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Current options for Lunar habitat architecture include inflatable habitats and airlocks.
Inflatable structures can have mass and volume advantages oveonventional structures.
However, inflatable structures carry different inherent risks and are at a lower Technical
Readiness Level (TRL) than more conventional metallictsictures. One of the risks
associated with inflatable structures is in understandig the tolerance to induced damage.
The Damage Tolerance Test (DTT) is designed to study th&ructural integrity of an
expandable structure.

TransHab (Figure 1) was an experimental inflatable module elveloped at the
NASA/Johnson Space Center in the 1990’s. The TransHab dgs was originally envisioned
for use in Mars Transits but was also studied as a poteiat habitat for the International
Space Station (ISS).

The design of the TransHab module was based on a wovensgm using an Aramid fabric.
Testing of this design demonstrated a high level of préctability and repeatability with
analytical predictions of stresses and deflections. Baken JSC’s experience with the design
and analysis of woven inflatable structures, the Damage Teance Test article was designed
and fabricated using a woven design. The DTT article wasflated to 45 psig, representing
25% of the ultimate burst pressure, and one of the onmch wide longitudinal structural
members was severed by initiating a Linear Shaped Charge (IC3. Strain gage
measurements, at the interface between the expandabléements (straps) and the non-
expandable metallic elements for pre-selected longitudl straps, were taken throughout
pressurization of the module and strap separation. Straigage measurements show no
change in longitudinal strap loading at the bulkhead interéce after strap separation
indicating loads in the restraint layer were re-distributed local to the damaged area due to
the effects of friction under high internal pressureloading. The test completed all primary
objectives with better than expected results. This gper will discuss space inflatable
structures, damage tolerance analysis, test results, and @jability to the Lunar
architecture.

T
JSC Expandable Structures Lead Analyst.
2

TransHab Chief Engineer/ Expandable Structures Advisor.
3
ETDP Expandable Structures Co-Lead, Project Manager, Allefber.

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com


http://www.docudesk.com

Figure 1: NASA TransHab- Structural Rsirint Layer with Internal Bladder

1. Introduction

a. Test objectives

The objectives of the DTT are to validate assumptreteted to (1) the structural integrity of the assamitdnd
pressurized structure when a section of the structasdtaint layer is cut by a foreign object, and (2) Ityeel
distribution of the structural restraint layer duringgsurization, as well as before and after the stralatestraint
layer is severed. For this test, a longitudinal stratttestraint strap will be severed using a linear shapgge.
The linear shape charge was designed specifically feraghyplication to cut only a single longitudinal strap, while
not damaging the bladder.

b. Pre-test Assumptions

(1) The JSC Expandable Structure team believed that als&ictural member of the woven design, loaded to 25%
of the burst pressure was severed, the load would redistribuhe adjacent structural members and the global
structural integrity of the structure would be preservé&kmonstrating this fail-safe behavior was the primary
purpose of this test.

(2) It was expected that in the short time following sieng of the structural member, some dynamic load
amplification would be evident in the adjacent strapsaddad was redistributed. It was not clear to whadrgxt
the load would be temporarily amplified in the adjacergpstralthough it was believed that friction in the woven
design would dampen the load amplification.

(3) Experience gained during testing of TransHab structuras wlemonstrated difficulty in achieving good
correlation between analytical predictions and measemnés of load at the interface between the restraiet kyd
polar bulkhead. Understanding this performance was adagoabjective of the Damage Tolerance Test.

2

American Institute of Aeronautics and Astronautics
AlAA-2009-2167

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



2. DTT Atrticle Design Details

a. Overall Design

The Damage Tolerance Test Article consists of a loadirg restraint layer, a bladder or gas barrier, and a
structural metallic core. The test article restrdayer is fabricated from one inch wide Kevlar webbthgt is
woven in a basket weave pattern. Underneath the struataint layer is the bladder or gas barrier. Riw test

the bladder was required to maintain pressure for testihgand was not representative of a flight design. The
bladder and structural restraint layer attach to thetsmialccore of the module at steel bulkheads at each €he.
two bulkheads are separated by a 10 foot center tube whiddegsdiie structural support for the module when in a
non-inflated state as well as resists a portion efakial load when pressurized. The longitudinal membéthe
structural restraint layer are attached to the bulkheaiigy a series of clevises that are bolted to the batkh
Strain gages are placed on the clevises that can meztgange in load when the structural restraint latied. The
test module is 88 inches in diameter and 120 inches in heightconsists of a cylindrical section 78 inches in
height, and two partial toroidal sections which tranosithe cylindrical region to the polar bulkheads.

Figure 2: Damage Tolerance Test (DTT) Article

b. Weave

The 1" wide Kevlar straps are woven together in an omdeustyle basket weave pattern which provides locational
restraint for the straps. Additional overall dimensiostability is achieved by the use of hand stitched indexes
where the hoop and longitudinal straps are attachedpcehminate excess bunching of the straps during inflation.
In the cylindrical section of the module, the longitad straps run parallel to one another with a gap of
approximately 0.5" between straps. As shown in Figurel@h as the 120 longitudinal straps pass through the
toroidal section, adjacent straps transition from beimglighto overlapping, and are joined at the 90 polar sksvi
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c. Linear Shape Charge

For the purposes of this test, three linear shape chasgenalies were developed to sever one longitudinal strap,
and two hoop straps. The design of the shape charge wathatithe bladder was shielded from damage, and the
effects of the charge were limited to one strap onlye 20 grains per foot (gpf) Linear Shaped Charge was secured
in a Lexan housing and placed on top of the Kevlar webbitg twut. A metallic protective plate and Kevlar felt
was placed between the bladder and Kevlar webbing to b&€ards and magnets were used to align the Lexan
plate with the webbing and metallic plates. Duringitigs the LSC was detonated using a firing unit, blastiag

and flexible confined detonating cord (FCDC) line (Figuye During testing, only one LSC was initiated as
described in the results section.
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Figure 4: Linear Shape Charge Detail

d. Instrumentation

An array of strain gages are located at the bulkhead tedutevises where the longitudinal restraint laysaps

are attached. In order to capture data during the testir@® gages are attached to the roller/clevis adssnb
which attach the longitudinal strap restraints to thiarpbulkheads. The gages are arranged as shown below in
Figure 5 with 16 gages on each of the two bulkheads, witmtgerity of the gages arrayed about the site of the
induced damage. The gages measure axial strain in the pteduced by the tension in the longitudinal straps.
After installation of each strain gage, calibratiorsvgeerformed to establish the relationship of miceistto axial
clevis load.
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Figure 5: Polar Bulkhead with Clevis Numbering and Strain Gage Locations

e. Design Loads in Straps

Analysis of the test article was performed using a psodeseloped and refined during the TransHab project. The
calculation is based upon cylindrical and toroidal membtheery, but also takes into account such factorsrag st
spacing or overlap, seam efficiency, and the non-tmifoading of hoop straps in the toroidal section.

The test pressure was defined as 45 psig (25% of the preblistidoressure). Calculations predict each of the 240
longitudinal straps to be at a tension of 1122 Ibs incttiedrical region, and the hoop straps to be at adensf
2063 Ibs. At the polar bulkheads, the load at each depidicted to be 1520 Ibs.

2. Test Details

The damage tolerance test was performed at NASA's VHaitels Test Facility (WSTF) due to the high stored
energyof the test article. Test plans called for the modilbe inflated to the test pressure of 45 psi, with regve
predefined intermediate hold periods at 10 and 22 psig. Thenedate holds were implemented to allow
additional data recovery for comparison to calculated gtieds of load, and also to allow inspection of thé tes
article. Strain gage and pressure data was collectétiatintervals throughout initial pressurization of thstte
article including holds at 10, 22 and 45 psig. Upon pressiatized 45 psig, data was collected at a rate of 1 kHz
for a period of time starting 2.5 seconds before initéathe linear shape charge and ending 2.5 seconds after.

3. Test Results

a. Results after cutting strap

The figure below shows the strain gage output for the Shdeperiod surrounding the strap cutting event which
occurs at 27.5 seconds. No measurable change in sadpMas measured at any of the instrumented clevis
locations. Figure 6 below shows the output for gages 18hwhere gage number 4 is attached to the longitudinal
strap number 26 which was cut. All 32 strain gages displaimilar data to that presented below.
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Figure 6: Strain Gage Output Enveloping Strap Cutting Event
The series of photographs shown in Figure 7a through 7c thleotest article immediately before and after cutting

of the longitudinal strap. Figure 7a shows the configumeof the test article just prior to the strap aigtevent.
The figure also identifies areas of interest for thigsequent post-cut configurations in figures 7b and 7c.

Figure7a: Test Article just prior to severance ofa@ngltudinal strap (highlighted regions identify areas ofredein
figures 7b and 7c)

7

American Institute of Aeronautics and Astronautics
AlAA-2009-2167

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Figure 7b. Test Article Configuration immediately affee longitudinal strap is severed.

Figure 7c. Test Article Configuration after the longihal strap is severed.

Because the test was conducted outside in sunlight, slraing layer straps were discolored due to UV exposure.
However, due to the weave construction, the portion otitegp hidden by an overlapping strap was protected from
sun exposure. This provided a natural indicator of thegp sttovement before and after the strap cutting eent.
shown in Figures 7b and 7c, the cut strap has displaceg feava the location of the cut (in the direction bt
applied tension) and this displacement appears to be poo@ditio its proximity to the location of the cut.

It is worthwhile to note that there was no macrpsc@bservable behavior (deflection, vibration, etc) myrthe
cutting of the longitudinal strap. In fact, a closep@ction of the test article was required to confirm thatstrap
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was indeed severed by the shape charge. In addition, it istanpto note that strain gage measurements taken at
each end of the cut strap did not show any measurableadedreload after the strap was severed. After tla@ str
was cut it was still carrying its full pre-cut load! Thigs an unexpected result. As the photos show, thofradt
shear forces between the straps prevent the cut gswap immediately unloading. The integration of each
overlapping shear load along the longitudinal strap iscseiffi to carry the full tension load immediately attee
strap is severed.

b. Rationale for detonating only one Linear Shaped Charge (LS)

After the Linear Shaped Charge was initiated and no maalsuchange in any of longitudinal webbing loads was
detected and from video inspection it appeared the longéldiebbing was still intact, it was believe that eitihe

LSC had misfired and not cut the longitudinal webbing erltBC assembly had shifted during pressurization and
the longitudinal strap was still at least partially intacd carrying the entire load. Since only selecteditodinal
members had strain gauged clevises capable of measuringnidatbne of the hoop webbings were instrumented,
cutting a longitudinal was the primary focus of the tesfterAmuch discussion back in the secure bunker of the
White Sands Test Facility 700 area, a disappointed testdeaitied to call the test and reschedule for another day.
After the DTT article pressure was reduced to a safeoappable pressure and the remaining live ordinance was
discharged, a detailed inspection was performed and full ialhigél strap severance was observed indicating that
due to inherent design of the woven structure load redistibigia local effect. Thus, the woven design is even
more robust than originally expected. This was a truly uret@peyet significant result! At that point cutting the
hoop webbings would require complete deflation of the téisleato reassemble the Linear Shaped Charge set-up,
the test would be compromised after allowing the loadselieve and redistribute, and since cutting the hoop
webbing was a secondary objective, it was decided furtbngavas not required.

c. Comparison of measured strap loads with pre-test predians.

Although not a primary objective, the test afforded an dppdy to compare strain gage measured strap load data
to analytical predictions. The table below provideDmparison of the test data from the pressure hold2 anhd

45 psig to the analytical predictions.

Table 1: Clevis Loading at Pressure Holds

Fressure Hald
45 psi | 22 psi
Maximum Clevis Tension (Measured)| 2753 Ibf ] 1141 |bf
Minimum Clevis Tension (Measured) | 485 Ibf | 1859 Ibf
Awerage 1724 1bf | BEZ Ibf
Analytical Prediction 1519 Ibf | 743 Ibf

Figure 8 shows the tensile load at the 32 instrumen®dsclocations during the 45 psi pressure hold, prior to
severing the longitudinal strap. As noted above, widetescat load was observed relative to the analytically
predicted load.
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Clevis Axial Load - 45 psi
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Figure 8: Polar Chart of Individual strap loads

The wide variation in strap loads (even at two ende@Bame strap) suggests that the frictional shear |taedre
straps is relatively large for this type of weave carcdion and on the order of magnitude of the strap tenegh |

at this pressure level. However, the variability bemvéhe loads at the upper and lower bulkheads for the staape
indicates the high frictional shear forces that accateubver the weave construction. Therefore, the same

mechanism which made the woven test article damagertgletao makes localized predictions of load at the polar
bulkheads difficult.

Previous burst testing of several woven inflatable atrest of similar construction resulted in repeatable and
predictable failures in the longitudinal straps in théincyical region of the module. This result indirectly
demonstrates that at high pressures approaching thetdtoapability of the restraint, the high frictionalcies in

the cylindrical region are overcome resulting in a morgorm load distribution. As shown in Figure abawethe
toroidal region of the restraint layer, nearest tlewises, the longitudinal straps are overlapped. This ovenlgppi
acts to reduce the tension in the straps as well asaiselinter-weave friction. So, although a large amouwstatter

in clevis tension was observed at the polar bulkheadsigus testing indicates that the same degree of scatter w
not present in the cylindrical region at pressuresagutring the ultimate capability of the restraint.
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Figure 9: Longitudinal Strap Tension Along Toroidal Region

4. Conclusion / Future Work

The detailed behavior of an expandable pressure vessal sudiden structural integrity loss of one of its members
has been tested and studied. The test revealed unexpecbethgttial results. The results show that a tightweea
construction helps eliminate a sudden and dynamic globdistgbution of strap loads. The high inter-weave
friction allows loads to be carried by the failed strustunember. It is expected that this load will relieverdirae

due to stick-slip mechanisms, and the load will then digtiei to adjacent members. While beneficial for mitnga

a highly dynamic structural response to a failed compiriee high inter-weave friction also makes predictibn
local stress distribution within and among straps difficuitis possible that this variation in load could rezlaad
even out over time due to operational vibration but this shbalthe subject of future work. In the summer of
2009, the Damage Tolerance Test article integrated wi@kiach hatch penetration will be pressure tested at WSTF
and loads in the cylindrical region will be measured @rdpared with analytical predictions. Furthermore ais
2009, a full-scale Constellation Trade Set (TSla) Inflatébrus with integrated 40- hatch penetration will be
pressure tested at WSTF with similar measurements anplacson.
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