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Abstract

The safety and resilience of tunnel constructions against fire accidents are crucial since
they are essential parts of transportation networks. The design of tunnel lining under fire load is
the main topic of this thesis, which concentrates on the final lining composition, design
considerations for precast and cast-in-place concrete lining, and the rehabilitation of fire-
damaged tunnels. This study intends to improve the fire resistance and rehabilitation tactics of
tunnel structures using a literature review, experimental analysis, and numerical simulations and
effective solutions for the issues faced via the French-Italian tunnel project with Pini Company
expertise. The research will help in the creation of improved design and rehabilitation

techniques, ensuring the security and endurance of tunnels under fire load.

The literature study examines the present level of knowledge on tunnel fire loads, tunnel
lining fire resistance, and final lining design. The evaluation establishes the framework for
further studies and indicates areas where developments might be made by pointing out gaps in
existing research. This assessment provides the basis for the available concerns, which will focus

on the conditions and requirements of the French-Italian tunnel project.

Experimental analysis and numerical modeling strategies are used in the methodology.
Fire-resistant materials are tested, and their performance is assessed under controlled
circumstances through extensive experimental procedures. Then, to simulate fire scenarios and
examine the structural behavior of various lining configurations, advanced numerical simulations
are used. The objective of the research is to improve the fire resistance of tunnel linings and

optimize design parameters.
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This thesis includes a section specifically devoted to evaluating the situation of fire-
damaged tunnels, rehabilitation techniques, and investigating remodeling procedures for the fire-
damaged tunnel lining. This is done to recognize the significance of addressing the rehabilitation

of fire-damaged tunnels.

The findings of this case study give useful suggestions and solutions for the construction
and rehabilitation of tunnel linings subject to fire loads within the structure of the French-Italian
tunnel project. The collaboration with Pini Company improves the findings' relevance and

application by addressing specific challenges faced in this project.
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CHAPTER 1: Introduction
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Tunnel constructions act as important transportation routes, enabling the effective
movement of both people and products. However, infrastructure and public safety are seriously
at risk from tunnel fires. Extensive fire prevention measures are required, especially in the
construction of the tunnel lining, due to the extreme heat, quick flame spread, and structural
instability associated with tunnel fires. The design of lining under fire load and the rehabilitation

of fire-damaged tunnels are the two related topics that this thesis focuses on.

Tunnels are essential parts of the infrastructure that allow for effective connectivity as
well as transportation. Yet since they are enclosed, fire safety is a problem. The loss of life, the
destruction of infrastructure, and the disruption of transportation systems are just a few of the
severe effects that can result from fire accidents in tunnels. In order to reduce these dangers and

protect public safety, it is crucial to ensure that tunnel structures are safe and fire resistant.

The design of tunnel lining under fire load is a challenging task that calls for careful
consideration of several variables, including the final lining composition and the choice of
suitable construction techniques. To prevent structural failure and enable safe evacuation, the

lining system ability to defend against fire occurrences is essential.

The tunnel project carried out by the Pini company has unique characteristics, such as
geographic location, environmental circumstances, and operational requirements, which call for
a customized strategy to solve the issues encountered. This case study offers a chance to develop
creative solutions and design approaches that may be used not only for this project but also for

other tunnel projects throughout the world.

In working together with Pini Company, the main goal of this thesis is to increase the fire
resistance and safety of the tunnel lining in the French-Italian tunnel project. The following

research goals are intended to accomplish this:

Analyze the final lining composition while it is being loaded by fire: This goal comprises
researching the characteristics of fire-resistant materials that meet the project needs specifically
and assessing how well they function under fire-like conditions. Finding a final lining

composition that maximizes both durability and fire resistance is the goal.

Design considerations for precast and cast-in-place concrete lining to be addressed: This goal

entails looking at the design specifications as well as constructing techniques for both precast

16
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and cast-in-place concrete lining systems. The objective is to create design principles and
procedures that improve fire resistance while considering the unique needs of the French-Italian

tunnel project.

17
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CHAPTER 2: Literature review
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Fire Load in Tunnels

Infrastructure and public safety are seriously endangered by tunnel fires. Designing efficient fire
protection systems requires an understanding of the fire load, which is the quantity and
characteristics of combustible items inside a tunnel. The available research on fire load in tunnels
is reviewed in this part, along with its sources, determinants, and potential hazards (Shuttleworth

2002).

Vehicles and items transport to infrastructure elements like electrical systems, signage, and
furniture can all be major sources of fire load in tunnels. This section covers the various fire load

sources and how they affect the overall fire danger in tunnels.

The amount and kind of fire load in tunnels are influenced by several factors. These elements
include the volume of traffic, the different types of cars, the occupancy rates, the operating
activities, and maintenance procedures. It is essential to understand how these elements impact

the fire load to appropriately assess the fire risk and develop effective fire protection strategies.

Combustible materials have a huge impact on how quickly and how severely a fire spreads
within tunnels. The assessment of the risks associated with numerous materials that are
frequently found in tunnels, including building supplies, insulation, cables, fuel, and hazardous
compounds, is covered in this subsection. The review looks at their propensity for producing

smoke, heat release rates, and flammability characteristics.

Techniques for fire load modeling and simulation are useful tools for predicting fire behavior in
tunnels. This section examines all the models used to calculate the fire load, including
probabilistic, and empirical methods. The benefits and drawbacks of each approach are
described, along with how it might be used to analyze tunnel fire safety (Mohammed, Ahmed et
al. 2022).

For reducing fire risks and maintaining efficient fire protection, managing the fire load in tunnels
is essential. This section discusses several fire load control techniques, including vehicle

inspection and regulation, flammable material storage regulations, and maintenance procedures.
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The significance of fire load control in the design and operation of tunnel systems is also

included in the review.

Figure 1:Fire incidence in a railway tunnel (Frazer, Barton et al. 2008)

Fire Resistance of a Tunnel Lining

In the event of a fire, the structural integrity of the tunnels is greatly protected by the fire
resistance of the tunnel lining. This section analyzes the literature that has already been written
about the fire resistance of tunnel lining, including the elements that affect fire resistance, how
various lining materials behave in a fire, and the performance evaluation techniques that are used
to assess fire resistance (Yasuda, Ono et al. 2004).

The fire resistance of the tunnel lining is influenced by several elements. The kind of lining
material, thickness, insulation qualities, reinforcement, and the presence of fire safety measures
are a few of these considerations. Designing tunnel linings that can withstand fire occurrences

and offer sufficient protection requires an understanding of these aspects and how they interact.

Various materials are used for tunnel linings, such as concrete, steel, and composite materials.

This subsection examines the behavior of different lining materials under fire conditions,

20
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including their thermal response, structural integrity, and ability to withstand heat transfer and
fire-induced loads. The review explores the advantages and limitations of each material in terms

of fire resistance.

A variety of fire protection techniques can be used to improve the fire resistance of tunnel
linings. These precautions include applying fire-resistant coatings, installing insulation, including
fire barriers and ventilation systems, and adding insulating materials. The effectiveness of these
approaches in enhancing the fire resistance of tunnel linings and avoiding structural failure is

covered in this paragraph (Smith, Pells et al. 2008).

The fire resistance of tunnel linings is greatly influenced by regulatory regulations and norms.
This section looks at regional and global standards that offer advice on designing fire-resistant
tunnel linings, including the NFPA, ASTM, and Eurocodes. The evaluation emphasizes the major
demands and suggestions made in these standards and how they affect the safety of tunnels

against fire.

Fire Tests

Fires in road tunnels pose critical hazards, posing fatalities and damage to structures.
Transportation is essential for building community connections and resilience, and the United
Nations' 2030 Agenda emphasizes transportation as a key component of SDG 9. Designing fire
safety with awareness of risks is crucial, and risk-based design is essential. Retracing major
historical tunnel fire events helps understand the importance of punctual fire safety systems in
infrastructure like tunnels. as illustrated in Figure 2. We can look at the worst fires in road
tunnels: the Mont Blanc tunnel (Italy-France) in 1999, which lost 39 lives; the Tauren tunnel

(Austria) in 1999, which lost 12 lives; and the Gotthard tunnel in 2001, which lost 11 lives.
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| | | >
| | |

March 1999 May 1999 October 2001

Mont Blanc Tunnel Tauren Tunnel San Gotthard Tunnel

* Fire Wit_h_OUt collision * Collision Fire * Collision Fire

v 39 fatahtles. o « 12 fatalities » 11 fatalities

* EUR 290 million in damage .« EUR 17 million in damage + EUR 12 million in damage
to the mfrast‘ructure to infrastracture to infrastracture

* 3000 °C maximum «  Over 1000°C + 1200 °C maximum
temperature temperature

Figure 2:Timeline of three critical fire events in road tunnels.

These are just a few of the famous accidents that prompted the creation of Directive 2004/54/EC
[9] on the minimum safety requirements for tunnels in the trans-European traffic network. This
regulation was created to assure uniformity, safety, and connectivity in Europe’s transportation

infrastructure (TEN-T).

Real-scale fire tests are effective for determining relevant parameters and characterizing fires by
employing real-time sensors that monitor quantities of interest (such as temperature and
visibility) and connect the measurements with space-time coordinates. These tests require
creating a copy of a tunnel segment and sparking controlled fires within it. They assist in the
evaluation of fire resistance in a variety of materials, including tunnel linings, insulation, and
fireproofing systems. The tests also evaluate ventilation systems, sprinkler systems, and
firefighting methods. The ability to model flames in a simulated setting allows the experimental
results to be validated. Once validated, the model can be utilized in the pre-design stage to
predict the evolution of fires in situations other than the experimental ones. However, the range
of variability of typical characteristics such as peak thermal power, wind speed, and tunnel shape
must be defined. Choosing a set of case studies, such as large-scale fire tests, enables the
calibration and validation of simulation models to forecast the interaction between fire

prevention measures with distinct fire breakouts.
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Figure 3:Real scale fire and ventilation tests (Blanchard, Boulet et al. 2012)

Heat Release Rate (HRR) testing: HRR testing determines how quickly heat is emitted during a
fire. Experts can predict fire development potential, duration, and severity by evaluating the
HRR curve. This data is critical for constructing ventilation systems capable of controlling

smoke and heat in tunnels.

Smoke Spread testing: Smoke spread testing assesses smoke behavior within tunnels as well as
the effectiveness of smoke control measures. These tests entail releasing smoke from a precise
site and tracking its movement, visibility, and concentration at various locations throughout the

tunnel.

Evacuation and egress tests evaluate the effectiveness of emergency evacuation procedures as
well as the performance of escape routes within tunnels. Evacuation drills with volunteers are
used in these assessments, as are evacuation periods and the effectiveness of emergency lighting

and signage.
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Spalling tests are a sort of fire test that assesses the resilience of concrete tunnel linings to
spalling at high temperatures. When subjected to severe heat, the surface layers of concrete begin
to crack, chip, or break off, which is generally caused by a buildup of steam pressure within the
concrete.ng as well as signs. A sample of the tunnel lining material, often a concrete panel, is
heated to elevated temperatures using specialist heating equipment during a spalling test. The
temperature is gradually raised to imitate the thermal conditions that can occur during a tunnel
fire. The goal is to examine and evaluate the behavior of the concrete sample under these

conditions, specifically looking for signs of spalling.

A spalling test examines a variety of factors, including the formation and advancement of cracks
on the concrete surface. This includes determining the crack size, depth, and extent. Also, this
test determines the extent to which the concrete has spalled. This determines the concrete
resistance to spalling and its capacity to retain structural integrity during a fire and determines if

and how much delamination happens because of heating.

Figure 4:spalling of concrete lining in a tunnel (Tsuno, Kishida et al. 2020)
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Composition of the final layer of a tunnel lining
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Figure 5:Composition of the final layer of a tunnel lining (Alexandris, Abarioti et al. 2017)

Depending on the project needs, engineering limitations, and regional norms, the final layer of a
tunnel lining can be built using a variety of methods and materials. A tunnel final layer may be

made up of the following common elements:
. Concrete

In the construction of tunnels, concrete is a common material. Depending on the needs of the
project, it may be cast in situ or precast. To increase strength and durability, steel bars or fibers
are often added to the concrete mix, which is created to suit the tunnel strength and durability

standards (L1, Zhou et al. 2021).

1. Precast Concrete Segments: Precast concrete segments are used as the main part of the
final lining in several tunnel projects. The construction of these segments occurs off-site, and
they are subsequently transported for installation to the tunnel site. Usually, they are designed to
fit together perfectly to make a continuous lining. Segments composed of precast concrete

support the structure and are frequently strengthened with steel bars or fibers.

2. Cast-in-Place Concrete: Another technique used to build the final liner is cast-in-place
concrete. In this method, the concrete is poured into the tunnel walls and then allowed to cure
there. It enables more control over the concrete quality and placement and allows greater

flexibility in forming the liner to fit the tunnel shape (Li, Zhou et al. 2021).
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3. Shotcrete: Sprayed concrete, commonly referred as shotcrete, is a common technique to
construct the final layer of a tunnel lining. It involves rapidly spraying cement, aggregate, and
water in the tunnel walls. Shotcrete allows quick and easy application, great bonding, and the

flexibility to form the lining to fit the geometry of the tunnel.

4. Waterproofing Membrane: To stop water from entering the tunnel, a waterproofing
membrane is often used as a separate layer within the final lining. Bituminous materials, PVC, or
other specialist waterproofing techniques can be used to create the membrane. It serves as a

barrier to ward against moisture and any water damage to the tunnel structure.

5. Reinforcement: To increase the final layer strength and resistance to outside forces,
reinforcement materials like steel bars or fibers may be added. The reinforcement enhances the
performance of the tunnel lining by distributing loads, preventing cracking, and other factors

(Tiberti, Minelli et al. 2014).

6. Finishing Materials: To give the tunnel an appealing appearance, the last layer could also
comprise finishing materials. The visual appeal of the tunnel lining may be improved visually by
the use of architectural treatments, coatings, or decorative components (Tiberti, Minelli et al.

2014).

7. Insulation Layer: The final lining of a tunnel may contain an insulating layer to offer
thermal insulation. Its goal is to control internal temperature changes and reduce heat
transmission between the tunnel and its surroundings. The insulation layer may help in
maintaining a constant temperature inside the tunnel, reducing the effects of variations in outside
temperature, and enhancing energy effectiveness. Foam, mineral wool, and other insulating

materials, among others, may be used as insulation material(Li, Zhou et al. 2021).
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8. Fire Protection Layer: For the safety of tunnel users to be guaranteed, fire protection is
essential. To improve the tunnel fire resistance and safeguard its structural integrity during a fire
incident, a fire protection layer is frequently integrated into the final lining. This layer often
comprises of fire-resistant materials or coatings that lessen the damage brought on by extreme
heat while also assisting in the suppression of fires. The use of fire-resistant concrete mixtures,
fireproof coatings, or the addition of fireproofing additives to the concrete are all examples of

fire protection strategies.

Design of precast concrete segmental lining

Precast concrete segmental lining is designed with several important considerations, such as the
tunnel diameter and shape, the loads and stresses the lining will be subjected to, and the structure
desired lifetime and durability. The actual segments are usually constructed of high-strength
concrete and are intended to interlock with one another to form a continuous ring. To increase
their strength and durability, they could also have steel fibers or reinforcement bars (De la

Fuente, Pujadas et al. 2012).

The segments design must consider the projects unique needs, such as the necessity for
waterproofing or fire resistance. Additionally, the pieces might need to be built to accommodate
elements like electrical cables or ventilation ducts. The design of the tunnel lining system must
consider the design of the segments as well as other elements including the installation process,
the use of grout or other materials to fill gaps between segments, and the requirement for joint

seals to stop water infiltration.

Geometry of segmental lining

The performance and durability of segmental precast concrete lining depend greatly on its
geometry. Typically, the pieces are made to fit together, creating a continuous ring that lines the

tunnel. Depending on the diameter of the tunnel and the project needs, the shape of the segments
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may change (Guglielmetti, Grasso et al. 2008). A set of components, or segments, with

dimensions and forms are used to assemble precast linings inside shielded TBMs to ensure:

1. Creating a liner that is durable and capable of withstanding all expected short- and long-term

loads.
2. Longitudinal consistency in the tunnel alignment.

3. In the TBM rear area, assembly can be done quickly and securely while shield protection is

provided.

The loads and stresses that the lining faces must be considered while designing the segment
shape. This includes any external forces, such as water pressure or seismic activity, as well as the
weight of the rock or soil that lies above. To maintain an exact fit and avoid water intrusion, the
joints between segments must also be meticulously designed. This may require extra detailing to
allow for elements like ventilation ducts or electrical conduits, as well as the usage of gaskets or

other materials to seal the joints (Guglielmetti, Grasso et al. 2008).

To understand how the segment shape is chosen, it is vital to be familiar with the ring structure
in the shield tail. Each ring is put together by an erector inside the TBM tail. The important k-
segment, whose position is always predicted and is situated at the opposite side of the ring that
has the counter k-segment, is frequently built into rings beginning with the first segment and
ending with it. The section, which is the final one to be inserted to complete the ring, is present
in each system. The key segment might be either shorter (small key) or longer (big key) than the
other segments at the centerline. A contractor's preferred segment shape system is typically
determined by their preferred construction process, experience, and reusable segment molds

from previous work. This might determine the segment shape scheme used in the project.
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Figure 6:Assembling process of the ring (Guglielmetti, Grasso et al. 2008).

Figure 7:Geometry of the segments (Guglielmetti, Grasso et al. 2008).
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Figure 8:Rectangular system (Guglielmetti, Grasso et al. 2008)
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Figure 9:Trapezoidal system (Guglielmetti, Grasso et al. 2008)

DRIVE DIRECTION

Key segment Counter key segment

Figure 10:Rhomboidal system (Guglielmetti, Grasso et al. 2008)
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Table 1:Summary of segment systems (Guglielmetti, Grasso et al. 2008, Lorenzo and

Technology 2022)

Segment
System

Details

Advantages

Disadvantages

Rectangular

Rectangular ordinary
segments {majority)
with 2 trapezoidal
counter key segments
& 1 key segment

Simple geometry
especially for joints
Can provide adequate
watertightness if joints
are staggered

Can rub or damage
gaskets on adjacent
segment if circle joint
dowel connectors are
used

Staggered joints cannot
be guaranteed and
cruciform joints are
possible which are prone
to water ingress

Even number of
trapezoidal segments
in a ring with the same
length at centreline
Half the segments are
installed as counter key

Minimised possibility of
cruciform joints

Every alternative
segment can be used as
a key segment

Higher TEBM ram loads
applied to counter key
segments while key
segments are installed to
maintain continuous
penetration rate

Most commaon system

prevent rubbing of
gaskets & facilitates use
of fast connecting
dowels at circle joints

Trapezoidal segments at every Difficult to place several
other location key segments between
Other half installed as counter key segments
key segments to fill
gaps in between to
complete the ring
Parallelogram ordinary Minimised possibility of More complex
segments {majority) cruciform joints geometry, especially for
with 1 trapezoidal Allows for continuous joints
counter key segment & ring erection Ring is structurally stiffer
Rhombaoidal 1 key segment Angled segment joints than other systems

which attracts more load

Lining Thickness

The diameter of the tunnel and the design requirements can affect the precast concrete segmental
lining thickness. In general, thicker segments are employed in tunnels with a wider diameter or
where higher weights or stresses are anticipated. The cost of transportation and installation may
be impacted by the weight of the lining and the thickness of the segments. Although thinner
segments could be more cost-effective, they might need to be handled more carefully during

installation to avoid damage. The overall thickness of the lining must be taken into account in
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addition to the thickness of the individual parts. This includes any extra coatings or layers that
could be necessary for waterproofing or other purposes (Lorenzo and Technology 2022).

The following factors shortly determine the thickness of the segmental lining:

* Minimum thickness required by the client in accordance with project specifications.
* Design loads for production, handling, shipping, constructing, and in-service.

* Enough space for sealing grooves and gaskets.

* At segment junctions, a structural bearing surface is necessary to withstand TBM ram loads as

well as external design loads.

« sufficient space to install the steel reinforcement bars, segment fittings (bolts, dowels),

recesses, and necessary concrete cover for the reinforcement.
* A durable protective layer, if necessary.

* Tolerances used in manufacturing and construction.

Ring Systems

The precast concrete segmental lining is frequently constructed using Ring techniques. This
involves dividing the tunnel diameter into several rings or segments, each made up of numerous
separate precast concrete segments. Usually, the segments are built with interlocking components
that make it simple to join and attach them using specialized machinery. After being finished, the
ring is advanced into the tunnel using hydraulic jacks or other mechanical tools. There are
several segmental lining ring methods available. The chosen technology must be able to produce

the needed curves and slopes for the alignment of the tunnel (Bilotta 2017).
The following is a list of typical ring systems:
* Parallel ring:

o A parallel ring is one that has both of its circumferential faces perpendicular to the tunnel axis

and parallel end faces.

o Incompatible with curved alignments.
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o Packing between rings is necessary to restore line and grade.
o Due to packing reducing gasket compression, joints may not be adequately sealed.

* Left / right tapered ring:

o tapered rings with one circumferential face parallel to the tunnel axis and the other inclined to

the tunnel axis.

o A straight drive is produced by a series of alternating left- and right-tapered rings.
0 A curve is produced by a series of continuously left- or right-tapered circles.

o Has effective sealing abilities.

o Needs different kinds of formwork.

* Universal ring:
o the most often used system.
o the ring circumferential faces are inclined toward the tunnel axis on both sides.
The rotation of the ring can be used to rectify any curves and directions.

o There is only one kind of formwork needed.

Straight

s
k.

(2]
o
\

Figure 11:parallel ring system (Guglielmetti, Grasso et al. 2008)
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Figure 12 Left / Right tapered ring system (Guglielmetti, Grasso et al. 2008)
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Figure 13:Universal ring system (Guglielmetti, Grasso et al. 2008)

The required ring taper (K) is calculated using the following formula (Guglielmetti, Grasso et al.

2008):

Where:

K = ¢Ab / 0.8R

®A = Lining external diameter.
b = Average ring length at centerline.

R = Tunnel alignment minimum radius of curvature along tunnel centerline.
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Lining Segmentation

The number of segments per ring must be established before considering the lining arrangement
or segmentation. A ring with fewer segments has faster erection times and fewer connectors,

joints, gaskets, and increased waterproofing (Wittke, Erichsen et al. 2007).

However, fewer segments mean larger segments, which are more difficult to move and handle

and need more reinforcing to withstand erection and handling loads.

The goal is to have the longest ring possible so that fewer shove cycles and rings need to be
constructed. However, the ring length is constrained by the TBM tailskin and ram design. The
TBM length increases by two units for every unit that the ring length increases. Additionally, for
the ring to be constructed, a large key needs enough space ahead of it (inside the tailskin). The

draw needed for the rams is often higher the larger the key (Wittke, Erichsen et al. 2007).

Segmentation is guided by the contractor preferences and needs that correspond to the available
TBM, such as the space in the TBM backup system that is available to turn and erect the

segments and the highest segment weight that the erector can support.

Based on prior local and global project experience, the following tables offer recommendations

for the number of segments per ring and ring lengths.

Table 2:Guidance for number segments per ring (Guglielmetti, Grasso et al. 2008)

Tunnel Internal Diameter (m) Number of Segments Per Ring
< 3.5 5
3I5—-h A
6—8 6—7
8-11 -]
11-14 9
=14 10
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Table 3:Guidance for segment ring lengths (Guglielmetti, Grasso et al. 2008)

Tunnel Internal Diameter (m) Ring Length Range (m]
< 3.5 06-1
35-6 1-1.7
E—11 1.7-2
11-14 2-22
> 14 2.4

Table 4:Guidance for segment reinforcement type (Guglielmetti, Grasso et al. 2008)

Slenderness .
(Segment Arc Length / Thickness) Sl L
=10 Fibre
=10 Steel bar

Design of concrete cast in place

To guarantee structural integrity and long-term durability, various aspects must be considered
when designing a cast-in-place concrete final lining for tunneling. Key elements of the design

process include:
Structural Requirements

The plan must comply with the structural specifications for supporting the ground and any
projected loads. By considering variables like tunnel diameter, overburden pressure, and ground
conditions, it is possible to determine the necessary thickness, reinforcement details, and

concrete strength.

The structural specifications for cast-in-place concrete in the final lining of tunneling play a
crucial role in guaranteeing the overall stability and integrity of the structure. To ensure that the
concrete lining can successfully endure the loads and circumstances it will experience, these

specifications necessitate the careful evaluation of several different aspects.

First, the design should consider the concrete ability to withstand the weight of the rock or soil
that lays on top as well as any traffic loads or other imposed loads. The lining is made to

withstand factors including ground movements, hydrostatic pressure, and potential seismic
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events. Structural stability is another important factor. To deal with this, the concrete needs to
have enough tensile strength, and reinforcement should be strategically positioned to withstand
these stresses and prevent failure or cracking. Another crucial factor is flexibility; the lining must
be able to accept deformations caused by temperature changes, earth expansion, or settlement

without losing its structural integrity (Yamany, Elwakil et al. 2020).

The concrete mix design should include appropriate additives or admixtures to increase the
concrete resistance to corrosion, freeze-thaw cycles, and abrasion. It may also be necessary to
have fire resistance, in which case further fireproofing procedures or fire-resistant components
must be used. Additionally, the tunnel service life should be taken into mind, with the design

considering future maintenance and repair needs.

To guarantee that the design meets the necessary safety and performance criteria, compliance
with appropriate codes and standards is crucial. Engineers can create a cast-in-place concrete
final lining that offers the required strength, durability, and safety for tunneling applications by

considering these structural parameters.
Material Selection

When selecting the materials for the concrete mix design, several considerations must be
considered. First, the concrete needs to be strong enough to resist the weights and forces it will
encounter in the tunnel environment. Based on variables including the diameter of the tunnel,
estimated loads, and ground conditions, the strength requirements are established. Workability is
also crucial since concrete must be able to be compacted and placed with the proper consistency

and flow. This guarantees effective construction and proper concrete consolidation.

Durability is important, and admixtures or additives can be added to the mixture to increase
resistance to abrasion, chemical problems, and freeze-thaw cycles. Choosing the right
reinforcement materials is equally crucial. Reinforcing bars or fibers can be added to materials to
improve tensile strength and reduce cracking. Based on the needs of the design, the type, size,
and spacing of reinforcement should be carefully chosen. When choosing materials, it's crucial to
adhere to appropriate laws and standards to make sure the concrete will fulfill the requirements
for strength, durability, and performance. Engineers can create a cast-in-place concrete final

lining that demonstrates the necessary strength, durability, and long-term performance in the
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difficult tunneling environment by taking these criteria into account and using the proper

materials (Austin, Robins et al. 1995).
Formwork Design

To achieve precise shape and measurements, the formwork system should be constructed to
withstand the weight of the concrete during placement. Additionally, it must permit adequate
consolidation and simple removal after curing. The choice of material, formwork joints, and tie-
hole positions are all things to consider. In the final lining of tunneling, the design of the
formwork for cast-in-place concrete is a critical factor that affects the effectiveness and quality
of construction. To support and shape freshly poured concrete while it settles and becomes
sufficiently strong, temporary supports or molds are referred to as formwork. Several important

factors need to be considered when developing the formwork.

The formwork design should precisely reflect the finished lining desired shape and dimensions.
To account for any differences in cross-sections or curvature along the alignment, it should
closely follow the tunnel profile. Careful planning and arrangement are important to guarantee

that the formwork complies with the design objective and meets the necessary tolerances.

Another important consideration is structural integrity. The new concrete weight as well as any
additional loads that may be placed on the formwork during construction must be supported by
the formwork. It must be built to resist deformation or failure under the pressures that the fluid
concrete imposes. In order to maintain stability and prevent any unwanted movement or
displacement throughout the pouring and curing process, sufficient bracing, reinforcing, and
correct anchorage are required. Practicality and efficiency must be considered when designing
the formwork. It should make it simple to assemble, disassemble, and reuse formwork
components, maximizing the process of construction and requiring the least amount of labor and
time. The construction procedure can run more smoothly with the help of well-planned access

points, formwork connections, and release agents.

It is essential to use materials for formwork that are compatible with the concrete mix and
are moisture resistant. The materials used should be able to create a concrete surface that is
homogeneous and smooth with few surface flaws. To reduce waste and costs, they should also be

simple to maintain and clean for reuse. The design of formwork must prioritize safety. When
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assembling formwork, pouring concrete, and removing formwork, appropriate safety precautions
should be taken. A safe working environment requires appropriate fall protection, solid
anchorage, and clear usage instructions for formwork. Engineers can produce precise and
effective cast-in-place concrete final linings in tunneling projects by focusing on these features in

the formwork design (Austin, Robins et al. 1995).
Reinforcement

To provide the necessary structural performance and durability of the concrete lining, numerous
significant details should be considered while designing the reinforcing for cast-in-place concrete

in the tunnelling final line.

The reinforcing design needs to consider the tunnel unique structural requirements as well as any
loading patterns. To choose the best reinforcement configuration, consider elements such

as projected loads from the surrounding earth, traffic, and water pressure. To resist bending,
shear, and axial stresses, the necessary reinforcing area, spacing, and placement must be

calculated (Tiberti 2014).

An additional important factor is the selection of reinforcement materials. Steel fibers, steel bars,
or a mix of both are often utilized as reinforcing types. The decision is made in accordance with
the project parameters, exposure conditions, and estimated service life. When the tunnel is
exposed to opposing conditions, moisture, chemicals, or stainless-steel reinforcement, corrosion
protection methods like epoxy coating or stainless-steel reinforcement may be required (Tiberti

2014).

To ensure efficient load transmission and reduce the possibility of cracking or structural failure,
proper reinforcing detailing is crucial. This includes resolving potential stress concentrations at
locations of discontinuity or changes in section, guaranteeing suitable anchorage, and providing

adequate lap lengths at the connections of reinforcing bars.

In some instances, extra reinforcement materials like stirrups, tie bars, or dowel bars may be
needed to improve the final lining structural integrity. These components offer structural
continuity between various sections of the concrete lining and contribute to load distribution,

crack control, and crack prevention.
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Constructability must be considered while designing a reinforcement system. To guarantee
effective and secure installation, access for reinforcement placement, spacing restrictions, and

coordination with other construction operations should all be considered.

Inspection and testing processes should be devised to confirm the proper positioning, alignment,
and integrity of the reinforcement to satisfy regulatory standards and guarantee quality control.
To evaluate the state and integrity of the reinforcement after construction, non-destructive testing
techniques can be used, such as ground penetrating radar or cover meter surveys. Engineers may
guarantee the structural robustness, lifespan, and long-term performance of cast-in-place
concrete final linings in tunneling projects by paying close attention to these details in the

reinforcing design (Tiberti 2014).
Construction Joints

To produce cast-in-place concrete for the final lining of tunneling projects, construction joints are
crucial components. These joints are purposefully designed and positioned to enable the
controlled termination of concrete pouring at various stages of construction. When dealing with
construction joints in the finished lining, a number of crucial factors need to be taken into
account. Based on the structural design, construction methodology, and tunnel dimensions, the
placement and spacing of construction joints are chosen. Joints are carefully monitored to make
sure they don't affect the structure overall strength or integrity. The accommodation of predicted
motions, such as expansion and contraction, is made possible by enough spacing without

affecting structural integrity (Kuesel, King et al. 2012).

For construction joints to be successfully created, joint surfaces must be properly prepared. It is
essential to thoroughly clean the surfaces to get rid of any impurities or loose particles that can
influence the bond between the new and old concrete. To improve the adhesion between the
concrete sections, additional surface roughening or the application of bonding chemicals may be

required.

To keep the joints of the structure functional and durable, it's crucial to choose appropriate
jointing materials. Concrete sections are frequently filled with joint fillers, such as prefabricated

joint materials or compressible foam strips, to allow for movement. The application of sealants
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or waterproofing compounds also serves to guard the joints against moisture intrusion and

subsequent damage.

For the construction joints to remain intact, precise execution is needed when placing concrete.
To ensure perfect alignment and continuity between adjacent pours, new concrete is laid and
compacted up to the junction position. A special focus is placed on preventing any voids or gaps
that may affect the joint performance. Concrete can be consolidated, and air pockets removed by

vibrating it.

The integrity of construction joints is critically dependent on quality control and inspection.
Monitoring the construction of the joint on a regular basis makes it easier to see any problems or
flaws that can affect its functionality. To evaluate the quality and conformity of the joints to
design specifications, non-destructive testing techniques including visual examination may be

used(Kuesel, King et al. 2012).

Engineers can guarantee the successful construction of cast-in-place concrete final linings in
tunneling projects by focusing on these particulars and using appropriate construction joint
practices. The general structural integrity and long-term performance of the completed lining are
influenced by the careful consideration of construction joint placement, surface preparation,

jointing materials, and quality control techniques.
Waterproofing and Drainage

Depending on the environmental conditions in the tunnel, suitable waterproofing measures may
be required to stop water intrusion. Any stored water or seepage should be removed via drainage
systems. These precautions are taken to stop water intrusion, regulate groundwater, and maintain
long-term durability of the tunnel structure. When dealing with waterproofing and drainage in

the finished lining, several crucial factors need to be taken into account.

The installation of efficient waterproofing solutions creates a barrier that stops water from
penetrating the concrete liner. Depending on the needs of the project and the site conditions,
several waterproofing materials, such as membranes, coatings, or admixtures, might be used.
Depending on elements such the water table level, predicted water pressure, and probable

exposure to chemicals or moisture, the right waterproofing technology must be chosen.
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An effective drainage system is included in addition to the waterproofing system to control any
water that might collect inside the tunnel structure. To collect and divert water away from the
tunnel, this includes the installation of drainpipes, weep holes, or other drainage components. To
promote the flow of water towards drainage points and prevent water buildup inside the

structure, proper grading and slope design are important (Kuesel, King et al. 2012).

During the design and construction phases, careful planning and coordination are required. To
prevent any potential water routes, the waterproofing components should be properly
overlapping, sealing, and detailing with the concrete structure. Drainage and water

channel components should be positioned appropriately to capture water.

The drainage and waterproofing systems must undergo routine inspections and maintenance to
remain operational. Regular inspections make it easier to spot any deterioration, damage, or
obstructions that can impair their operation. Drainage system components should be replaced or

cleaned on schedule to keep them working as intended.

Quality Control and Testing

To ensure adherence to design standards, quality control measures should be used throughout the
construction process. To confirm the cast-in-place concrete quality, tests on its compressive
strength, slump, and air content are carried out. The process of quality control starts with the
careful selection and testing of raw materials. To make sure they fulfill the requirements and
have the required qualities, aggregates, cement, water, and admixtures are put through a thorough
inspection process. These materials undergo routine quality inspections to guarantee their

uniformity, toughness, and chemical compatibility.

Strict quality control procedures are used to monitor and manage the qualities of the concrete
during mixing and placing. Its consistency, workability, and air content must all be evaluated to
make sure they meet the required standards. To attain ideal density and get rid of voids or
segregation, adequate compaction and consolidation processes are used. Several destructive and
non-destructive testing techniques are used to assess the qualities of the hardened concrete.
Among the frequently employed methods are core sampling, rebound hammer tests, and

compressive strength tests. These tests give engineers important information about the concrete
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strength, resilience, and general quality, enabling them to decide whether it will be suitable for

the final lining (Shuttleworth 2002).

Surface inspections are carried out to find any imperfections or problems in the finished lining.
Visual examinations with the use of the proper instruments and methods enable the detection of
cracks, honeycombing, or surface finish defects. The quality control procedure makes sure that
the finished lining complies with the necessary standards and specifications by quickly fixing
these problems. Early discovery and resolution of quality-related issues are made possible by
routine testing and monitoring throughout the construction process. This proactive technique
reduces risks and guarantees that the final lining is durable and structurally sound. The integrity,
durability, and safety of the tunnel construction are ensured by rapidly addressing any deviations

or non-conformities discovered during quality control.

Construction Considerations

Several crucial factors must be taken into account (Shuttleworth 2002) while constructing a
concrete cast-in-place final lining for tunneling. To ensure a seamless execution of the
construction process, effective planning and coordination are essential. This entails creating a
thorough construction schedule, taking logistical issues into account, and collaborating with
other tunnel construction projects. Construction materials must be carefully chosen and prepared.
To achieve the necessary strength and durability requirements, high-quality concrete with the
proper mix design should be utilized. To guarantee that the concrete performs at its best in the
tunnel environment, special consideration should be provided to the selection of aggregates,

cement, and admixtures.

Achieving the desired shape and dimensions of the finished lining depends on the design and
installation of the formwork. The formwork needs to be structurally robust, able to endure the
strain put on it by the new concrete, and able to complete the surface with an ideal finish. To
guarantee equal thickness and alignment of the final lining, proper alignment and leveling of the
formwork are crucial. Careful placing and compaction of concrete is required to accomplish

adequate consolidation and get rid of any voids or honeycombing. For proper compaction,
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especially in areas with complex geometry or in confined spaces, adequate vibration techniques

and tools should be applied.

Curing is yet another crucial factor. To encourage hydration and stop the concrete from drying
out prematurely, proper curing techniques including the use of curing chemicals or moist curing
should be used. This helps in developing the desired strength and durability traits. For the final
lining to be continuous and intact, construction joints must be thoughtfully planned and carried
out. To account for concrete shrinkage, thermal expansion, and movement caused by tunnel
settlement or ground deformation, proper joint design, including the use of appropriate joint

materials and procedures, should be adopted.

To protect workers and guarantee adherence to essential legislation, safety measures should be
put into place at every stage of the construction process. This entails supplying suitable personal
protection equipment, putting in place safe work procedures, and carrying out routine inspections

to spot and eliminate any dangers.
Maintenance and Repair

Long-term maintenance and prospective repair requirements should also be taken into account
during design. This may involve making measures for lining access, corrosion protection for the
reinforcement, and repair methods for any predicted degradation. The lining may become worn,
deteriorate, or damaged over time because of numerous things such as the environment, exposure
to chemicals, or structural tensions. To evaluate the condition of the lining and spot any
indications of discomfort or degradation, routine maintenance inspections should be carried out.
In order to stop further degradation and retain the structural integrity of the lining, prompt repairs

should be made to solve problems like cracks, spalling, or delamination.

For repairs to be successful and long-lasting, it is crucial to use the right materials and methods
for the job. This will ensure compatibility with the existing concrete. Additionally, to increase the
service life of the final lining and reduce the need for expensive repairs or replacements, a
proactive maintenance program should be established in place. This program should include
steps like cleaning, sealing, and applying protective coatings. Tunnel operators may make sure
that the cast-in-place concrete final lining continues to be functional and safe for the duration of

its intended lifespan by giving maintenance and repair tasks top priority.
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It takes knowledge of structural engineering, concrete technology, and tunneling principles to
design a cast-in-place concrete final liner for tunneling. To guarantee a successful and long-
lasting final lining that satisfies project criteria and offers long-term performance in the tunnel
environment, collaboration between design experts, geotechnical engineers, and construction

teams is crucial.

Rehabilitation Strategies for Fire-Damaged Tunnels

¢ 5 = Evacuation
L During I'n-.a: : * Fire alarm system (FAS)

= Ventilation and smoke exhaustion

* Fire extinguishments system

After | . Damage evaluation and Fire
fire resistance of tunnel structure

Rehahilitation

Figure 14:Damage evolution and safety assessment of tunnel lining subjected to long-duration
fire (Qiao, Shao et al. 2019)

The updated tunnel final lining requirements aim to improve the safety of the tunnel lining,

longevity, and functionality. Some of the main needs are as follows:

Material

45



DESIGN OF FINAL LINING UNDER FIRE LOAD

The final lining material should be long-lasting, corrosion-resistant, and able to adapt to the
tunnel working conditions, and it is determined by a variety of criteria such as the tunnel
location, the type of traffic passing through it, and the estimated lifespan of the lining. The final
lining material is typically chosen to provide long-term protection and durability to the tunnel

structure (Lai, Guo et al. 2014).

Reinforced concrete is a common material used for tunnel lining. It is a tough and long-lasting
substance that can endure heavy loads and forces. Reinforced concrete is extremely resistant to

corrosion, fire, and weathering, making it an excellent choice for tunnels in severe environments.

Shotcrete, often known as sprayed concrete, is another common material for tunnel lining. It is a
cement, sand, and water mixture that is applied to the tunnel surface with a high-pressure nozzle.
Shotcrete is extremely robust and can be placed fast, making it a great choice for tunnel

rehabilitation.

Fiberglass-reinforced plastic (FRP) is used as well as a tunnel final lining material. It is a
lightweight, corrosion-resistant material that is appropriate for tunnels close to water or in zones
where contaminants are present. FRP is also simple to install and repair, making it an affordable

option for tunnel rehabilitation (Lai, Guo et al. 2014).
Thickness

The final lining thickness should be sufficient to provide the requisite structural strength while
also preventing water infiltration. The thickness is determined by criteria such as the tunnel
diameter, depth, and ground conditions, as well as the type of material utilized and the level of
protection necessary. Generally, the design engineer determines the thickness of the final lining

depending on the project specific requirements.

The thickness of reinforced concrete linings can range from 150mm to 500mm or more,
depending on the size of the tunnel and the stresses it will support. Shotcrete linings can range in
thickness from 50mm to 150mm, depending on the level of protection required and the condition

of the underlying tunnel structure (Lai, Guo et al. 2014).
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The thickness of FRP linings can range from 3mm to 10mm, depending on the type of FRP
material used and the level of protection required. Tunnels exposed to adverse weather

conditions or corrosive gases typically have thicker FRP linings (Felicetti 2013).
Surface finish

The final lining should have a smooth surface finish to reduce friction and increase traffic

movement through the tunnel. Here are some standard tunnel lining coating options:

« Shotcrete: Because of its versatility and durability, shotcrete is a popular choice for tunnel
linings. It entails spraying cement, aggregate, and water combination onto the tunnel surface.
Depending on the required aesthetic and practical requirements, shotcrete can be treated to

achieve a variety of textures, ranging from a smooth surface to a rough surface.

Smooth Formed Concrete: To generate a smooth, uniform surface, precast or cast-in-place
concrete panels are used, and the concrete can be polished with trowels or other tools. Smooth-
formed concrete linings are widely utilized in tunnels to achieve a clean and visually appealing

finish.

« Tile Linings: Tiles can be used as the final lining material for tunnel rehabilitation in certain
cases. Tiles give a long-lasting and easy-to-maintain surface. They can be formed from a variety
of materials, including ceramic, glass, and composite materials. The tiles can be set in various

patterns and colors to improve the aesthetic appeal of the tunnel.

* Fiber-Reinforced Polymer (FRP) Linings: Fiber-Reinforced Polymer (FRP) linings are
lightweight, high-strength materials that can be utilized to rehabilitate tunnel surfaces. The tunnel
walls can be finished with FRP panels, which provide a smooth finish and improve structural
stability. To obtain the desired appearance, the panels can be altered with various textures or

coatings (Felicetti 2013).

» Waterproofing Coatings: Waterproofing coatings may be used as a final surface finish

depending on the tunnel requirements. These coatings are intended to keep water out and protect
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the tunnel construction. They are available in liquid or sheet form and are frequently coupled

with other surface treatments for enhanced protection.
Jointing

The joints between the precast parts must be designed to produce a watertight seal and prevent
soil or water ingress. Various jointing technologies are available; below are some common

jointing techniques:

* Cast-in-Place Joints: The final lining of the tunnel is made by casting concrete in place with
this method. Cast-in-place joints are created by pouring new concrete against previously
constructed concrete sections, resulting in a monolithic structure. adequate jointing is achieved
by providing adequate formwork and construction sequencing to give a seamless connection

between adjacent components.

*Precast Concrete Joints: Precast concrete elements are built off-site and brought to the tunnel for
installation. Jointing in precast concrete entails connecting the precast elements using various
methods, such as keyways, dowels, or interlocking systems. The joints are subsequently filled
with grout or epoxy to provide structural integrity as well as prevent water ingress (Felicetti

2013).

 Segmental Joints: In segmental tunnel lining, precast concrete segments are constructed and
linked to form the final lining. Segmental joints are often built to accommodate movement as
well as potential ground settlement or thermal expansion. To provide adequate alignment and
consistency between the segments, several jointing methods such as tongue and groove, bolted

connections, or gaskets are used.

* Gasketed connections: Flexible gaskets composed of rubber or synthetic materials are used to
form a watertight seal between adjacent tunnel components within gasket connections. The

gaskets are installed between the elements to provide durability and movement flexibility.

* Expansion Joints: Expansion joints are used in tunnels to handle thermal expansion and

contraction as well as other sorts of movement. These joints allow for controlled movement,
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reducing stress and decreasing potential lining damage. Expansion joints can be built as
mechanical joints with specialized components or as gaps filled with flexible, movement-

absorbing materials.

» Welded Joints: Welded joints are frequently used in the construction of steel tunnel linings. To
create a continuous liner, steel plates or pieces are welded together. To ensure the integrity and

strength of the joint, proper welding techniques and processes are used.

» Composite Joints: Composite joints are formed by combining various jointing processes or
materials. For example, in the tunnel lining, a mix of gasketed joints and grouted connections can

be employed to ensure both water tightness and structural continuity.
Ventilation

*Adequate ventilation should be installed in the tunnel final lining to ensure safe air quality. By
managing air quality, temperature, humidity, and removing any pollutants or contaminants,
effective ventilation ensures a safe and comfortable atmosphere within the tunnel. Here are some

critical concerns for appropriate ventilation in a repaired tunnel final lining:

* Ventilation System Design: The ventilation system should be designed to meet the specific
needs of the tunnel. The design parameters are influenced by factors such as tunnel size, cross-
sectional area, traffic volume, and any presence of hazardous substances. The system should be

built to ensure proper airflow throughout the tunnel by providing suitable air exchange rates.

* Air Supply and Extraction: The ventilation system should have devices for both air supply and
extraction. Fresh air is introduced into the tunnel to maintain oxygen levels and neutralize any
impurities. Extraction systems remove dirty or stale tunnel air. To maintain optimum air

circulation, air supply, and extraction points should be properly placed.

* Airflow Control: Efficient airflow control is required to direct air movement within the tunnel.

This can be accomplished by utilizing ventilation fans, dampers, louvers, and airflow control
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systems. The system should be built to manage the direction and velocity of the airflow while

taking into account elements like traffic patterns, air quality needs, and emergency scenarios.

* Emergency Ventilation: The ventilation system should be designed to manage emergency
scenarios such as fires or the release of hazardous materials. Emergency ventilation should
guarantee that smoke, heat, and poisonous gases are quickly removed, allowing for safe escape
and effective firefighting operations. Dedicated smoke extraction systems, emergency fans, and

other power supply options may be included in emergency ventilation systems (Felicetti 2013).

* Monitoring and Control: Proper ventilation necessitates the implementation of a complete
monitoring and control system. Sensors for measuring air quality, temperature, humidity, and gas
concentrations are included. The system should offer real-time data for efficient ventilation

parameter control and adjustment, guaranteeing ideal conditions throughout the tunnel.

» Maintenance and Inspections: Regular maintenance and inspections are required to maintain
the continuous efficacy of the ventilation systems. This includes cleaning ventilation components
on a regular basis, checking fans and control systems, and inspecting air quality monitoring
equipment. Any maintenance or repair work should be completed as soon as possible to avoid

disruptions in ventilation performance (Felicetti 2013).

It is necessary to remember that the ventilation system design and implementation must adhere to
relevant local rules, safety requirements, and tunnel ventilation principles. Consultation with
ventilation specialists, experts, and appropriate authorities is critical to ensuring compliance and

achieving an effective and safe ventilation system for the tunnel final lining.

Furthermore, energy efficiency techniques should be included in the ventilation design to reduce
energy consumption and operational expenses. This can involve the installation of energy-
efficient fans, better airflow management strategies, and combination with intelligent control

systems for demand-based ventilation.

Fire protection
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Fire protection of the final lining for tunnel rehabilitation entails applying steps to improve the
lining system resistance to fire events. These procedures are intended to prevent or postpone the

spread of fire, reduce structural damage, and assure tunnel users' safety.
Here are some critical components of final lining fire protection:

» Materials that are resistant to fire: It is critical to choose fire-resistant materials for the final
lining. These materials have qualities that allow them to withstand high temperatures, resist
flames, and maintain structural integrity in the event of a fire. Fire-rated concrete, fireproof

coatings, and fire-resistant panels are examples of fire-resistant materials (Felicetti 2013).

* Thermal insulation: Adding thermal insulation to the final lining reduces heat transfer during a
fire. Insulation materials with good fire resistance properties can help protect the tunnel
structural components, prevent excessive temperature rise, and limit the spread of fire to adjacent

arcas.

» Fire detection and suppression systems: Installing fire detection and suppression systems are
critical for early fire detection and effective fire control. This can consist of smoke detectors,
heat sensors, fire alarm systems, and automatic fire suppression systems such as sprinklers or fire

extinguishing agents.

* Ventilation and smoke control: Proper ventilation and smoke control systems are crucial in
dealing with smoke and harmful gases produced by a fire. Efficient ventilation systems aid in the
preservation of clear escape pathways, the facilitation of emergency response, and the

improvement of visibility for evacuation.

* Emergency evacuation measures: In addition to fire protection measures, effective emergency
evacuation plans must be designed and implemented. In the case of a fire, this comprises clearly
indicated escape routes, emergency lights, and evacuation procedures to enable the safe

evacuation of tunnel users.
Monitoring

The final lining should be checked on a regular basis for symptoms of corrosion or deterioration,

allowing for timely repairs and maintenance. It involves the continual or periodic evaluation of
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numerous lining characteristics and circumstances. Here are some important components of final

lining monitoring:

Structural monitoring is the process of observing the structural behavior of the finished lining
for symptoms of distress, deformation, or movement. Sensors such as strain gauges,
displacement sensors, or inclinometers may be used in structural monitoring approaches to detect
and monitor changes in strain, displacement, or inclination. This aids in the identification of any

potential problems or deviations that might need attention or maintenance.

Geotechnical monitoring may be required in some circumstances to evaluate the behavior of the
surrounding ground and how it behaves with the final lining. Monitoring parameters such as
groundwater levels, soil pressure, settlement, or movement are examples of this. Geotechnical
monitoring ensures the tunnel and surrounding soil stability by providing early alerts of potential

geotechnical difficulties (Felicetti 2013, Kodur, Naser et al. 2021).

Environmental Monitoring: It is critical to monitor the environmental conditions surrounding the
tunnel and the final lining to determine the impact of external elements on the construction. This
could involve keeping an eye on temperature fluctuations, humidity levels, or exposure to

corrosive elements. Environmental monitoring assists in determining the potential degradation or

deterioration of the final lining because of environmental variables.

Monitoring water penetration or leaks within the final lining is critical for preventing potential
water-related damage. Water sensors or visual examinations may be used to detect evidence of
water penetration or leaks. Leak identification in a timely manner enables fast repairs or

maintenance to ensure the water resistance and integrity of the final lining.

Instrumentation and Data Management: Instrumentation systems are deployed to gather data
from various sensors and monitoring devices in order to efficiently monitor the finished lining.
These systems aid in the collection and analysis of data linked to the parameters being
monitored. Proper data management strategies, such as data logging, analysis, and interpretation,
are required to follow the finished lining performance over time and identify any trends or

irregularities that may necessitate additional research (Timilsina, Yazdani et al. 2021).
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Periodic Inspections: In addition to constant monitoring, qualified people should conduct
periodical inspections of the final lining. Visual inspections, non-destructive testing, or other
inspection procedures are used to evaluate the quality of the lining, identify any indicators of

distress or degradation, and arrange for suitable repair and maintenance measures.

Overall, the new regulations aim to ensure that the final tunnel lining is planned and built to

satisfy the highest safety, durability, and effectiveness standards (Timilsina, Yazdani et al. 2021).
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CHAPTER 3: METHODOLOGY
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Design Approach

Limit State Design necessitates that the structure fulfills two major criteria: the Ultimate Limit
State (ULS) and the Serviceability Limit State (SLS). A limit state is a structural condition
beyond which it no longer meets the necessary design standards. Tunnel lining designs adhere to
the limit state design idea mandated by current design standards, in which a structure must meet

various design requirements/limit states for strength and serviceability (EN 2004).

This approach allows for any of these needs to control the design of a specific member. As a
result, a structure can become unsafe for service due to whole or partial collapse, severe
deflection, or undesirable cracking. The design goal is to achieve an acceptable chance that the
structure will perform effectively over its service life. The essential guiding premise is to ensure
that functional performance is continually maintained. This can be accomplished by providing
adequate structural redundancy, designing for all important load combinations, and performing
quality control for materials and workmanship during construction (Bond and Harris 2008,

Honfi, Méartensson et al. 2012).
The following limit states must be satisfied:

* Ultimate limit state (ULS), which entails designing for strength and stability to avoid collapse,
factoring up the design loads by the relevant load factors to calculate the ultimate design action
effects (e.g., bending moments, axial forces, and shear forces), and factoring down the structural
capacities by the relevant capacity reduction factors or material partial factors to calculate
ultimate. Furthermore, for structural adequacy, final capacities must be larger than or equal to

their relevant ultimate design action consequences (Honfi, Martensson et al. 2012).

* Serviceability limit state (SLS), which involves checking allowable crack widths to see if they
are less than or equal to the maximum allowable limit to meet durability design requirements, as
well as inspecting liner radial deformations. For SLS, all load factors, capacity reduction factors,

and material partial factors are set to 1 (Honfi, Mértensson et al. 2012).
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Most developed countries have decreased direct and indirect expenditures because of fire

damage. Progress is more visible in countries who suffered from the highest death rates in the
1980s and invested extensively in fire safety systems. However, many developing countries have
struggled with fire safety, as indicated by higher death rates than the average of most other
countries during the same period. Fire safety is achieved by the integration of all safety systems,

which are classified into two types: active and passive fire protection systems.

In a fire crisis, an active fire protection system is made up of mechanically activated protective
mechanisms, whether manual or automatic, with the goal of warning people to escape the

building and starting firefighting (Vassart, Zhao et al. 2014).

Fire resistance is necessary as a function of the safety level imposed by society through existing
legislation and particular standards ensures the structures' reliability. During a fire, the building
must ensure its load-bearing capability to enable safe user evacuation, fire rescue and fight

actions, and to keep flames from splashing into adjoining compartments or structures. The
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primary goal of fire safety is to safeguard human life during a fire; thus, the structure must

support the impacts of thermal action during user escape and firefighting efforts in a safe manner.

Depending on their microstructure, different structural materials respond to heat in different
ways. Metals such as steel and aluminum lose mechanical characteristics when subjected to high
temperatures. Hardened concrete and timber, on the other hand, not only lose mechanical
qualities but also endure surface changes. When exposed to fire, timber chars on the exposed

surface, whereas hardened concrete may show spalling or popping out of the heated surface.

Hardened concrete is an incombustible substance with limited thermal conductivity that does not
emit harmful gases when heated. Heat, on the other hand, causes excessive cracking, increased
porosity, and spalling. When exposed to high temperatures, these reactions are inherent in the
heterogeneous microstructure of concrete. Because of thermal incompatibilities and physical-
chemical reactions, hardened concrete is made up of water, Portland cement, fine and coarse
aggregates, and steel, and each constituent reacts differently to heat. Spalling happens when
concrete chunks break off from the surface, exposing the interior to temperature influences. It

can be slow or sudden.

When subjected to high temperatures, steel, despite being chemically more stable than hardened
concrete, exhibits creep effects, excessive expansion, and a loss in strength and elasticity

modulus.

International fire codes

The loss of mechanical characteristics of reinforced concrete at high temperatures is an essential
factor in the design of fire-resistant concrete members. Temperature increases have an impact on
the strength, stiffness, and durability of concrete and its reinforcing steel, which can lead to
structural collapse if not properly accounted for. To solve this issue, international regulations in
North America, Europe, and Oceania provide simpler procedures for fire design that consider the

structure fire risk (Vassart, Zhao et al. 2014).

Specific regulations and criteria for testing the fire resistance of concrete structures are often

outlined in these codes. They offer streamlined mathematical methods for estimating the decline
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in concrete strength and stiffness caused by high temperatures. These calculations are based on
empirical relationships and are meant to provide a cautious estimate of the concrete real behavior
under fire conditions. The standards also consider the impacts of time, as the characteristics of

concrete and reinforcing steel reduce as the duration of fire exposure rises.

The simplified procedures given by these regulations enable designers to swiftly test the fire
resistance of concrete members and make informed design decisions. To establish the needed fire
resistance rating, they analyze elements such as fire load, period of fire exposure, and member
shape. The fire resistance rating indicates how long a concrete part should be able to preserve

structural integrity and load-carrying capacity during a fire event.

Different structural materials react to heat in different ways depending on their microstructure.
When exposed to high temperatures, metals such as steel and aluminum lose mechanical
properties. Hardened concrete and wood, on the other hand, lose mechanical properties as well as
surface changes. Timber chars on the exposed surface when exposed to fire, whereas hardened

concrete may show spalling or popping out of the heated surface (Vassart, Zhao et al. 2014).

General requirements

The design of concrete structures in a normal situation must meet the requirements of Eurocode
2 for the project made in Europe. The design of concrete structures in a fire situation is based on
the correlation between the behavior of the materials and the structure in a normal situation, that
is, at room temperature (considered close to 20°C), with what happens in a fire situation (Vassart,

Zhao et al. 2014).

1. The general objectives of checking structures in a fire situation are:

limit the risk to human life.

limit the risk to the neighborhood and to society itself.

limit the risk of property exposed to fire.
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When creating road and railway tunnels, it is crucial to consider the potential for tunnel fires.
The design process must account for the intensity and 1 duration of the fire, which can vary
depending on the tunnel intended use and other project-specific factors. To simplify the design
process, standard time-temperature curves are often used to determine how much the lining
temperature will increase over time. These curves are based on factors such as the intended use

of the tunnel and specific project conditions (Vassart, Zhao et al. 2014).

The heat release rate and duration of the design fire will depend on factors such as the type of
traffic and required safety level, with stricter requirements in case of potential impacts on
structures above the tunnel or the risk of inundation. Proposed rates for tunnel fires range from
10 MW up to 200 MW, with most projects around 100 MW (Hua, Tessari et al. 2021). The
duration of the design fire can range from 30 minutes to 3 hours, sometimes with an additional

cooling phase.

Common curves such as ISO 834 Cellulose, HC Hydrocarbon Eurocode 1, and Rijkswaterstaat,
are applied to the tunnel interior to determine how much the lining temperature will increase
over time. To assess the impact of tunnel fires on the concrete and reinforcement properties of
the lining, the temperature increase is calculated and used to determine the reduction in strength
and modulus. This information is then used to determine the amount of lining thickness lost
during the fire. If non-linear temperature gradients cannot be applied using basic structural
analysis programs, an equivalent temperature load can be established to mimic the impact of the

original temperature gradient on the section (Vassart, Zhao et al. 2014).

Recently, an advanced design procedure was developed for tunnels that may experience internal
explosions and fire accidents. A new design procedure has been developed. This procedure
involves simplified finite element models and dynamic analyses to study the tunnel response
under internal blast loads (Caner and Boncii 2009). Engineers can simulate and study the
complicated structural reaction of tunnels under blast loads using finite element models. These
models account for the tunnel geometry, material qualities, and boundary conditions, offering a

realistic description of structural behavior.
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The finite element models are then subjected to dynamic analyses to investigate the tunnel
reaction to internal blast loads. This entails simulating the blast and analyzing the pressure wave
propagation, structural deformation, and stress distribution within the tunnel as a result. A more
accurate estimate of the structural reaction can be obtained by considering the dynamic nature of

the explosion and its interaction with the tunnel structure.

There are various advantages to using reduced finite element models in this design method. They
enable efficient computational analysis while capturing the critical characteristics of the behavior
of the tunnel under blast loads. These simplified models achieve a good mix of accuracy and

computational cost, making them suitable for large-scale tunnel construction.

Engineers can acquire insight into the vulnerability of tunnels to internal explosions and fire
incidents by using this innovative design approach. This information enables them to identify
potentially weak places, execute suitable reinforcement methods, and create robust structural

parts that can efficiently handle blast loads.
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CHAPTER 4: Numerical Modeling and Simulation

Techniques

61



DESIGN OF FINAL LINING UNDER FIRE LOAD

SAFIR

SAFIR is a computer program that simulates the behavior of fire-damaged building structures.
The structure can be composed of a 3D skeleton comprising linear elements such as beams and
columns, as well as planar elements such as slabs and walls. Volumetric elements can be utilized
in the model to analyze structural features such as connections. Materials such as steel, concrete,
wood, aluminum, gypsum, or thermally insulating items can be used singly or in combination. It

is utilized for both research and commercial purposes (Franssen and Gernay 2016).

Description of SAFIR

The nonlinear finite element approach is used for the numerical analyses:

e 3D and 2D conductive components for thermal calculations

e Linear elements for modeling beams, columns (Bernoulli beam type)

¢ Plane elements for modeling slabs, walls, steel plates (shell type)

e 3D volume F.E. for modeling connection details, massive members (3D solid

type) (Franssen and Gernay 2016)

In a SAFIR analysis, there are three steps.
1. The thermal impact of the fire is provided as input data.

2. SAFIR computes the temperature change in the sections (thermal analysis).
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analysis) (Franssen and Gernay 2016).
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Table 5:materials in SAFIR software (Franssen and Gernay 2016)

3. SAFIR computes the mechanical behavior of the structure at high temperatures,

considering the thermal elongation as well as material strength and stiffness loss (mechanical

THERMAL ANALYSIS STRUCTURAL ANALYSIS
Type of FE 2D Solid 3D Solid Beam Shell 3D Solid
Truss
Type of law Uniaxial Plane stress  Triaxial
Beam 3D Solid
Mapped with Shell
Material:
Steel X X X X X
Concrete X X X X X
Wood X X X
HSC X X X
Stainless steel X X X
Aluminum X X X
Gypsum X X
Insulation X X
User X X
User Steel X X
User Conc X

Preprocessor GmSAFIR

Introduction to the software environment

thermal/torsional and structural models.

GmSAFIR is a GUI preprocessor that enables the production of input files for 2D / 3D,
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Post-processor DIAMOND

DIAMOND is a post-processor that allows you to visualize the structure and results. It also

allows you to display charts for numerous outcomes and export them to Excel.

Modelling of the fire phase

Boundary Conditions & Fire Curve:

The following boundary conditions are considered:

* Inner side of the segmental lining is exposed to fire

* Outside of the segmental lining in contact with soil is to be considered adiabatic
* Room temperature is to be considered 18 °C-20 °C

The inner side of the segmental lining is exposed to one of the temperature curves.
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Properties of materials in fire situation

Concrete

Comparative values of strength and modulus of elasticity

The properties of materials vary according to the temperature, 6, to which they are subjected by

the action of fire.

The change in strength and stiffness properties of concrete, when subjected to axial compression

at high temperatures, must be obtained according to Table 6

For concrete prepared predominantly with siliceous and calcareous aggregates, this table

provides:

— the ratio between the compressive strength of concrete subjected to different temperatures

(fc, 8) and the characteristic compressive strength of concrete in normal situation (fck).

— the relationship between the modulus of elasticity of concrete subjected to different

temperatures (Ec, ) and the modulus of elasticity of concrete in normal situation (EC).

For intermediate temperature values, linear interpolation can be performed.
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Table 6:Values of the fc,0/fck and Ec, 8 /Ec ratios for specific mass concrete prepared with
aggregates (Konig and Journal 2005, Bellova 2013).
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concrete temperature, siliceous aggregate limestone aggregate

n?,.,', foal fi Ec,B8/Ec falf Ec,8/Ec

1 two 3 4 5
20 1.00 1.00 1.00 1.00
100 1.00 1.00 1.00 1.00
200 0.95 0.0 0.97 0.94
300 0.85 0.72 0.91 0.83
400 0.75 0.56 0.85 0.72
500 0.60 0.36 0.74 0.55
600 0.45 0.20 0.60 0.36
700 0.30 0.09 0.43 0.19
800 0.15 0.02 0.27 0.07
900 0.08 0.01 0.15 0.02
1000 0.04 0.00 0.06 0.00
1100 0.01 0.00 0.02 0.00
1200 0.00 0.00 0.00 0.00

Compressive strength of concrete at temperature 0

The compressive strength of concrete decreases with increasing temperature, as shown in figure

1, which can be obtained by the following equation (Bellova 2013):

fco = kcg X fey

where:

f ¢y 1s the characteristic compressive strength of concrete in normal situation.

kcg is the strength reduction factor of concrete at temperature 0, as shown in Figure 15

It is possible to estimate the capacity of concrete structural elements in fire situation from the

compressive strength at temperature 0.
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Figure 15:Concrete strength reduction factor as a function of temperature (Boko, Tori¢ et al.

2012)

Modulus of elasticity of concrete at temperature 0

The modulus of elasticity of concrete decreases with increasing temperature, as shown in figure

2, which can be obtained by the following equation (Beeby and Narayanan 2005):

Ecig = kcEy X Ec;
where:

Ec; is the initial modulus of elasticity of concrete in normal conditions. This same expression

holds for
the secant module Ecs.

kcEjy is the reduction factor of the modulus of elasticity of concrete at temperature 0, as shown in

Figure 16
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Figure 16:— Concrete elasticity modulus reduction factor as a function of temperature (Beeby

and Narayanan 2005)
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Figure 17:Total thermal elongation of concrete (Beeby and Narayanan 2005)

Steel Reinforcement — Strength Reduction Factors

Reduction coefficient KS(0) is applied to mechanical property for the outer reinforcement at KS

(20 °C) =1 and for the outer reinforcement as per the following (Beeby and Narayanan 2005):

KS (0) = 0.78,

0 =500°c
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Steel temperature Eiy s Iy Taue
0 [ 1.00 ' 1.00 ' 1.00 ' 1.25
100 1.00 1.00 1.00 1.25
200 0,90 0,807 1.00 1.25
300 0.80 0.613 1.00 1.25
a0 0.70 0.42 [ 1.00
500 0.60 0.36 0.78
600 0.31 018 047
Faa 0.13 0075 0.23
800 0.09 0.05 o
Q00 0.0675 00375 0,06
1000 0,045 0,025 0.04
1100 0.0225 00125 0.02
1200 0.00 0.00 0.00

The strength of steel at elevated temperatures can be described
by the following parametersreduction factors as given in
B5 EM 1993-1-2:2005, 3.2.1(3):

+ effective yield strength, relative to yield strength at 20 “C:

kg fual fy

= proportional limit, relative to yield strength at 20 °C:
*n.v = fn,s-" rv

+  slope of linear elastic range, relative to slope at 20 °C:
kea= ExnlEy
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Figure 18: Stress-strain relationships for concrete in compression (Beeby and Narayanan 2005)
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Thermal properties

Depending on the code we follow, we should assume the material thermal properties and include

them in the software that we will use to the analysis:

Specific heat [kl/kg K]
25T

Specific
heat

2+ Moisture content, u = 3%
s

[ll = 1,.5%)

0 T T T T T 1
0 200 400 600 800 1000 1200
Temperature ["C]

Figure 19:Specific Heat- temperature (Beeby and Narayanan 2005)

Spalling

Spalling is the result of heat induced pressure exceeding the tensile strength of concrete.
Increased pressure due to water vapor, i.e., the moisture in concrete pores evaporates as the
temperature of the concrete increases during a fire, is the most understood mechanism for heat
induced pressure, though temperature related volume change in the concrete aggregate
(particularly aggregates with a high a quartz content) can also be a factor (Mohammed, Ahmed et
al. 2022). If that pressure exceeds the tensile strength of the concrete, spalling occurs. The
intensity of spalling is by several interrelated factors, including (Felicetti, LO MONTE et al.
2012):

e the moisture content of the concrete.
e the density and strength of the concrete, which are largely influenced by the water-
cement and aggregate.

e the presence of polypropylene (PP) fibers.

There is significantly more risk of explosive spalling when high strength, low
permeability concrete is used. The choice of aggregate influences the thermal stresses that

develop during the heating of concrete. The thermal expansion of coarse aggregates, particularly
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silica-rich aggregates, contributes to spalling. Carbonate-rich aggregates, such as dolomite or
limestone, calcify when heated and release CO2 gas. Lightweight aggregate has a higher
moisture content and is thus more prone to spalling in a fire (Shuttleworth 2002). Fire protection
of concrete may comprise external propriety fire boards and sprayed-on cementitious layers.
These options are applicable to new and existing tunnels but are relatively expensive.
Alternatively, polypropylene (PP) fibers can improve the fire-resistance of concrete for new
tunnels. The presence of PP fibers mitigates the risk of explosive spalling by providing spaces

through which vapor pressure can dissipate (Shuttleworth 2002).

e First, the fibers expand at a different rate than the concrete matrix, causing small fissures
to open around the fibers.

e Second, as heating continues the fibers melt when their temperature reaches 165-170°C
and evaporate when above 360°C, thereby creating voids in the concrete(Shuttleworth

2002).

The expansion of the molten PP fiber induces a network of microcracks. Relatively, longer,
and larger diameter fibers are better, i.e., 12 mm long 32 pm diameter fiber are preferred rather
than 6 mm long 18 um diameter fibers. Shotcrete spalling due to fire exposure starts to decrease
when 0.5 kg/m3 of PP fibers are added. The Eurocode recommendation, with does not require
testing, is 2 kg/m3 (Beeby and Narayanan 2005). This recommendation is for high strength
concrete which is more susceptible to fire damage. If high strength concrete is not used, a lower
PP fiber dosage, in the range 0.5 to 2 kg/m3 can be used to reduce concrete spalling

(Mohammed, Ahmed et al. 2022).

There are three main time-temperature curves used in tunnel design: RWS, RABT-ZTV and

the modified hydrocarbon or hydrocarbon increased curve.

The design fire load will induce a temperature gradient over the permanent lining section. The

thermal gradient in the concrete is a design clement itself provided by specialist fire engineers.

e The temperature profile for the concrete section after exposure to the design fire curve is-

determined assuming no spalling.
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e Assess the maximum depth of spalling that will occur. Remove this spited concrete from
the section to be analyzed. So, a spalling of 20 to 40 mm is often allowed (Shuttleworth
2002).

e The distance from the heated face to the 500°C isotherm is calculated.

e The section to be analyzed shall be the normal design section minus the spalling
allowance and the distance to the 500°C isotherm. This conservatively assumes that the
full spalling occurs immediately on the commencement of the fire, so that the full-time
temperature curve is applied to a surface below the original surface of the concrete.

e The method assumes that concrete that has reached temperatures more than 500°C is
permanently damaged and hence reduces the structural cross-section of the concrete

depending on the location of the 500°C isotherm.

Moments, thrusts, and shears arc calculated about the centroid of the reduced section. The
calculated thermal actions arc combined with existing load cases, typically without load or
material reduction factors. Ground structure interaction may be considered in combining

these loads.

This method is illustrated in Figure 20. The discounting of all material above the 500°C
isotherm represents a simplified analysis method. However, the strength and stiffness of the
concrete throughout the full section must be adjusted commensurate with the design

temperature profile.
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Temperature after
required period Thermal actions derived from
shaded portion of curve
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Figure 20:Fire reduced section analysis scheme

Verification phase

To ensure the ability of the tunnel to withstand fires, calculations are performed using specialized

software to determine the fire-resistant domain. This involves considering the impact of high

temperatures on the properties of the concrete and steel materials used in the lining. The resulting

information is used to define the domain in which the tunnel can resist fire damage.

TEWPDRATURS 20° FLUESD RULLD
i l
. . . . . . . . - - » . . .
Tem I em
M, # 3 . . . . . . . . » . . )
M cm
FLUSSQ RALD COPRIFERRS BOGTTS
LATO ESPOISTD AL FUCED FER FERCVEN] [N 5FALLING

Figure 21:example of a Segment modelling and thermal condition

Advanced software tools are utilized to conduct a comprehensive thermal analysis, which
enables engineers to accurately predict how temperatures will be distributed throughout the

tunnel section in the event of a fire.
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e T T

Figure 22:Example of a Temperature distribution in segment

Concrete that has been affected by temperatures greater than 500 °C is ineffective and is assumed
not to contribute to the load bearing capacity of the member. However, the residual concrete
cross section (i.e., exposed to less than 500 °C) retains its initial values of strength and modulus

of elasticity.
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Figure 23:thermal conductivity -temperature (Beeby and Narayanan 2005)
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CHAPTER 5: Case Study: Application of Optimized
Final Lining Design in Real-Life Rehabilitated

Tunnel
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My thesis addressed the issue of fire load in the design of the final lining in a tunnel between 2
countries. The project was carried out in partnership with the Pini Company, which is well-
known for its tunnel-building competence. My research goal was to create an optimal final lining

design that could survive the various fire threats associated with tunnel conditions.

This approach was done after doing a thorough review of fire safety regulations, current tunnel
designs, and case studies. The methodology used fire-resistant materials, innovative construction
techniques, and modern monitoring systems to reduce the impacts of fire load and improve the

tunnel overall safety.

My thesis aims to contribute to the creation of safer and more resilient transportation networks
by tackling the specific issues connected with fire load in tunnel design. Collaboration with Pini
Company not only aided in the actual application of my research findings, but it also expanded

my understanding of the complex dynamics involved in large-scale building projects.

Localization

The tunnel under consideration in this project is an existing transportation artery that connects
two different countries. Situated between these two countries, this tunnel plays a significant role
in facilitating the movement of goods and people across borders. The tunnel forms a crucial link
in the transportation network, allowing for efficient and reliable connectivity between the two
nations. With its strategic location, the tunnel serves as a vital conduit for trade, tourism, and
transportation, contributing to the economic development and integration of both 2 countries.
Given the tunnel’s importance and the need to ensure its long-term functionality, this
rehabilitation project takes on added significance as it focuses on enhancing the tunnel safety and
resilience, particularly with respect to fire analysis. By addressing this critical aspect, the project
aims to safeguard the tunnel operations and ensure the uninterrupted flow of traffic between the

countries.
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Geological context

The tunnel crosses the sedimentary and crystalline formations of the Helvetic of the outer massif
of the Alps. Three very distinct geological zones are crossed, with approximately 50% of the
linear present in the granite massif of Primary age, affected by both the Hercynian and Alpine

orogeny.

Hydrogeological context

The presence of water in the tunnel is due to seepage and moderate water inflows, except for the
more extensive mylonite zones where water inflows can present considerable flows (> 80 I/s).
Water circulation in the rock mass is governed by fracture porosity. The water inflows in the
tunnel thus come from the infiltration of meteoric water and the melting of the overlying

glaciers. We cannot consider that the massif is saturated (not bathed by a continuous aquifer).

General description of the existing structure

Section types

The tunnel consists of various sections with distinct characteristics and purposes and geometry.

These sections include the following:

e Main Section or "Section Courante": This is the primary portion of the tunnel that
accommodates the regular flow of traffic. It typically has standardized dimensions and

geometry to ensure smooth and efficient movement of vehicles.

e (Garage Section: This section of the tunnel is designated for parking or temporary storage
of vehicles. It may have larger dimensions and additional space to accommodate parked

cars, maintenance vehicles, or emergency response vehicles.
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e Service Sections or "Carneau": Carneau are sections within the tunnel that provide access
to utility systems, such as electrical, ventilation, communication, or water supply. These
sections are designed with sufficient space and infrastructure to facilitate maintenance

and repairs of these essential services.

e Niche Sections: Niche sections are recessed areas along the tunnel that serve specific
purposes, such as emergency evacuation points, rest areas, or equipment storage. These
sections are designed to provide additional functionality and convenience within the
tunnel.

Each of these section types plays a vital role in ensuring the safe and efficient operation of the
tunnel, addressing various needs such as traffic flow, emergency preparedness, maintenance

access, and user comfort.
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Figure 24:geometry 1 Figure 25:geometry 2

Figure 26:geometry 3

Figure 27:geometry 4
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To summarize the construction phasing, several steps will be undertaken in the project. First, the
existing structure will be milled, removing a specific depth ranging from 26 cm to 36 cm at the
highest point of the tunnel arch and 40 cm to 50 cm at the edges of the template. Depending on
the geological and geotechnical conditions as well as the remaining structure, the use of Swellex

bolts may be considered before any intervention, subject to validation through calculations.

Next, sprayed concrete will be applied with a thickness of 5 to 9 cm, reinforced with metal
fibers. Self-drilling bolts will be installed along the sidewalks for added support. A waterproofing

membrane will be applied to ensure water resistance.

The construction process will also involve casting benches that extend approximately 2.50
meters above the sidewalks. Full-thickness prefabricated segment elements will be carefully
positioned, adjusted, and securely anchored. Finally, any voids at the rear will be injected with

micro-mortar to ensure stability and fill the gaps.

The existing concrete lining is replaced by milling the current structure to a depth ranging from
26 cm to 36 cm at the highest point and 40 cm to 50 cm at the edges. This is necessary to meet
the required tunnel profile specified in the design. Subsequently, a new structure is constructed
using prefabricated shells or sprayed concrete. The benches are attached to the existing abutment,

and the prefabricated segment is connected to the benches.

Calculation method and assumptions

Methodological approach

These verifications are ensured by the respect of two conditions:
« at local level (reinforced concrete sections)

« at the global level (stability of the structure)
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Surrounding ground

The elastic modulus of the soil used, denoted Ej,;, is 3.3 GPa, this corresponds to the most

unfavorable value on the length of the tunnel.
The Poisson ratio is taken equal to v=0.3.

Concrete
The thermal characteristics of the concrete material (and passive steels) are used to calculate the

progression of the temperature considered in the software.

All the concrete properties used for the Accident Incendies ULS calculations are detailed in the

table below.

Table 7:Summary of concrete properties used for ULS calculations (Current Section)

Properties Parameters

Concrete-Cold Calculation
Side walls CIP: C35/45 - fck =35 MPa
Segment lining: C35/45 - fck = 35MPa

Resistance class

Behavior laws Compression: SARGIN with creep ¢=0
tensile: ~ 0

Safety factors Ye=1.0- fcd = fck /yc.=35MPa
Concrete-Fire calculation

Behavior laws Compression: silicious aggregates
Linear
Tensile= 0

Safety factor Ye=1.0- fcd = fck /y. =35 MPa

Dilatation Siliceous aggregates

Specific heat Humidity: 1.5%

Conductivity French National annex

Hot resistance Silicious aggregates

Spalling 50 mm

Micro mortar -cold calculation
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Behavior laws

Linear elastic

Elasticity coefficient

25000 MPa

*2: Relative humidity guides the force of heat penetration into concrete. In theory, low relative

humidity also leads to less spalling.

Passive steels

All the properties of the steels used for the calculations in ULS are detailed in the table below.

Table 8:Summary of steel properties used for ULS calculations.

Infinite horizontal plastic bearing

Properties | Parameters |
Passive steels — cold calculations
Muance BL0OB
f. = 500 MPa
Behavior laws E. =200 GPa

Factor of safety

V- = 1.00 - T, = /v = 500 MPa

Passive steels- calculation in fire

Behavior laws

Class N
Cold drawing

Dilatation

Reinforced concrete steels

The properties are defined in the software used when defining the materials as explained below.

The properties are defined in the software used when defining the materials as explained here.

e High adhesion bars HA FeE 500 class B

e Yield strength: fyk =

500 MPa

e Calculation elastic limit: fyd = fyk /ys

¢ Young's modulus: E =

200 GPa

e Coefficient of thermal expansion: a = 10.10-6 K-1

Safety factors on materials
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ELU FONdamental

Beton Ye .50

Aciers passifs Vs 1.15
ELU ACCidentel - FEU

Béton Ye

Aciers passifs Vs
ELU ACCidentel - SISmique

Béton Ye 1.30

Aciers passifs Ys 1.00

Phenomenon of spalling and coating of concrete

According to EC2 part 1-2, the spalling phenomenon must be considered when applying a

hydrocarbon curve (HCM).

The strategy adopted for the studies is:

* Choice of a sacrificial thickness due to spalling. This value is calibrated by previous

experiences from tunnel projects where fire calculations have recently been carried out (in

particular the fire calculations of the TMB slabs in 2018);

* Tests on test elements in the laboratory to qualify the bursting of concrete experimentally.

* Validation of the initial hypothesis on spalling so that it is unfavorable.

At this stage of the project: H spalling= 50mm

This makes it possible to determine a minimum residual thickness in the event of spalling of the

concrete.

Two cases are distinguished:

» the case where there is no spalling. The concrete then works with its detailed theoretical cross

sections.
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« if there is spalling. The concrete then works with its cross sections after neutralization of
the mechanical and thermal characteristics of the scales. The thickness of spalling
considered is H spalling then the maximum value defined above (i.e., a minimum residual
thickness). The reduction in thickness takes place on the inside of the coating due to
exposure to fire.

Retained resistance level and temperature curves.

The new tunnel must comply with the following minimum fire resistance constraints,

corresponding to a resistance level of at least 120 minutes for an HCM type fire, i.e.,7200s.

The curve used for the calculations is the HCM curve shown in red in Figure 28
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Figure 28:Fire reference curves

For the HCM temperature rise curve, the face exposed to fire follows the law:

Tg(t) = Ty + 1080 (1 — 0.325.¢ 60  — 0.675.¢ — —

-0.167t 2.5t
60 ) '

With:

TO represents the initial temperature before the fire.
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The calculation being done in tunnel, the assumption retained for TO is 20°C.

Heat transfer by convection

The heat transfer coefficient by convection for the temperature/time curve of HCMs, denoted

ovs= 50W/m2K

Heat transfer by radiation

The calculation of the radiation component of the heat flux via the emissivity coefficient of the

surface of the element noted sm.

em=0.8

Actions and combinations

The current sections of the tunnel are studied and analyzed without considering the contribution

of temporary supports and consider the following loads:
* Own weight of the structure.

* Creep and Shrinkage.

» Weight of the overlay/filling concrete.

* Loads of surrounding ground.

» Weight of equipment.

» Water pressure.

* Accidental actions.

The previously listed loads will be grouped into permanent loads, operating loads, and accidental

loads.
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Permanent loads

Dead weight of structures

The dead weight of construction materials is defined in §1.1 of the Eurocode 1 - Actions on

structures (Standard 2006).

The proper weight of the coatings will be calculated automatically by the software based on a

specific weight of:

* Reinforced concrete: 25.00 kN /m3

* Unreinforced concrete: 24.00 kN /m3

Surrounding ground load

The new lining must be able to withstand a load 100 kPa:

» distributed uniformly throughout the development of the section (according to the configuration

1)
* or concentrated over an area of about 5 m to simulate the potential presence of bound loads

localized displacement of pieces of rock (according to the configurations 2-3-4).

Echelle 1:50

Echelle 1:50

Figure 29: load configuration 1 Figure 30:load configuration 2
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Echelle 1:50

Echelle 1:50
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Figure 31:load configuration 3

Table 10:Load combinations

Figure 32:load configuration

combinations | Poids Propre G1 |Grl |Gr2|Gr3 |Grd |therm. | feu
ELSQP 1 1 1 0,5
ELS QP 2 1 1 0.5
ELS QP 3 1 1 0,5
ELSQP 4 1 1 0,5
ELSFR 1 1 1 0,6
ELS FR 2 1 1 0,6
ELSFR 3 1 1 0,6
ELSFR 4 1 1 0,6
ELS CARA 1 1 1 1
ELS CARA 2 1 1 1
ELS CARA 3 1 1 1
ELS CARA 4 1 1 1
ELU FONDA 1 1,35 1,35 1,5
ELU FONDA 2 1,35 135 1,5
ELU FONDA 3 1,35 1,35 1,5
ELU FONDA 4 1,35 135 1.5
ELU Feu 1 1 1 1
ELU Feu 2 1 1 1
ELU Feu 3 1 1 1
ELU Feu 4 1 1 1

The serviceability limits states combinations nomenclature is given in the table below:
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Table 11:serviceability limits states combinations nomenclature

serviceability limit state (ELS):

Qp Quasi-permanent combination
FR Frequent combination
Cara Characteristic combination

the ultimate limit state (ULS):
FONDA Fondamental combiantion
FEU Feu combination

Action combinations for fire

The thermal stress induced by the calculations must be added to the static stresses of the frequent

ELS combination.

Table 12:coefficients associated to the charges for the fire load calculation.

Permanent charges

Case studied Structure self- Surrounding Fire
weight ground load
ELU Acc Fire 1.0 1.0 1.0
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Figure 33:load configuration for fire

Modelling

The modeling of the cross section of the tunnel was carried out by a two-dimensional model with

the SAFIR software.

In this software it is possible to consider the different parts that make up the tunnel, the
prefabricated shell, the side walls cast in place, the key cast in place and the side walls existing

under the tread slab; with it is last that is not modeled.

Furthermore, passive reinforcement in each section must also be considered to conduct the

nonlinear analysis.

Therefore, the study of the behavior of the structure during the accidental venting of fire requires
the combination of thermal analysis and mechanics to consider the degradation of the property of

strength and stiffness of the materials.
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SAFIR 2D

*  Analyse FEM.
* Analyse BSM

7N

&
;*‘2,_, 43?

A,
hﬁ’j

Analyse Structurelle Analyse Thermiques

Tl

Figure 34: Analysis steps on SAFIR software.

Thermal analysis
This represents the first part in which the propagation of heat due to fire is analyzed, curve HCM

for at least 2 hours. This study is preliminary to know at any time the temperature of all the

elements of each section that makes up the tunnel, it is the concrete and the reinforcement for

bending.

Structural analysis
The mechanical analysis deals with looking for each moment of the time a possible configuration

of balance able to resist the external loads, without violating the resistance of the materials,

penalty of divergence of the analysis.

Implementation model

The structure is composed of 118 elements with an average length of 20 cm and the extent in the

longitudinal direction is 1 m.
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As indicated in the image and following table the current section is made up of 4 materials which
differ for several aspects, the structural thickness, the presence of the reinforcement, the

application of the curve thermal and the class of the concrete.

In addition, the structure-soil interaction is represented by radial springs whose stiffness
considers which of the rock mass is adapted by the area of expertise of each element. In the same
way it is necessary to define the law of behavior of the radial bolts which its installed in the side
walls CSP. Its main difference is the mode of activation, since the ground can express its effect
only in the case of compression, when the structure expands, while the bolts work in case of one

convergence.

Table 13: Summary of types and properties of materials used in SAFIR software.

Prefabricated vault - Pedestal Sidewall e
Assigned beam C5P existing y
Material Cancrete Steel Cancregs
Elastic SILCONC
Material type SILCONC EN | STEELECZEN IN
Specific mass (N/m 3) 2400 2400
Moisture content (Kg/rm 3) 36 36
Hot conversion coefficient
(W/m ZK) 50 25 50
Properties Cold convection coefficient
thermal
(W/m Z.K) 4 4 4
Relative emission (Kg/h) 0.8 0.7 0.8
Thermal conductivity
parameter (W/m.K) 0.5 0.5
Poisson coefficient 0.2 0.15 0.2 0.2
Properties E.I?;;presmue strength () [N/ 3.5e+07 JE+07
me':h:nlcal Tensile strength{(N/m Z) 0 0
Modulus E (N/mi’ 2) - 2E+11 1E+10
Yield strength{N/m 2) SE+08

In important point of the structural behavior, it is localized where the segments are supported on
the side walls CIP, because there is no structural continuity between the elements. For this

reason, in which position was applied a hinge characterized by a rotational stiffness obtained
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with the PLAXIS 2D software. Concerning the properties of the materials, they are presented

below for the two thermal and mechanical properties of concrete and steel.

Thermal | Mechanical |

MaterialType | SILCONC EN ¥
Specific mass | 2400.
Moisture content 36
Canvection Coeff hot 50
Convection Coeff cold 4
Relative Emission 0.2
Parameter of thermal conductivity 0.5

Figure 35:Thermal properties of the concrete used.

General | Materiall Material2 | Material3 | Materiald |
Material2 SILCONC EN ¥
Mat2 Poisson ratio 0.2

Mat2 Compressive strength 3.5¢7
Mat2 Tension strength 0.

General | Materiall | Materialz Matenial3 | Materiald |

Material3 SILCONC EN ¥
Mat3 Poisson ratio 0.2
Mat3 Compressive strength 7.0e7
Mat3 Tension strength 0.

Figure 36:Mechanical properties of the concrete used in the precast segment / CIP side wall (a)

and the CIP key (b)
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Thermal | Mechanical

I_—i

MaterialType STEELEC2EN '.
Convection Coeff hot 25
Convection Coeff cold 4
Relative Emission 0.7

Figure 37:Thermal properties of passive steels used

General Materiall | Material2 | Material | Materiald |

Material! | STEELEC2EN ¥

Mat1 E-Modulus|2.0e11

Mat1 Poisson ratio|0.15
Mat1 Yield strength 5.0e8
Mat1 Max Temperature 1200.
Mat1 Rate Decrease Yield Strength 0.
Mat1 Process Fnhricltiun!.l-lﬂTRGLLEE.I v
Mat1 Class Ductility| CLASSB ¥ |

Figure 38: Mechanical properties of the passive steels of the precast segment and the CIP side

wall

Stiffness parameters of the rocky soil
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Solutions « indirectes »: drivées da la théorie de Iélasticté et qui nécessitent ke choix d'un module E |

En voute ou plédroits formule de « Lamé » recommandée par TAFTES

E i iy de Voung S fevaen
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Figure 39:Stiffness analysis of the rock
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Figure 40:Stiffness of the rock mass under compression
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Results and justifications

Thermal analysis

Courbe de montée en température - HCM
1400

1200

1000

800

600

Temperature [°C]

400

200

0 1000 2000 3000 4000 5000 6000 7000 8000
Temp [s]

Figure 41:HCM curve with respect to time

Without Spalling

Prefabricated segment: thickness 18 cm (0.18x1.00 m shaped) — SH10 e=15c¢m

o 8] o o o o o

I 51 mm of spalling

Figure 42:Thermal analysis of the Precast Segment lining without spalling

CIP side wall: thickness 24 cm (0.24x1.00 m shaped) — HA16 e=15cm
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"]
L
i1
L
LS
LS

I 50 mm of spalling

Figure 43:Thermal analysis of the side wall CIP lining without spalling

CIP key: thickness 24 cm (0.24x1.00 m shaped)

E

I 50 mm of spalling

Figure 44: Thermal analysis of the Side wall CIP Lining without spalling

Existing side wall: thickness 40 cm (0.40x1.00 m shaped)

96



DESIGN OF FINAL LINING UNDER FIRE LOAD

Figure 45:Thermal analysis of the existing Side wall lining

With Spalling

Prefabricated segment: thickness 13 cm (0.13x1.00 m shaped) — HA10 e=15¢m

Figure 46:Thermal analysis of the Precast Segment lining with spalling

CIP side wall: thickness 19 cm (0.19x1.00 m shaped) — HA16 e=15cm
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TEMPERATURE

52 mm of spalling

Figure 47: Thermal analysis of the side wall CSP lining with spalling.

CIP key: thickness 19 cm (0.19x1.00 m shaped)

TEMPERATURE :
> 500°C

440°C 1o 500°C
3B 1o 440°C
320°C 1o 380°C
260°C to 320°C
200°C to 260°C
140°C o 200°C
BOSC to 140°C
204C to BOFC

< HPC

50 mm of spalling

Figure 48:Thermal analysis of the Precast Segment lining with spalling

Existing side wall: thickness 40 cm (0.40x1.00 m shaped)
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TEMPERATURE :
0 to 20°C

—EE

Figure 49:Thermal analysis of the existing side wall lining

RESULTS OF THE ANALYSIS

Below are the deformations and axial force trends at time t=2 hours for the different types of
specimens. The units of measurement are expressed in mm, N, and Nm.

Dxmax=6 mm

Figure 50:Displacement of the tunnel at t=2 hrs without spalling.
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Figure 51:maximum axial load at t= 2 hrs, without spalling

Figure 52:Displacement of the tunnel at t=2 hrs with spalling.

Figure 53:maximum axial load at t= 2 hrs, with spalling
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From the analysis results, it can be observed that the structure is always capable of withstanding
the stresses and degradation of mechanical characteristics generated by an HCM-type fire curve
for a duration exceeding 2 hours. During this time, the structure is consistently able to find new

balanced configurations that ensure the structural safety of the tunnel.

Concrete that has been affected by temperatures greater than 500 °C is ineffective and is assumed
not to contribute to the load bearing capacity of the member. However, the residual concrete
cross section (i.e. exposed to less than 500 °C) retains its initial values of strength and modulus
of elasticity.

Based upon the above, the ULS structural verification for the fire case have been completed in
the tables below.

1000x180mm
55 mm

180-55=125mm
50 mm
130-50=75mm

Figure 54:Structural verification for concrete segments

1000x240mm
52mm

240-
52=188mm

50 mm

180-50=138
mm

Figure 55:Structural verification for concrete cast in place
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The structural verifications are shown in the following figure

Plastification des aciers
- = = Plastification du béton

x (Medu ; Nedu)
0,150

\\'i“‘
LY
Ny

2,000 4,000 Gﬂ 8,000

?

— =

AMedu (MN.m)

Figure 56: M-N domain for RC segment - Fire condition

Structural analysis

Dx = 6mm and Dy = Smm.
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Figure 57:without spalling — Chgt 1 — 60 sec

b Oy P e O Sty
S K [ — o e T s Lo+ Tt E‘_ "ﬂ!ﬂl
T L e  —— — "1

Figure 58: without spalling — Chgt 1 — 7200 sec
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Figure 60: without spalling — Chgt 2 — 7200 sec
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Figure 61:without spalling — Chgt 3 — 60 sec

Figure 62:without spalling — Chgt 3 — 7200 sec
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Figure 63:without spalling — Chgt 4 — 60 sec
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Figure 64:without spalling — Chgt 4 —7200 sec

Bolt justifications

The capacity of radial bolts has been defined in 726 kN per element, already considering its

possible degradation in the useful life.
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Radial Bolts
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Figure 65: Evolution of the normal force in the bolt which is the most stressed.

Table 14:Justification of the radial bolts 1

[kN/m] [kN/unit]
Chgtl 156 312
Chgt2 0 0
Chgt3 0 0
Chgt4 92 184

With Spalling

Deformed Configuration

The maximum displacement during the 2 hours of fire is:

Dx = 14mm and Dy = 7mm.
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Figure 66:with spalling — Chgt 1 — 60 sec
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Figure 67:with spalling — Chgt 1 — 7200 sec
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Figure 69: with spalling — Chgt 2 — 7200 sec
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Figure 70:with spalling — Chgt 3 — 60 sec
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Figure 71:with spalling — Chgt 3 — 7200 sec
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Figure 72:with spalling — Chgt 4 — 60 sec
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Figure 73:with spalling — Chgt 4 —7200 sec

Bolt justifications

The capacity of radial bolts has been defined in 726 kN per element, already considering its

possible degradation in the useful life.
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Radial Bolts
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Figure 74: Evolution of the normal force in the bolt which is the most stressed 2.

Table 15: Justification of the radial bolts 2

[KN/m] [kN/unit]
Chgtl 220 440
Chgt2 0 0
Chgt3 0 0
Chgt4 91 182
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CHAPTER 6: CONCLUSION
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In conclusion, the design of the final lining in tunnels, specifically considering fire loads,
is a critical aspect of ensuring the safety and integrity of tunnel infrastructure. Concrete is a
commonly used material for tunnel linings due to its structural properties and fire resistance. This
thesis focused on analyzing and optimizing the design of concrete final linings to withstand fire

loads.

Through comprehensive research and analysis, it was determined that the performance of
concrete under fire conditions is influenced by factors such as composition, thickness, and
reinforcement. Understanding the behavior of concrete when exposed to high temperatures is

crucial in developing an effective design strategy.

The study investigated various approaches to enhance the fire resistance of concrete, such
as incorporating fire-retardant additives, utilizing fiber reinforcement, and optimizing thickness
and cover. Experimental studies and numerical simulations were conducted to evaluate the

performance of different concrete mixtures and configurations under fire load scenarios.

The findings of this thesis underscored the importance of considering fire resistance as a
fundamental criterion in the design of concrete final linings. By incorporating appropriate
measures, such as the use of fire-retardant additives and reinforcement, it is possible to improve

the overall fire performance of concrete structures.

The knowledge and insights gained from this thesis provide valuable guidance for
engineers and designers involved in tunnel construction projects. Implementing the
recommended design measures can enhance the fire resistance of concrete final linings, reducing

the risks associated with fire loads and ensuring the safety of tunnels and their occupants.

Finally, the study emphasizes the need for a holistic approach that combines optimal
concrete mix design, appropriate reinforcement, and complementary fire protection systems to
achieve a robust final lining design that can withstand fire loads effectively. By integrating these
considerations, the overall fire safety and resilience of tunnel infrastructure can be significantly

improved.
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