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Abstract. The implementation of largecale inflatable structures is now a viable alternative for
sealing ofsegments ofransportation tunneh emergency situations. The rapid deploymenbroé or

more inflatables can prevent the propagation of flooding, noxious gasses or smokenardi
permanent containment and repair measuredegsutinto place. In such applicatisnthe inflatable
structure is prepared for placement, either permanently or temporary, arehtbftfor deployment,
inflation, and pressurization when needed. The level of sealing effectiveness depdralalulity of

the inflatable structure to depl@and sefaccommodate, without human intervention, to the intricacies
of the perimeter of the conduieing sealed. Once deployed, inflated and pressurized, the inflatable
has to remain stable during the containment of the threat. Extensive testmdtiple scales was
completed in the past years to evaluate and fine tune the functionality of the lefktabture and
associated subsystems. However, testing multiple scenarios and different ediofiguof the system

can be very expensive and tiroensuming, andtherefore the developnentand calibration of finite
element simulations ofhe system becoménperative to predict possible outcomes dhdrefore
minimize the need for physical testing. This work presents an overview dettetopment ofinite
element simulations of the deployment and inflation of adtdile inflatable prototype placed within a
tunnel section.Techniques developed experimentally served as the basis for the development of
computationamodels that can simulate differestages of folding, placement, initial deploymant

full inflation. The good level of correlation between experimental and simulation re@suéiams of
deployment dynamicandlevels ofcontactdemonstrated that the proposed modeling strateghd be

used as a predicting toflr othertunnelshapes and sealing configurations.
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1 INTRODUCTION

Alternative solutions have been proposed to seginets of transportatiortunnek prone
to damage due to extreme evefise implementation of largecale inflatable structures (also
called inflatable plugs) inside transportation tunnels is intended to preventareréhe
damage induced by hazardous events by creating a compartment to coneapégation of
a threat Potential threats include floodimoducedoy heavy rains originated by hurricanes
smoke or noxious gassesiginated by crashes or explosions. Any of these threats
propagate througthetunnel system and compromise its funcility and structural integrity
(Lindstrand, 2010Martinez et al2012).

In the recent years, ¥t Virginia University (WVU)hasconduced extensive testing for
the development diighpressure confined inflatabsructureghat can beplaced at different
locations along a tunneind then rapidly deployed and pressurized to stop a tunnel flooding
The developmenof this solution progressed in stages from a padafoncept,air-inflated
prototypes Barrie, 2008 Martinez et al. 2012 to reduced and fulicale prototypes
pressurized with water and subjected to bpodssure for flooding simulationg=¢untain,
2012 Barbero et al. 20E8 Sosa et al. 2014a). The sealingsystem is designed to be
remotely activated when a threatening event is detected, which triggetsployment and
inflation of one or more of the ilatables to isolate and seal the tunsegyment under threat
The inflatable plugsre designed and prepared to have the ability to conform to the tunnel
geometry and provide tght seal to remain stable whit®ntairing the pressure ofateror
gases(Barbero et al. 2013l50sa et al. 2013c

Different testing effortsat different scalesvere reportedto demonstrate the feasibility of
containing flooding with inflatable structures, e.g. $éertinez et al. 201,2Barbero et al.
2013aand Sosa et al. 2014a Under these efforts, multiple tests were perfornmedc
specially built testing facilt designed to simulate flooding of a tunnel segment. These tests
generated valuable experimental information and provided several lessapefation and
field implementation. However, carrying out this type of tests, especially at thecild
level, demonstrated to b& complex task in which only selectnumber of evaluationwith a
reduced number of iteratiortan be completedwvithin the limits of the allocatd time and
resources.

The experimental workhowedthat the implementation of largeeale inflatable structures
for sealing tunnel segmentanbe dividedinto three mairphasesPhase Lpreparation and
installation of the inflatabte Phase 2 initial deployment and inflation; and, Phase 3
Pressurizatioto contain floodingressurer gas pressure

In Phasel, a folding pattern in conjunction witlnpacking proceduref the folded plug in
a storage containare defined an@mplementedPhase Ztarts vihen athreataing eventis
detected The detectionriggersthe automaticopening of the storage container allowing the
initial deployment of the inflatablélhe initial deployment isollowed bya lowpressure air
inflation until the inflatablereaches & final shape and positidior sealing specific tunnel
segmentsWhen the plug is fully inflated and completgdgsitioned,Phase3 starts with the
pressurization proceds maintain the inflatable stable,predominantly by friction, while it
withstands theexternal pressure originated by flooding gases (Martinez et al. 2012
Barbero et al. 2013&o0sa et al. 20143-c

Moreover, gperiments carriedut at full scaledemonstrated thahe sealing capacity of
the pressurized inflatable is a function of theel of local and global conformity achieved
during Phase. Full-scale tests of Phasésand 2demonstrated thegeveral iterationsire
necessaryto achieve satisfactorievels of local conformity that canndie predictedin
advance. Thereforghe development of simulation models based on finite eleifket
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analysiscontributes to predict thperformance of the inflatable during the different phases
outlined above.

This work provides an overview tfie develpment of FE models created to reproduce
different aspectof Phasesl and 2 outlined previouslyAn overview of fullscale
experimental work that served as a reference for the developmeRE ahodels is
summarizedirst. Then,an overview of the modeling approach and a description of relevant
compaments of the FE models are introducesimulation results and comparisonith
experimental resultare presentedext, and finally, a summary ahain observations and
conclusionsare presentedt the end.

2 OVERVIEW OF EXPERIMENTAL WORK

2.1 Inflatable structure and test preparation

The eperimental workrequired the design and manufacturing of a-$clile inflatable
structureused that was usedas a testing prototype. The design followed the procedure
outlined by Barbero et al (2012b) and Sosa et al(2014c) The inflatableconsists of a
cylindrical segmentvith two hemsphericalendcaps The cylindrical segment %940 neters
in diameterand hasa length of 4.641 meters. The radius of each hemisphemchtapis
2.469 meters and the total length of the inflatable is 9.581 meters. The membrane of the
inflatable consists of a threlayer system comprised of an internal bladder, an intermediate
fabric restraint, and an external webbing restraint. The bladder is the innéayersof the
construction It is in direct contact with the fluid used for inflation and pressurization. The
intermediate fabric restraiprotecs the internalbladder.The external webbing restraim a
macroefabric comprised of woven webbings designed to undediikbe membrane stsses
generated by the pressurizatidime macrefabric of the outer layer consists of a plain weave
pattern of 0.05 m wide webbings manufactured with Vectran fifpensaaray, 2012 From the
structuralpoint of view the outer layer is the most importamtce it carries all the membrane
stressesvhile the two inner layers providar andwater tightnessequiredduring theinitial
inflation and pressurization. All three layecsntribute to the mass and volume of the
inflatable The inflation is carried duthrough &uminum fittingsthatare integratednto the
membrane and function as either inflation or air release ports. The totalt ved¢ighe
inflatable plug is approximately 900 kg.

From thefunctionality point of view the two most important geometmitaracteristics of
the inflatable structurare:

1) The kength of the cylindrical portignconsidering that the inflatable is designed to
remain stable by friction, the contact length was determined based on frictioat taipon
level and smallscale prototypes subjected to induced slippage over concrete surfaces
typically found insegments ofransportation tunnsl(Sosa et al. 2014bThe length of the
cylindrical portion of the plug providesufficient contact length for the development of
frictional forces to maintain the axial stabilifgarbero et al. 2012t50sa et al. 2013c

2) The perimeter of the cylinidal portion of the inflatablevas designed to cover elements
that typically exist in a tunne&rosssection.These elements includkict-banks, pipes, cables,
and rails. The perimeter also includes a percentagatcd membrane materiéypically in
the range of 80%) to assue maximumlocal conformity of the inflatabléo the tunnel
surface.

The inflatable required preparation workeforethe execution of a test. A sequence of
preparation steps was developku folding and packing the deflatestructureinside a
portable container thatas later placethside a mockup tunnel section specially built for the
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tests(Barbero et al. 20%8 Sos et al. 2014a These steps were developed to systematize the
preparation process famultiple repetitions

The sequence of preparation stepsluded: 1) Unconstrained inflatipaurface inspection
followed by a controlled deflationn( Figure 1 steps1-2). 2) Attachmentof the deflated
inflatable to aportable containemnd attachment ofie-downs on the partially folded
membraneg(steps 34). The purpose of installing these-tiewns is to produce a sequential
release of membrane material during théatron to improve the level of local conformity on
the lateral walls and corners as well as on the ceiling of the tu)nebldingby flat rolling
(stepsh-6); 4) Packing of folded into the contairemd closing of the portable containstefs
6-7); ard, 5) Transportation and securing the container into the tunnel mosiep §. The
final position of the container on the sidewall of the tunnel mockup at the end of the
preparation activities is illustrated Figure Za). The initial inflation was cared out by a
low-pressuranflation system connected to the inflatable as schematically showigime
2(b).

e ] S — i - 5 oo
Figurel: Sequence of folding and packing implemented experimer(Bdlsbero et al. 2018 Sosa et al.
20143.
Tunnel Segment
Plug Container
Control
inflatable Pressure System
R,
________ Airflow g""j
Meter
Butterfly High Flow Fan
Valve

Figure 2: (a) Mockup of tunnel section with folded and packdlatable installecn the right sidewall(b)
Schematiof low-pressurair inflation systentonnected to the inflatab{Barbero et al. 2013&o0sa et al.
20143.
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2.2 Initial deployment and low-pressure air inflation

The deploymentof the inflatable started with automatic activation of the opening
mechanisninstalled onthe container coverThe release of the covallowedthe folded plug
to unroll by itsown weight as the air inflation begamhe ar inflation process consisted of
two parts 1) The nitial inflation was carried out with an airflow radé 42 m¥/min until the
plug pressure reached 1.7 kiggen, 2)when the inflatable was fully positioned in the tunnel,
the air flowwas reducedo 1.4 m*min, and the plug pressure maintained constant around 2
kPa while the evaluations of global and local conformity took pladee total time from
initial deployment to complete positioning in the tunnel was 180 seconds.

Low-pressure air inflation testtemonstrated that key aspect for successful positioning
of theinflatable was the sequential release of membrane matdiiel.sequetial release of
the membranevas achievedby thetie-downs attached to the membranstalled during the
folding process(see Figure 1 step 4).These tie-downs gradually broke and released
membranematerialin the last stage of thmflation and assuredniform coverage of the
lateral corners located in thgper portion of théunnel perimeterFigure 3illustratesthe
seqience ofinitial unrolling andsubsequent lovpressureair inflation Barbero et al. 20%3
Sosa et al. 20134a

Figure3: Sequence of initial unrolling and inflation captured duringdodle test¢Barbero et al. 2013&o0sa
etal. 2014n

The folding and packing sequences outlinedSaction2.1 along with thedynamics of
initial unrolling and nflation outlined inthis section provided guidelines and reference points
for the creation and development of f#tesimulationmodels presented next.

3 OVERVIEW OF FE SSMULATION MODELS

3.1 Geometries and modeling approach

The development of eomprehensive modelble to reproduce the different stages of the
work performed experimentally required the creation of several coenpothat constituted
the whole FEmodel. The features of the different components of the FE mwdet defined
considering the differenpthases outlined in previous sections. Specifically, The FE models
presented in this section concentrated on reproducing Phase 1, wtlietted folding,
placement in the storage aread Phase 2, which included initial deployment and inflation.

The two main componentsf the FE model are the inflatablestructure and théunnel
segment in which the inflatable wibe deployedAdditional componentgreatedin the
modeling process includexhauxiliary surfacerepresentative dhe floor where the inflatable
was placedefore folding as well as additional auxiliary pé&s that were created replicate
the folding proceduresimplemented in thefull-scale prototge. The FE models of the
inflatable, tunnel agh auxiliary planes were created usiAfpaqus. @ometries,meshing,
material properties and boundary conditiorese createavith Abaqus/CAE Abaqus/Explicit
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was used to solve the different portions of the FiElet® AbaqusZAE/Viewer wa used to
visualizeresults and generate graphical results obtained fronfrEhg&mulations Abaqus,
2011).

The FE modelof the inflatable plugwas created assuming an unconfined, unstressed
inflated condition with the nominal dimensions of the experimental prototypachE
hemisphericalend cap included severalpartitions on its surfacereated for manufacturing
purposesas well as for defining the inflation fittingss illustrated irFigure 4(a) Similarly,
the cylindrical portiorof the inflatable contained several partitions created to define folding
lines andfolding segments. Also, as in the experimental prototype, gerimeter of the
cylindrical portion of the inflatablevas oversized with respect of the tunnel peter.A 5%
oversizingwas added to achieve conformance of the plug to the tunnel and tantake
account wrinkles and sag that megypearduring theinitial deployment and inflation.

As indicated in Section 2.1he actualstructural membrane of the inflatable s@tedof a
threelayer system. However, considering that only the outer layer contributes to the
membrane strength and the inner layers contribute to the mass and volume of th#enflata
the multi-layer systemwas modeled wih a single equivalentmembrae with the same
thicknessas that the threlayer system. The thrdayersalso contributed to thmassof the
system, and only the outer layer (theacrofabric of woven webbings) contributed the
stiffnessof the equivalent membrand@he FE model of theinflatable also includd two
aluminumfittings integrated into the membrane that functamair fill and air release ports.
These two fittingare locatedon one of the hemisphericahd caps Considering that the
fittings ae much more rigid than thequivalentmembrane, theyere modeledwith rigid
elements(R3D4). As in the actual prototype, thetal mass of the model of the inflatable
including metallic fittingswas 900 kg. Figure 4(b)shows the inflatable after meshing. The
mesh consisted of nearly 800 triangular membrane elements with linear interpolation
(M3D3).

The second main component of the FE model istiimael segment In this study, the
tunnel segmentwas assumed to be noeformable. As suchguadrilateral rigidelements
(R3D4) were used to represent the tursegment The experimentatunnel profileis shown
in Figure 2(a)wvas usedsareferencdor creating the FE model of the tuniselgmentFigure
4(c) showsa 3D rendering of the meshed configuration of the tunnel usadl the anfyses.

The tunnel section ialso assmed to be fixedn X, Y, and Z directios. Smilarly to the FE
model of thetunnel sgment,all the auxiliary platesreated to simulate theltling process
wereconsidered non-deformable and meshed with R3D4 rigidegles

(b) (©)

Figure 4:(a) Geometry and patrtitions of the inflatable; (b) FE mesh ahfteable in unconfined conditions;
(c) FEmesh of tunnel segment
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3.2 Simulation of folding

The folding sequence illustrated iRigure 1guidedthe creation of the FE model of the
folding processAs in the experimental workhé FE simulation of the folding process
comprised the followingstages 1) Unconstrained, unstressed inflatid?); flattening and
grounding; 3) folding byuccessive flat rolling.

In the first stagethe inflatablehas its mminal design geometry; is alsounstressednd in
unconfined conditions. In the second stdtgteningis achievedy simultaneouspplication
of horizontal displacementdong two lines located in theylindrical portion of he inflatable
in conjunction withthe action ofa vertical gravity force. The two initial stages are illustrated
in Figure 5 geps ad.

Once the inflatable is flattened and laying on the ground (represented by the underlying
grid in Figure 5, the folding process began by forming a longitudinal fold designed for
temporarily holding and sequentially release of part of the membrane material dwring t
inflation process as illustrated kigure 5 steps éh. Tie-downs held the membrane material
contained in the first fold delimited by lines marked on the surface of the cylindri¢elrnpor
of the inflatable The tiedownswere modeledy connectors elements (CONN3D2) linking
nodes placed along one of the longitudinal edges of the initial fold and nodes laicdted
underlying adjacent membrane as illustrateBigure 1(step 4), and ifrigure 5(step h). The
connector elements were assigned to hamg uniaxial strength and onlg translational
degree of freedom.

@)

(b)

()

1 ()

- Tie-downs

Figure 5: Simulation of folding (Part 1). Initial configuration andtéaing (ad); first fold for holding of
membrane material {&).
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In the third stage, the folding continued witte graduafolling of the flattened inflatable
by successive lifting andotations of the partial folds by ing the rigid plates defined
previously Three sets of lifting and rotation maneuvers, combined twélaction of vertical
gravity force, were applied to complete the folding sequéfigere 6illustrates the sequence
of the last set of folding maneuvers anditiflatable in resultantinal folded configuration.

a) Initial position after first fold ¢) Final folded configuration

r 2

| b) Sccond fold g;l ¢) Third fold

i i A i

e i T i i Lift |
Rotar it :u Rotate i
UL [ T S I U

e i i

Figure 6: Simulation of foldingPart 2) Sequencef successivéranslationand rotatiorof auxiliary plates

3.3 Simulation of placement of folded inflatable

The simulation of the placement procesmsised of a combination of a rigid body
rotations and translains of the folded inflatableo approach it anglace itwithin the storage
areaof the tunnelsegment Oncethe folded inflatablevasapproachedo the storage area, it
was connectetb thetunnel along a predefined horizontal line located inside the storage area
(Figure 7(a). As in the experimental work, the connecting lp®videdalignment to the
inflatable during thenitial deployment andnaintaired it connected to the tunnel duriniget
inflation process. The placemeobntinuedwith a horizontaltranslationproduced by the
action of ahorizontal gravity forceasshown inFigure 7(b) Once the folded inflatableas
positionedwithin the storage area, a vertical rigid plaepresentatie of theactualenclosure
was approached and connected to the tuttébldthe folded inflatablevithin the storage
volume.

The rigid plane not only simulates the enclosure but also maintains the folded iaflatabl
plug within the storage area duringetimplementation of the numericadlaxation process.
The main purpose of implementing the numerioelaxation process into the simulation is to
restore distorted elements back to their original condition befeeeutingthe deployment
and inflationsimuation. Abaqus/Explicitestores distorted elementsough mappingf the
coordinates of nodegsom an initial configuratior(in this case the folded configuratioto) a
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reference configuratiodefined by a metric file created ftire inflatable under uranstrained
conditions Abaqus, 2011 The restoration is process was appliedconjunction witha
vertical gravity forceapplied to the folded plug@-he result of both effects defined the starting
positionfor the simulation of deploymeand inflation. he numerical relaxation po®ss was
also kept active during the deployment simulatimstabilize the simulatiomnd to minimize
excessivalistortionson the membran&hen the inflatable is fully positionexhd confined by
the tunnel inner perimeter atetlend of the inflation.

(a)

®)

@ -

Figure7: Placement of foled inflatable in tunnel section. (a) Approach and connection of the stmeagb)
Application of horizontal gravity force and approach of vertical cow@rC(osure of storage area; (€ipal
posiion after completion othe placement

3.4 Simulation of inflation

The Uniform Pressure Method (UPMproposed byWang and Nefske (1988 and
implemented iMAbaqus/Explicit Abaqus, 201)lwas used to simulate the inflation process.
For more than two decadetetUPM hasbeen extensively implemented inmsilations of
airbags used bthe automobile industrgnddemonstrated to predigbod resultgBuijk and
Florie, 1991 Wang, 1995 Kamiji and Kawamura, 20Q1Ha et al. 2004Lee et al. 2009
Potula et al. 20%a5raczykowski, 2018 The UPM method is relatively simple to implement
computationally efficient and adequate for modeling relatil@h-speedinflation since the
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inertia of the inflation gas can be neglectede Tdapability of reproducing thimflation
behaviorat arelatively low computational cost amdasonabl@ccuracy were two of the key
factors that led to the adoption of the UPM as inflation method.

The UPMrequiredthe definition of surfacéased cavities to model the iflestructure
interaction duing the inflation process. This gability allowedto use standardlements to
model the membrane of the inflatalalled requirec surface definition on the cavity boundary
for coupling the deformation of the membrane and the pressure exerted by the inflation fluid
(air at ambient temperature in this case). The UPM also required thdidefof the fluid
behavior, thdluid exchange to model tHauid flow and the definition of an inflator linked to
one of the cavitiegAbaqus, 201l The UPM assumegshatthe pressure in the inflatabie
spatially uniform during the inflation; it also assuntieat there i310 heat transfefadiabatic
process)and that the inflating gas behaves as an ideal gas with constant specificAheats.
limitation of the UPM is the iability to simulate local fluid effects because the formulation
does not involve the equations of fluid dynamics that describe the movement of fluid.
However, this limitationvas overcomdy the implementation of enulti-chamberapproach
and the definition of fluid exchanges thaextenad the capability of the UPM. The
implementation of these two additional approaches contritiatexplicate bettethe inflation
behavior observed in the fidcale experimentsThe position of the internal chambers
delimited by chamber wallslaced inside the inflatablas well as the sequence of airflow
distributionis illustratedin Figure 8

The presimulation conditions for modeling confined inflatable are similar to the
conditions typically applied to simulations of automobile airbags. However, additional
assumptionsvere maddo define bettesome of the particularities of confined inflatables for
sealing tunnel sections.h&se additional assumptions drased on the behavior observed
during actual deployments of ftdcale experimental prototypes reportedBarbero et al.
(2013) andSosa et ali2014a), including:

e Gravity forcein the vertical directioms applied on the entire inflatable from the beginning
to the end of the simulation.

e Air at an ambienttemperatee of 27°C (80°F) and standard ambient pressure of 100 kPa
areassumed to exist during the inflation.

e Airflow rate of 42 n¥/min and a total analysis time of 200 seconds.

¢ Air transfer into and within the inflatabtbrough an orifice with discharge coeftient of
1.0.

¢ Airflow entersinto the inflatable through only one of the inflation fittings.

e Walls of internal chambers directatie airflow inside the inflatableThe wallsdo not
contribute to the mass or stiffness of the main membrane stru€hedmgitudinal and
transverse walls that delimit the internal chambers are permeable to the inflation fluid
except when a specific fluid exchange is defined.

e The equivalent external membrane is assumed to be impermeable.

The foldedinflatable placed in the terage areas illustrated inFigure 7d) was useds
starting point for initial deployment and inflati@mmulation. In this configuration, the folded
plug sits on the base of the storage area under the effecioafntweight. Avirtual vertial
gate holds it up until the deployment sequence is activated. The folded plug is commected
the tunnel section at line A as shownHigure 7(3, and the nodes of this line atannot
translate but are allowed to rotate in any direcfidns boundary conditiorepresents the ties
that fasterand restrain the inflatabte the tunnel section and are assumed to be unbreakable
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during theinitial deployment and inflation simulation.

An important consideration is that ihe modeling of folded membraneistortionsof the
mesh and elemesare introduced inevitably during the folding process. These distortions in
the folded mesh may lead to initial stresses that can affect the final shape of thedleploy
inflatable structure by creating fictitious wrinklaad lbgusstress concentrations that do not
exist in the reamembraneIn order tominimize this effect, the folded plug illustrated in
Figure 7(d)was usedas initial configuration and the mesh illustratedFigure 4(b)was
definedas a reference(or initial metic) to specify the unfolded stref®e configuration of
the inflatable Under this proceduraiven that the reference configuratienspecifiedfor all
the membrane elements, any initial stress conditions speddrethe same element are
neglected and therefore no initial stresses were includedthe membrane of the folded
inflatable(Abaqus, 201

A friction coefficient 0.19was usedetween the inflatabland theinner surfaceof the
tunnel A selffriction coefficient of 0.2lwas usedor the fdric-to-fabric friction. These two
friction coefficientsdefine how the surface of the membrane interacts with itself and the
tunnel surface as the deployment and inflation develop duhi@gsimulation $osa et al.
2014b; Peil et al. 201p The hard cont option was selected to be the conhtawthod
between part§Abaqus, 2011

Three representativaflation simulationsaresummarizedn Table 1 In simulationS1, the
folded inflatable did not include tidownsto control tle membrane releasand the aflow
was not directednceit entered into the inflatable. That is, whdre airflow entered through
the inflation fitting, the airfilled up all the internal chambers of the inflatable evenly and
simultaneouslas shown irFigure 8(b) In simulationS2,the folded inflatablencluded tie
downsinstdled during the folding process. Also, as in simulatiiy the airflow was not
directed once it entered into the inflatable. Simula&3nincludedtie-downsto control the
membrane release.dtso included specific fluid exchange designed to guide the airflow once
it entered into the plug. In this cagbe aiflow fills up the firstlongitudinal half of the
inflatable (longitudinal Ghamber 1) immeiately after entering the chamb#rrough the
inflation fitting. After a partial inflation of longitudinal Chambey the second halbf the
inflatable (longitudinal Chamber 2)eceives airflow from longitudinal Chamber 1 until the
inflation is completed The sequence of fluid exchange for simulation Sshavnin Figure
8(c).

Longitudinal
Chamber 2

m;gimdina!

Chamber 1

Inflation port

(@ (b) (<)
Figure 8: (a) Internal chamber distributigh) Inflation scheme 1, atyTthe airflow enters into the inflatable, at
T the airflow filled both longitudinal chambers 1 and 2 simultaneo(sjynflation scheme 2, atolthe airflow

entas into the inflatable, atiJthe airflow filled longitudinal chamber 1 and then, gttiie airflowstarts the
inflation of longitudinal chamber 2.
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. . Tie-downsfor sequetial Airflow directedwithin
Simulation R

membraneelease longitudinalchambers

S1 No No

S2 Yes No

S3 Yes Yes

Tablel: Inflation smulationcases.
3.5 Results

As seenin the experiments, the initial deploymestarts upon removal of the vertical gate
that holds the inflatable within tretorage area as shownkigure 7(d) Then, the action of a
vertical gravity force inducefirst, a slump of the membrane material, and then, unfale
inflatable, whichfalls by its selfweight out of the containeand rolls out towards the tunnel
floor. This initial steptakesthe around® seconds as illustrated in the sequencEigdire 9
This initial movement was common for all three deployment models (S1 to S3). Inehedia
upon completion of the initial unrallg, the nflator was activatednitiating the inflation
process.Figure 9illustrates the inflation process a sequence of images captured from
simulation models S1, S2, and S3 compared to experimental results.

In Figure 9 the effects of internally directing the internal airflow within the three models
are seenbetweenthe 50" secondand 9%' secondof the inflation sequence.hE airflow in
models S1 and S®as not directedso theinflation pressure was uniformigpplied to both
longitudinal chambersaccording to the sequendkistrated inFigure 8(b) In model S3the
inflation pressure was applied firstaae-halfof the inflatable (the one on the container side),
and then to the second half (the one opposite side of the memtasshown inFigure 8(c)
The delay in transferring the airflow changed the profiléhe inflation sequence as seen in
the images capturedm the three models during the5and 9%' seconds.

The effects of restraining the membrane during the inflagien seerbetween the 9%
second and the 1#Geconds of the inflation. In model She membrane was not restrained
during the folding process. In this case, once the inflatable has finished positiornireg a
bottom of the tunnel section, the inflation pressure pliffeemembrane up until reaching the
ceiling of the tunnel. In models S2 and S3, thedbens installed during the folding process
held the membrane until the inflation pressure bribiean around the 155 second of the
inflation and released the stored membrane that covered the upper portion of theragsnel
section.

Looking at all the simulation results in comparison with the experimental resiitgwot
9, modelS2 appears to follow more closely the inflation pattern observéue experimental
evaluations. This result suggests that the inflation schenfl@strated in Figure 8(b)in
combination with the tielowns temporarily holding the membrane could reproduce more
accurately the inflation sequence. However, additional parametric evaluationswatbng
further comparisons with experimental inflations would be resrggo confirm this result.

In Figure 9also, it is seen that as the inflation reached thd" 2@8@ondall simulation
models reached an apparent similar final shape at the end of the inflation. Adgitshal
processing and further analysis of the simulation results allowed a better umtlagst the
dynamics of the inflation process as wellaasassessmertf the levels oflocal conformity
and global contact corresponding to each model.
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Model 81

Model 52

Model 83

Figure9: Comparison of experiment@osa et al. 2014a@nd simulation results.

Figure 10showstransversal and longitudinal cressctions of the inflatable captured
during the inflation process:igure 10(a)shows transversal and longitudinal crssstions
corresponding to simulation S1 aligure 10(b)shows transversal and longitudinal cress
sections correspaling to simulationS3. The cross sections of simulations S1 and S3
illustrate some characteristicef the inflation sequence that are useful to understand the
dynamics of thanflation process.For example, theffect of guiding the airflow with the
chambers of the inflatabls illustratedin the transversal crosections ofigure 10(a) Seps
4-5, where the internal chambers of modglsgrted filling at the end of the initial unrolling.
On the otler side thetransversal crossectionsof model S illustrated inFigure 10(b) Seps
1-2, show that only the longitudinal chamber located on the containepfsitie tunnelis
initially receiving airflow while the rest of the membrane remained deflateidi the fluid
exchanges activatedn Step 3.

Another featureseen in thecrosssections is the membrane distribution at the different
stages of the inflation. Following to the initial unroll and due to the gravity effeattically
all the membranamaterial is initially accumulated on the tunnel floor. As the inflation
progresses, the membrane material moves from the storage side to the gip@stethe
tunnel. This type of behavior is duettee foldingpattern selected for the inflatable. Foigli
by rolling or by creating flat rolls favors a more uniform distribution of the memebra
material. The inflation pressure also contributes to stretch longitudinal and transverse
wrinkles by gradually dispersing the membrane material accumulated on the toonakf
seen inthe longitudinalcrosssectiors of Figure 10(a)and 10(b) Note that n the images of
simulation S1 shown iRigure 10(a}he walls of the internal chamtseare displayed, but they
do not contribute to the mag or stiffness of the inflatable.

A third featureobserved in théransverse crossections is the effect of having membrane
material held by ti@lownsduring the inflation process. In model S1 the membrdnine
cylindrical portion did notinclude tie-downs,and the membrane neaial is driven by the
inflation pressur@¢owardsthe tunnel ceiling On the other hand, mod&B showed a better
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material distribution and a better final coverage when the membrane was téynpetdrand
laterreleasedo cover the upper portion of thannel section bettefhe holding and release

of the membranareillustratedin the transversal and longitudinalosssectionsof Figure
10(b), Steps 3 to Swherethe inflation prgreseduntil the tiedownsbroke and released the
membrane materialeserved between the tiglowns. Since the pressure merated by the
airflow continuedbeing appliedit contributed tdifting the recently released membrane until

it reaches thaunnel ceiling. As in the experimental work, the inclusion ofdboevns for
temporarily holding off the membrane fulfilled two purposes during the inflation process: a)
reserve membrane material for coverage of selected zones, in this case the uppeofportion
the tunnel section, and, b) reduce the formation of longitudinal wrinkl#silower areas of
the tunnel at the end of the inflatiorhe result oimplementing this technique an enhanced
local conformity revealed by no gaps in the contact perimeter, which transiiean
increased sealing capacity of the inflatable.tAdlse observations are also consistent with the
observations made during the fattale experimental worfBarbero et al. 20k8andSosa et

al. 20144

1 i ?g @l ﬁf\;’}m 7 /“M?q 1

w e

Sections A-A Sections B-B

(a) (b)

Figure10: Transversal and longitudinal cross sections. (a) Model S1; (b) 8d&alls of internathambers
removed for clarity).
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Figure 11lillustrates the level of local conformity obtained from simulation results
comparison with experimental resultBhe most critical area®r local conformity are the
corners and transitions along the contactinpeter. SimulationS1 showed at least three
visible gaps originated by bridging of the membramieile modelsS2 andS3 did not show
large visiblegaps other thathose associated with the local FE mesh densityeatorners or
transitions, as illustrateid the close-up views dfigure 11

Local conformity: S3

Local conformity: S1

Figurell: Evaluation of local conformity. Simulations S1 and S3 vs. experirf®osa et al. 2014a).

The level of global conformity of the inflatable to the tunnel sectiais evaluatedy
computing the contact area obtained for each deployment. An output obtained from Abaqus is
the contact area between two objects, which in this case corresponded to the cylindrical
portion of the inflatable and the tunnel inner perimeter. The inflatablevdisgdesigned to
have a cylindrical portion with aominal contact area of 71.98 rithis contact area provides
sufficient slippage rediance to hold the total external force originated by ftbeding
pressure applied to one of the hemispherezad caps Looking at the dngitudinal cross
sectionsof Figure 10at the end of the inflation, it is clear that the final contact area is higher
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than the design contact argmarticularly at the tunnel floor levelhe values of contact area
at the end of the inflation summarizedTiable2 indicate that the contact area increh26%,
32%, and 34%, for simulationsl S, andS3, respectively. Thimcrease in the contact area
is attributedto the confinerant effect of the tunnel sectiam which part of the hemispherical
end caps é&come part of the cylindrical portion of the plug, thus increasing the total contact
area However, this apparent increase in the final contact area sheubkenwith caution.
Experimental observations indicated that when the inflatable igluglly pressurizedin
preparation for flooding simulations, the two hemispherical end caps tended to regain thei
original hemispherical shape, and therefore reducing the apparent increase of ceatact ar
(Barbero et al. 2013andSosa et al. 2013a

Simulationreaults show that the modetsin be used to evaluate tt@nformity, or fitness
of the inflatable to the tunnel geometiiyhe lack of conformity reveals itself in the form of
bridging of the membrane at geometrical transitions such as sharp corners ardl aroun
obstructions such as pipes other obstacle® which the inflatald has to adagb seal the
tunnel. Experimentiave showrthat the &ck of global and local conformitgirectly affects
the leakage rate; that is, the flow rate that pitug is incapable of stopping because of the
presence of gaps that reduced the sealing effectiveness of the inflatable.

Simulation Case S1 S2 S3
Unconfined inflation, cylinder contact area (m{ 71.98 | 71.98 | 71.98
Confined inflation, simulation contact area (m{ 90.17 | 95.27 | 96.27
Contact enhancement (%) +25% | +32% | +34%
Bridging spots (gaps in contact) 3 0 0

Table 2: Summary of contaatea computedftercompletion ofinflation.

4 CONCLUSIONS

This study presented an overview of the transition from experimental workntasion
work for thedevelopmentand implementationf largescaleconfined inflatable structurder
sealing of tunnel section$revious experimental worlwas usedas a referencefor the
creation of inite element models of the differestagesof the experimental evaluations.
Procedures and am features of the finite elementodelsthat reproducedthe process of
folding, placement, deploymeaf an inflatable structureere presented

Overall, simulation results showed thaetimplementation of a molileg strategy that
includes the application of geometric transformations for folding and positioning of the
inflatable, as well as the implementation of the Uniform Pressure Method in @amabiwith
retardation devices or tidowns, provided a reasably accurate predicting tool. Simulation
models displayeda good level of correlation with experimental results, particularly in
reproducing the overall deployment dynamics consisting of the initial unrolling of the
inflatable structure followed by full infteon within the tunnel section.

Simulation resultsalsoshowed how a controlled release of membrane material during the
inflation canlead to improved levels of local conformity and enhanced contact area between
the surfaceof the inflatableand the tunneinner surface. Considering that the actual contact
area is not easily measurable in fetiale experiments, tr@mulationresults can provide a
good estimation of the actuatontact area at the end of the initinflation. Results &0
showed that the adelscanpredict theglobal and localevelsof conformity of the inflatable
to the tunnel geometry by revealing gaps in the coqtecteter Lack of local confanity
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shows up in the form of bridging of the membrane mateaarad the tunnel perimeter,
paticularly atcorners,geometrictransitions and around obstructions to which the membrane
of the inflatable has to adajatseal the tunnel perimeter.

The different features and assumptions used to create the FE simoiatiefs will allow
to carry out @irther analyses and parametric studielse FE models developed under this
work will allow performingassessments of the influence of changes instiepe of the
confining tunnel perimetelternative folding sequences, alternative ways to guide the air
flow within the inflatable plug and the influence of using different airflogaturing the
inflation processTheassessmenmtf variationsof all these factors at experimental level can be
very costy, sothe availability ofa validatedsimulation moded contributes teoninimizing the
needfor experimentakvaluations.
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