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ABSTRACT: The increasing and worldwide diffusion of extreme weather events is responsible for
disasters and severe losses every year, including damages to infrastructures. For this reason, weatherrelated hazards must be accurately considered during the risk assessment phase. This study presents
the analysis of a complex hydrogeological and geomorphologic situation encountered along the new
railway alignment in the province of Djelfa, Algeria. The proximity of a wadi, an ephemeral stream,
could lead to a high risk of flooding and erosion in case of heavy rainfall. To mitigate the hazardous
consequences, a multi-criteria analysis based on Safe performance, Suitable integration and Source
control has been developed. According to, it has been decided to change the original design and replace
the predicted trench with a tunnel. This paper give proof of the effectiveness of an underground
solution for facing an unconventional surface challenge.
1. INTRODUCTION
The dramatic increase in losses and damages to
the transport sector, attributable to natural
disasters, can preeminently be explained by the
fact that infrastructures are more at risks than few
years ago. This higher level of risk is caused by
the worsening of two factors: the exposure and
the hazards. In fact, infrastructure networks are
getting much denser and are diffusing into more
hazardous areas. There is strong evidence, as
well that also extreme weather conditions are
getting more frequent and severe.
As a consequence the risk management has
assumed a relevant role in the design, the
construction and the operation phases of
infrastructures, tunnels included. Many studies
and recommendation have been proposed for the
analysis and risk assessment (ITA 2004, AFTES
2012). But if we consider other exceptional
hazards, like the seismic one, we realize that the
theme of extreme weather events is undeveloped
from both the knowledge of the phenomena and
the regulation aspects.
This paper explore a possible approach for
accounting a comprehensive set of issues,
including the weather-related ones, while
selecting a design solution. A case study where

this problem has been addressed and influenced
the final solution is presented.
2 EXTREME WEATHER-RELATED
HAZARDS AND TUNNELS
With extreme weather conditions are intended
weather events characterized by intensities that
are historically seen very rarely (NCHRP, 2016).
Examples are heat and cold waves, heavy
precipitations, storm surges, strong winds and
cyclones. The hazard of extreme weather events
is typically being estimated with historical
frequency data assumed to reflect future
probabilities. These estimates may not be reliable
if they don’t take into account the changing
climate effects (Repetto & Easton, 2010) or if
they are based on scarce data sets ― a typical
issue of infrastructures to be built in not
anthropized regions.
Considering their intensity and the incertitude
about that, it is straightforward to associate with
these events a severe level of risk for every work
of art with a considerable expected lifetime. By
analyzing the different components of an
infrastructure, it results that they are differently
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affected by extreme weather conditions.
Earthworks, for example, are susceptible of
failure under changing climate and hydrologic
regimes (ITF, 2016).
Tunnels and other underground structures are
instead scarcely affected by weather conditions.
However, certain weather-related hazards and
particularly flooding may render the tunnel
temporarily unavailable or damage the structures
and the tunnel’s equipment (Bobylev, 2009).

3.1.2 Suitable integration (STB)
A responsible infrastructure design should
carefully consider the relationship with the
surrounding environment, including landscape,
anthropic components, flora, fauna and local
communities. Furthermore it should promote
advantages coming from the effective integration
between all involved technical specialties,
fostering a holistic and innovative approach.
3.1.3 Source control (SCC)
Sustainable resource management is an
essential requirement when the environmental
resource base needs to be sustained and
explained. In order to meet this purpose, the
guideline focuses on the importance of
responsible use of priceless natural resources,
promoting potable water, preservation, low
energy consumption, waste reduction and
intelligent selection of materials.

3 NEED FOR A RESPONSIBLE DESIGN:
SSS.INFRA APPROACH
For every design stage, the performance of the
infrastructure towards the mentioned weatherrelated risks must be considered along with the
other aspects that contributes to the definition of
the overall sustainability of the final work and of
the related processes.
In a context were design strategies are gaining
in importance, and with the aim of raising the
quality and standards of present and future
infrastructure, the SSS.infra design guide (SWS
Engineering spa, 2016), represents an innovative
approach among the pre-existent assessment
tools and rational engineering guidelines. The
SSS.infra design approach has been conceived as
a scientific tool that can be used for a reliable
estimation of infrastructure performance. A brief
dissertation of its highlights is presented for
giving an essential background.
3.1 Sustainability parameters
SSS.infra has been developed on the basis of
three sustainability parameters which can be seen
as the macro objectives of the design guidelines:
Safe performance, Suitable integration and
Source control. Each of these parameters is
factored in key performance indicators called
credits (Figure 1). A brief description of its main
features is given.

Figure 1.Schematic representative of SSS.infra design
parameters and credits.

3.2 Assessment methodology
A framework of rules is defined for rating the
different design options, evaluating pros and
cons of various project alternatives. The different
possible infrastructure layout are referred to as
“design scenario”. Every reasonable scenario
identified during the design phase should be
analyzed according to the following flowchart.

3.1.1 Safe performance (SFT)
A modern infrastructure should be able to
generate a safe environment for users,
workmanship and locals, during service
conditions and in case of extreme scenario.
Both natural and anthropic hazards should be
taken into account.

3.2.1 Step 01: Pre-assessment
The first step required for the implementation
of the guideline is to clearly define a specific set
of boundary conditions, which can be mainly
useful to build a reliable set of knowledge that
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could help in selecting the best option, according
to project peculiarity.

3.2.4 Step 04: Selection of the best alternative
Finally, it is possible to assemble the
calculated score with the aim of providing a
condensed evaluation of every design scenario.
The best alternative is chosen considering the
best average performance and its homogeneity in
regards of the three sustainability parameters.

3.2.2 Step 02: Implementation of the value tree
The second step concerns the analysis of the
project according to the reference Value Tree
specifically defined by the SSS.infra guideline.
This tree is susceptible of minor changes
according to Client’s requirements.
The objective of the analysis is the definition
of a qualitative/quantitative performance score,
for each credit of the value tree. This operation
should be repeated for every design scenario
selected in the pre-assessment phase.

3.3 About extreme weather condition
SSS.infra framework responds to the need of
considering weather-related risks.
The resulting sustainability evaluation of the
infrastructure, besides the topic of structural and
geotechnical resistance, takes also into account
its resilience in relation to extreme events and
climate change induced phenomena.

3.2.3 Step 03: Scoring phase
The scoring phase follows a rigorous
methodology with the purpose of providing a
reliable and scientific approach for this task.
More in detail, the following points (Figure 2)
should be considered for each selected design
scenario: (i) collection of performance scores and
generation of dimensional input matrix; (ii)
normalization of the dimensional matrix; (iii)
highlighting the importance of every
performance indicators through the matrix of
weights; (iv) generation of summary charts to
illustrate the performance of the system.

4 CASE STUDY: T3 RAILWAY TUNNEL IN
DJELFA, ALGERIA
The presented case study provide an example of
extreme weather risks and give proof of how they
can be assessed and mitigated by means of a
multi-criteria analysis. The object of the
discussion is the executive solution for a section
of the new Boughezzoul - Djelfa railway line, in
Algeria.
4.1 Project background information
4.1.1 Algeria’s railway policy
The new railway alignment that links the cities
of Boughezzoul and Djelfa is designed in a northsouth direction in the north-central Algeria. It
crosses the wilaya of Médéa and the wilaya of
Djelfa.
This project belongs to the plan of
improvement of transport within the country’s
vast, and often challenging, geography. In the
last decade, authorities have invested for the
upgrading and expanding of Algeria’s railway
system. This train line represents a connection
between the two important projects of the High
Plateau line, a new railway spanning Algeria
from east to west, and the Southern loop line,
which reaches the most important towns of the
Norther Sahara region (Figure 3). In addition to
this, the train line will serve the town of
Boughezzoul, one of the new cities that
authorities are building to encourage settlement
in the central regions (Oxford Business Group,
2013).

Figure 2.Flow chart of SSS.infra methodology
implementation.
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in the southern part of the track, close to the city
of Djelfa.
This section presents a geomorphology
characterized by the parallel ridges of the PreSaharan Atlas mountain range. The terrain
elevation varies from 3,9 m to 28,6 m above the
rail level.
From the hydrological point of view, a limited
area within km 234+175 and km 234+300 is of
particular interest. In fact it is signaled a possible
interference with the meander of a wadi and with
a nearby barrage. In addition to this, it is
necessary to cross a water gap, which generates a
zone of depression with formation of badlands
(Figure 4).
The geology is characterized by sandstone and
limestone formation with alternation of
marlstone sub-vertical layers. The zones of
depression present a cortical layer of red
carbonate clays about 2÷4 m thick (Figure 5).
Figure 3.Map of existing and planned railway networks in
the north-central Algeria. The new Boughezzoul - Djelfa
railway line is marked in red.

4.1.2 Stakeholders
The railway line is a 140 km long single track,
suitable for maximum speeds of 220 km/h and
being undertaken by the Algerian company
COSIDER TP in whom ANESRIF, the National
agency for the planning and implementation of
railway investments, entrusted the construction.
In May 2013, a Portuguese consortium was
awarded the contract for the development of the
final design.

Figure 4.Satellite photo of the critical section, dated May
2012 (Google Earth). The green line shows the projection
of the rail line on the natural terrain. The light blue
surface represents the streambed of the wadi and the small
intake generated by the barrage. The dark red surfaces
shows the extension of the badlands.

4.1.3 Geomorphological and hydrogeological
features
From a geographical point of view, the
railway runs in the transition zone between the
dry, steppe-like High Plateaus of the north, with
their intermittent stream lakes, and the Sahara in
the south.
The track crosses mountains, hills and the
water gaps created by ephemeral streams, called
wadi. In the preliminary design, different
solutions were proposed with reference to the
relative elevation of the project alignment and of
the natural terrain. In particular, the predicted
excavation works consisted in two natural
tunnels (T1 and T2) and in a long sequence of
trenches.
During the executive design stage, the
construction company pointed out a critical
situation between km 234+075 and km 234+825,

Figure 5.Badland area and red carbonate clays crossed by
the train line.
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4.1.4 Revision of the project
Due to the complex hydrogeological and
geomorphologic situation described, the
involved stakeholders decided to call into
question the preliminary concept design, which
consists in the realization of a unique deep
trench.
SWS Engineering was awarded the revision of
the preliminary project of the identified critical
section, by proposing the excavation of a unique
natural tunnel in spite of the predicted trench,
without changing the railway alignment.
The following sub-section describes the
process of risk assessment and the
implementation of mitigation measures, which
led to the adoption of a different technical
solution.

Figure 6.Design stage definition according to RIBA 2013
and adopted by SSS.infra.

For the project in question, all the three design
stages are to consider. In fact, even if the tender
is technically design oriented, the possibility of
proposing variants to the concept design is still
open. Therefore, evaluating one by one all the
performance credits, it is possible to list a series
of criticalities that negatively affect the overall
judgment of the base solution. The most relevant
observations are presented below.
(1) Geotechnical and hydraulic safety. The
extreme climate condition and the low density of
population and anthropization of the area, result
in scarce hydrologic data and possible statistical
interpretation. Anyway, an accurate analysis of
the site allowed estimating the maximum
expected water level (Figure 7).

4.2 Risk assessment and mitigation measures
As stated before, it as a good practice to
consider and compare all the different aspects
that contribute to the overall sustainability of an
infrastructure. The SSS.infra approach has been
followed for the risk analysis of the actual
solution and for the definition of mitigation
measures, where necessaries.
The first step consists in the reconstruction of
the preliminary design scenario and in its
sustainability assessment. Afterwards, the
critical key performance indicators are identified
and possible technical solutions, based on the
company expertise and best practices, are
proposed. At last, form the assessment of the
proposed alternative solutions, it is possible to
rationally select the best option and to prove its
sustainability and effectiveness.

Max. water uprising level (estimated)

4.2.1 Assessment with SSS.infra
The correct implementation of SSS.infra
requires a good understanding of the most
important project background information.
Examples of basic necessary information are
technical standards, local codes, infrastructure
type, project peculiarity, Client’s requirements.
Before the data collection phase, the first topic
to investigate is the definition of the design stage.
SSS.infra framework refers to the conventional
definitions stated in the RIBA Plan of Works
2013 (Figure 6).
In relation to the current stage, certain
indicators should be accounted, while the
performance of others is taken for granted or
postponed to the following design stage.

Figure 7.Maximum water level in the proximity of the
wadi meander estimated by observation of sub-rounded
limestone cobbles, deposited after flooding events
(courtesy of COSIDER TP).
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The conclusion is that after heavy rainfall, the
water level can rise up to 7 m with impetuous
flow. Considering this extreme condition, the
risk of flooding of the trench and of erosion of
the slopes is remarkably high and can ingenerate
failures of slopes and structures.
(2) Preservation of land. A long, large trench
represent a hostile impediment for every activity
that takes place on the surrounding surface, such
as herding and agriculture. Furthermore, it risks
to modify groundwater flow and to interrupt
wildlife corridors.
(3) Waste management. A big excavation
implies a big volume of waste material.
Considering the prevalent underground pattern of
the alignment, great part of this material will not
be reuse within this project. A specific area needs
to be occupied for the storage of this waste.
(4) Resilience. In case of flooding, part of the
rail line will lose its functionality and will suffer
damages, which can take a long time to repair.
Because of the relevance of this infrastructure for
the region, it is important to maintain it
operational even in case of extreme events.
For completing the assessment of the base
solution, it is necessary to weight each of these
performance values, because of their different
impact on the final rating. The preservation of
land and source management are for this
particular situation less relevant than other
indicators. In fact, the presence of vastly
inhabited area may lead to the acceptability of a
localized cut in the territory and of the
occupation of virgin lands. Conversely, the
deficiencies in safety and reliability, due to the
proximity of the wadi, are unacceptable.
The base solution results to have an
insufficient degree of overall sustainability,
because of the several issues that can occur
during and after an extreme weather condition.

Three alternative solutions, regarding the
excavation technique, are proposed (Table 1).
Their performances are evaluated according to
SSS.infra recommendation (Table2). After
weighting and combination of single credits, it is
possible to obtain the final overall performance
of each solution (Figure 8).
Table 1.Description of the design scenarios.
DS0
DS1
DS2

DS3

Design scenario description
Base solution. Construction of a unique deep
trench, in continuity with the former section.
Alternative n°1. Excavation of three short
shallow tunnels, where the overburden allows
it, and of trenches in the depression zones.
Alternative n°2. Excavation of three short
shallow tunnels, where the overburden allows
it, and construction of artificial tunnels in the
depression zones.
Alternative n°3. Conventional excavation of a
unique shallow tunnel, adopting the prosthesis
technique in the depression zones.

Table 2.Value Tree and sustainability assessment.
Sustainability Credit
DS0
SFT
Safety for construction
Safety for operation
Structural safety
Geotechnical safety
User perceived safety
STB
Int. with anthropic env.
Int. with natural env.
Int. with landscape
Int. with local commun.
Int. of tech. specialties
SCC
Water management
Waste control
Effective material sel.
Resilient infrastructure
― Acceptable
― To be treated

4.2.2 Alternatives and solution selection
By proposing an alternative solution, it is
possible to mitigate the risks and to improve the
weak points of the preliminary design.
Considering the advancement level of the
overall infrastructure works, it is allowed to
modify only the mentioned section, from km
234+075 to km 234+825. This implies that not
everything can be object of a variant. The
alignment for example, cannot be change
significantly, since the track we are considering
is only 850 m long, the ending points are
constrained and railways standards and
restriction must be fulfilled.

DS1

DS2

DS3

― To evaluate
― Unacceptable

Figure 8.Solutions performances representation.
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The results of this multi-criteria analysis show
that the base solution and the alternative solution
n°1 are unacceptable, most of all because of their
shortcomings in term of security. Conversely, the
alternatives n°2 and n°3 result well performing
for all the three parameters considered. The
alternative n°3 gets the higher absolute score.
To double check the narrow victory of the
solution n°3 on the solution n°2, a cost-benefit
analysis, exclusively oriented to the construction
stage, is performed. After this further evaluation,
it is finally decided to choose the alternative
solution n°3 that is the excavation of a unique
tunnel by using the prosthesis technique. This
solution in fact, does not require the construction
of tunnel portals, with a gain in costs and time.
On the contrary, it presents some risk related to
the acceptance of an innovative and uncommon
solution by the enterprise and the Client. This
risk was mitigated, by providing to the
stakeholders a clear and detailed presentation of
the design solution proposed.

The construction of the embankment must
follow precise phases. After the removal of the
superficial layer of soil, the aggregates and the
cement are mixed on site, with a controlled
quantity of water. This composite is laid and
compacted in layers of a maximum thickness of
40 cm. The compaction should be done no later
than 6 hours after the mixing and hydration. At
the contour of the future tunnel, a shell of 10 cm
of reinforced shotcrete is provided.
The required performance for the compacted
composite material is a minimum resistance
value for different curing times (Table 4). The
necessary quantity of cement is determined by
laboratory tests on specimens with a different
mix design. The expected concrete quantity is
4÷7 % of the dry soil weight. The recommended
type of cement to adopt is Portland CEM I 32,5.
The stability of the proposed solution is
verified by a numerical analysis (Figure 9).
Table 4. Composite material minimum performance.
Curing
3 days
7 days
28 day

4.3 Design solution to address the extreme
weather hazard

UCS (MPa)
0,45
0,65
1,50

The solution chosen to address the flooding
and erosion risks in the wadi’s meander area
consist in: (i) the construction of a stabilizedwith-cement embankment; (ii) the conventional
tunnel excavation under the prosthesis; (iii) the
reinforcement of the stream bank.
4.3.1 Construction of the embankment
An embankment is realized across the zones
of depression and where the overburden is
insufficient for the generation of the ground-arch
effect, that consist in the ground overstrain
transfer around the opening. To artificially create
this effect, it is prescribed a backfilling with a
minimum thickness of 3,5 m above the hedge of
the tunnel and with a reasonable consistence. For
this purpose, the soil is accurately selected (Table
3) and mixed with cement.
Table 3.Prescription for the soil to employ in the backfill.
Soil characteristics
Material classification (AFNOR)
R 3, R 4, R 6
Soil texture
Dmax
10 cm
Cobbles > 70 mm
< 30 % (volume)
Passing 50 mm
> 0 % (volume)
Passing 0,080 mm
< 50 % (mass)
Chemical composition
Organic substances
< 2%
Sulfates
< 1%

Figure 9.SSR analysis. From the top to the bottom: (1)
short term condition; (2) long term condition in case of
the wadi flood; (3) long term seismic condition.
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4.3.2 Tunnel excavation under the prosthesis
After the conclusion of the embankment
works, it is possible to proceed with the tunnel
excavation under the prosthesis. The tunnel is
realized with half face advancement.
The little overburden and the mixed face
condition impose a serious consideration of
heading and front failure phenomena. As a
protective measure, forepoling and front support
intervention are implemented. The behavior of
the rock mass in relation to the advancement of
the front, is monitored by two extensometers
installed from the surface and by convergence
measures inside the cavity.
The stability of the primary support and of the
final lining is verified for the static and seismic
condition (Figure 10).

Figure 10.Representation of ULS actions on the final
lining of the prosthesis section.

4.3.3 Protection from the wadi
To limit erosion and keep soil of the
embankment from sloughing into the wadi, the
stream bank is reinforced by a barrier of boulders
and gabions. To reduce the speed of the flow,
which can ingenerate the erosion of the stream
bed and the consequent scouring of the
embankment foot, a series of weirs are placed
along the meander section.
4.4 Construction of the prosthesis
The enterprise COSIDER TP fulfilled the
construction of the prosthesis between summerautumn 2016 (Figure 11). The proposed solution
was regularly implemented by the construction
company and well received by the Client.

Figure 11.From the top to the bottom: (1) stream bank
reinforcement; (2) construction of the stabilized-withcement embankment; (3) reinforced shotcrete shell; (4)
completion of the prosthesis (courtesy of COSIDER TP).
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The main difference between the original
design and the construction stage consists in the
enterprise strategy to adopt a higher performing
cement and to provide a thorough consolidation
of the embankment layers. The intention of this
prosthesis strengthening is to reduce the entity of
the consolidation intervention to be perform
inside the tunnel.
For every layer of the embankment, a
specimen is collected to perform compression
tests. The result is that the mix design, made of
fractured excavation material with the addition of
5% of Portland CEM I 52,5, is able to achieve
UCS values higher than the prescribed ones
(Table 5, Figure 12).

Algeria. The lessons learnt from this case study
are two. The first one is that weather-related
hazards must not be underestimated and can
influence drastically the choice of the design
solution. The second one is that tunnels and
underground solutions in general, represent a
good and resilient way to face a surface
challenges.
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Table 5. Uniaxial compressive strength characteristic
values of specimens collected from the embankment.

Frequency

Curing
3 days
7 days
28 day

UCS mean (MPa)
3,59
4,17
4,86

UCS st.dev. (MPa)
2,12
2,30
2,27
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Figure 12.Uniaxial compressive strength distribution of
specimens collected from the embankment.

In January 2017, the excavation of the tunnel
section under the prosthesis is about to begin.
5 CONCLUSION
In the definition of a design solution, a broad set
of aspects must be considered, including those
whose boundary conditions are not well defined,
like the risk of damaging and malfunctioning
caused by an extreme weather condition. Design
tolls and strategies must be implemented to
evaluate the best possible solution and to ensure
its good performance.
In this paper the SSS.infra design approach has
been presented and applied to a section of the
new Boughezzoul - Djelfa railway line, in
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