
rence with the structures nearby. 
The way to determine these de-
formations are not defined. This 
consideration implicitly implies 
that an energy-based approach 
should be adopted to assess the 
stability of the embankments 
in withstanding the impact. As 
mentioned in the introduction, 
this kind of approach is based on 
the on analytical estimations of 
the energy dissipated within the 
embankment, computed conside-
ring a zone within the RPE distur-
bed by the impact. The dissipative 
mechanisms must be defined, and 
the design consists in assessing 
that the deformations required 
to dissipate the impacting block 

kinetic energy are consistent with 
the admissible ones. Based on all 
previous studies and experimen-
ts, the dissipative mechanisms 
are the energy dissipation throu-
gh soil compaction and friction 
along shear planes, assuming the 
zone disturbed by the impact mo-
ves as a rigid body. Generally, to 
derive the uphill deformation, i.e. 
the block penetration, the impact 
force should be defined. This as-
sumption is confirmed by the fact 
that the UNI 11211-4 suggests 
defining the performances of the 
RPE in terms of energy absorp-
tion capacity, computed through 
a standard impact test, performed 
according to UNI 11167 (2018).

The ONR 24810 introduces the 
RPE in Par. 6.3. as element able to 
withstand primarily the actions of 
an impacted block. Other actions, 
like avalanche, mass fall, debris 
flow must be considered as addi-
tional actions only where neces-
sary. Therefore, the energy absorp-
tion capacity as well as the height 
are the performance characteristic 
of an embankment. Three design 
situations have to be considered: 
(i) verification of ultimate limit 
state of the structure without 
rockfall action, (ii) verification 
under construction; (iii) during 
the rockfall action according to 
an impact event (additional spe-
cial loads should be verified only 
where necessary). Among the per-
mitted construction type, Type 
IV A (geosynthetic reinforcement 
with “low tensile/axial stiffness”) 
and Type IV B (geosynthetic rein-
forcement with “high tensile/axial 
stiffness”) refer to reinforced ear-
th RPE. The serviceability limit 
state is correctly verified applying 
the construction rules related to 
the compaction of the soil (with 
a sample Proctor density which 
spans from 98% to 100%), and to 
the height which should be such 
to intercept the design block, ad-
ding a proper freeboard. This last 
should be larger than 1.5 the de-
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sign block diameter for reinforced 
earth RPE having an upslope face 
inclination of at least 60°, and one 
single diameter for those with an 
upslope inclination of at least 70°. 
Considering the ultimate limit sta-
te design, the creation of a failure 
plane inside the embankments, 
in the embankment and subsoil, 
and in the subsoil only have to be 
analysed, i.e. the internal and ove-
rall stability should be assessed, 
considering also the distribution 
of the actions on foundation. No 
specified criteria are defined. Re-
garding the rockfall impact, ONR 
24810 implicitly suggests to adopt 
a pseudo static approach, provi-
ding a chart on which determining 
the statically equivalent force, ac-
cording to the geometry of the 
embankment and its construction 
type. This chart was derived from 
the experiment conducted by Hof-
mann & Mölk (2012). Interestin-
gly, for reinforced earth embank-
ments subjected to an impact with 
a design value lower than 5000 kJ, 
the adoption of geometrical and 
soil and geosynthetic defined pro-
perties allows not to perform any 
calculations related to the dynamic 
impact.

It is worth mentioning that 
both Italian and Austrian Stan-
dards recommend to perform 
trajectory analyses to evaluate 
the kinetic energy and height of 
the blocks at the impact, and, in 
the framework of a partial safety 
based design approach, provide 
suggestions for the percentiles to 
consider as characteristic values, 
and for the partial safety factors. 
In particular, UNI 11211-4 adop-
ts the 95th percentile for both the 
quantities, while ONR 24810 the 
95th for the height and 99th for 
the energy. Different partial safety 
factors are adopted: fixed values 
in UNI 11211-4, based on the un-
certainties related to propagation 
model and available input para-
meters, while values accounting 
for the event frequency and the 

consequences class in ONR 24810. 
Similar considerations can be done 
for the design block volume, whi-
ch has to be taken equal or greater 
than the 95th percentile of the di-
stribution at the slope toe in the 
UNI 11211, and with a variable 
percentile in ONR 24810, accoun-
ting again for the frequency of the 
event and the possible damages.

Based on all these specifications, 
a design procedure accounting for 
the whole design situations and 
verifications required in the Euro-
code framework is defined below, 
subdividing for static, seismic, 
and dynamic (impact) situations. 
For each critical load case, the de-
sign values of the effects of actions 
shall be determined by combining 
the values of actions that are con-
sidered to occur simultaneously.

2.2. Static and seismic design 
situations

Based on the previous prelimi-
nary considerations, RPE should 
be verified both in static and sei-
smic design situations. The term 
“static design situation” refers 
generally to the persistent desi-
gn situation, i.e. related to the 
condition of normal use. Also a 
transient design situation, i.e. a 
temporary condition during exe-
cution or repair, can be evaluated 
in the static case. The fundamen-
tal combination of actions is con-
sidered, i.e. the one accounting 
for the gravity load, eventually 
permanent loads, the leading 
and the accompanying variable 
actions. Relating to these lasts, 
the influence of the snow or the 
wind can usually be neglected.

In the seismic design situa-
tion, the combination of actions 
accounts for the gravity and the 
seismic load. Referring to the com-
mon design practice, the seismic 
load is composed vertical and ho-
rizontal forces proportional to the 
mass of the embankment and to 

the site parameters (location and 
site effects).

In the framework of the partial 
safety factor design approach, the 
ultimate limit state design verifi-
cations that have to be considered 
are: (i) failure by sliding at the base; 
(ii) bearing resistance failure of the 
soil below the base; (iii) failure by 
toppling; (iv) ground-embank-
ment overall stability; (v) failure 
of the structural elements, i.e. the 
reinforcements.

As related to the loss of equi-
librium of the structure or the 
ground as a rigid body, the overall 
stability (iv) is related to an equili-
brium ultimate limit state (EQU), 
while (v) to a structural one (STR), 
being associated to an internal fai-
lure. The other three verifications 
(i, ii, iii) represent instead a geote-
chnical ultimate limit state (GEO), 
related to the failure or excessive 
deformation of the ground. Accor-
ding to the ultimate state type the 
proper design approach, i.e. the 
proper set of partial safety factors, 
should be adopted.

It reveals that in the persistent 
design situation, sliding at the 
base as well as toppling are gene-
rally neglected (Comedini & Ri-
moldi, 2014).

2.3. Dynamic design 
situations

The dynamic design situation 
represents the one in which the 
embankment is subjected to the 
impact of a block. In the Euroco-
de, this can be considered as an 
accidental situation, which refers 
to exceptional conditions, even 
though it could be inferred that 
for a RPE impacts should be con-
sidered as a persistent action. Ne-
vertheless, as the assumed design 
block and its design kinematic 
parameters are representative of 
a condition with a very large re-
turn period, at least if compared 
with the design working life of the 
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structure, this situation can be 
ascribed as accidental.

Considering the occurrence of 
a rockfall event, according to UNI 
11211-4, three are the possible 
failure modes: (i) the block over-
comes the embankment, with or 
without impacting against the 
embankment; (ii) the block, im-
pacting on the structure, causes 
an excessive deformation or the 
collapse of the structure itself, (iii) 
the slope-structure system collap-
ses due to the impact.

Evaluating each mode separa-
tely, three are the possible sce-
narios leading to the first mode: 
(i) the block passing height is hi-
gher than the embankment, or, 
after the impact, (ii) the block 
rolls over the upstream face, or 
(iii) the block separates into frag-
ments and some of them jump 
over the upstream face. It has 
been observed that in case of 
reinforced earth embankmen-
ts, the impact produces a crater 
and remains bounded by the soil, 
thus the spinning force required 
to self-extract is generally very 
large. Similarly, possible frag-
ments generally are not able to 
overcome the structure. For this 
reason, the (ii) and (iii) scenarios 
are commonly neglected. The first 
scenario is thus prevented if the 
following inequality holds:

He ≥ hd + f (Eq. 1)

where He is the height of the em-
bankment, hd the design value of 
the block passing height and f a 
tolerance, accounting for the block 
size. The Author suggests embed-
ding in the tolerance also the hei-
ght of a layer, hl, as an impact in 
the very top layer of the structu-
re could cause the collapse of the 
top layers (Mongiovi et al., 2014). 
It can be stated that the height of 
the embankment is the first para-
meter to be chosen in the design 
process.

Referring to the second failure 
mode, i.e. the excessive deforma-

tion or collapse of the structure, 
two are the possible scenarios at 
the impact: (i) the block creates a 
deformation on both the upslope 
and downslope faces in such a way 
that the impacted layers deform, 
slide and eventually collapse; (ii) 
the block passes through the em-
bankment due to penetration 
and puncture. To control and pre-
vent the occurrence of this failure 
mode, the deformations of both 
sides due to impact should be 
computed and compared with the 
admissible displacements. Hence, 
the following conditions should be 

verified:

δp + δs < Xg (Eq. 2)

δp ≤ 0.7 lflap (Eq. 3)

where δp and δs are the deforma-
tions on the uphill and downhill 
faces, respectively, both measured 
as the maximum displacement in 
the direction normal to the cross-
section, Xg is the x-coordinate of 
the centre of gravity of the layers 
above the impacted ones, measu-
red by their uphill edge as sketched 
in Figure 2, lflap is the length of the 
reinforcement flap. Eq. 2 refers to 

Fig. 2 – Sketch of the considered impact configuration. The white faces represent the planes 
in which friction forces can be added in computing Ff. The blue X and Y axes serves to 
evaluate XG of Eq. 2.
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the collapse of the upper part of 
the structure, while (Eq. 3) to the 
collapse of the downhill face due 
to lost of containment of the soil. 
The analytical evaluation of the di-
splacements represents the most 
challenging aspect, and many 
authors have provided different 
solutions derived from different 
assumption, or different models. 
As an example, different formula-
tion has been proposed to calcu-
late the maximum penetration δp, 
derived from experiments related 
to a rockfall protection tunnel 
(Labiouse et al., 1996; Montani, 
1988; Di Prisco & Calvetti, 2007), 
or from military experiments re-
lated to the impact of projectiles 
on earth structures (Kar, 1978), 
or derived from nunerical simu-
lations (Grimod & Giacchetti, 
2013). The method herein sugge-
sted is derived from the works of 
Peila et al.(2007) and Ronco et al. 
(2009).

Starting from the energy balan-
ce assumption, in the hypothe-
sis that the impacting element is 
stopped by the embankment, the 
kinetic energy Ek of the block is 
balanced by the dissipated ener-
gy, which occurs through (i) soil 
compaction and (ii) friction along 
preferential sliding planes (Peila et 
al., 2007; Ronco et al., 2009), as-
suming that the impacted layers 
move as rigid bodies, i.e.

Ek = Ep + Ef (Eq. 4)

where Ep and Ef are the energies in-
volved for plasticization (soil com-
paction) and friction, respectively. 
The recoverable strain energy can 
be neglected in a first approxima-
tion. Experiments on real structu-
res show that, once impacted, the 
layers of the embankment keep 
their trapezoidal geometry than-
ks to the geogrids and reciprocally 
slide along the reinforcement in-
terfaces. Referring to the friction, 
the sliding planes are represented 
by the lower face of the lowest im-
pacted layer and the upper face of 

the highest impact layer. It is thus 
considered that all the impacted 
layers slide downhill together 
with the block. A lateral diffusion 
is considered, with an angle ψ in 
the impact direction of around 
45°, as confirmed by experiments 
and numerical models (Ronco et 
al., 2009). The mass of the emban-
kment involved during the impact 
Me is, thus, a prism with trapeizoi-
dal bases.

Deformations can be evaluated 
by the ratio of the energies invol-
ved in each dissipative mode and 
the correspondent resistant force, 
both for soil compaction Fp and fri-
ction Ff, i.e.
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For the former, (Eq. 5), it is as-
sumed that a linear compaction 
force – displacement relationship 
holds and a maximum force Fp,max 
is reached. The latter, Eq. 6, derives 
from the relationship Ef = Ff δs con-
sidering a dynamic amplification 
factor equal to 2 to account for the 
impulsive nature of the impacting 
force. The evaluation of Fp,max re-
presents a crucial issue, and va-
rious formulations have been 
adopted. A good agreement with 
experiments has been achieved 
with the formulation proposed by 
Montani (1998), i.e.

F t r M tan Ep b E p,max
. . . ..� �2 8 0 5 0 7 0 4 0 6�

 
 (Eq. 7)

where t is the thickness (in me-
ters) of the compactable part, rb 
the block radius (in meters), ME 
the elastic modulus of the soil (in 
kPa), and ϕ the internal friction 
angle. The energy dissipated 
through soil compaction Ep is me-
asured in kJ. This formulation was 
derived for rockfall protection gal-

leries, where t represents the wi-
dth of soil over the concrete slab; 
in the present case, it is assumed 
that half of the width of the em-
bankment at the location of the 
impact serves as a buttress, in the 
direction of the impact, and thus 
only half can be compacted. The 
friction force Ff is evaluated con-
sidering the normal force due to 
self-weight of the embankment. 
Friction occurs along the basal 
and the upper planes of the sli-
ding layers assuming a transversal 
diffusion angle ψ. The amount of 
kinetic energy dissipated through 
soil compaction or sliding depends 
on many variables related to the 
geometry of the embankment, as 
detailed in Sec. 2.3.1. It is worth 
noting that in cases of blocks with 
a diameter comparable with the 
embankment height, the emban-
kment itself tends to slide without 
compaction.

Considering the last failure 
mode, i.e. an overall instability, 
the generally adopted method 
consist in considering a static 
equivalent force to represent the 
impact and performing the usual 
calculations for the overall stabi-
lity verification. To compute this 
force, an expression equivalent 
to that proposed in (Eq. 7) can be 
adopted, considering Ek instead 
of Ep.

Finally the reinforcements 
should be assessed both in static 
and seismic and in dynamic con-
ditions. In particular, they have to 
be verified against tensile and pull 
out forces (Comedini & Rimoldi, 
2014) due to the weight of the 
earth above the considered rein-
forcement, the seismic actions, 
and the dynamic impact general-
ly assumed as a static equivalent 
force.

2.3.1. Energy dissipation

Based on both real scale experi-
ments and numerical analyses, 
Ronco et al. (2009) found that Ep is 
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80-85% of Ek. Similar values were 
obtained from small scale experi-
ments (Hofmann & Mölk, 2012), 
while from those of Kister et al. 
(2017) Ep ranges between 75% 
and 85% of Ek. The values sugge-
sted in the literature are derived 
from the experimental setups and 
considering general adopted em-
bankment geometries, thus they 
are inherently appropriate for a 
limited range of RPE. To overco-
me this limitation, a simple phy-
sical model, able to quantify the 
amount of kinetic energies that 
are dissipated through soil com-
paction or friction, is herein pro-
posed.

These findings can be also con-
firmed by a simple analytical ap-
proach, herein proposed, which 
confirm that even though the 
proposed values are true in almost 
the cases, a specific value of the 
ratio between Ep and Ek can be 
easily obtained and adopted. The 
evaluation of percentage of the 
energy dissipated by friction can 
be achieved by means of the mo-
mentum conservation principle. 
The assumption of a completely 
inelastic impact can be conside-
red representative as during the 
sliding motion the block and the 
disturbed portion of the emban-
kment are supportive each other. 
Defined mb and vin the mass and 
impact velocity of the block, Me 
the mass of the embankment 
disturbed by the impact, the fol-
lowing equation can be written:

mbvin = (mb + Me) vout (Eq. 8)

where vout is the sliding velocity 
of the block and moving emban-
kment, which kinetic energy can 
be easily computed. Rearranging 
the mathematical expressions, the 
percentage of the kinetic energy 
of the block Ek,in converted during 
the impact in kinetic energy of the 
block and the moving part of the 
embankment and, thus, dissipated 
by friction, i.e. αf, can be obtained 
as:
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which is independent from the ini-
tial velocity. Thus, it results:

Ef = αf Ek (Eq. 10)

Ep = (1 – αf) Ek (Eq. 11)

The formulae previously proposed 
have been applied to the published 
case studies (Ronco et al., 2009; 
Hofmann & Mölk, 2012; Kister et 
al., 2017) and a good agreement is 
found.

2.3.2. Sensitivity analysis

Starting from the previous findin-
gs, a sensitivity analysis is perfor-
med, aimed at individuating the 
typical ranges of αf, varying both 
the block radius and the geometry 
of the embankment. Referring to 
this last, the considered variable is 
the width of the crest wc. A typical 
embankment geometry is conside-
red, whose parameters are listed in 
Table 1. Referring to the impact, it is 
considered that it occurs at emban-
kment mid-height. The maximum 
impacting block radius rb is set to 
follow the constraints of (Eq. 1).

Figure 2 depicts the zone di-
sturbed by the impact. The block 
is assumed with a round shape and 

the size of embankment affected 
by the impact (from which Me is 
computed) is derived with referen-
ce to a square cross section area of 
about 2rb × 2rb. Due to the difficul-
ties in estimating the correct late-
ral friction forces, the interaction 
on the top and bottom surfaces is 
considered, only, as represented in 
white in Figure 2.

Figure 3 represents the value 
of αf, i.e. the percentage of kinetic 
energy dissipated by friction, as 
obtained by the sensitivity analy-
ses. It can be observed that for very 
small blocks, the energy contribu-
tion of the friction is negligible, 
and only a formation of a crater 
occurs. On the contrary, very lar-
ge blocks with small width of the 
crest generate a dissipation up to 
25% of the kinetic energy through 
friction. It is worth mentioning 
that if the block size would not be 
limited as to satisfy (Eq. 1), i.e. the 
block diameter is similar to the hei-
ght of the embankment, an entire 
portion of the embankment will 
slide. Nevertheless, this last phe-
nomenon should be avoided. The 
non-smooth transitions between 
the contour zones are due to the 
discrete number of sliding layers, 
as each layer impacted by the block 
is assumed to be entirely involved 
in the motion. This study thus re-
veals that in general, a value αf in 

Tab. 1 – Input parameters of the sensitivity analysis.

Parameter Value

Embankment height He 6 m

Height of each layer hl 0.6 m

Uphill face slope angle 60 °

Downhill face slope angle 60 °

Crest width wc in the range from 1 m to 3 m 

Length of the flap lflap 1 m

Elastic modulus of the soil ME 25 MPa

Internal friction angle ϕ 30°

Friction coefficient at the layers surfaces µ 0.45

Height of impact hi 3 m

Block radius rb in the range from 0.5 m to 2.4 m 
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the range 0% (for small impacting 
blocks) to 25% (for large blocks) 
encompasses all the possible ca-
ses. Considering thus a lflap equal 
to 1 m, the limit (rb, wc) pairs that 
satify both (Eq. 2) and (Eq. 3), can 
be computed for various impacting 
velocities. This analysis is reported 
in red in Figure 3 for different ve-
locities in the range 5 m/s to 30 
m/s. The feasible earth reinforced 
embankments geometries are tho-
se below the curves. For very high 
velocities of the block, it seems 
that the allowable energy dissipa-
ted by friction should be lowered, 
i.e. the allowable displacement δs 
should be decreased. The present 
sensitivity analysis is based on 
layer, soil and reinforcement pro-
perties defined in Table 1. Similar, 
but different, results can be drawn 
if other properties are considered.

2.3.3. Example

This section proposes an example 
of design considering the dynamic 
situation. The impact parameters 

of the block are listed in Table 2. 
It is worth noting that the kine-
matic parameters of the block are 
reported in terms of design values, 
according to the Eurocodes. In 
compliance with Eq. 1, an embank-

ment height He = 4.8 m is selected, 
according to the generally adopted 
height of each layer hl, i.e. 60 cm. 
Following the results plotted in 
Figure 3, as the same soil and rein-
forcement characteristics of the 
former analysis are considered, a 
crest width wc of 2 m is adopted. 
Table 3 depicts the obtained resul-
ts following the calculation listed 
in Sec. 2.3.

Fig. 3 – Contour plot of the percentage αf of kinetic energy dissipated through friction along the sliding planes Red curves relate to the 
limit values of wc and rb for each block velocity required to satisfy (Eq. 2) and (EQq 3).

Tab. 2 – Input parameters of the block and 
geometrical characteristics of the emban-
kment.

Parameter Value

Block radius rb 1.2 m 

Height of impact hi,d 2.42 m

Velocity of impact vi,d 25 m/s

Embankment height He 4.8 m

Height of each layer hl 0.6 m

Uphill face slope angle 60 °

Downhill face slope angle 60 °

Crest width wc 2 m 

Length of the flap lflap 1 m

Elastic modulus of the soil ME 25 MPa

Internal friction angle ϕ 30°

Friction coefficient at the layers 
surfaces µ

0.45

Tab. 3 – Results of the design analysis.

Parameter Value

Impact kinetic energy Ek 6107 kJ

αf 0.095

Energy dissipated by friction Ef 581 kN

Energy dissipated by 
compacting Ep

5527 kN

Ff 1698 kN

Fp 12048 kN

Displacement δp 0.92 m

Displacement δs 0.68 m 

Xg 1.68 m



58 Aprile 2022

georesources and mining

3. Conclusions

Among rockfall mitigation mea-
sures, protection embankments 
are widely adopted, especially for 
those situations in which very 
high kinetic energies or very large 
blocks are involved and where the 
slope toe is almost flat. Among the 
different risk mitigation measures, 
reinforced earth embankments 
represent a powerful solution, al-
lowing considerable heights and 
inclinations of the faces up to 70°. 
Despite their wide adoption, a co-
dified design procedure against 
impacts has not been defined yet. 
In the framework of the Euroco-
des, this work proposes a design 
flowchart, encompassing verifi-
cations both in static and seismic 
conditions and in dynamic one, 
i.e. when a block impacts on the 
structure.

The first step consists on the 
choice of the embankment height 
in order to intercept the blocks, 
whose trajectories should be de-
termined by accurate propagation 
analyses. Then, an energy approa-
ch is suggested and a procedure to 
determine the displacements due 
to the impact is delineated. The ki-
netic energy of the block is mainly 
dissipated in compaction of the 
impacted soil with the formation 
of a crater, while a lower contribu-
tion is provided by the friction at 
the interfaces along which sliding 
phenomena occurs. It is supposed 
that the impacted layers move as 
a rigid bodies, together with the 
block, and the perturbation diffu-
ses laterally creating a prism with 
trapezoidal bases.

With a simple analytical solu-
tion, herein delineated, the per-
centages of energy dissipated by 
plasticization or friction can be de-
rived and used to obtain the displa-
cements through the knowledge of 
the exerted forces. The obtained 
displacements are then compared 
to those defined as admissible for 
the stability of the embankment. 

Finally, with a pseudo-static ap-
proach, the overall stability of both 
the slope and the structure has to 
be assessed. Further developmen-
ts would concern the computation 
of the plasticization force during 
the impact or the definition of a 
design procedure according to a re-
liability based approach (De Biagi 
et al. 2020; Marchelli et al. 2021).
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