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Abstract

The protection of underground civil infrastructure continues to be a high priority for transportation and transit
security agencies. In particular, rail transit tunnels running under bodies of water are susceptible to disruptions due
to flooding caused by extraordinary climatic events such as hurricanes or other events resulting from human
activities. Several events have taken place in the past decades that have demonstrated the need to mitigate
vulnerabilities or, at least, minimize the consequences of catastrophic events. Although it is impossible to prevent
all situations that can lead to flooding, damage can be substantially decreased by reducing the area affected by the
event. To minimize the effects of an event, a possible approach is to compartmentalize the tunnel system by
creating temporary barriers that can contain the propagation of flooding until a more permanent solution can be
implemented. One way to create a temporary barrier is by the deployment of a large-scale inflatable structure, also
known as an inflatable plug. In such an application, the inflatable structure is prepared for placement, either
permanently or temporally, and maintained ready for deployment, inflation, and pressurization when needed. The
internal plug pressure imparts a normal force against the tunnel wall surface with the friction between the plug
and tunnel surfaces opposing axial movement of the plug. The sealing effectiveness depends on the ability of the
inflatable structure to self-deploy and fit, without human intervention, to the intricacies of the perimeter of the
conduit being sealed. Primary design constraints include having the plug stowed away from the dynamic envelope
of the trains and being able to withhold the pressure of the flooding water. This work presents a compilation of
the main aspects of the activities completed for the development of large-scale inflatable structures as part of the
Resilient Tunnel Plug (RTP) Project. The main test results and lessons learned are presented to demonstrate the
viability of implementing large-scale inflatable plugs for the containment of flooding in rail tunnels systems. Over
400 coupon and specimen tests, 200 reduced scale tests, and 100 full-scale tests were conducted to demonstrate
the efficacy of the design of different prototypes over a 10-year research and development project. The culmination
of the work was 12 large-scale flooding demonstrations where the inflatable tunnel plug was shown able to be
deployed remotely and withstand a simulated flooding event.
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Introduction
Background and current state of the art
The protection of underground civil infrastructure con-
tinues to be a high priority for transportation and secur-
ity agencies. In particular, rail transit tunnels running
under bodies of water or large-diameter pipes are sus-
ceptible to disruptions due to flooding originated by
extraordinary climatic events such as hurricanes or
human-made events [1–8]. Some examples of such inci-
dents in the United States include the 1992 Chicago
freight tunnel flood [9], which forced the shutdown of
the subway system, caused damage to numerous busi-
nesses, and required the evacuation of about 250,000
people from the area. In 2003, Hurricane Isabel caused
flooding of the Midtown Tunnel in Virginia. During this
event, more than 167,000 m3 (~ 44 million gallons) of
water from the Elizabeth River flooded the tunnel system
in just 40 min. The flooding left the tunnel damaged and
closed for nearly a month [10]. In 2012, in New York
City, seven subway tunnels under the East River, as well
as three road tunnels, flooded during Hurricane Sandy
and remained inoperable for several days [11–14]. These
relatively new incidents and others that occurred in the
past decades, such as fires that occurred in different tun-
nels across the world [2, 15–17] have demonstrated the
need for planning and researching ways to mitigate vul-
nerabilities or, at least, minimize the consequences of
catastrophic events.
Although it is impossible to prevent all situations that

can lead to flooding, damage can be substantially mini-
mized by reducing the area affected by the event. To miti-
gate the effects of any eventual threat, a possible approach
is to compartmentalize the tunnel system. However, it can
be difficult, if not impossible, to install or repair in an
existing tunnel all the elements required for
compartmentalization. Typically, space constraints inhibit
the installation of new protective devices such as auto-
matic or manually operated mechanical gates. The ele-
vated cost of interrupting the tunnel operations or making
major infrastructure modifications have also discouraged
attempts to improve the tunnel resilience by these means.
The concept of compartmentalization of the tunnel

led to the development of different solutions to seal tun-
nel segments susceptible to an extreme event such as a
fire. Inflatable plugs have been used in underground coal
mine firefighting as well as in mine rescue operations
[18–20]. In these applications, an inflatable feed-tube
partition was used to rapidly block large openings, such
as underground passageways, and simultaneously pro-
vide a feed-tube for high-expansion foam generators.
Flooding of mines is not unusual during or after the end
of mining activities [21]. For example, a large scale in-
flatable was used for flood containment in an undevel-
oped uranium mine in Canada in 2009 [22]. Large-scale

inflatable dams for flooding control have also been pro-
posed and implemented in the past years [23–28], but
these inflatable structures are built with thick rubber
materials, are not flexible, cannot be moved quickly, and
are not particularly suitable for confined spaces such as
tunnels and large-diameter pipes.
Large inflatable sluice gates for firefighting in trans-

portation tunnels were proposed in 2002. The idea was
that “by dividing the tunnel into compartments and pro-
viding each compartment with sluice gates, the fire can
be isolated, and by lack of oxygen, the fire will not stir
up or even extinguish itself” [29]. Based on this concept,
in 2008, a fire extinguishing system for tunnel fires was
successfully tested in the new Hubertus Tunnel in The
Hague, Netherlands [30]. Flooding of transportation tun-
nel systems is a problem in Asia too. Several studies
were recently conducted in China and South Korea to
assess flooding risk [31] and to develop small-scale in-
flatable systems [32–36]. Other similar and more recent
efforts in Europe include the INFLATER project [37],
also the inflatables developed in Spain [38, 39] and
Germany [40] for creating flood barriers of virtually any
length along a body of water or other surface-related
flood hazards, but not for flooding events in confined
environments such as tunnels.
A survey of the current methods used to seal tunnel

segments or tunnel portals is presented in Table 1. The
existing systems include vertically sliding floodgates, au-
tomated or manual doors, portable bulkheads and stop
logs. Table 1 provides a summary of a basic description
of operation, order-of-magnitude cost of implementa-
tion, as well as advantages and disadvantages with re-
spect to the current knowledge and development of
large-scale inflatables for tunnel protection.
All the examples listed previously demonstrated the po-

tential of using mid- to large-scale inflatable structures for
different containment purposes and isolated events. How-
ever, there are no reports in the literature of systematic ef-
forts to develop and implement large-scale inflatables as a
protection system in transportation tunnels, either railway
or vehicular tunnels, that may be subject to emergencies
involving containment of floodwaters. The objective of
this work is to provide a review of the development of
large-scale inflatables for the protection of transportation
railway tunnels against flooding.

Resilient tunnel plug (RTP) project
The RTP Project started in 2007 to assess the feasibility
of developing a rapidly inflatable plug system for plug-
ging tunnels (particularly transit and rail tunnels) in the
event of emergency conditions. The overall objective of
the RTP Project was to develop and transition an in-
novative and effective new technology for a rapidly in-
flatable tunnel plug that can be installed as an
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Table 1 Current technology used for flooding containment in transportation tunnels [2, 41]

System Description of operation Order-of-Magnitude Cost ($US) Advantages Disadvantages

Sliding
Floodgates

Similar to sliding gates used for
controlling flow in open
channels.

High (H), between $3 million
and $10 million, to Very High
(VH), over $10 million

• They are typically made of
steel, which allows
withstanding relatively
medium to high flooding
pressures.

• Typically installed close or
outside of a tunnel entrance.

• These can also be installed in
new tunnels at specific
locations.

• Mechanically or manually
operated.

• With proper maintenance, a
long operative lifetime is
expected.

• Relative quick deployment (<
10 min).

• It is challenging to install
within existing tunnels without
significant disruptions in the
tunnel and surrounding areas.

• Significant vertical clearances
needed for the installation of
floodgates.

• Installation cost in existing
tunnels can be high to very
high.

• Extensive tunnel utility
relocation.

• Maintenance required to
ensure operability of
mechanisms and prevention of
corrosion.

Automated
Doors

These are typically designed to
protect the tunnel against
flooding when fully closed.

Very High (VH), over $10 million • Doors can be heavy (see for
example the 50,000-lb steel
floodgates and other controls
at the Hugh L. Carey and
Queens Midtown tunnels in
New York.

• They are typically made of
steel, which allows
withstanding relatively
medium to high flooding
pressures.

• Typically installed close or
outside of a tunnel entrance.

• These can also be installed in
new tunnels at specific
locations.

• Mechanically or manually
operated, and with proper
maintenance, a long operative
lifetime.

• Relative quick deployment (<
10 min).

• Installation cost in existing
tunnels can be very high.

• Better suited for installation at
the entrance of vehicular
tunnels with rectangular or
square cross-sections but not
for circular or quasi-circular
cross-sections.

• Maintenance required to
ensure operability of
mechanisms and prevention of
corrosion.

Portable
Bulkheads

Similar to automated doors, but
with doors stored off-site and
installed when needed. Holding
frames can be preinstalled in
the tunnel.

Medium (M), between $1 million
and $3 million

• Reactive flood control system
potentially used as a backup
system in case of faulty or
failure of automated doors.

• Portable modules can be
transported or craned to the
site and installed in preexisting
frames to provide a seal.

• Typically installed with cranes
or gantries manually operated.

• Off-site storage reduces space
requirement in the tunnels.

• Slow deployment due to
transportation to and
installation on the site.

• Limited accessibility to the
tunnel during a flooding event
can make installation of
modules difficult.

• Supporting frames need to be
pre-installed and maintained to
ensure an adequate sealing
capacity.

• Manual assembly may be
required at the site.

Stop Logs Individual bars or logs
combined typically in the
vertical direction to make a seal.
Holding frames can be
preinstalled at entrances or
portals or specific locations
within the tunnel.

Low (L), up to $1 million • Similar to portable bulkheads,
it is typically a reactive flood
control system.

• Can be used as a backup
system in case of faulty or
failure of automated doors.

• Relative low-cost alternative.
• Slow deployment due to
transportation to and
installation of logs on the site.

• Manual assembly may be
required at the site.

• Supporting frames may need
to be pre-installed at specific
locations.

• Holding pressure depends on
the material of logs, wood,
metal, and concrete.

• Sealing may not be watertight.

Inflatable
plugs

Concept of operation similar to
automobile airbag, in which a

Low (L), up to $1 million, to
Medium (M), between $1 million

• Can be used in the proximity
of tunnel entrances or within

• Requires retrofitting of tunnel
location for mounting the plug
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alternative means to seal underground tunnels to pre-
vent flooding originated by massive storm surges, hurri-
canes or extraordinary human-made events. Such
technology could provide a more flexible solution than
traditional floodgates in certain instances, particularly
for application in existing tunnels with ongoing opera-
tions that limit and complicate construction and installa-
tion activities. By working with potential end-user
organizations, the project focused on developing a sys-
tem that could meet the full range of real-world require-
ments to be installed in working railway tunnels in
operational rail systems. The interaction with end-user
organizations also facilitated the effective transition of
the technology for implementation in their systems. The
project evolved in phases, as follows: Phase 1 – Proof of
Concept (2007–2008); Phase 2 – Single-Layer Plug
(2009–2010); Phase 2b – Multi-Layer Plug (2011–2012)
and; Phase 2b – Multi-Layer Plug, Extended Testing
(2012–2013); and Phase 3 – Prototype Integrated System
(2013–2017).
Conceptually, the RTP system consists of an inflat-

able plug comprised of a cylindrical portion with two
hemispherical end-caps which can be stored until
needed inside a tunnel in a suitable container to pro-
tect it from the tunnel environment. On command, a
control system deploys the plug from its storage con-
tainer, inflates the plug and maintains it at a suitable
inflation pressure for the required time. The plug can
be pressurized with either air or water, depending on
the specific application, to a demand that exceeds the
anticipated pressure of floodwaters by an appropriate

safety factor. A schematic representation of the RTP
system is illustrated in Fig. 1.
The reference parameters used for design and testing

of the RTP system presented in this work included a
nominal tunnel diameter in the range of 5 to 6 m (16 to
20 ft), and deployment and pressurization time in the
range of 10 to 20min. In this time, the plug should be
able to be fully pressurized with internal pressure in the
range of 100 to 180 kPa (~ 14 to 26 psig), to withstand a
flooding pressure in the range of 80 to 100 kPa (~ 11 to
~ 15 psig) while remaining stable and operational for at
least 3 weeks.

RTP key technical challenges
During the development of the different phases of the
RTP Project, several key technical challenges had to be
met before the completion of the project to provide a
successful inflatable plug system for rapid response in
tunnels. Each of the technical challenges required the
definition of an approach adopted to meet them. The
approaches selected for addressing the different chal-
lenges contributed to defining the basic logic underlying
the system requirements, which ultimately drove the
technology development and also helped to shape the
testing that was required to move from one phase of the
project to the next. The most significant technical chal-
lenges faced by the RTP Project included:

a) Strength: The inflatable plug, and by extension the
support systems, must have sufficient strength to
withstand the forces involved, of which the most

Table 1 Current technology used for flooding containment in transportation tunnels [2, 41] (Continued)

System Description of operation Order-of-Magnitude Cost ($US) Advantages Disadvantages

pre-folded inflatable in a com-
pact container installed at se-
lected locations inside the
tunnel. An air inflation system
deploys and pressurizes rapidly
the inflatable to prevent the
propagation of flooding.

and $3 million, depending on
the tunnel configuration and
level of retrofitting needed to
install the plug containers

the tunnel system at selected
locations.

• Can be used to
compartmentalize the tunnel
system in segments for
localized flood control.

• Can be installed on the ceiling
or laterals of the tunnels.

• Scalable and modular system
that can be used to contain
flooding in rail, automotive
and other tunnels.

• Current membrane technology
allows containment of
medium flooding pressures, up
to 100 kPa to 180 kPa, in 4 to
6-m diameter rail tunnels.

• A relatively low-cost system
when compared to automated
doors or vertical flood gates.

• Relative quick deployment (<
5 min) and pressurization (<
20 min).

• When in storage and not in
use, lifetime estimated to be
around 15 to 20 years.

container and also to maximize
the sealing capacity of the
inflatable.

• The structural membrane of
the inflatable may be
susceptible to abrasion in
rough tunnel environments.

• Current materials and
manufacturing technology
prevent reaching higher
inflation pressures, which in
turn limit the flooding
pressures that can be
contained.

• Once used in a flooding event,
the inflatable and container
need to be replaced by a new
or refurbished unit.
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challenging is potential tunnel flooding. To be able
to establish and maintain an effective seal, the
inflated plug must have sufficient strength to
withstand stresses associated both with internal
pressures needed to inflate the plug and anchor it
in place against the tunnel walls, and with external
forces acting against the plug (such as the pressures
of floodwaters). It must also be able to withstand
localized stresses resulting from impingement
points against tunnel geometry or equipment. Also,
this strength must be built into the system in a way
that is consistent with the need to be able to fold
the plug compactly into a storage container with
limited volume, thus requiring relatively thin-wall,
pliable construction. The potential for water flood-
ing is the most demanding on system design and
capabilities, so flooding has been used as the design
basis for this technical challenge. The required plug
strength was based on material selection, plug de-
sign, plug construction, and compact storage
constraints.

b) Storage Space: The plug and the associated support
systems must be capable of being stored in a
compact limited area in an actively used tunnel
until needed, without impeding regular traffic.
However, tunnels such as those used by transit
agencies have limited free space and have a variety
of different equipment and utilities that support the
ongoing operation of the tunnel system. Many of
these supporting systems were installed after the
tunnels were designed and built, and their
subsequent installation has contributed to the lack
of space in the tunnels. Furthermore, it is nearly
impossible to rebuild tunnels to provide additional
space. Given these space limitations and to avoid
interference with the operation of passing traffic,
the plug module (i.e., the stored plug and the

container within which is it stored) must fit into a
very tight space defined by tunnel geometry and the
“dynamic envelope” of the traffic themselves.
Moreover, passing trains exert pressure waves that
depend on the speed of the moving convoy. The
effect of the pressure waves needs to be taken into
account to prevent pressure waves from damaging
the storage container or triggering accidental
activation and deployment of the inflatable plug.
Some examples of the determination of the pressure
waves in rail tunnels can be found in the studies
reported in [48, 49]. Other support systems (e.g.,
the inflation and control systems) also need to fit
into available space without interfering with normal
operations within the tunnel. It is possible to
relocate or otherwise change some of the other
systems installed in the tunnel, to accommodate the
plug module, but such modifications are still limited
by a variety of other considerations. Thus, the plug
module must be highly compact. To achieve this,
the plug itself must be highly flexible and foldable
to minimize storage space and, at the same time,
allow effective deployment when needed.

c) Sealing Capability: Once deployed and inflated, the
plug must be capable of providing a sufficient seal
within the working tunnel environment, which
includes other systems and utilities that could
interfere with sealing, to reduce leakage to an
allowable amount. The sufficiency of the sealing
ability depends on the specific condition being
considered and the ability of the existing tunnel
infrastructure to handle potential leakage. For
example, in an emergency event involving a gas
release, the sealing ability must sufficiently contain
the release to allow the tunnel ventilation system to
remove the released gases and keep them from
spreading within the tunnel system. For a flooding

Fig. 1 A conceptual overview of the RTP System: a Inflatable plug, unconfined configuration; b Tunnel profiles and folded plug storage areas; c
Inflatable plug deployed and inflated in the tunnel (confined configuration); d Longitudinal cross-section, inflation and flooding pressures [42–47]

Sosa et al. Journal of Infrastructure Preservation and Resilience            (2020) 1:11 Page 5 of 28



incident, the seal must sufficiently reduce the flow of
water to a flow rate that can be handled by pumps
located further along the tunnel and must limit the
depth of water near the plug to allow possible
recovery efforts to proceed. As indicated previously, a
threat of water flooding is the most demanding on
system design and capabilities due to the hydrostatic
head pressure; and flooding has been used as the
design basis for this project. The ability to obtain a
sufficient seal against the tunnel surfaces can be
reduced by factors such as the basic geometry of the
tunnel and irregularities in the tunnel surface, utilities
and other equipment installed in that portion of the
tunnel, and the positioning of the plug during
deployment. Transit tunnels typically contain tracks,
pipes, vents, lights, and other utilities, and most
tunnels also include a raised service walkway on at
least one side. Considering the obstacles present in
tunnels and to ensure a good seal, the plug systems
will need to be installed in prepared sections of the
tunnel that are “groomed” to improve the plug’s
ability to conform both globally and locally to the
tunnel geometry for an effective seal. Other tunnel
equipment may be removed from that relatively short
section of tunnel, and piping and cables may be
bundled and encased within enclosures to provide an
improved surface contour against which the plug can
seal more effectively.

d) Integration: The inflatable plug and associated
support systems must effectively interface with
normal tunnel operations and operational
constraints, as well as regulatory restrictions (such
as fire protection and building codes) without
requiring significant exceptions to standard
operational protocols and procedures. The concept
of modularizing the inflatable plug and container in
a single unit that can be installed or replaced within
normal routine maintenance periods as needed was
adopted to simplify the interface with the tunnel
and existing systems. Some modifications to current
operational and maintenance practices might be
expected to accommodate the new system and
associated supporting utilities to fully integrate it to
the existing features of the tunnel.

e) Tunnel Environment: The plug and the associated
support systems must remain unaffected by the
tunnel environment to ensure operability when
needed. By its very nature, a system such as the
RTP system, once installed, will remain in storage
within the tunnel in a ready state until it needs to
be deployed and inflated in response to an incident.
Thus, to perform effectively when needed, the
various system components must be able to
withstand the tunnel environment over long periods

before deployment. The tunnel environment
conditions can be particularly harsh. Tunnels are
subjected to fluctuations in ambient temperature,
high humidity, and copious quantities of dust from
wear on the brakes and wheels of the vehicles,
pressure and suction pulses generated by the
passage of vehicles, stray electrical currents around
the high-power third-rail train systems, vermin, and
possible saline conditions. These environmental
conditions need to be considered for material selec-
tion and component manufacturing, installation
practices and operation to provide long-term resist-
ance to environmental degradation. Structurally,
and regardless of the fluid used for pressurization of
the inflatable (typically compressed air or water),
the inflation pressure is transferred, at the contact
area, to the primary liner system of the tunnel. The
integrity of the liner will require verification of its
pressure-bearing capacity. Mid-size rail tunnels,
with circular or near-to-circular cross-sections, with
diameters in the range of 5 to 7 m, running under
bodies of water such as channels, rivers, and bays,
can have different types of liners depending on the
kind of ground that surrounds the tunnel. Materials
typically used for the primary liner system include
fabricated steel, cast iron, cast-in-place concrete,
and precast concrete segmental liners [50–52]. The
liner is typically comprised of circular segments as-
sembled to form rings. The stability of the rings
created by the segments derives from the contact
and the support provided by the surrounding
ground [53, 54]. Additional technological details re-
garding tunnel liners can be found in [55–68] and
considerations for their integrations with inflatable
plugs can be found in [69].

f) Long-Term Reliability: Ultimately, the inflatable
tunnel plug system must provide a very high degree
of reliability to ensure effective operation even after
a long period of storage, without complicated
maintenance requirements. Responding to this
challenge requires attention in all areas of the
project, including materials selection and testing;
equipment selection, design and fabrication;
prototype testing and analysis; and system modeling
to anticipate unforeseen situations that could be
mitigated in advance. It also requires a thorough
evaluation of the interface with existing operations
and equipment installations to identify potential
failure mechanisms and ensure the system design
provides adequate protection against them.

Inflatable plug design considerations
The potential for water flooding was deemed the most
demanding on system design and capabilities and was

Sosa et al. Journal of Infrastructure Preservation and Resilience            (2020) 1:11 Page 6 of 28



used as the design basis for the inflatable plug. To en-
sure that the inflatable plug performs adequately and ap-
propriately, three design conditions must be satisfied.
Failure of any one of these conditions during operation
would result in the overall failure of the system. Further-
more, it is noted that these are not independent factors
and need to be balanced as a system to achieve a func-
tional plug design. These conditions, introduced by Mar-
tinez et al. (2012) [42] and explained in detail by
Barbero et al. (2013) [43, 44], are summarized as follows:

1) Inflation Pressure: Sufficient inflation pressure needs
to be achieved and maintained on the inflatable plug
to keep its shape geometrically stable. The inflation
pressure must be higher than the upstream external
flooding pressures that could be encountered by the
system in the particular location where the plug is
installed. The critical variable that needs to be
defined is the maximum water depth for possible
floodwaters at the site of interest.

2) Structural Strength of the Inflatable Plug: The
membrane of the inflatable plug must have
sufficient structural strength to withstand: 1) the
inflation pressures under working conditions, and 2)
any additional concentrated local stresses caused by
bridging of the membrane around or over variations
and irregularities in tunnel geometry (e.g., at
corners of duct banks). The key variables available
to control these two demands are the strength of
the materials used in the plug construction and the
specific geometric design and manufacturing
technique selected to build the plug.

3) Friction Resistance of the Plug against the Tunnel
Walls: The surface of the inflatable plug in contact
with the inner tunnel surface must provide
sufficient frictional resistance against the tunnel
walls to remain in place against the maximum
potential flooding pressures. Satisfying this
condition assures the stability of the plug while
being subject to the flooding pressures. Key
variables that determine this ability include: 1)
frictional properties of the outer layer of the plug;
2) frictional properties of the tunnel surface against
which the plug inflates; 3) plug inflation pressure
(minimum plug inflation pressure already a factor
defined above); 4) plug length impinging against the
tunnel surfaces, and 5) sufficient plug oversizing
(ratio of plug circumference to tunnel perimeter) to
ensure plug contact with the tunnel surfaces.

Results of experimental evaluations
Phase 1: proof of concept
The initial phase of the RTP Project started in 2007 and
continued through late 2008. Phase 1 focused on

providing a proof of concept, with sufficient fidelity to
evaluate the inflatable tunnel plug concept for further
development. The concept development and testing dur-
ing Phase 1 were focused primarily on the plug. Initial
work was also done to begin to understand the needs
and options for the other system components. The ini-
tial prototypes were designed to be manufactured with a
single layer fabric subject to a relatively low air inflation
pressure (7 kPa). This initial design required research
and testing activities in the following three main areas:

a) Material Testing: Tensile strength and frictional
characteristics were determined at the coupon level
for candidate fabric materials used in other types of
inflatable structures. Tensile testing of as received
and welded fabric specimens contributed to
determining the most suitable fabric for the initial
prototypes. Polyester with flexible PVC composite
coating was selected as fabric material for the
manufacturing of initial prototypes. Friction tests
reproduced the contact interaction between the
surfaces of a concrete tunnel liner rubbing against
fabric materials. Ways to increase the frictional
forces were tested as well by implementing different
coatings applied to concrete specimens rubbing
against fabric specimens as reported in Molina
(2008) [70].

b) Reduced Scale Prototype Testing: Phase 1 included
small-scale testing of several different plug designs
in a transparent scale model (1:5.7) of a transit tun-
nel to observe deployment and inflation of the plug
and to support leakage testing. Tests were con-
ducted at a low air pressure (2 kPa) and served to
gather an initial understanding of folding and place-
ment of the inflatable in the tunnel as well as the
dynamics of the deployment from the ceiling of the
tunnel profile as shown in Fig. 2.

c) Full-Scale Prototype Testing: A single-layer, low-
pressure, low-strength prototype plug with a fitted
plug geometry was constructed to mimic a typical
tunnel profile. The fitted geometry was chosen to
better conform to the tunnel cross-section and to
help achieve a better seal between the plug and the
tunnel. Initial folding, mounting, deployment, and
inflation tests were conducted in a simplified tunnel
geometry mockup that served as a preparation for a
subsequent full-scale demonstration inside an actual
transit tail tunnel at the end of a transit system line.
The testing was conducted at a low inflation pres-
sure of 7 kPa and without any water flooding, but
leakage testing using smoke was used to demon-
strate the ability to seal the tunnel area. This initial
phase also validated that a plug module could be in-
stalled in a tunnel in limited time windows, an
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important consideration for future adoption by tun-
nel operators [42]. It is important to note that the
initial prototypes used for the proof of concept and
both at reduced and full-scale evaluations were nei-
ther designed nor built with sufficient strength to
hold back floodwater, so no water testing was in-
cluded in Phase 1.

The results of Phase 1 were sufficiently promising to
provide the basis for further development. Test results
showed that a full-scale initial prototype plug could be
successfully installed in a tunnel within a regular over-
night work shift [42]. The tests in an actual tunnel sec-
tion also demonstrated that the folded inflatable plug
could be successfully installed within space allotted out-
side of the dynamic envelope of any rail cars and be suc-
cessfully deployed and inflated within a specified period.
Figure 3 shows the sequence of initial deployment and
inflation during the proof of concept test [42]. Smoke
testing indicated a reasonable seal between the plug and
the tunnel walls and floor. Although existing utility lines
and piping along tunnel walls and ceiling created some
pathways for leakage, results indicated that for actual

application and future testing, such lines and piping
would have to be moved or otherwise covered to
minimize these leakage pathways. A summary of the key
features of the inflatable, objectives, and results from
Phase 1 is presented in Table 2.

Phase 2: single layer membrane design
Based on the results obtained during Phase 1 of the pro-
ject, Phase 2 commenced at the beginning of 2009 and
continued until the end of 2010. Phase 2 focused on the
development of a single-layer fitted plug design to meet
the requirements for applications involving intermediate
pressure levels, leading to a plug constructed of high-
strength Vectran fabric [71]. Phase 2 focused on the de-
velopment and testing of prototypes at both quarter
scale and full scale, to serve different testing purposes
and to validate performance. Phase 2 also included sig-
nificant materials testing to verify the properties of the
materials and provide a basis for modeling and analysis.
To support the development and testing objectives for
Phase 2 (and for subsequent phases), a testing apparatus
needed to be established. This included the design and
construction of a quarter-scale test setup and a full-scale

Fig. 2 Phase 1, reduced-scale testing: a Unconfined inflation of 1:5.7 prototype; b Folded plug ready for deployment in acrylic tunnel mockup; c
Inflation in the acrylic tunnel

Fig. 3 Phase 1, full-scale testing, proof of concept in actual railway tail tunnel [42]
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Table 2 Summary of key parameters, objectives, and main results obtained from each phase

Phase Key Inflatable Plug
Features

Testing Objectives Test Scale / Location /
Validation

Main Results

Phase
1:
2007–
2008

• Fitted plug
geometry

• Low-strength
material

• Low-pressure air
inflation only

• Demonstrate installation and storage
outside of the dynamic envelope.

• Demonstrate adequate deployment time.
• Demonstrate the ability to obtain
acceptable tunnel seal.

• Establish working relationships with
potential end-user organizations.

Reduced scale (1:5.7)
Laboratory see-
through scale model
Inspection and smoke
testing

Understanding of deployment dynamics.
Several trials with different plug shapes
demonstrated the sealing capacity of each
shape.

Full scale
Laboratory tunnel
mockup
Inspection and timing

Installation procedures demonstrated;
deployment timing established.

Full scale
Transit rail tunnel
Inspection, timing,
and smoke testing

Installation completed within established time
and space requirements; deployment within
the required time; indication of ability to
achieve an adequate seal.

Phase
2:
2009–
2010

• Fitted plug
geometry

• High-strength,
single-layer
material

• Full-pressure
water inflation
against floodwa-
ter pressure

• Design and construction of full-scale
pressure-capable testing apparatus.

• Demonstrate deployment time to full
pressure.

• Demonstrate the ability to achieve
acceptable tunnel seal under pressure.

• Identify the advantages and limitations of
single-layer plug design.

Reduced scale (1:4)
Quarter-scale testing
apparatus
Inspection and
pressurized water
testing

Frictional properties adequate to withstand
flooding water pressures with an acceptable
leakage rate.

Full-scale surrogate
Full-scale tunnel
mockup
Inspection and timing

Installation procedures demonstrated;
deployment timing established.
Acceptable deployment; sizing established for
final Phase 2 full-scale plug.

Full-scale Vectran
fabric
Full-scale tunnel
mockup
Inspection, timing,
and pressurized water
testing

Frictional properties proved to withstand
flooding water pressures, but the strength of
single-layer material found to be insufficient to
withstand full pressurization.

Phase
2b:
2011–
2012

• High-strength,
multi-layer
material

• Cylindrical plug
geometry

• Full-pressure
water inflation
against floodwa-
ter pressure

• Demonstrate the ability of the cylindrical
plug to conform to tunnel geometry.

• Demonstrate the ability to handle a
heavier, thicker membrane construction
while improving plug deployment and
sealing characteristics.

• Demonstrate the ability to achieve
acceptable tunnel seal under pressure.

• Remain stable under water flooding
pressure.

Full-scale surrogate
Full-scale tunnel
mockup
Inspection, timing,
and smoke testing

Acceptable deployment; sizing established for
final Phase 2b large-scale plug.

Quarter scale
Quarter-scale testing
apparatus
Inspection and
pressurized water
testing

Frictional properties adequate to withstand
flooding water pressures with an acceptable
leakage rate and no slippage.

Full scale
Full-scale tunnel
mockup
Inspection, timing,
and pressurized water
testing

Frictional properties have proven to withstand
flooding water pressures with an acceptable
leakage rate and sufficient plug strength.

Phase
2b-ET:
2012–
2013

• High-strength,
multi-layer
material

• Cylindrical plug
geometry

• Full-pressure
water inflation
against floodwa-
ter pressure

• Integrate plug with a modular, soft-pack
container for improved installation
characteristics.

• Demonstrate repeatability of successful
plug deployment and plug conformity to
provide adequate tunnel seal.

• Evaluate the impact of changes in plug
oversizing ratio.

• Establish a range of acceptable leakage
rates measured during full-scale flooding
simulations.

Full-scale surrogate
Full-scale tunnel
mockup
Inspection and
contact sensors,
timing

Repeatable, acceptable deployment and
conformance to tunnel geometry.

Full scale
Full-scale tunnel
mockup
Inspection and
contact sensors,
timing, and
pressurized water
testing

Repeatable, acceptable deployment and
conformance to tunnel geometry, ability to
withstand floodwater pressures with acceptable
leakage rate and sufficient plug strength.
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tunnel mockup for testing, which were initially estab-
lished at West Virginia University (WVU). These testing
apparatus allowed tests to be conducted in a more con-
trolled environment with the inflatables subject to differ-
ent levels of pressurization to contain the pressure of
simulated floodwaters behind the plugs. Phase 2 testing
incorporated low-pressure air for the deployment and
initial inflation of the plug. Testing was also conducted
with the quarter and full-scale plugs with water as the
internal fluid. Water was also used to simulate the flood-
ing behind the plug. The idea of using a small-scale tun-
nel was also implemented in [32, 35, 36] to test friction
and stability characteristics, as well as the deployment of
small scale inflatables. Similarly to Phase 1, testing activ-
ities carried out as part of Phase 2 were focused on the
following three main areas:

a) Material Testing: As indicated in Section 1.3, the
strength of the membrane material is critical to
ensure the ability of the plug to resist the harsh
environments of tunnels. Several high-strength ara-
mid synthetic fibers are available for demanding ap-
plications, such as resistance to impacts, friction,
abrasion and high stresses. Among aramid fibers,
Vectran [71] was selected for the construction of
high-strength fabrics of the inflatable plug. Vectran
is commonly used in aerospace applications where
high-strength, high foldability with minimum deg-
radation is required [72–83]. Tests at coupon level
included tensile testing, friction testing under dry
and wet conditions, crease fold testing, long-term
static loading on single and seam specimens, abra-
sion testing, and flammability of coated specimens.

b) Reduced Scale Prototype Testing: The quarter-scale
test setup consisted of a 1.22 m (4-ft) diameter

concrete culvert with one end sealed to allow simu-
lated flood water to be introduced behind the in-
flated quarter-scale plug. Pumps, plumbing, and
control systems were established to allow inflation
and pressurization of the quarter-scale plug as well as
the introduction of simulated flood water under pres-
sure behind the plug. Pressure sensors and other in-
strumentation were included to allow monitoring
and recording of test conditions as well as accurate
control of plug and tunnel pressures. The quarter-
scale plug was fabricated of the same materials as the
final full-scale plug to investigate the performance
against flooding pressure in a simplified cylindrical
tunnel geometry [84]. The internal water pressure for
the quarter-scale setup ranged from 104 to 483 kPa
(~ 15 to 70 psig), and external flooding pressure
ranged from 69 kPa to 345 kPa (~ 10 to 50 psig).

c) Full-Scale Prototype Testing: The full-scale tunnel
mockup was a 4.9-m (16-ft) diameter horizontal cy-
linder, with a domed closure on one end to allow
for the introduction of pressurized simulated flood-
water behind the plug. This size is representative of
the typical size of transit tunnels. Two different plug
prototypes were used for full-scale testing: a) a full-
scale plug manufactured from a single layer of less-
expensive material, without the strength of the final
materials, was used for initial low-pressure testing
with air as illustrated in Fig. 4. This plug, referred
to as the surrogate single layer plug, was used to in-
vestigate plug handling and deployment characteris-
tics, to fine-tune plug fabrication techniques, and to
check the sizing of the plug against the tunnel
mockup to allow for adjustment in the size of the
final plug; b) a full-scale plug manufactured from a
single layer of urethane-coated Vectran fabric was

Table 2 Summary of key parameters, objectives, and main results obtained from each phase (Continued)

Phase Key Inflatable Plug
Features

Testing Objectives Test Scale / Location /
Validation

Main Results

Quarter scale
Quarter-scale testing
apparatus
Inspection and
pressurized water
testing

Tradeoffs in plug frictional and sealing
properties with adjustments in plug oversizing.

Phase
3:
2013–
2017

• Refined
prototype plug
and container

• An automated
prototype
inflation system

• Full-pressure air
inflation against
floodwater
pressure

• Move tunnel mockup to the plug
manufacturer location for full-pressure air
inflation testing.

• Modify tunnel configuration to a
representative configuration.

• Integrate refined plug and container with
prototype inflation system.

• Demonstrate full-pressure air inflation.
• Demonstrate repeatability of system
performance in prototype configuration.

• Demonstrate long-term system operation
and performance.

Full scale
Relocated,
reconfigured tunnel
mockup
Inspection, timing,
and pressurized
floodwater testing

Reliable deployment and inflation within the
required time; demonstration of the operation
of the fully integrated system; verification of
required frictional and sealing properties.
Demonstration of ability for long-term (21 days)
continuous performance of the system.
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used to test performance at the representative scale
and in a tunnel geometry representative of actual
transit tunnels. Both full-scale plugs tested during
Phase 2 used a fitted design to conform to tunnel
geometry and contours. An overview of the key fea-
tures of the inflatable plug, objectives, and results
from Phase 2 is summarized in Table 2.

Phase 2 provided much useful information regarding
deployment and initial inflation characteristics, but it
culminated with a failure of the full-scale, single-layer
Vectran fabric plug. Examination of the plug following
the failure indicated that this was a failure of the mater-
ial itself, and not a construction flaw. Given the strength
of the material used for the full-scale plug and the avail-
able alternatives, it was ultimately determined that the
single-layer design could not be relied upon to provide
sufficient strength to meet the design requirements,
driving a redesign carried out during Phase 2b. An over-
view of key features of the inflatable plug, objectives, and
results from Phase 2 is summarized in Table 2.
.

Phase 2b: multi-layer membrane design, initial testing
The failure of the single-layer plug during Phase 2 re-
quired further investigation on alternative configurations
of high-strength flexible materials and their mechanical
properties. Multilayer membrane designs for inflatable
structures developed for aerospace applications working
in harsh environments were considered in this phase [75].
The purpose of considering alternative membrane designs
was to ensure the ability to successfully deploy a com-
pactly folded plug installed in a tunnel segment, with suffi-
cient strength for repeated handling maneuvers and
capable to contain flooding at the reference pressures.
A three-layer concept was ultimately selected to con-

tinue the development of the inflatable tunnel plug. It was
comprised of the following layers: Layer 1 – an outer layer

of interwoven Vectran webbing material to provide the
necessary tensile strength and frictional properties for the
plug; Layer 2 – a protective Vectran fabric layer over the
bladder layer to prevent damage to the bladder (with sewn
seams rather than welded seams to avoid trapping air be-
tween the protective layer and the bladder layer); and
Layer 3 – an inner bladder layer of urethane-coated poly-
ester material to contain the inflation fluid (but lacking
sufficient strength to meet the overall strength require-
ments for the plug [85, 86]. The three-layer configuration
is illustrated in Fig. 6a. These three layers were indexed to-
gether (i.e., connected) at appropriate intervals to ensure
that the plug material behaved similarly to a single-layer
material and not bind during the folding, packing, or de-
ployment operations. Similarly to Phases 1 and 2, testing
activities carried out as part of Phase 2b were focused on
the following three main areas:

a) Material Testing: Three types of testing were
conducted during Phase 2b. 1) Uniaxial tensile tests
were used to determine the ultimate tensile strength
of specimens of Vectran webbing used to produce the
outer layer of the full-scale plug. 2) Friction testing of
Vectran webbing was also necessary to determine the
plug’s ability to maintain axial stability within the tun-
nel during operation under dry and wet conditions
[89]. 3) Shear tests were used to determine the level of
shear forces that are present in the draping and flexi-
bility of a macro fabric comprised of Vectran woven
webbings and to determine the ability of the material
to conform to a three-dimensional surface [90]. Fig-
ure 5 summarizes the three types of material testing
conducted during Phase 2b.

b) Reduced Scale and Full-Scale Prototype Testing:
Three different types of plugs were fabricated, in
sequence, to meet specific testing requirements and
provide input to the next phase of design. Each
inflatable plug was designed based on materials

Fig. 4 Phase 2, full-scale testing, single layer surrogate plug: Sequence of initial deployment, inflation, and external and internal inspection
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testing results, testing results with the previous
plug(s) in the Phase 2b series (and also, where
applicable, results obtained during Phase 2), and
test objectives to be achieved. These three types of
plugs are referred to as the quarter-scale plug, the
surrogate (full-scale) plug, and the full-scale plug.
As in Phase 2, the surrogate plug was a full-size
plug made to investigate the full-size three-layer de-
sign but fabricated using less-expensive materials, as
shown in Fig. 6b. The materials used were chosen
to result in a plug with handling characteristics
similar to those using the Vectran materials for the
final plug illustrated in Fig. 6c. The less-expensive
surrogate plug provided an opportunity to check
the appropriate fitting of the plug to the size of the
test tunnel, allowing adjustment of plug sizing be-
fore proceeding with the fabrication of the more-
expensive full-scale plug. Because the less-expensive
materials used in the surrogate plug resulted in sig-
nificantly reduced plug strength, all testing with the
surrogate plug was limited to low-pressure air infla-
tion with no testing using water flooding behind the
surrogate plug.

The quarter-scale plug was the next in the series to be
fabricated and tested. The quarter-scale plug was manu-
factured from the same materials as the final full-scale
plug. Thus, the quarter-scale plug provided for verifica-
tion of the performance of the final materials before pro-
duction of the full-scale plug. Testing with the quarter-
scale plug included an assessment of plug performance
against flooding pressure in a simplified (i.e., cylindrical)
tunnel geometry. One of the most critical outcomes
from quarter-scale testing was the fine-tuning of friction
factors assumed in calculating the required length of the
cylindrical body of the final full-scale plug. Testing at
quarter scale also allowed inducing plug slippage to ver-
ify the minimum pressure differential required between

the internal plug pressure and the external floodwater
pressure; such testing was not conducted at full scale be-
cause of the additional time and expense associated with
testing plug slippage at that scale and the possibility of
damage to the plug [89]. Figure 7 illustrates the quarter-
scale plug during preparation and flooding simulations.

c) Storage Container: The full-scale surrogate plug
was also used as a reference for the design and test-
ing of the storage container that would hold the
folded plug until the deployment signal is triggered.
In this regard, a parallel approach to container de-
sign was taken, including both a hard and soft-pack
container options, allowing both types of designs to
be tested. Because the development of a hard con-
tainer option had been initiated during Phase 2, and
the soft-pack container was a new option intro-
duced in Phase 2b, the parallel approach also
allowed plug testing to proceed using the hard con-
tainer without waiting for the completion of the
soft-pack container. The soft-pack container proto-
type was then tested with the surrogate and full-
scale plugs during the Extended Testing Phase.

Full-pressure water inflation following initial low-
pressure air inflation to achieve plug deployment shaping
was initiated in Phase 2, and it was further developed and
implemented during Phase 2b. This technique allowed to
control the pre-positioning of the inflatable in the tunnel
at a relatively low inflation pressure (7 kPa) and to ensure
proper levels of global and local conformity of the inflated
plug to the tunnel profile before full pressurization.
The ultimate objective of Phase 2b was achieved: a

plug, strong enough to contain flooding at the reference
design pressures, was successfully deployed and inflated
in the mockup tunnel. The three-layer folded plug was
installed along a lateral tunnel wall, held inside a con-
tainer until a deployment signal was activated and then

Fig. 5 Phase 2b, material testing: a Tensile test of single loop stitched Vectran webbing; b Friction testing of single Vectran webbing on concrete
(top) and friction testing of woven webbings on concrete (bottom) [26]; c Picture frame shear testing of Vectran woven webbing [89, 90]
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deployed, inflated, pressurized and finally subjected to
flooding pressures while remaining stable. Overall, there
were 24 full-scale tests conducted during Phase 2b. Of
those, 11 tests involved the surrogate plug with air (Fig. 8),
and 13 tests used the Vectran plug pressurized to 7 kPa.
The three final tests using the Vectran plug continued
with full water pressurization and tunnel flooding simula-
tion with an average internal plug pressure of 119 kPa
(17.3 psig), and an average flooding pressure of 80 kPa
(11.7 psig), respectively, as described in [44, 88].
Quarter-scale testing provided an initial range of coeffi-

cient of friction of the Vectran webbing against a cylin-
drical concrete surface. Test results were in the range of
μ = 0.19 to 0.4 in a flooded environment. Slippage testing
showed that when the ratio between the external, or
flooding pressure (Pe), and the internal, or plug pressure
(Pi), ranged from 0.95 to 1.0, it resulted in the axial move-
ment of the plug [88]. In this set of tests, the internal
water pressure ranged from 69 to 469 kPa (~ 10 to ~ 68
psig), and the external flooding pressure ranged from 34

to 345 kPa (~ 5 to ~ 50 psig). These results established the
basis for further development of the technology and for its
successful transitioning to end-user organizations. Phase
2b also provided valuable experience in plug design, con-
struction, handling, deployment, and inflation, setting the
stage for improved plug reliability. In particular, folding
and packing of the plug were determined to be key param-
eters in ensuring success and repeatability of plug deploy-
ment and conformity to tunnel geometry, and work on
this area during Phase 2b set the stage for successful pro-
gression of techniques in the subsequent Extended Test-
ing Phase and Phase 3. An overview of the key features of
the inflatable plug, objectives, and results from Phase 2b is
summarized in Table 2.

Phase 2b: multi-layer membrane design, extended testing
(ET)
Additional testing was carried out during the Phase 2b
Extended Testing Phase to achieve the following
objectives:

Fig. 6 Phase 2b. a Three-layer membrane configuration comprised of Vectran woven webbing (L1), protective Vectran fabric layer (L2), and inner
bladder layer of urethane-coated polyester (L3). Unconfined inflation of (b) full-scale three-layer surrogate plug; (c) full-scale three-layer Vectran
plug [44, 87, 88]

Fig. 7 Phase 2b, reduced-scale testing: a Unconfined inflation of quarter-scale plug; b Front view of confined inflation and flooding simulation; c
Back view quarter-scale tunnel during flooding testing [89]
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� Integrate the Phase 2b multi-layer plug with the
modular, soft-pack container for improved installa-
tion characteristics in working tunnels, and assess
the performance of the soft-pack container.

� Demonstrate repeatability of successful plug
deployment and plug conformity to provide an
adequate tunnel seal.

� Establish a range of acceptable leakage rates
measured during full-scale flooding simulations.

� Evaluate the impact of changes in plug oversizing
ratio.

With these objectives in mind, activities focused on
the following areas:

a) Modifications to the Full-Scale Tunnel Mockup:
The full-scale tunnel mockup configuration was
modified to simplify the integration of the plug and
removable container module, which required the
development of new handling procedures for pack-
ing the plug into the container and mounting the
module in the tunnel mockup. The tunnel contours
were also tailored (e.g., by easing corners) to pro-
vide for improved conformability of the plug to the
tunnel contact perimeter and thus provide a more
effective seal against the tunnel walls. This had pre-
viously been identified as an area that could help re-
duce floodwater leakage rates in the prior phase.

b) Development of Handling Procedures for Integrated
Plug/Soft-Pack Container Module: Folding and
general handling procedures needed to be
developed for packing the plug in the soft-pack con-
tainer and then mounting the loaded container into
the tunnel mockup for testing. This method of in-
stalling the plug in the tunnel is more representative
of handling procedures that could be used in actual
transit tunnels than the previous permanently

installed hard container. An overview of the folding
and packing sequence developed during this phase
is illustrated in Fig. 9.

c) Full-Scale Plug Testing: The Extended Testing
Phase was conducted at WVU, with occasional
support from the plug manufacturer to check the
performance of the manufacturing details of the
plug and the softcover container. Numerous
deployments with both the surrogate and the
Vectran full-scale plugs allowed the development of
indicators to systematically quantify the level of glo-
bal and local plug conformity and contact achieved
during each test. Additional full-scale flooding sim-
ulations at design pressures allowed measurement
of leakage pressures and contact pressures as well
as estimations of water leakage rates.

d) Quarter-Scale Plug Testing: Additional quarter-
scale testing was conducted in the quarter-scale
tunnel during the Extended Testing Phase to evalu-
ate the effect of the degree of plug oversizing on the
performance of the plugging system. Testing was
conducted first at the original 1.22 m (48-in.) diam-
eter of the test apparatus, and then at a reduced test
apparatus diameter (1.17 m or 46 in.). The reduction
in test apparatus diameter increased the percentage
of plug oversizing from 2% to 6.1%. The Extended
Testing Phase provided additional knowledge for
further development and refinement of systematic
methods to evaluate plug deployments that were
subsequently used during Phase 3. The general steps
for each of the full-scale tests included: 1) Folding
and packing of the plug in the container as shown
in the sequence of Fig. 9; 2) Mounting of the con-
tainer in the tunnel mockup; 3) Plug deployment
and initial air inflation at low pressure and an

Fig. 8 Phase 2b, full-scale testing, and three-layer Vectran plug. Deployment and low-pressure air inflation for the initial positioning of the plug
before flooding simulation [44, 88]
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airflow of 42 m3/min (1500 ft3/min) as illustrated in
Fig. 10; 4) Completing a conformity check to deter-
mine and record how well the plug conformed to
the tunnel geometry for that test as shown in
Fig. 11; and 5) Full plug pressurization with water
followed by water flooding testing (only with the
Vectran Plug).

After a set of preliminary deployments for adjusting
operational and testing procedures using the soft-pack
container, a total of 27 full-scale tests were conducted
during the Extended Testing Phase. Of those, 19 in-
volved the use of the surrogate plug with low-pressure
air (7 kPa) and eight used the Vectran plug with low-
pressure air (7 kPa) first, and then two continued with
water pressurization up to 120 kPa and flooding simula-
tion at a pressure of 80 kPa as illustrated in Fig. 12 and

Fig. 13. For each one of these tests, two complementary
methods were used to measure the conformity of the
plug to the tunnel contours: A) a visual scoring/rating
system, and B) sensor strips installed on the floor, ceil-
ing, and walls of the tunnel to measure plug contact (see
Fig. 11). A key feature to significantly increase the con-
formity of the plug to the tunnel was the attachment of
passive restraining devices (i.e., break cords) during the
folding process (see Fig. 9). These passive restraining de-
vices contributed to ensuring the sequential release of
fabric material through the deployment process leading
to improved and more reliable levels of local and global
conformity of the plug to the tunnel section. A detailed
description of testing procedures and results for con-
formity evaluations is presented in [69, 88].
The Extended Testing Phase also provided significant

information on the effects of different degrees of plug

Fig. 9 Phase 2b-ET, full-scale testing, and three-layer Vectran plug. A sequence of controlled deflation, folding and packing into the soft-cover
container [44, 69, 88]

Fig. 10 Phase 2b-ET, full-scale testing, and three-layer Vectran plug. A sequence of initial deployment from softcover container followed by low-
pressure air inflation before flooding simulation [69, 88]
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oversizing on plug performance, which fed into the de-
sign of the prototype plug subsequently developed and
tested during Phase 3. The quarter-scale tests demon-
strated that increased oversizing improved the level of
contact along the perimeter of the cylindrical portion of
the plug. However, the optimum level of oversizing is a
tradeoff because the increased oversizing led to in-
creased longitudinal wrinkles that could serve as a path-
way for leakage past the plug. Moreover, with the
number of deployments and subsequent handling of the
different plugs, post-test plug examination also gave

insights into the durability of the plug and the methods
used to fabricate the plug, helping to ensure a reasonable
service life for future application in a working tunnel
and to refine some plug design and manufacturing de-
tails to improve plug performance. The results of the
visual inspection indicated several locations of significant
abrasion of the outer woven Vectran layer and signs of
wear and tear caused by handling on the rough concrete
surfaces in the tunnel mockup after 30 deployments.
Overall, the Extended Testing Phase resulted in a sound
basis for a decision to proceed with a prototype system

Fig. 11 Phase 2b-ET, full-scale testing, three-layer Vectran plug: a Evaluation matrix (top) and inspection after initial deployment and inflation; b
Location of strips with contact sensors in the tunnel (top) and contact maps for different tests after initial inflation at 7 kPa [69, 88]

Fig. 12 Phase 2b-ET, full-scale testing, three-layer Vectran plug: Back view during filling of tunnel cavity for flooding simulation [69, 88]
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design and testing that followed during Phase 3. A sum-
mary of the testing objectives and results obtained from
Phase 2b Extended Testing is presented in Table 2.

Phase 3 – prototype system testing and long-term testing
Phase 3 was focused on developing and testing a
complete prototype plug system to verify readiness for
installation in working transit tunnel systems. The
prototype system that was tested during Phase 3 was
based on a design for a complete integrated system in
response to end-user interest. Phase 3 was conducted to
verify total system readiness for installation in working
tunnels. This required relocation and reconfiguration of
the existing tunnel mockup as well as fabrication of
other components for the tunnel plug system, including
the inflation system and the inflation control system.
Testing activities carried out as part of Phase 3 were fo-
cused on the following three main areas:

a) Material Testing: Additional material testing was
conducted early in Phase 3 to account for changes
introduced with the Phase 3 design including: 1)
Friction testing of the Vectran webbing on the
updated concrete surface and the new coating
material introduced in the tunnel mockup to cover
simulated metal surfaces; 2) Flammability testing of
the new coating material applied to some of the
tunnel surfaces to increase friction resistance; 3)
Tensile testing of the new design break cords
introduced in Phase 3 to ensure predictable and
repeatable performance during plug deployment.

b) Relocation and Reconfiguration of Tunnel Mockup:
To allow pressurization with air, the tunnel mockup
was relocated to the manufacturer’s facility. In
addition to the relocation, the interior of the tunnel
was reconfigured to represent the geometry for
future use in appropriate sections of end-user tun-
nels as well as to facilitate moving the plug and
container module and other equipment in and out
of the tunnel.

c) Full-scale Testing: Although the prototype design
tested in Phase 3 was based mainly on the plug
design used in Phase 2b and on the softcover
container design tested during the Extended
Testing Phase, there were enough differences in the
design that some technical challenges needed to be
revisited. These technical challenges included
reliable release and deployment of the plug from
the container, selection of reliable and robust
components for the inflation system connection to
the plug, and assurance of plug conformity to the
tunnel geometry. Phase 3 was the first phase of the
project employing full plug pressurization with air,
rather than low-pressure air deployment followed
by final full pressurization with water as used dur-
ing Phase 2b and the Extended Testing Phase. Fig-
ure 14 shows a sequence of initial deployment and
air inflation before the flooding simulation.

A total of 49 tests were completed during Phase 3. Tests
1 to 17 focused on obtaining a reliable soft cover container
opening Tests 18 to 40 concentrated on obtaining a reli-
able and repeatable. Tests 41 to 48 focused on short-

Fig. 13 Phase 2b-ET, full-scale testing, three-layer Vectran plug: Front view of flooding tests carried out for Phase 2b (top row) and Phase 2b-ET
(bottom row) [69, 88]
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duration full-scale flooding simulations with the plug
pressurized with air to 120 kPa and flooding water at 80
kPa and served to verify the consistency of procedures as
well as to measure the leakage rates. Figure 15 illustrates a
sequence of images captured during one of the short dur-
ation flooding simulations. Finally, Test 49 consisted of a
long duration performance evaluation in which the inflat-
able plug was subject to 21 days of full operating average
pressure of 120 kPa combined with total flooding average
pressure of 80 kPa, while remaining in a stable position
with relatively constant leakage rate. Test 49 was also used
to verify the air inflation and pressurization system integ-
rity, plug integrity, plug positioning over a long-term oper-
ation campaign.
During the set of tests outlined above, the RTP system

was demonstrated to perform as designed and meet the
key requirements relating to the plug inflation time,
floodwater containment (as defined by leakage rate
around the plug), and resistance to movement from
floodwater pressures. The system was also successfully
demonstrated to operate for 21 days [91, 92], following a
requirement to provide time until appropriate longer-
term measures can be taken to control the flooding. A
summary of the testing objectives and results obtained
from Phase 3 is presented in Table 2.

Discussion of main lessons learned
During the execution and evaluation of the experimental
work corresponding to each of the phases described pre-
viously, several lessons were learned along the way. The
following is a compilation of the main lessons learned.

Phase 1 – proof of concept

� Regarding the geometric shape of the inflatable, a plug
comprised of a cylindrical segment and two spherical
caps is one of the most straightforward structural
configurations that can be designed and
manufactured. In this phase, a fitted cylindrical shape

was adopted in the small and large scale prototypes to
ensure conformity of the plug to the tunnel perimeter
(see Fig. 2 and details of the inflatable plug reported in
[42]). On the other hand, the limit on the size and
maximum inflation pressure is controlled by the
strength of the fabric that constitutes the membrane
of the inflatable. In Phase 1, the inflatable prototype
was manufactured only for proof of concept at a
relatively low inflation pressure (less than 7 kPa or 1
psig). For this reason, a readily available commercial
fabric (polyester with flexible PVC coating) was
selected as material for manufacturing the initial
prototypes recognizing that a much stronger fabric
material would be needed for higher inflation
pressures required to contain flooding pressures.
Similar membrane materials were used in the small-
scale prototypes tested in [33, 35, 36] in their low-
pressure (< 1.5 kPa) evaluations.

� Careful preparation of the plug, including folding,
packing and installation of passive restrainers during
the folding process, was essential to achieving a
compact folded shape first, and then, to produce a
sequential release of the membrane to control the
unstressed fabric material better as it gradually
deployed and accommodated to the form of the
tunnel profile. Tests conducted during Phase 1 at
reduced scale showed that if the plug does not
conform well to the tunnel perimeter during the
initial stages of the deployment, the friction and
weight of the plug will counteract the expanding
effect of the pressure and gaps will remain open
despite an increase of inflation pressure. In this
regard, similar results were observed in the study
carried out by Kim et al. (2018) [36] who used a
small-scale prototype and showed that the sealing
effectiveness increases with the inflation pressure
until the inflatable cannot expand anymore and it
locks into the tunnel with the shape achieved at the
initial lower pressure.

Fig. 14 Phase 3, full-scale testing, three-layer Vectran plug. A sequence of initial deployment from softcover container followed by pressurization
with air inflation before flooding simulation [91, 92]
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� Tests in an actual tunnel section demonstrated
that the folded inflatable plug could be
successfully installed, deployed and inflated within
a specified period. The pilot test conducted in a
service tunnel [42] showed that a lightweight
compactly packed inflatable could be installed in
less than twenty-four hours, without interfering
with the rail car’s dynamic envelope. The proto-
type used in this test was successfully deployed by
gravity, filled with about 110 m3 of air and then
pressurized in less than 5 min up to a pressure of
7 kPa. The closest successful attempt to seal an
actual tunnel cross-section was performed in the
tests with inflatable of annular shape in the
Netherlands [30].

� Full-scale tests conducted in Phase 1 also
demonstrated that major utility lines and piping
along tunnel walls and ceiling could create
pathways for leakage and such lines and piping
would have to be repositioned or otherwise be
covered to minimize these leakage pathways. A
smoke test conducted during the full-scale test
of [42] showed the flow of smoke created along
pipes and cables in contact with the plug. These
results confirmed the need to include an oversiz-
ing (in the range of 10 to 15%) in the transversal
perimeter of inflatable to have extra membrane
material that could close the gaps generated by
the presence of pipes, cables and duct banks.
Similar observations were made in the small-
scale experiment carried out by Yoo et al. (2016)
[35].

Phase 2 – single layer membrane design

� During this phase, two types of Vectran fabric were
used to manufacture quarter and full-scale proto-
types. Initially, a single-side coated Vectran fabric
was used to build and test a quarter-scale prototype.
Then a double-side coated Vectran fabric was used
to manufacture and test a second quarter-scale and
a full-scale prototype. Both fabrics had a nominal
tensile strength of 403 kN/m (~ 2300 pounds/inch).
As a reference, the PVC coated polyester used dur-
ing Phase 1 had a nominal tensile strength of about
80 kN/m (~ 460 pounds/inch). However, both types
of Vectran fabrics demonstrated to be sensitive to
abrasion produced by continuous handling, folding
and routine operations required for testing. This
sensitivity resulted in the failure of the first quarter-
scale plug manufactured with the single-coated Vec-
tran fabric during the long term evaluation at pres-
sures in the range of 345 to 468 kPa. A new quarter-
scale was built with the double-coated Vectran fab-
ric that, when subjected to minimal handling, passed
successfully the long-term evaluation and additional
tests of sealing capacity and slippage. This same
double-coated Vectran fabric was used to manufac-
ture a full-scale plug, which survived three partial
flooding simulations tests before failure. Abrasion
appeared to be again the possible cause of failure.
Further abrasion tests at coupon level showed a re-
duction of tensile strength for a relatively high num-
ber of cycles (75% reduction of strength after 500
cycles of abrasion at a 7 kPa normal pressure)

Fig. 15 Phase 3, full-scale testing, three-layer Vectran plug. Back view of the tunnel cavity during water filling for flooding simulation (top) and
corresponding front view during flooding simulation (bottom) [91, 92]
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associated to handling. However, the actual proto-
types at the quarter and full scales appeared to be
more sensitive, and this eventually reduced the nom-
inal tensile strength of the Vectran fabrics imple-
mented during this phase.

� In terms of design and manufacturing of the plug,
although a fitted shape of the cylindrical portion of
the plug looked promising in Phase 1, it demonstrated
to be more challenging to manufacture and to handle
as the Vectran fabric became stiffer due to the
increased strength required for higher levels of
pressurization and the addition of a double-sided,
thicker coating to protect the fibers from abrasion
and to withstand the frictional forces.

� Moreover, the additional stiffness of the Vectran
fabric altered the folding pattern, increased the
packed volume about two times, and ultimately
created stress concentrations that led to the failure of
the fabric material during pressurization. It was
ultimately determined that the single-layer of Vectran
fabric could not be relied upon to provide sufficient
strength to meet the reference pressure (124 kPa).

� An important lesson learned from this phase was
that the position of the folded plug in the tunnel
section determines the dynamics of the initial
deployment and subsequent sealing effectiveness. In
Phase 1, the initial deployment and positioning of
the plug within the tunnel during the inflation took
advantage of the ceiling deployment in which gravity
drove the initial expansion of the inflatable and then
was enhanced by the sequential release of the
membrane as described in [42]. Ceiling deployment
was also attempted in the reduced-scale tests per-
formed in [36] with variable degrees of sealing ef-
fectiveness depending on the final level of
pressurization and the time of application of the
pressure. In Phase 2, the folded plug was positioned
on a lateral duct bank, as shown in Fig. 4. In this
position, the action of gravity is limited to only the
initial unrolling of the plug from the container, and
it requires the activation of the inflation system to
drive the membrane up. Incorporating passive re-
strainers along the cylindrical section of the plug en-
sures that the plug membrane is positioned around
the perimeter of the tunnel.

Phase 2b – multiple layer membrane design, initial
testing

� The adoption of a three-layer fabric system for the
membrane increased the plug’s strength and resili-
ence. Unlike the single-layer design, in the three-
layer, the loads originated at the different stages of
the preparation and pressurization of the plug were

carried by the different fabric layers of the mem-
brane. In the quarter-scale tests (1.22 m tunnel
diameter) completed during this phase, the inflatable
plug was taken safely to the reference pressure of
468 kPa while holding a flooding pressure of 330 kPa
without slipping [88, 89]. As a reference, the
reduced-scale studies carried out in [32, 35, 36] in-
cluded tunnel diameters in the range of 0.2 m to 0.4
m for pressures in the range of 10 kPa to 50 kPa.

� The decoupling of the functions of the plug
membrane prevented compromising unloaded
segments of fabric material during pressurization. It
also reduced localized abrasion occurring during
folding and installation procedures. In this regard, it
was determined that a design that provided a
minimum factor of safety (strength of materials
divided by calculated strength requirement) of four
(4) for soft-goods strength in the hoop direction
would provide adequate assurance of being able to
meet the strength need. Additionally, it was deter-
mined by analysis that a safety factor of around
three (3) would be sufficient at the interface between
the metallic hardware fittings and the soft-good
materials.

� The implementation of a three-layer fabric system
for the membrane added significant weight to the in-
flatable. The transition from a single-layer design to
a multi-layer design increased the weight by a factor
of about 10. That is, from about 150 kg for the
single-layer full-scale Vectran fabric plug to about
1600 kg corresponding to the full-scale three-layer
plug. This significant increase in mass required de-
veloping new handling procedures for folding and
installation in the tunnel, including auxiliary mem-
branes to transport and place the folded plug inside
the hard-cover container and to keep it in place
once installed as illustrated in Figs. 8 and 9.

� In terms of the geometrical design of the inflatable
plug, the fitted shape adopted during Phases 1 and 2
was replaced by a straight cylindrical segment that
simplified part of the manufacturing process. In this
regard, the studies conducted in [32–36] have also
adopted this simple geometric configuration in their
studies at different scales. The plug’s cylindrical
segment required an amount of oversizing, defined
as the ratio of the plug circumference to the
effective circumference of the tunnel, at the point
where the plug is to be used. Experiments
demonstrated that some degree of oversizing is
prudent to ensure that there is sufficient membrane
to extend into all transition areas and to account for
any misalignments in the deployment. Tests with
the full-scale surrogate plug with oversizing in the
range of 2% to 10% demonstrated that being on
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lower end (~ 2% which is close to the manufacturing
tolerance) does not leave room for misalignments
during the initial deployment and increases the
chances of creating bridging of membrane material
at transitions in the tunnel perimeter. However, too
much oversizing (around 10%) can lead to uneven
membrane material distribution which favors the
formation of large longitudinal wrinkles or distorted
shapes that can cause uneven stresses on the plug
with localized stress concentrations and can provide
possible pathways for increased leakage rates.

� The quarter and full scales flooding simulations
carried out in the 1.2-m and 4.8-m tunnel
diameters, respectively, demonstrated that
maintaining the inflatable plug at a pressure 1.5
times the flooding pressure ensured the axial
stability of the plug at the location of deployment as
described in detail in [43, 44, 89]. This margin of
safety is similar to the values achieved in reduced
scale test reported in [34] in their simulations for an
inflatable plug deployed and pressurized in a 5.9-m
diameter tunnel.

� The installation of passive restrainers (or break
cords) during folding helped to control the release
of the membrane, particularly in the upper regions
of the tunnel perimeter. Changes in the weight of
the plug membrane between phases due to material
changes required the identification of new break
cord materials and higher-capacity passive restraints
able to hold the additional weight and to break at
the appropriate time [69, 88]. The concept of con-
trolling the deployment of the membrane was
adopted from aerospace applications where different
types of inflatables are used for various functions
[93–97]. The maximum tensile force of a single
break cord needed for the Phase 1 prototype was in
the range of 130 to 150 N. The three-layer plug re-
quired break cords in the range of 750 to 850 N to
maintain the membrane held during the initial de-
ployment as shown in Fig. 16. Figure 16 (top) also il-
lustrates the experimental sequence of holding of
the membrane by the passive restrainers during in-
flation until the plug reaches the upper region of the
tunnel and then the release of the stored membrane
material upon breakage of the restrainers located in
the top left-hand crease in the plug. Based on these
results, the installation of passive restrainers was also
implemented systematically during the full-scale
tests carried out during Phases 2b-ET and 3.

� Experimental results of Phase 2b demonstrated the
importance of implementing an adequate folding
technique to guide the initial deployment of a heavy
membrane. In order to reduce the experimental
iterations, finite element simulations were carried

out to explore different folding patterns and
inflation sequences for the full-scale plugs [45–47].
Simulations helped to try folding patterns such as
zig-zag or rolling, as well as to implement inflator
models, such as the Uniform Pressure Method,
which are similar to those applied in the simulations
of automobile airbags [98–102], and large-scale in-
flatables for other civil engineering applications
[103–105]. Simulations also helped to identify the
position of the membrane fold held by the passive
restrainers created to “save” membrane material ne-
cessary to cover the upper regions of the tunnel per-
imeter as illustrated in Fig. 16 (bottom), where a
cross-section of the plug shows how the break cords
held the membrane until the inflation pressure
reached a threshold value of 180 Pa to 220 Pa before
reaching full confinement.

Phase 2b – multiple layer membrane design, extended
testing
Extended testing with the implementation of a soft-
cover portable container enabled the systematization of
the testing procedures developed in the previous phases
for a full-scale prototype. Extended testing showed that
the implementation of inflatable plugs for sealing tunnel
segments can be divided into three main stages:

� Stage I: Preparation and installation of the inflatable.
It requires the definition and implementation of a
folding sequence in conjunction with the packing of
the folded plug into the portable storage container.
The position of the container in the tunnel depends
on the type of tunnel as well as the type and
condition of the primary tunnel liner system, as
described in Section 1.3(e). This phase also includes
the transportation and installation of the folded plug
at specific locations inside the tunnel segment to be
sealed, leaving it ready to be deployed when needed.

� Stage II: Deployment. It begins with the automatic
opening of the storage container, which allows the
liberation of the inflatable (as shown in Fig. 10) and
followed by inflation until it reaches its final shape
and position within the tunnel section. The
deployment and initial inflation of the plug are
performed using air at relatively high flow rates,
typically in the range of 25 to 50 m3/min (900 to
1800 ft3/min), to allow a relatively rapid expansion
and positioning of the inflatable within a time range
of 2 to 5 min. With these airflow rate levels, the
internal pressure of the plug is relatively low, less
than 7 kPa, which allowed close inspection and
evaluation of the quality of the local conformity
during testing.

Sosa et al. Journal of Infrastructure Preservation and Resilience            (2020) 1:11 Page 21 of 28



� Stage III: Pressurization. It begins immediately after
the initial positioning. In this stage, the plug is
pressurized up to the reference pressure, so it can
withstand, predominantly by friction, the external
pressure originated by flooding. The magnitude of
the pressurization depends on the level of flooding
pressure expected to be contained [43, 44, 69, 88].
The reference parameters used in the tests carried
out during this phase included a target deployment
and a pressurization time of 20 min. In this time, the
plug was fully deployed, positioned in the 4.9-m
diameter tunnel mockup, and pressurized with
internal pressure at 120 kPa, to withstand a flooding
pressure of 80 kPa while remaining axially stable and
operational for 2 hours during the monitoring of the
leakage rate. These values are lower than the values
used in the simulation studies carried out by Liao
et al. (2017) [34] where an internal pressure of 220
kPa and an average flooding pressure of 83 kPa were
assumed for the stability analyses of an inflatable
plug installed in a 5.9-m diameter tunnel.

� Extended testing also demonstrated that the sealing
capacity of the pressurized inflatable is highly
influenced by the level of local and global
conformity achieved during Stage II, which in turn
depends on how the inflatable was prepared in Stage
I, i.e., plug folding and packing procedures
demonstrated to be critical to proper plug
deployment. A relatively compact folding along with
the attachment of break cords during the folding
contributed to: first, achieving correct alignment
during the initial unrolling, and second, ensuring a
sequential release of fabric material held by the
passive restrainers during the initial inflation, leading
to improved levels of global and local conformity,
respectively.

� By employing systematic plug folding and packing
procedures, plug deployments were made more
reliable, which helped to ensure sufficient

conformity and sealing to provide an effective
mechanism against floodwaters, reducing leakage to
an acceptable rate. Leakage rates decreased as the
levels of global and local conformity increased, as
illustrated in Fig. 17, which compares the results of
the visual inspection scores with the leakage rates
obtained during Phase 2b and Phase 2b-ET. Subse-
quent analysis demonstrated that the visual scoring/
rating system for plug conformity to the tunnel con-
tours was at least as reliable as and less complicated
than using contact sensor strips. This scoring system
was based on visual inspection of key locations in
the contact perimeter and assigning scores ranging
from 1 (the lowest score indicative of no local con-
tact of the membrane with the tunnel perimeter)
and 10 (the highest score indicative of full contact of
the plug membrane, particularly in corners and tran-
sitions). As shown in Fig. 17, an increase in the level
of conformity led to an increase of about 2 points in
the score (7.1 to 9.3), which in turn reduced in
about half the leakage rate (2.8 m3/min to 1.5 m3/
min), which is indicative of an overall better sealing
quality of the plug. As also shown in Fig. 17, flood-
ing simulations allowed a better estimation of the
range of leakage rates that would need to be man-
aged by drain pumps normally installed in the tun-
nels. Average leakage rates measured during Phase
2b Initial and Extended Testing ranged from 1.5 m3/
min (393 gal/min) to 2.8 m3/min (729 gal/min) with
an average of 2.1 m3/min (552 gal/min). These values
established a baseline that was used for reference for
the flooding simulations carried out during Phase 3.

� Extended testing also provided insights into the
durability of the plug and the methods used to
fabricate the plug. During Phase 2b Initial and
Extended Testing, more than 20 full-scale tests were

Fig. 16 Phase 2b-ET, full-scale testing, and three-layer Vectran plug. Initial inflation and holding of membrane material by passive restrainers (top).
For additional details see [[69]92–94]. Cross-section of finite element simulation of initial inflation and sequence membrane release upon
breakage of passive restrainers [45–47]
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completed using the three-layer Vectran plug, in-
cluding sixteen (16) low-pressure dry deployments
and five (5) full-pressure flooding simulations that
were carried out to adjust folding procedures, instal-
lation sequence and leakage measurements. Post-test
examination of the plug showed signs of abrasion of
the outer layer of woven webbings, and also signs of
wear and tear in the inner layers caused by general
handling, folding, deployment, pressurization and re-
moval manoeuvres carried out during the multiple
tests.

� It is anticipated that during the implementation in a
tunnel system, the production plug installed in the
tunnel would be tested before installation and
during scheduled maintenance periods, typically for
a year. Based on the testing to date, it is anticipated
that the plug could be deployed at least 20 times for
testing and maintenance purposes without
significant degradation in its performance and
membrane strength. However, if an actual flooding
event occurred, it is anticipated that the plug would
not be re-used due to debris or containments from
the flooded area, possibly damaging the plug. Fur-
ther long-term evaluations will be needed in the fu-
ture to quantify the long-term performance.

Phase 3 – prototype system testing and demonstration
Phase 2b Initial and Extended Testing provided valuable
experience on several aspects of the design and testing
of the full-scale inflatable plug, handling of portable
soft-cover container, and calibration of the inflation sys-
tem. Based on this experience, revisions were made in
the design and operation of the container cover, the

cover release mechanism, the inflation hose, and plug
folding and packing procedures to provide more reliable
and robust service of the RTP system during the tests
completed during Phase 3, including:

� One of the main differences between the tests
completed during Phase 2b and Phase 3 was the way
in which the full-scale three-layer Vectran plug was
pressurized. In Phases 2b and 2b-ET, the plug was
initially deployed by a combination of gravity and
activation of the inflation system at a low-pressure
(7 kPa) and also at a relatively high air flow rate (42
m3/min or ~ 1500 ft3/min), which was useful to pos-
ition the plug in the tunnel. The final pressurization
was then achieved with water pumped into the plug
until the testing plug pressure of 120 kPa was
achieved. In Phase 3, the initial positioning was also
achieved with high-flow and low-pressure air, but
the final pressurization was completed with com-
pressed air supplied by the inflation system installed
on the side of the tunnel mockup. No significant
performance differences were observed in sealing ef-
fectiveness using water or air as the fluid to
pressurize the plug, other than the additional time
required to pressurize the plug (about 20 to 30 min
with water vs 10 to 15 min with compressed air).

� As in the previous testing phases, reliable release
and initial deployment of the plug from the
container was essential to the operational reliability
of the RTP system. Portions of the sequence of
packing of the plug into the container were
simplified over the testing and the use of inflation
air optimized to ensure the proper, consistent
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deployment behavior. More than 30 low-pressure air
deployment trials were needed to bring all of these
different factors together to work out a reliable plug
packing, release, and deployment. Consistent deploy-
ment and inflation of the plug to achieve conformity
with the modified tunnel geometry also required
fine-tuning of plug packing procedures, including
the use of break cords to control the placement of
the plug material to ensure filling the tunnel without
leaving open pathways for water leakage around the
plug.

� One of the issues that emerged during Phase 3
prototype system testing was inflation hose
durability. This is the hose that acts as a flexible
duct between the plug and the inflation system
piping, and requires rotational and translational
degrees of freedom during deployment and initial
inflation. The Phase 2 systems incorporated two 0.1-
m diameter hoses that conveyed the necessary
airflow to deploy the plug and then the required
water flow to pressurize the plug. Conversely, in
Phase 3, a single 0.3-m diameter composite flexible
hose was initially selected for full air deployment
and pressurization. However, despite the flexibility,
the larger hose was found to lack the necessary
strength and durability to stand up to repeated
packing and deployment cycles. Maintaining the
single-hose design, a 0.3-m diameter hose with metal
braiding provided the needed resiliency and durabil-
ity, but with less flexibility than similar diameter
multilayer composite or Kevlar/silicone hoses. Ac-
cording to reduced-scale experimentation reported
in the literature [32–36, 89] the interaction between
the inflatable plug and the means that convey the
pressurization fluid to the plug was trivial and did
not constitute a matter of significant concern. How-
ever, in full-scale experimentation and field imple-
mentation, problems can occur as the size and
stiffness of the inflation hose can affect the deploy-
ment, which in turn could affect the final position-
ing, and ultimately diminish the sealing capacity and
leakage containment ability of the plug.

� With all of the system components tuned to
perform reliably, full-scale tests completed during
Phase 3 demonstrated and validated the repeatability
of performance at two levels: (a) Multiple short-
duration (1 to 3 h) flooding simulations in which the
plug remained stable and with the leakage rates
below 2.6 m3/min (700 gal/min); (b) A single long-
duration test during which the plug maintained an
internal pressure of 120 kPa while withstanding a
flooding pressure of 80 kPa and remaining axially
stable during 21 consecutive days in which the leak-
age rate also remained constant at below 2.6 m3/min

(700 gal/min). These two levels of testing demon-
strated and validated the long-duration system per-
formance in which all performance requirements
were met. Ultimately, the testing results of Phase 3
provided extensive operational experience with the
latest generation plug and container system with
full-pressure air inflation that can be used for the
final transition and installation in the field [91, 92].

Finally, Table 3 summarizes the number of tests con-
ducted during the different phases of the RTP Project
organized by testing category, including material testing,
reduced-scale testing, and full-scale testing. As summa-
rized in Table 3, more than 400 tests were conducted on
fabric specimens and webbing specimens to determine
tensile strength and frictional properties at the coupon
level. Over 200 tests were conducted with reduced-scale
prototypes, of which 185 were used to reproduce flood-
ing conditions and full plug pressurization before con-
ducting full-scale tests. During the different phases, a
total of over 100 full-scale tests served to verify different
aspects of the membrane and plug design, manufactur-
ing, folding, packing, installation, deployment and con-
trol of the membrane material, sealing capacity and
stability of the different experimental prototypes. The
culmination of the full-scale testing was the 12 success-
ful flooding simulations using the three-layer membrane
design during which tests the inflatable tunnel plug was
effectively deployed remotely and withstood flood pres-
sure while remaining stable.

Conclusions
An overview of different technical aspects, design con-
siderations, developmental phases and main test results
corresponding to the RTP Project are summarized in
this paper. The RTP project was a ten-year design, de-
velopment, testing, and demonstration project of a port-
able system to install in tunnel systems to restrain
flooded water from entering other sections of the tunnel
system. The project developed over three major phases.
Test results obtained in Phase 1 demonstrated the via-

bility of installing and deploying a low pressure, full-
scale inflatable plug in an actual tunnel segment within
the time and space constraints imposed by the opera-
tions of a typical railway tunnel. Test results from Phase
1 demonstrated that a single layer membrane formed by
a cylindrical segment and two hemispherical endcaps
could be inflated in 3 to 5 min and could contain smoke
reasonably well. Phase 1 results also showed the need for
modifications on the tunnel profile to improve the local
conformity and more effective sealing.
Test results obtained in Phase 2 demonstrated the lim-

itations of a high strength single layer design in its ability
to withstand the pressurization of the plug in tests at full

Sosa et al. Journal of Infrastructure Preservation and Resilience            (2020) 1:11 Page 24 of 28



scale. These results prompted the development of a
more robust membrane design carried out during Phase
2b.
Results obtained during Phase 2b Initial and Extended

Testing demonstrated the ability of a three-layer mem-
brane design to withstand required inflation pressure, as
well as flooding pressure while remaining stable. How-
ever, the adoption of a more robust membrane increased
the weight and the handling difficulties and required the
development of new folding, packing and installation
procedures to obtain consistent and reliable perform-
ance in terms of initial deployment, global and local con-
formity, and sealing capacity. Moreover, experimental
results obtained during Phase 2b demonstrated that
achieving acceptable local conformity at the beginning
of the process of deployment and inflation with low-
pressure air is critical for reducing the flood water leak-
age. Further improvements in the local conformity can
be achieved by a combination of an adequate amount of
oversizing the membrane material in contact with the
tunnel perimeter, a controlled release of that material
during the deployment with the implementation of pas-
sive restrainers, and modifications in the transitional
zones of the tunnel perimeter in order to further reduce
the leakage coming from those particular zones. Further-
more, flooding simulations produced non-negligible but
controllable water leakage rates that can be managed
with pumping equipment available in existing tunnel
infrastructure.
Quarter-scale testing completed during Phase 2b

served for verification of the friction at the system level
and also to verify the strength of the three-layer con-
struction before proceeding with the full-scale tests.
Similarly, quarter-scale testing completed during Phase
2b-ET demonstrated that an increase in the oversizing
of the plug increased the contact length between the

plug and the test apparatus, which increased the holding
resistance of the plug against the pressure of the flood-
waters. However, the increase in the oversizing of the
plug also seemed to increase the number and size of lon-
gitudinal wrinkles along the contact zone, which aug-
mented the leakage rate around the plug. This
information was useful to understand that although in-
creased oversizing improved the level of contact along
the perimeter of the cylindrical portion of the plug, the
appropriate level of oversizing is a tradeoff because the
increased oversizing led to increased longitudinal wrin-
kles that could serve as an additional pathway for leak-
age past the plug. Quarter-scale testing also served to
test the behavior of the inflatable under induced slippage
originated by depressurization of the plug. Results ob-
tained in Phase 3 demonstrated the ability of a three-
layer membrane design to be completely pressurized
with air and to withstand flooding pressures without
slipping. Test results obtained in Phase 3 also demon-
strated the ability of the inflatable plug to remain stable
for 21 days while subject to internal and flooding pres-
sures and maintaining manageable leakage rates.
In closing, tests results obtained from the different

testing scales completed during the different testing
phases provided extensive design and operational experi-
ence. This allowed the development and evolution of the
different components of the RTP system. The RTP sys-
tem is now ready for transitioning and implementation
as a tunnel flooding protection system.
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Table 3 Summary of the number of tests per phase and scale of testing

Membrane Design Single Layer Three Layer Totals

Testing Category Phase 1 Phase 2 Phase 2b Phase 2b-ET Phase 3

Material Testing Tensile testing 32 90 9 9 21 426
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