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Behavior of Sandwich Panelsin a Deployable Structure

Zach C. Ballard}; Evan J. Gerbo, S.M.ASCE Ashley P. Thrall, A.M.ASCE; Brian J. Smith, P.E;

ABSTRACT

This paper investigates the load-bearing capability of sandwich panels (comprised of fiber-
reinforced polymer faces and a foam core) connected by aluminum hinges in an origami-inspired
deployable structure intended for temporary sheltering. The structure is studied (1) during deploy-
ment (loaded under self-weight only), and (2) as both individual and combined modules subjected
to uniform pressures emulating wind loads. The measured results are used to validate finite el-
ement models, with comparisons focusing on surface strains and displacements at panel centers
(to study global behavior), as well as surface strains near connections (to study local behavior).
The validated numerical models are used to perform parametric studies investigating design de-
cisions for (1) deployment, including panel reinforcement, location of lifting equipment, and size
of lifting equipment, and (2) combined modules, including restraints and connections between
modules, gasketing between panels, and panel reinforcement. This research ultimately demon-
strates the load-bearing capability of deployable structures comprised of hinged sandwich panels
and provides design guidelines and recommendations.

CE Database subject headings: Temporary structures; Sandwich panels; Military engineering

INTRODUCTION AND MOTIVATION

The behavior of sandwich panels (i.e., layered material comprised of a core and two faces)
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has been widely studied since the 1960s, with applicatianging from aerospace to shipping
industries. Due to the high strength-to-weight ratio arecdtiiermal insulation provided by the core,
sandwich panels can be particularly advantageous for mmgi¢ation in temporary sheltering in
military or disaster relief applications where transpbility and energy efficiency in heating and
cooling are at a premium [e.g., 66 million USD is spent per bayhe U.S. military to cool soft
wall (i.e., canvas) shelters (Anderson, 2011)] (Martidartin and Thrall, 2014; Quaglia et al.,
2014b). To make these structures deployable, origami caniliEed for inspiration to fold panels
along hinged connections [see Peraza-Hernandez et ad)|201

Quaglia et al. (2014a) proposed a solution for an origaspired deployable shelter (Figure 1)
comprised of hinge-connected sandwich panels [fiber-oetel polymer (FRP) faces and a foam
core] that includes the advantages of existing military a@dl (i.e, deployability, low self-weight)
and rigid wall (i.e., insulation) shelters (Quaglia et &014b). This four-panel concept (back
wall, roof, and two wing walls) folds into a compact shapetfansportation by air, rail, ship, or
truck on a standard military pallet [463L pallet, CompliarRackaging International Ltd. (2013)].
It can be deployed (Figure l1la) without heavy lifting equipmasing a lever arm that enables
users to rotate the back wall about a fulcrum. The wing walld eoof are then rotated out to
form a fully deployed, self-supporting module. Modules t&@nmated (Figure 1b) and combined
with other modules and existing technologies [e.g., kishdairines housed in Tricon containers
(Charleston Marine Containers, Inc., 2011) in the currestcé€& Provider system (United States
Army Integrated Logistics Support Center Natick, 2013)fdaom larger shelters (Figure 1c). A
full-scale prototype of this system (Figure 1d) has beenatestrated.

However, a barrier to the implementation of deployableifaidstructures is a knowledge gap
in the behavior of structures comprised of multiple santiwianels that act as the primary load-
bearing components. Prior experimental research has piyrfacused on isolated sandwich pan-
els, including understanding the flexural [e.g., Manalole(2010), Abbadi et al. (2009), Kesler
and Gibson (2002), Daniel and Abot (2000), Kee Paik et aB@)Pand compressive [e.g, Malcom
et al. (2013), Mamalis et al. (2005), Kee Paik et al. (199@®hdvior, as well as failure modes
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[e.g., Russo and Zuccarello (2006)]. Experimental and micaleresearch has also been per-
formed on fasteners/inserts of sandwich panels [e.g., blemmd Pein (2009), Bunyawanichakul
et al. (2005), Demelio et al. (2001), De Matteis and Land¢lf899a)]. A few exceptions have
investigated multi-panel structures [e.g., Dawood anddheill (2013), Heimbs and Pein (2009),
De Matteis and Landolfo (1999a), and De Matteis and Landd&®9b)]; however, these stud-
ies did not investigate foldable or deployable structussguring hinged connectors. To address
the existing knowledge gap related to multi-panel strietuthis paper builds off of a previous
study by the authors focused on an isolated panel restréyéthged connectors (Ballard et al.,
2016) and investigates the load-bearing capability of s@ctupanels (FRP faces and foam core)

connected by aluminum hinges in a multi-panel structure.

OBJECTIVES AND SCOPE

The objectives of this research are to study (1) the impadepfoyment on panel behavior and
(2) the load-bearing behavior of individual and combineddmes across hinged connections for
the structure shown in Figure 1. During deployment, the bienaf the back wall was monitored
as the half-scale structure rotated into the deployediposiThe behaviors of half-scale individual
and combined modules were studied under increasing unijatistributed surface pressures that
emulate wind loading. For each test, the measured reseltanpared with finite element numer-
ical models to better understand the global structural\dehaf the shelter as well as local effects
near boundary conditions and panel connections. Parans¢étidies using the resulting validated
numerical models investigate design decisions for (1)agpent, including panel reinforcement,
location of lifting equipment, and size of lifting equipnteand (2) combined modules, including
restraints and connections between modules, gasketimgbptpanels, and panel reinforcement.
This research demonstrates the load-bearing capabilsgradwich panels connected by aluminum

hinges and culminates in design guidelines and recommiendat

MATERIAL PROPERTIES
Table 1 provides the measured material properties of thefa&Pand foam core of the sand-

wich panel. The FRP faces [1.78 mm (0.07 in.) thick] are Vigttobiaxial (E-LT 1200-P) and
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double-bias (E-BX 1200) e-glass laminate (layup/90°/45°/-45°/-45°/45°/90°/0°) (Vectorply,
2002) with vinyl ester resin. The core [31.8 mm (1.25 in.)Cisrecell M80 Foam (Gurit, 2013).
Material samples were manufactured by Lyman-Morse Bokltimgg Co. (Thomaston, ME). In-
dividual samples of the core, face, and sandwich panel wssd during testing (Figure 2). All
material tests were conducted according to the applicaBlEM\ standards using an Instron 5590
Universal Testing Machine. Data from this material tesiwvag previously used by the authors to
investigate the behavior of an isolated panel (Ballard.e28l16).

The core (Figure 2a) was tested to determine the core depsiper ASTM C271 (ASTM,
2011a) as well as the core compressive moduliisand core ultimate strengtl,. per ASTM
C365 (ASTM, 2011b). The FRP was tested to determine the fansity,p, per ASTM D792
(ASTM, 2013) as well as the face tensile modultiy, face Poisson’s ratias; and face ultimate
strength,o; per ASTM D3039 (ASTM, 2008). Two different FRP face sampleavused: a
standard straight sample (Figure 2b) used to determinandy,; and a dog-bone sample (Figure
2c) used to determine;. The dog-bone sample was designed to promote failure indbe ¢or
center) region of the sample (required per ASTM D3039) ad us&STM D638 (ASTM, 2010)
with a radii as recommended by EI-Chiti (2005). The strainearequired for calculating, were
obtained using strain gages (MicroMeasurements CEA-@J¥%-350) adhered near the failure
region of the samples. The sandwich panel (Figure 2d) wasdés determine the shear strength
of the core;r. per ASTM C393 (ASTM, 2011c) and the core shear moduliygeer ASTM D7250
(ASTM, 2012).

EXPERIMENTAL PROGRAM

A half-scale prototype of the shelter in Figure 1 is testedaurthree different conditions:

e Deployment: shelter was rotated to erect position (Figyre 3
e Individual Module: Modules A and B were loaded individualigder increasing uniformly
distributed surface loads (Figure 4a, 4b, 4d, and 4e).

e Combined Modules: Modules A and B were joined and loaded nindesasing uniformly
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distributed surface loads (Figure 4g and 4h).

Dimensions of the modules are provided in Figures 4 and 5e Nt these are the idealized
dimensions based on the initial design and do not includstoaction tolerances that result in
slight differences [on the order of 3.18 mm (0.125 in)]. Keined panel edges (i.e., end caps,
shown in Figure 4) increase the FRP thickness from 1.78 m@v (D) to 4.95 mm (0.195 in).
There is also a thickened FRP reinforcement region [4.95 606 in) thick] that is 305 mm
(22.0in) in length along the back wall to support the attaehtof the lever arms (Figure 3b). The
back wall is connected to each wing wall by three aluminurtoyatype 5052) hinges (Detail A,
Table 2) spaced approximately equidistant along each ddgeré 4c and 5). A continuous hinge
(Detall B, Table 2) connects the back wall to the roof (Figdirand 5). Gasketing (Detail C, Table
2) is placed between panels (i.e., at back wall - roof, roofngwvall, and wing wall - back wall
interfaces) for insulation and water tightness. The lever laas a diameter of 63.5 mm (2.50 in)
with a thickness of 3.18 mm (0.125 in).

When deployed, each module was anchored to the ground alocations (Figure 4). Each
wing wall was restrained to the floor by an aluminum angle dbé2, Table 2). Two fasteners
[6.35 mm (0.250 in) diameter steel] connected the anglegantimg wall and a single bolt [6.35
mm (0.250 in) diameter steel] anchored the angle to the flbmgu¢e 4j). The back wall was
restrained to the floor by an extended FRP flange (Detail HeT&b Two bolts [6.35 mm (0.250
in) diameter steel] anchored this flange to the floor (Figuyye #he wing walls and roof were
connected by aluminum angles (Detail F, Table 2). One legfasiened to the roof [two fasteners,
6.35 mm (0.250 in) diameter steel] and the other leg was lethto the wing wall by clamps

(Figure 4k). Modules were joined by clamps at the top of thed panels (Figure 4l).

Deployment Test
For the deployment test, the folded structure was manuaifted from an initial deployment
anglef (measured using a Measurement Specialties Accustar s#inemeter), of O (i.e., back

wall is parallel to the ground) to a final angle of°7i.e., fully erect) using a three-pronged lever
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arm (Figure 3). A range of different hand positions on thetesrm were investigated (shown in
Figure 3c). Only the surface strains of the back wall weresuesd (using 10 MicroMeasurements
N2A-00-10CBE-350 strain gages adhered to the tension $itie panel, Figure 3b) since the lever
arm was directly connected to the back wall and the otherlpavere essentially unloaded during

the deployment process.

Individual/Combined Module Tests

In the individual and combined module tests (Figure 4), baak and roof panels were sub-
jected to an increasing uniformly distributed pressuretfu@.39 kPa (50 psf)]. The direction of
the pressures was determined to emulate design wind loadsSgeE/SEI 7-10 design standards
(ASCE, 2010) (windward direction against back wall of McalBl, positive internal pressure coef-
ficient, negative external roof pressure coefficients). Mesl A and B (identified in Figure 4) were
each tested independently and then as a combined systemdividual module tests, pressure was
applied to (1) only the back wall, (2) only the roof, and (3jtbback wall and roof simultaneously.
In the combined module tests, pressure was applied to thmfK)wall and roof of Module A, (2)
back wall and roof of Module B, and (3) back wall and roof offibdodules A and B.

The pressure loads were applied using urethane film air btadattached to a rigid, steel re-
action frame anchored to the floor (Figure 4). The magnituderessure in each bladder was
measured using a pressure sensor (Omega PX409) connecéadudyes. Throughout the paper,
the reported “applied pressure” refers to the pressureeathat when the bladders makes full con-
tact [at 0.96 kPa (20.0 psf)]. Strains and displacements wegorted accordingly. This does not
include the effects of self-weight and strains/displacetméduced during uneven bladder infla-
tion before full contact (as the amount of bladder contacid&mot be measured or numerically
simulated prior to full contact). Longitudinal and transse surface strains on all panels were
measured (using up to 80 strain gages MicroMeasurements@2ZEOCBE-350, MicroMeasure-
ments EA-13-10CBE-120/E), while horizontal and verticahpl displacements were measured
using displacement transducers (MD Totco 1850-002, hierresifring pots) attached to stationary

supports (Figure 5). Note that “S” identifies string pots; i@dicates strain gages on the outside
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surface of the structure, and “I” indicates strain gagesheniiside surface. Labels “A” and “B”

indicate measurements made on Module A and Module B, rasphct

NUMERICAL MODELING

Three-dimensional finite element models were created in @BS (ABAQUS, 2013). The
panels were modeled using S4R shell elements for the pared tand C3D8R solid elements for
the core, with linear-elastic stress-strain relationsligsed on the properties from material testing
(Table 1). The face elements were continuously tied to tihe. cthe hinges connecting panels were
approximated as hinge leaves connected at the barreldoddwiough constraints that permit free
rotation, but restrained relative translation. The hireges were modeled as S4R shell elements
using the Aluminum design code (The Aluminum AssociatidiQ%®) specified material properties
for aluminum [alloy type 5052; assumed material properties70.330 MPa (10,200 ksip=2680
% (168 %)]. Connections between leaves and panels were modelediswcaus ties along the
shell face elements. For all components, a maximum meslosiz2.7 mm (0.5 in) was used for
numerical convergence.

This modeling approach was previously validated by the astiiBallard et al., 2016). In
this prior work, an isolated sandwich panel, comprised eftame materials, was subjected to
a uniform load and restrained by hinged connectors. The unedglobal behavior (strains and
displacements at the panel center) and local behaviom(stn@ar hinged connectors) very closely
matched numerical predictions, justifying the use of thmesaumerical modeling approach for

this new study.

Deployment Test

Deployment was captured quasi-statically by making sépanadels at deployment angles of
6 =5¢°,20°, 40° 60°, and 75°. The lever arm was modeled as aluminum C3D8R solid elements
and as solid 63.5 mm (2.50 in) thick cylinders for simplicitywas continuously tied to the outer
face shell elements of the back wall. Boundary conditiotuhe pin restraints (i.e., translation
restrained, free rotation) along the full length of the inbettom edge of the back wall that acts as

the fulcrum. Pin restraints were also placed along theardtedge of the lever arm, emulating the
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restraint of people implementing the lever arm (Figure 3)lyGelf-weight is considered during
deployment. The contact and interaction between panelstisat to model as the back wall
supports the wing walls and roof during deployment. In theegknent, a strap secures the wing
walls so that they lie effectively perpendicular to the baell during deployment. This is modeled
numerically by restraining the rotation at the wing walkkavall hinges. In the experiment, the
roof contacts the wing wall only at two small areas [76.2 mmmjdy 25.4 mm (1 in) each] where
foam inserts were added to achieve a gap between the roohandging wall which was need
to protect the strain gages. In the numerical model, a dmdtiss contact surface was modeled

between the roof and back wall only in these regions. Thebagk wall hinge was free to rotate.

I ndividual/Combined Module Tests

The roof-wing wall connections (Figure 4k) were approxiethas an aluminum angle mod-
eled as C3D8R solid elements. Surfaces of the angle werénoonsly tied to the shell face
elements of the roof and wing wall. Gasketing between pamatsmodeled using 6.35 mm (0.25
in) thick C3D8R solid elements and as an essentially incesgible material for simplicity. The
roof-to-roof connection (Figure 4l) at the ridge of the twmadnle structure was approximated
by constraining relative horizontal translation along bétom edge of the roof panels between
modules (in the direction of applied pressure).

To achieve realistic boundary conditions, the structurs madeled as bearing on a rigid, fric-
tionless surface. The wing wall restraint (Figure 4j) wapragimated by modeling an aluminum
angle (C3D8R solid elements) that was continuously tiethéovting wall shell face elements on
the vertical leg. On the horizontal leg, fixed restraints.(itranslation and rotation restrained) were
implemented on the top surface of the angle at the approgiloeation of the hex nut securing the
bolt. The angle also bears on the rigid, frictionless s@fahe back wall restraint flange (Figure
4j) was modeled as S4R shell elements and extends from teefae of the back wall outward,
bearing on the rigid, frictionless surface and tied to theect the panel base. Fixed restraints
were implemented (similarly to the wing wall restraint) hé tapproximate locations of the hex

nuts securing the two flange bolts.
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BEHAVIOR DURING DEPLOYMENT

A challenge in the design of deploying structures is engugimod structural performance dur-
ing deployment (typically under self-weight) and whenyudeployed (under service loads) while
still meeting priorities related to a low self-weight andraal packaged volume. In the structure
investigated in this study (Figure 1), the packaged strecicts as a cantilever beam in Stage |
of deployment and transitions to column behavior by the en8tage Il (Figure 3a). Further,
high stress concentrations may result during deploymeartthe lever arm attachment. Therefore,
an engineer must design for not only different loading cbads, but also to behave as different
structural systems.

To better understand the behavior during deployment, tietsire was monitored as the back
wall was rotated into its fully erect position. The measuresults were compared to numerical
models for the varying hand placements (Figure 3c) consttlés understand the impact of the
deployment implementation on behavior (i.e., studyingefiect of varying soldier force place-
ment on behavior since field implementation is unprediefabl he resulting validated numerical
models were used to perform parametric studies aimed atstadeing the impact of (1) panel
reinforcement along the back wall, (2) location of liftinguepment (i.e., number of lever arm

attachment points), and (3) size of lifting equipment (ideameter of the lever arm).

Deployment Test

Figure 6 compares the measured and numerical behavior dfatie wall at Locations A-J
(Figure 3b) as a function of the deployment angle. Note tbattiye strains refer to tension and
negative strains refer to compression. Three sets of medslata are included corresponding to
the hand placement depicted in Figure 3c. This is comparddmiamerical models with pinned
restraints along the lever arm approximating hand placé(hen “center” refers to restraints along
the full length of restraint edge of the lever arm, “left” eed to restraints along the left half of the
restraint edge, “right” refers to restraints along the tig&if). Locations for data comparison were
selected to capture the global behavior (e.g., Loc. A is #@er of panel) and local behavior

- including the end of the thickened reinforcement regiondL B-G) and near the lever arm
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attachment (Loc. H-J) on left, center, and right sides ofiiek wall.

The global behavior of the back wall (Loc. A) indicates tha back wall acted as a cantilever
at low angles of deployment in Stage I, with high tensileisg@orresponding to low deployment
angles. It transitioned to column-like behavior by Stadgevhere strains became slightly com-
pressive. The numerical predictions match the measuredway closely. There is negligible
difference in behavior for varying hand positions in eittte¥ measured or numerical results.

Considering the local behavior at the panel midline (Lod=@&nd 1), the numerical models are
able to closely predict the measured strains. Again, treregligible difference between results
for varying hand placement. As expected, there is a sharpase in strain where the thickened
reinforcement region ends. Within this thickened reindonent region, strains were highest near
the lever arm attachment (Loc. I).

There is a large discrepancy between the measured strdims lieft side of the panel (Loc. B,
E, and H) and the right side of the panel (Loc. D, G, and J), thigieft side exhibiting significantly
larger measured strains than the right. The numerical isaighificantly under-predict the strains
in the left, while closely matching the strains on the righhese differences can be attributed to
the fit of the lever arm in the attachment holes. It was obskthat the left lever arm prong fit
much tighter in its hole than the right lever arm prong. Tleisuited in an unbalanced application
of force during deployment, resulting in larger measurediiss in the left region.

While the impact of hand placement had a negligible effemt@lthe midline of the back wall,
there is a significant difference in behavior locally on téi (Loc. B, E, and H) and on the right
(Loc. D, G, and J). As expected, when hands are placed onfthiatger strains were observed in
the measured and numerical data on the left side of the paddbaer strains on the right. The
opposite effect is observed with hands placed on the righteSield conditions are unpredictable
and an unbalanced force may be applied to the lever arm, groigsinust consider an envelope
of behaviors as shown here. Further experimental studies pexformed related to the distance
between hands placed on the level arm (i.e., two hands vesg @r very far apart); however, the

results of these studies showed negligible impact on paste\or.
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Overall, the comparisons between numerical and measutadaladated the models, allowing

the models to be used for parametric studies aimed at uadeliag the impact of design decisions.

Parametric Study of Panel Reinforcement, L ocation of Lifting Equipment, and Size of Lifting
Equipment

To understand the impact of (1) panel reinforcement aloedgtick wall, (2) number of lever
arm attachment points, and (3) diameter of the lever arm dw@\ber, parametric studies were
performed using the validated numerical models (Figuré\yesults are shown for a deployment
angle off) = 5 ° since this is the most critical scenario (i.e., resultinghi@ larger surface strains).
Strains are shown as a function of panel location where @gébethe bottom of the panel. Results
are shown up to a distance of 500 mm (19.7 in, or approximd@yof the panel length) to focus
on the most critical regions.

As discussed earlier, the length of the thickened reinforr@ region is critical for design as
strains significantly increase where this region ends. Mining the length of this region can
reduce cost and weight. Figure 7a shows the numerical lotigial surface strains along the
midline of the panel for the prototype [featuring a 305 mm.(1i2) long reinforcement region]
and for a structure with a reduced length of the reinforcamagion [152 mm (6.00 in)]. From the
bottom of the panel to 152 mm (6.00 in), the two models arectffely the same. Within the lever
arm region (shaded in grey), strains are compressive orotherIside and highly tensile on the
upper side, as expected. Each numerical model shows amsgcie tensile strain at its respective
end of the reinforcement region of approximately the samgmtade, with the models agreeing
again after 305 mm (12.0 in). This shows negligible globgatt in shortening the reinforcement
region. For each model, the largest strain is located dyréctline with the upper edge of the
lever arm, with a drastic strain reduction at a small distaaway from the lever arm. Therefore,
the reinforcement region could be terminated much closéndgdever arm attachment. A design
recommendation is to limit the reinforcement region to hesgond the attachment location.

The lever arm for the prototype structure was designed te tiaee prongs attached to the back

wall to distribute the localized effects of attachment. Hoer, reducing the number of prongs to

11
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two (i.e., an attachment at left and right only with the cemeng removed) would reduce the
weight of the lever arm as well as cost in manufacturing. Testigate the impact of reducing
the number of attachment points, Figure 7b shows numeriEhsat the (1) midline with three
attachments, (2) midline with two attachments, (3) lef.(ialong line of left-most attachment)
with three attachments, and (4) left with two attachmentseRpected, the midline strains for the
two attachment model do not exhibit the increases in corspr@éensile strains where the lever
arm would have attached. However, at the left of the paneketlspikes are significantly larger
than those for the three attachment model. Overall, theagrsdeoff in increased local strains for
a reduction in the number of lever arm prongs/attachmentdegigner would need to weigh the
advantages and disadvantages of this effect in relatioretghwand cost of the structure.
Reducing the diameter of the lever arm can reduce weight asd ¢igure 7c shows a nu-
merical comparison between the behavior of the prototyBes[6hm (2.5 in) diameter lever arm]
and a structure with a reduced diameter lever arm [31.8 mB5 (h) diameter]. The dashed grey
lines indicate the outline of the reduced lever arm. Thereegdigible difference in behavior near
the bottom of the panel [after approximately 150 mm (5.91. inpwever, the 31.8 mm (1.25 in)
diameter lever arm model shows significantly larger tenstitains at the edge of the lever arm.
Therefore, a designer should evaluate the additionalwegght of reinforcement in this region

compared to the savings in lever arm diameter.

BEHAVIOR OF INDIVIDUAL AND COMBINED MODULES

To characterize the behavior of the structure, back wall raodl panels of the module were
subjected to an increasing uniformly distributed presgupeto 2.39 kPa (50 psf)]. The results
were compared against numerical predictions, culminatingalidated numerical models. The
validated models were used to perform parametric studigsvistigate the impact of the (1)
restraints and the connection between modules, (2) gagkeétween panels, and (3) panel end

cap reinforcement.
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Module A Test

Figure 8 shows the measured and numerical deformed shdpen@tions magnified by a fac-
tor of 75) and Figure 9 shows the measured and numericahstaaipanel centers under pressures
applied to the back wall, the roof, and both the roof and baak @f Module A. When only the
back wall was loaded, the back wall both rotates backwanotgcad numerically and measured at
Loc. SA 1) and also bends (shown numerically) (Figure 8ag Mieasured strains at the center of
the back wall (Loc. AO 1) increase linearly with pressure amatch numerical predictions well
(Figure 9a). However, the measured displacements at thaf thp roof (Loc. AS 3) show that the
roof is tilting slightly downward while the numerical modegdredict that it remains approximately
parallel to its original undeformed shape. This discregaran be attributed to the “play” in the
hinge connecting the back wall to the roof. It was observatlttie hinge leaves can translate rel-
ative to one another as well as rotate. While this relativeentent within the hinge itself is very
small, it does impact the measured results and is evidenth yust the roof was loaded (Figure
8b), as Loc. AS 2 under-translates while Loc. AS 3 over-fetas in comparison to the numerical
model. The play in the hinges effectively results in a défgrangle of rotation between the back
wall and the roof. This is further shown when both the back aadl roof were loaded (Figure 8c).
Nevertheless, the numerical models were able to reasopaddict the strains at the center of the
back wall and the center of the roof (Figure 9b, 9c, and 9d).

It can also be observed from Figures 8 and Figure 9 that thelpawt largely independently.
For example, Figure 9 shows the strains in the back wall aaeynthe same when the module is
loaded under only back wall pressure or both back wall anfipoessures. The same is true for
the roof when the module is loaded under only roof pressub®tir back wall and roof pressures.
Therefore, the system could be studied using simplified hsaafendividual panels, an important
result that would be applicable in design.

Local behavior was investigated near the roof-wing wallremtion (Loc. Al 8, Al 9) and
at the wing wall ground restraint (Loc. AO 3) (Figure 10). Tieémerical models were able to

reasonably predict the measured strains at the roof neaodtiieving wall connection (Loc. Al
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8). However, the measured behavior in the wing wall at bo¢hrtiof-wing wall connection (Loc.
Al 9) and at the ground restraint (Loc. AO 3) is significantlijfer than the numerical predictions.
This can be attributed to the global translation of the rdoi(to the play in the hinges) that would
reduce the tensile force imparted in the wing walls, themgglucing the measured strains. Note
that the numerical models were able to accurately prediinst at these locations when only the
back wall was loaded (data not shown for conciseness) shecplay in the hinges had minimal
impact under this loading condition.

Local behavior was also measured near the hinges connebenging wall to the back wall
(Figure 11). The numerical models provide an excellent m&aahe measured results under all
loading scenarios. Only data for the back wall and roof Ingdicenarios was shown for concise-

ness.

Module B Test

Module B, which features a different loading direction or track wall, was similarly inves-
tigated under pressures applied to the back wall, the rouf,keth the roof and back wall. A
similar effect related to the influence of the play of the leimgpnnecting the back wall to the roof
can be seen in the deformed profile of Module B (Figure 12).eNloat a string pot could not be
attached to the back wall panel (Loc. BS 1) due to interfezemith the bladder. The rotation of
the roof exhibits the same trend as shown for Module A; howelre numerically predicted strains
at the center of the back wall and the center of the roof matdhwith the measured data (Figure
13). Similar to the Module A results, Figure 13 indicated tha panels act largely independently,

thereby offering an opportunity for simplified analysis idesign environment.

Combined Modules Test

Figure 14 shows the measured and numerical deformed shapedofies A and B when pres-
sure was applied to (a) the back wall and roof of Module A, (ig) back wall and roof of Module
B, and (c) the back wall and roof of both Modules A and B. At tbefrridge, there is consid-
erable vertical slip between the two modules. The numentadel over-predicts the magnitude

of this slip compared to the measured data. This discrepeatype attributed to the frictionless
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contact surface between roof modules in the numerical madeiplification incorporated in the
models since the coefficient of friction between the gaskgedit the roof panels was unknown and
the magnitude of the clamping force between the modulesiamatl be measured. When the two
modules are fully loaded (Figure 14c), the measured and ricaheesults agree well. This can
be attributed to the structure acting as a stiffer, complatethat minimizes the play in the hinge
connecting the back wall and roof. This agreement is furttenonstrated in Figure 15 where
measured and numerical strains are nearly identical al pangers under pressures applied to the
roof and back wall of Modules A and B.

It can also be observed that when the modules are combinedhaitk walls continue to act
independently (i.e., the strains in the back walls of bothdMes A and B during the single module
tests when only back wall pressure is applied are nearlyaheesas during the combined module
test when both back wall and roof pressure are applied). Mervehe strain in the roofs are
dramatically reduced when the modules are combined. Thexpected since the roof panels
change from acting like cantilevers in the single moduléstesmore of a continuous frame when
combined. The relative independence of panel behaviolatagto the type of connection between
panels. The back walls, which are hinge connected on thdes sind are in bearing with the floor
on the remaining side, continue to act independently régssdf configuration. However, when
the roof panels are connected to one another by clamps bleavior changes dramatically. This
is an important result for design as simplified numericallgses could be performed to capture

system behavior.

Parametric Study of Restraintsand Connection between Modules, Gasketing, and Panel Re-
inforcement

Overall, these comparisons between measured and numesests for individual and com-
bined modules have culminated in validated numerical nsoabich were used to perform para-
metric studies investigating the impact of the (1) resteaand the connection between modules,
(2) gasketing between panels, and (3) panel end cap reamf@et on system behavior.

To investigate the effect of boundary conditions on the gldiehavior of the structure, both the
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roof-to-roof connection and ground restraints were attéFegure 16a). In addition to the existing
horizontal translation restraint at the roof-to-roof ceation, restraints in the vertical and out-of-
plane direction were added (shown as shear connection gt rA® shown in Figure 16a, these
additional restraints remove the relative movement atabé&to-roof connection and decrease the
roof deflections, while minimally affecting the back walliaior. The existing ground restraints
(i.e., fixed restraints on ground angles and flange at badttioes) were modified to fix the entire
bottom of structure (shown as fully fixed restraints). Asentpd, this created a significant de-
crease in the overall deflection of the structure. A desigheuld consider advantages (decreased
deflection) and disadvantages (weight, cost, installandadding additional restraints.

Gasketing was placed between panels for thermal insulatidrwaterproofing. As previously
mentioned, the gasketing was modeled as an essentialljnpressible material. To investigate
the impact of the stiffness (i.e., elastic modulus) of thekgéing, the predicted deformed shape
from the validated numerical model (i.e., ZO@asketing stiffness) is compared with a numerical
model where the gasket stiffness is significantly reduced (f; of the stiffness in the validated
numerical model). As shown in Figure 16b, the stiffness efgasketing had a negligible impact
on the system behavior. Therefore, a designer should sgdesteting based on insulating and
waterproofing demands as opposed to compressibility.

To investigate the effect of the reinforced end cap regionthe global behavior of the struc-
ture, the end cap regions were removed from all panels (oastant panel face thickness) As
shown in Figure 16c¢, removing these regions slightly insesahe deflection of the structure. This
is expected, as most of the end cap regions are located atigjes ef the panels and, therefore,
minimally affect the deflections at the panel centers. Assaltea designer should focus on the
local effects (i.e., strains at panel edges and near caonsgtand weigh the advantages (local
stiffening) and disadvantages (cost, weight, manufaetynvhen determining the need for panel

reinforcement.

CONCLUSIONS

This paper discussed the load-bearing capability of sattdpanels (fiber-reinforced polymer
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faces and a foam core) connected by aluminum hinges in aygstructure (Figure 1). The

behavior of the structure was measured (1) during deploynzer (2) as both individual and

combined modules subjected to uniform surface pressunesl§ing wind loads per ASCE/SEI

7-10 design standards (ASCE, 2010)]. The measured resefssempared with numerical finite

element models. The resulting validated numerical model®when used to perform parametric
studies to investigate design decisions for (1) deploymealuding panel reinforcement, location
of lifting equipment, and size of lifting equipment, and @mbined modules, including restraints
and connections between modules, gasketing between pandlpanel reinforcement.

When investigating the behavior of the system during dapkeyt, the measured and numerical
strains of the back wall showed good agreement, with sonm@eagiancy on the left side of the
panel that can be attributed to the tightness of fit of therlave in the prototype structure. Hand
placement on the lever arm (i.e., center, left, or right) hagligible impact on the behavior along
the panel midline; however, local strains on the left andhtriggdes were significantly affected.
Since hand placement on the lever arm could be unpredidtafidd operations, a designer would
need to consider an envelope of results. Parametric nuahstidies showed that (1) the thickened
reinforcement region could be terminated very close todhierlarm attachment, ultimately leading
to cost and weight savings, (2) the number of lever arm prongkl be reduced from three to two
if sufficient panel reinforcement is provided to withstahd tesulting high tensile strains, and (3) a
smaller diameter lever arm could be used if sufficient pagieforcement is provided. A designer
would need to weigh the benefits of the reduction in the lexser@ongs and diameter against the
added cost and weight of the required additional panel sezeiment.

Measured and numerical results agree well for the individuadule and combined module
tests. The strains at panel centers agree for all testgaitmalg that the numerical models are able
to predict the global behavior. Discrepancies in the de&atishape of the individual module tests
have been attributed to play in the hinge connecting the hatkwith the roof. This difference is
also seen in the strains in the wing wall. However, thesaejmmncies were significantly reduced

when the two modules were combined, associated with theegrstiffness of the structure when
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it forms a complete unit. Measured and numerical resultstheghinges connecting the back wall
to the wing walls match well. Overall, the numerical modekrevvalidated using the measured
results and used to perform parametric studies to investtha impact of the (1) restraints and the
connection between modules, (2) stiffness of gasketind(&nend cap reinforcement on system
behavior. Adding restraints to the roof-to-roof connectitecreased the roof displacements, while
adding fixed ground restraints substantially decreasedipgacement of the entire structure. A
designer should weigh these performance advantages withdreased cost, weight, and installa-
tion time when determining the connections and groundaggs. A significant reduction in the
stiffness of the gasketing showed negligible impact on #lealior of the structure. Therefore, a
designer should select gasketing based on insulatingfwateing needs as opposed to structural
demands. Removing the reinforced end cap regions did net &aignificant effect on the global
behavior of the structure, but could affect local straindyetr. A designer should consider these
local effects, as well as the weight and cost, when detengitiie need for panel reinforcement.

It should be noted that overall the measured strains areimigating design conservatism.
The FRP layup and the relative thickness of the face and cere designed to meet the limit
states of buckling, face stress, core shear stress, shegnirmg, and face wrinkling with a safety
factor of 1.5, as well as deflection criteria under combineaid] snow, and wind loads. The design
of the sandwich panels was governed by panel buckling inath@fing cases: (1) buckling of the
back wall under combined dead and wind loads during deployarad (2) buckling of the roof and
wing walls under combined dead, wind, and snow loads as #esiegect module. These analyses
were performed using simplified models and conservativienasts of the critical buckling load
(Quaglia et al., 2014a). Further research using the vaidatimerical models in this paper could
lead to reduced design conservatism.

Ultimately, this paper demonstrated the load-bearinglodipaof sandwich panels for deploy-
able structures. It addressed a knowledge gap in the behaiviolding structures comprised of
multiple sandwich panels connected by hinges. These stigtieto important results for the de-

sign of folding structures comprised of multiple sandwi@mels. It was observed that the back
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walls act relatively independently in both the single anchbmmed module tests. Similarly, the roof

panels act independently in the single module tests. Howexeen the roof panels are joined by
clasps, their behavior shifts from being cantilever-ligeniore of a continuous frame. The rela-
tive independence of panel behavior is directly relatechéotype of connection between panels.
The back walls continue to act independently regardlessufiguration as they are connected to
the other panels by hinges on three sides and are in bearihghi floor on the remaining side.

Alternatively, when roof panels are connected to one amdifieclamps, their behavior changes
dramatically. These observations would be useful for adeoeange of panels and configurations.
They are also important for the design of folding structwiese simplified numerical models can
be used to characterize global behavior.

This research also indicated that the panel-to-panel atioms, ground restraints, and the
attachment locations for the lever arm are critical elemémtdesign. They are subjected to high,
repeated strains under multiple deployments and cycldihggs. As noted by leading researchers
in the field [e.g., De Matteis and Landolfo (1999a), De Matt@nd Landolfo (1999b), Demelio
et al. (2001), Bunyawanichakul et al. (2005), Heimbs anch P2009), Dawood and Peirick I
(2013), among others], connections play a major role in w&idpanel behavior and there has
been little research dedicated to this topic. Sandwich Igaai@ particularly weak in carrying
concentrated loads which occur at these connections (Deetedl., 2001). Furthermore, there is
a lack of efficient strategies for numerically modeling #nesnnections (Bunyawanichakul et al.,
2005). Future work is needed investigate failure modes aitiggation strategies of the panel-
to-panel connections, ground restraints, and lever ammaclatient, including experimental studies

leading toward validated numerical modeling strategies.
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TABLE 1: Measured material properties of sandwich panel ponents, reprinted from Ballard
et al. (2016).

Panel Core Panel Face
e E. Oc Te G, E o
Property (kg[/)mg) (MPa) | (MPa) | (MPa) | (MPa) (kg[;J;ng) (Mf;a) (M]J;a) v
Mean 87.5 57.7 1.25 1.56 47.2 1740 15500 283 0.261
Std. Dev. 0.833 2.44 9.86e-3| 9.45e-3| 2.16 5.20 737 17.0 0.0145
cov 0.950% | 4.23% | 0.790%| 6.03% | 4.59% | 0.299% | 4.76% | 6.02% 5.55%
ASTM Standard] C271 C365 C393 | D7250 D792 D3039
No. of Samples 10 10 | 10 5 5 5 8 5 8

Note: Subscripts and f correspond to sandwich panel core and face, respectielydensity,F’ = elastic modulus,
o = ultimate strengths = shear strength = shear modulus; = Poisson’s ratio, Std. Dev. = standard deviation, and

COV = coefficient of variation.
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TABLE 2: Prototype connection detalils.

Detail Type Relevant Details

A. Hinge Open leaf width: 76.2 mm (3.0 in), length: 76.2 mm (3.0 in),
thickness: 2.54 mm (0.100 in), pin diameter: 6.35 mm (0.250 i

B. Cont. Hinge | Open leaf width: 76.2 mm (3.0 in), length: 1070 mm (42.0 in),
thickness: 2.54 mm (0.100 in), pin diameter: 6.35 mm (0.250 i

C. Gasketing Ethylene propylene diene monomer rubber, Clean Seal Pré0%©0

(Clean Seal, Inc., 2015)

D. Ground Angle

Width: 50.8 mm (2.00 in), height: 50.8 mm (2.00 in),
length: 152 mm (6.00 in), thickness: 3.18 mm (0.125 in)

E. Flange

Length: 44.5 mm (1.75 in), thickness: 6.35 mm (0.250 in)

F. Roof Angle

Width: 38.1 mm (1.50 in), height: 38.1 mm (1.50 in),
length: 102 mm (4.00 in), thickness: 3.18 mm (0.125 in)
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FIG. 1: Origami-inspired deployable shelter developed Ina@ia et al. (2014a): (a) deployment,
(b) two modules with dimensions, (¢) complexed, enclosedutes with a Tricon container, and
(d) full-scale deployed prototype. Images (a)-(c) remihirom Ballard et al. (2016).
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FIG. 2. Samples for material testing: (a) core, (b) FRP fdcg,dog-bone FRP face, and (d)
sandwich panel.
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FIG. 3: Deployment test: (a) photograph, (b) plan view of sugament system on back wall, and
(c) plan view of varying hand positions on lever arm.
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FIG. 4: Module A test: (a) elevation view, (b) photographd &0) isometric view; Module B test:
(d) elevation view, (e) photograph, and (f) isometric viéwo Module test: (g) elevation view,
(h) photograph, and (i) isometric view; Photographs of @mtion details: (j) ground restraints for
wing walls and back walls, (k) connection between wing walll @oof, and (I) roof connection
between modules.

34



Roof

03

41.3 mm 1070 mm
Back Wall
(a)

41.3 mm

(b)
== Module A Strain Gage ° = Module A String Pot
== Module B Strain Gage ¢ =Module A and B String Pot
== Module A and B Strain Gage

FIG. 5: Module tests: plan view of measurement system shovarflat (i.e., undeployed) config-
uration on the (a) outside, and (b) inside surfaces.

35



* Center (Meas.) = Left (Meas.) Right (Meas.) =@= Center (Num.) =B Left(Num.) =¢= Right (Num.)‘

2% 100
\ \ \ \ \ \ \ \
E‘E Loc. A
g Or 7
g
R oo —
2 smemsng
-§ - | Stagel | | Stage IT | |  Stage III
0 10 20 30 40 50 60 70 80
Deployment Angle (0, degrees)
g £ 200 E|£ 200 Loc.C{ &g Loc.D
S 150 : E 150 S 150
£ 1wof § £ 100 £ 100
by : L i . by
o S0 8 o 50 o 50
0 0 0 —
2 0 20 40 60 80 E 0 20 40 60 80 E 0 20 40 60 80
Deployment Angle (0, degrees) Deployment Angle (0, degrees) Deployment Angle (0, degrees)
50 50 50
EE ., Loc.E| E[E 0 Loc. F| EE Loc. G
E 30 : 30 : 30
g 2 g 2 g 2
mé 10 (g 10 ‘g 10
5 o 5 o0 3 5 o0
= 10 0 20 40 60 80 = 0 0 20 40 60 80 = 0 20 40 60 80
Deployment Angle (0, degrees) Deployment Angle (0, degrees) Deployment Angle (0, degrees)
§|§ 200 LOC' H §’§ 200 LOC. I §|§ 200 LOC' J
E 150 ¢ E 150 E 150
< $ < <
E 100t & =100 =100
oy 3 7y oy
o sof ¥ S sof . S 50 M
2 CEINE | . cimimne . T Y-
0 0 0 . |
2 0 20 40 60 80 2 0 20 40 60 80 2 0 20 40 60 80
Deployment Angle (0, degrees) Deployment Angle (0, degrees) Deployment Angle (0, degrees)

FIG. 6: Measured and numerical longitudinal surface s¢rduring deployment for hand positions
at center, left, and right on lever arm.

36



. Lever Arm‘ Region

~ 200 : ——305 mm Rein)|
E|E ' . |l=—152 mm Rein,
;E 600 ,<«—End of Rein. |
= : (152 mm)
<
% 400 : <«—End of Rein.
S 200 ! (305 mm)
2
=

1

100 200 300 400 500

Panel Midline Panel Location (mm)

Bottom @)
—_ —— 3 - Mid.
fle 800
ElE
~ 600+
.g
£ 400t
z
S 200p
2
= 00

0 100 200 300 400 500
Panel Location (mm)
(b)

Smaller Lever Arm Region
~— ‘

~ 200 —e—63.5 mm Dia. ||
£lg .
ElE —o—31.8 mm Dia.
~— 600 b
R

£ 400

X

© 200

2

=

1 1 1 1
0 100 200 300 400 500
Midline Panel Location (mm)

©
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FIG. 8: Module A test: measured and numerical deformed ofdr pressures applied to (a) back
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FIG. 10: Module A test: measured and numerical surfacenstrai (a) roof near roof-wing wall
connection, (b) at wing wall near roof-wing wall connectiand (c) and at wing wall near ground
restraint when pressure applied to back wall and roof senelbusly.
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FIG. 11: Module A test: measured and numerical surfacersttat back wall for pressure applied
to the back wall and roof at (a) top hinge, (b) middle hingel &) bottom hinge.
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FIG. 12: Module B test: measured and numerical deformedlpsofor pressures applied to (a)
back wall, (b) roof, and (c) back wall and roof, compared agathe undeformed (undeform.)
shape. Measured data is connected by dashed, straighfdinesference and deformations are
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42



Back Wall|]

14 [Roof Pressure] 4 Back Wall and L4NBack Wall and
Pressure Roof Pressure Roof Pressure
121 1.2 1 12 121

~ ~ ~ ~

) ) < )

A, 1r A, 1r A 1f A, 1f

< < < <

N N p— Q N

g g e S g

a 0.8 a 0.8 a 0.8 % a 0.8

n 72} [72) Q n

o o (o] Q (5]

=] =1 = 2 =

Al 06 A 06 A 06 ' Al 06
E E ENE E
—'& 04 —'& 04f '_'& 0.4 '. é 04t

Q
< < < d <
o2l Loc. BO 1| o2l Loc. BO 2| oal 2 Loc. BO 1| o2l $
- Meas - Meas, Q - Meas ¢
—eo— Num. —a— Num. X —o— Num. g
‘ 4 ‘ ‘ ‘ s ‘ ‘ ‘ ‘ ‘ ol ‘ ‘
=50 0 50 100 =50 0 50 100 =50 ‘6 50 100 =50 ‘6 50 100
Micro-Strain (1) Micro-Strain (1) Micro-Strain (1) Micro-Strain (1)
(@) (b) ()

(d)
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