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ABSTRACT3

This paper investigates the load-bearing capability of sandwich panels (comprised of fiber-4

reinforced polymer faces and a foam core) connected by aluminum hinges in an origami-inspired5

deployable structure intended for temporary sheltering. The structure is studied (1) during deploy-6

ment (loaded under self-weight only), and (2) as both individual and combined modules subjected7

to uniform pressures emulating wind loads. The measured results are used to validate finite el-8

ement models, with comparisons focusing on surface strains and displacements at panel centers9

(to study global behavior), as well as surface strains near connections (to study local behavior).10

The validated numerical models are used to perform parametric studies investigating design de-11

cisions for (1) deployment, including panel reinforcement, location of lifting equipment, and size12

of lifting equipment, and (2) combined modules, including restraints and connections between13

modules, gasketing between panels, and panel reinforcement. This research ultimately demon-14

strates the load-bearing capability of deployable structures comprised of hinged sandwich panels15

and provides design guidelines and recommendations.16

CE Database subject headings: Temporary structures; Sandwich panels; Military engineering17

INTRODUCTION AND MOTIVATION18

The behavior of sandwich panels (i.e., layered material comprised of a core and two faces)19
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has been widely studied since the 1960s, with applications ranging from aerospace to shipping20

industries. Due to the high strength-to-weight ratio and the thermal insulation provided by the core,21

sandwich panels can be particularly advantageous for implementation in temporary sheltering in22

military or disaster relief applications where transportability and energy efficiency in heating and23

cooling are at a premium [e.g., 66 million USD is spent per dayby the U.S. military to cool soft24

wall (i.e., canvas) shelters (Anderson, 2011)] (Martinez-Martin and Thrall, 2014; Quaglia et al.,25

2014b). To make these structures deployable, origami can beutilized for inspiration to fold panels26

along hinged connections [see Peraza-Hernandez et al. (2014)].27

Quaglia et al. (2014a) proposed a solution for an origami-inspired deployable shelter (Figure 1)28

comprised of hinge-connected sandwich panels [fiber-reinforced polymer (FRP) faces and a foam29

core] that includes the advantages of existing military soft wall (i.e, deployability, low self-weight)30

and rigid wall (i.e., insulation) shelters (Quaglia et al.,2014b). This four-panel concept (back31

wall, roof, and two wing walls) folds into a compact shape fortransportation by air, rail, ship, or32

truck on a standard military pallet [463L pallet, Compliance Packaging International Ltd. (2013)].33

It can be deployed (Figure 1a) without heavy lifting equipment using a lever arm that enables34

users to rotate the back wall about a fulcrum. The wing walls and roof are then rotated out to35

form a fully deployed, self-supporting module. Modules canbe mated (Figure 1b) and combined36

with other modules and existing technologies [e.g., kichens, latrines housed in Tricon containers37

(Charleston Marine Containers, Inc., 2011) in the current Force Provider system (United States38

Army Integrated Logistics Support Center Natick, 2013)] toform larger shelters (Figure 1c). A39

full-scale prototype of this system (Figure 1d) has been demonstrated.40

However, a barrier to the implementation of deployable folding structures is a knowledge gap41

in the behavior of structures comprised of multiple sandwich panels that act as the primary load-42

bearing components. Prior experimental research has primarily focused on isolated sandwich pan-43

els, including understanding the flexural [e.g., Manalo et al. (2010), Abbadi et al. (2009), Kesler44

and Gibson (2002), Daniel and Abot (2000), Kee Paik et al. (1999)] and compressive [e.g, Malcom45

et al. (2013), Mamalis et al. (2005), Kee Paik et al. (1999)] behavior, as well as failure modes46
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[e.g., Russo and Zuccarello (2006)]. Experimental and numerical research has also been per-47

formed on fasteners/inserts of sandwich panels [e.g., Heimbs and Pein (2009), Bunyawanichakul48

et al. (2005), Demelio et al. (2001), De Matteis and Landolfo(1999a)]. A few exceptions have49

investigated multi-panel structures [e.g., Dawood and Peirick III (2013), Heimbs and Pein (2009),50

De Matteis and Landolfo (1999a), and De Matteis and Landolfo(1999b)]; however, these stud-51

ies did not investigate foldable or deployable structures featuring hinged connectors. To address52

the existing knowledge gap related to multi-panel structures, this paper builds off of a previous53

study by the authors focused on an isolated panel restrainedby hinged connectors (Ballard et al.,54

2016) and investigates the load-bearing capability of sandwich panels (FRP faces and foam core)55

connected by aluminum hinges in a multi-panel structure.56

OBJECTIVES AND SCOPE57

The objectives of this research are to study (1) the impact ofdeployment on panel behavior and58

(2) the load-bearing behavior of individual and combined modules across hinged connections for59

the structure shown in Figure 1. During deployment, the behavior of the back wall was monitored60

as the half-scale structure rotated into the deployed position. The behaviors of half-scale individual61

and combined modules were studied under increasing uniformly distributed surface pressures that62

emulate wind loading. For each test, the measured results are compared with finite element numer-63

ical models to better understand the global structural behavior of the shelter as well as local effects64

near boundary conditions and panel connections. Parametric studies using the resulting validated65

numerical models investigate design decisions for (1) deployment, including panel reinforcement,66

location of lifting equipment, and size of lifting equipment, and (2) combined modules, including67

restraints and connections between modules, gasketing between panels, and panel reinforcement.68

This research demonstrates the load-bearing capability ofsandwich panels connected by aluminum69

hinges and culminates in design guidelines and recommendations.70

MATERIAL PROPERTIES71

Table 1 provides the measured material properties of the FRPface and foam core of the sand-72

wich panel. The FRP faces [1.78 mm (0.07 in.) thick] are Vectorply biaxial (E-LT 1200-P) and73
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double-bias (E-BX 1200) e-glass laminate (layup: 0◦/90◦/45◦/-45◦/-45◦/45◦/90◦/0◦) (Vectorply,74

2002) with vinyl ester resin. The core [31.8 mm (1.25 in.)] isCorecell M80 Foam (Gurit, 2013).75

Material samples were manufactured by Lyman-Morse Boatbuilding Co. (Thomaston, ME). In-76

dividual samples of the core, face, and sandwich panel were used during testing (Figure 2). All77

material tests were conducted according to the applicable ASTM standards using an Instron 559078

Universal Testing Machine. Data from this material testingwas previously used by the authors to79

investigate the behavior of an isolated panel (Ballard et al., 2016).80

The core (Figure 2a) was tested to determine the core density, ρc per ASTM C271 (ASTM,81

2011a) as well as the core compressive modulus,Ec and core ultimate strength,σc per ASTM82

C365 (ASTM, 2011b). The FRP was tested to determine the face density,ρf per ASTM D79283

(ASTM, 2013) as well as the face tensile modulus,Ef , face Poisson’s ratio,νf and face ultimate84

strength,σf per ASTM D3039 (ASTM, 2008). Two different FRP face samples were used: a85

standard straight sample (Figure 2b) used to determineEf andνf and a dog-bone sample (Figure86

2c) used to determineσf . The dog-bone sample was designed to promote failure in the gage (or87

center) region of the sample (required per ASTM D3039) as used in ASTM D638 (ASTM, 2010)88

with a radii as recommended by El-Chiti (2005). The strain values required for calculatingνf were89

obtained using strain gages (MicroMeasurements CEA-00-250UW-350) adhered near the failure90

region of the samples. The sandwich panel (Figure 2d) was tested to determine the shear strength91

of the core,τc per ASTM C393 (ASTM, 2011c) and the core shear modulus,Gc per ASTM D725092

(ASTM, 2012).93

EXPERIMENTAL PROGRAM94

A half-scale prototype of the shelter in Figure 1 is tested under three different conditions:95

• Deployment: shelter was rotated to erect position (Figure 3).96

• Individual Module: Modules A and B were loaded individuallyunder increasing uniformly97

distributed surface loads (Figure 4a, 4b, 4d, and 4e ).98

• Combined Modules: Modules A and B were joined and loaded under increasing uniformly99
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distributed surface loads (Figure 4g and 4h).100

Dimensions of the modules are provided in Figures 4 and 5. Note that these are the idealized101

dimensions based on the initial design and do not include construction tolerances that result in102

slight differences [on the order of 3.18 mm (0.125 in)]. Thickened panel edges (i.e., end caps,103

shown in Figure 4) increase the FRP thickness from 1.78 mm (0.07 in.) to 4.95 mm (0.195 in).104

There is also a thickened FRP reinforcement region [4.95 mm (0.195 in) thick] that is 305 mm105

(12.0 in) in length along the back wall to support the attachment of the lever arms (Figure 3b). The106

back wall is connected to each wing wall by three aluminum (alloy type 5052) hinges (Detail A,107

Table 2) spaced approximately equidistant along each edge (Figure 4c and 5). A continuous hinge108

(Detail B, Table 2) connects the back wall to the roof (Figure4f and 5). Gasketing (Detail C, Table109

2) is placed between panels (i.e., at back wall - roof, roof - wing wall, and wing wall - back wall110

interfaces) for insulation and water tightness. The lever arm has a diameter of 63.5 mm (2.50 in)111

with a thickness of 3.18 mm (0.125 in).112

When deployed, each module was anchored to the ground at fourlocations (Figure 4). Each113

wing wall was restrained to the floor by an aluminum angle (Detail D, Table 2). Two fasteners114

[6.35 mm (0.250 in) diameter steel] connected the angle to the wing wall and a single bolt [6.35115

mm (0.250 in) diameter steel] anchored the angle to the floor (Figure 4j). The back wall was116

restrained to the floor by an extended FRP flange (Detail E, Table 2). Two bolts [6.35 mm (0.250117

in) diameter steel] anchored this flange to the floor (Figure 4j). The wing walls and roof were118

connected by aluminum angles (Detail F, Table 2). One leg wasfastened to the roof [two fasteners,119

6.35 mm (0.250 in) diameter steel] and the other leg was attached to the wing wall by clamps120

(Figure 4k). Modules were joined by clamps at the top of the roof panels (Figure 4l).121

Deployment Test122

For the deployment test, the folded structure was manually rotated from an initial deployment123

angle,θ (measured using a Measurement Specialties Accustar I Series clinometer), of 0◦ (i.e., back124

wall is parallel to the ground) to a final angle of 75◦ (i.e., fully erect) using a three-pronged lever125
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arm (Figure 3). A range of different hand positions on the lever arm were investigated (shown in126

Figure 3c). Only the surface strains of the back wall were measured (using 10 MicroMeasurements127

N2A-00-10CBE-350 strain gages adhered to the tension side of the panel, Figure 3b) since the lever128

arm was directly connected to the back wall and the other panels were essentially unloaded during129

the deployment process.130

Individual/Combined Module Tests131

In the individual and combined module tests (Figure 4), backwall and roof panels were sub-132

jected to an increasing uniformly distributed pressure [upto 2.39 kPa (50 psf)]. The direction of133

the pressures was determined to emulate design wind loads per ASCE/SEI 7-10 design standards134

(ASCE, 2010) (windward direction against back wall of Module B, positive internal pressure coef-135

ficient, negative external roof pressure coefficients). Modules A and B (identified in Figure 4) were136

each tested independently and then as a combined system. In individual module tests, pressure was137

applied to (1) only the back wall, (2) only the roof, and (3) both back wall and roof simultaneously.138

In the combined module tests, pressure was applied to the (1)back wall and roof of Module A, (2)139

back wall and roof of Module B, and (3) back wall and roof of both Modules A and B.140

The pressure loads were applied using urethane film air bladders attached to a rigid, steel re-141

action frame anchored to the floor (Figure 4). The magnitude of pressure in each bladder was142

measured using a pressure sensor (Omega PX409) connected byair tubes. Throughout the paper,143

the reported “applied pressure” refers to the pressure above that when the bladders makes full con-144

tact [at 0.96 kPa (20.0 psf)]. Strains and displacements were reported accordingly. This does not145

include the effects of self-weight and strains/displacements induced during uneven bladder infla-146

tion before full contact (as the amount of bladder contact could not be measured or numerically147

simulated prior to full contact). Longitudinal and transverse surface strains on all panels were148

measured (using up to 80 strain gages MicroMeasurements N2A-00-10CBE-350, MicroMeasure-149

ments EA-13-10CBE-120/E), while horizontal and vertical panel displacements were measured150

using displacement transducers (MD Totco 1850-002, hereafter string pots) attached to stationary151

supports (Figure 5). Note that “S” identifies string pots, “O” indicates strain gages on the outside152
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surface of the structure, and “I” indicates strain gages on the inside surface. Labels “A” and “B”153

indicate measurements made on Module A and Module B, respectively.154

NUMERICAL MODELING155

Three-dimensional finite element models were created in ABAQUS (ABAQUS, 2013). The156

panels were modeled using S4R shell elements for the panel faces and C3D8R solid elements for157

the core, with linear-elastic stress-strain relationships based on the properties from material testing158

(Table 1). The face elements were continuously tied to the core. The hinges connecting panels were159

approximated as hinge leaves connected at the barrel location through constraints that permit free160

rotation, but restrained relative translation. The hinge leaves were modeled as S4R shell elements161

using the Aluminum design code (The Aluminum Association, 2005) specified material properties162

for aluminum [alloy type 5052; assumed material properties: E=70.330 MPa (10,200 ksi),ρ=2680163

kg

m3 (168 lb
ft3

)]. Connections between leaves and panels were modeled as continuous ties along the164

shell face elements. For all components, a maximum mesh sizeof 12.7 mm (0.5 in) was used for165

numerical convergence.166

This modeling approach was previously validated by the authors (Ballard et al., 2016). In167

this prior work, an isolated sandwich panel, comprised of the same materials, was subjected to168

a uniform load and restrained by hinged connectors. The measured global behavior (strains and169

displacements at the panel center) and local behavior (strains near hinged connectors) very closely170

matched numerical predictions, justifying the use of the same numerical modeling approach for171

this new study.172

Deployment Test173

Deployment was captured quasi-statically by making separate models at deployment angles of174

θ = 5 ◦, 20◦, 40◦, 60◦, and 75◦. The lever arm was modeled as aluminum C3D8R solid elements175

and as solid 63.5 mm (2.50 in) thick cylinders for simplicity. It was continuously tied to the outer176

face shell elements of the back wall. Boundary conditions include pin restraints (i.e., translation177

restrained, free rotation) along the full length of the inner bottom edge of the back wall that acts as178

the fulcrum. Pin restraints were also placed along the restraint edge of the lever arm, emulating the179
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restraint of people implementing the lever arm (Figure 3). Only self-weight is considered during180

deployment. The contact and interaction between panels is critical to model as the back wall181

supports the wing walls and roof during deployment. In the experiment, a strap secures the wing182

walls so that they lie effectively perpendicular to the backwall during deployment. This is modeled183

numerically by restraining the rotation at the wing wall-back wall hinges. In the experiment, the184

roof contacts the wing wall only at two small areas [76.2 mm (3in) by 25.4 mm (1 in) each] where185

foam inserts were added to achieve a gap between the roof and the wing wall which was need186

to protect the strain gages. In the numerical model, a frictionless contact surface was modeled187

between the roof and back wall only in these regions. The roof-back wall hinge was free to rotate.188

Individual/Combined Module Tests189

The roof-wing wall connections (Figure 4k) were approximated as an aluminum angle mod-190

eled as C3D8R solid elements. Surfaces of the angle were continuously tied to the shell face191

elements of the roof and wing wall. Gasketing between panelswas modeled using 6.35 mm (0.25192

in) thick C3D8R solid elements and as an essentially incompressible material for simplicity. The193

roof-to-roof connection (Figure 4l) at the ridge of the two module structure was approximated194

by constraining relative horizontal translation along thebottom edge of the roof panels between195

modules (in the direction of applied pressure).196

To achieve realistic boundary conditions, the structure was modeled as bearing on a rigid, fric-197

tionless surface. The wing wall restraint (Figure 4j) was approximated by modeling an aluminum198

angle (C3D8R solid elements) that was continuously tied to the wing wall shell face elements on199

the vertical leg. On the horizontal leg, fixed restraints (i.e., translation and rotation restrained) were200

implemented on the top surface of the angle at the approximate location of the hex nut securing the201

bolt. The angle also bears on the rigid, frictionless surface. The back wall restraint flange (Figure202

4j) was modeled as S4R shell elements and extends from the inner face of the back wall outward,203

bearing on the rigid, frictionless surface and tied to the core at the panel base. Fixed restraints204

were implemented (similarly to the wing wall restraint) at the approximate locations of the hex205

nuts securing the two flange bolts.206
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BEHAVIOR DURING DEPLOYMENT207

A challenge in the design of deploying structures is ensuring good structural performance dur-208

ing deployment (typically under self-weight) and when fully deployed (under service loads) while209

still meeting priorities related to a low self-weight and a small packaged volume. In the structure210

investigated in this study (Figure 1), the packaged structure acts as a cantilever beam in Stage I211

of deployment and transitions to column behavior by the end of Stage III (Figure 3a). Further,212

high stress concentrations may result during deployment near the lever arm attachment. Therefore,213

an engineer must design for not only different loading conditions, but also to behave as different214

structural systems.215

To better understand the behavior during deployment, the structure was monitored as the back216

wall was rotated into its fully erect position. The measuredresults were compared to numerical217

models for the varying hand placements (Figure 3c) considered to understand the impact of the218

deployment implementation on behavior (i.e., studying theeffect of varying soldier force place-219

ment on behavior since field implementation is unpredictable). The resulting validated numerical220

models were used to perform parametric studies aimed at understanding the impact of (1) panel221

reinforcement along the back wall, (2) location of lifting equipment (i.e., number of lever arm222

attachment points), and (3) size of lifting equipment (i.e., diameter of the lever arm).223

Deployment Test224

Figure 6 compares the measured and numerical behavior of theback wall at Locations A-J225

(Figure 3b) as a function of the deployment angle. Note that positive strains refer to tension and226

negative strains refer to compression. Three sets of measured data are included corresponding to227

the hand placement depicted in Figure 3c. This is compared with numerical models with pinned228

restraints along the lever arm approximating hand placement (i.e., “center” refers to restraints along229

the full length of restraint edge of the lever arm, “left” refers to restraints along the left half of the230

restraint edge, “right” refers to restraints along the right half). Locations for data comparison were231

selected to capture the global behavior (e.g., Loc. A is the center of panel) and local behavior232

- including the end of the thickened reinforcement region (Loc. B-G) and near the lever arm233
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attachment (Loc. H-J) on left, center, and right sides of theback wall.234

The global behavior of the back wall (Loc. A) indicates that the back wall acted as a cantilever235

at low angles of deployment in Stage I, with high tensile strains corresponding to low deployment236

angles. It transitioned to column-like behavior by Stage III, where strains became slightly com-237

pressive. The numerical predictions match the measured data very closely. There is negligible238

difference in behavior for varying hand positions in eitherthe measured or numerical results.239

Considering the local behavior at the panel midline (Loc. C,F, and I), the numerical models are240

able to closely predict the measured strains. Again, there is negligible difference between results241

for varying hand placement. As expected, there is a sharp increase in strain where the thickened242

reinforcement region ends. Within this thickened reinforcement region, strains were highest near243

the lever arm attachment (Loc. I).244

There is a large discrepancy between the measured strains inthe left side of the panel (Loc. B,245

E, and H) and the right side of the panel (Loc. D, G, and J), withthe left side exhibiting significantly246

larger measured strains than the right. The numerical models significantly under-predict the strains247

in the left, while closely matching the strains on the right.These differences can be attributed to248

the fit of the lever arm in the attachment holes. It was observed that the left lever arm prong fit249

much tighter in its hole than the right lever arm prong. This resulted in an unbalanced application250

of force during deployment, resulting in larger measured strains in the left region.251

While the impact of hand placement had a negligible effect along the midline of the back wall,252

there is a significant difference in behavior locally on the left (Loc. B, E, and H) and on the right253

(Loc. D, G, and J). As expected, when hands are placed on the left, larger strains were observed in254

the measured and numerical data on the left side of the panel and lower strains on the right. The255

opposite effect is observed with hands placed on the right. Since field conditions are unpredictable256

and an unbalanced force may be applied to the lever arm, a designer must consider an envelope257

of behaviors as shown here. Further experimental studies were performed related to the distance258

between hands placed on the level arm (i.e., two hands very close or very far apart); however, the259

results of these studies showed negligible impact on panel behavior.260
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Overall, the comparisons between numerical and measured data validated the models, allowing261

the models to be used for parametric studies aimed at understanding the impact of design decisions.262

Parametric Study of Panel Reinforcement, Location of Lifting Equipment, and Size of Lifting263

Equipment264

To understand the impact of (1) panel reinforcement along the back wall, (2) number of lever265

arm attachment points, and (3) diameter of the lever arm on behavior, parametric studies were266

performed using the validated numerical models (Figure 7).All results are shown for a deployment267

angle ofθ = 5 ◦ since this is the most critical scenario (i.e., resulting inthe larger surface strains).268

Strains are shown as a function of panel location where 0 refers to the bottom of the panel. Results269

are shown up to a distance of 500 mm (19.7 in, or approximately40% of the panel length) to focus270

on the most critical regions.271

As discussed earlier, the length of the thickened reinforcement region is critical for design as272

strains significantly increase where this region ends. Minimizing the length of this region can273

reduce cost and weight. Figure 7a shows the numerical longitudinal surface strains along the274

midline of the panel for the prototype [featuring a 305 mm (12.0 in) long reinforcement region]275

and for a structure with a reduced length of the reinforcement region [152 mm (6.00 in)]. From the276

bottom of the panel to 152 mm (6.00 in), the two models are effectively the same. Within the lever277

arm region (shaded in grey), strains are compressive on the lower side and highly tensile on the278

upper side, as expected. Each numerical model shows an increase in tensile strain at its respective279

end of the reinforcement region of approximately the same magnitude, with the models agreeing280

again after 305 mm (12.0 in). This shows negligible global impact in shortening the reinforcement281

region. For each model, the largest strain is located directly in line with the upper edge of the282

lever arm, with a drastic strain reduction at a small distance away from the lever arm. Therefore,283

the reinforcement region could be terminated much closer tothe lever arm attachment. A design284

recommendation is to limit the reinforcement region to justbeyond the attachment location.285

The lever arm for the prototype structure was designed to have three prongs attached to the back286

wall to distribute the localized effects of attachment. However, reducing the number of prongs to287
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two (i.e., an attachment at left and right only with the center prong removed) would reduce the288

weight of the lever arm as well as cost in manufacturing. To investigate the impact of reducing289

the number of attachment points, Figure 7b shows numerical strain at the (1) midline with three290

attachments, (2) midline with two attachments, (3) left (i.e., along line of left-most attachment)291

with three attachments, and (4) left with two attachments. As expected, the midline strains for the292

two attachment model do not exhibit the increases in compressive/tensile strains where the lever293

arm would have attached. However, at the left of the panel, these spikes are significantly larger294

than those for the three attachment model. Overall, there isa tradeoff in increased local strains for295

a reduction in the number of lever arm prongs/attachments. Adesigner would need to weigh the296

advantages and disadvantages of this effect in relation to weight and cost of the structure.297

Reducing the diameter of the lever arm can reduce weight and cost. Figure 7c shows a nu-298

merical comparison between the behavior of the prototype [63.5 mm (2.5 in) diameter lever arm]299

and a structure with a reduced diameter lever arm [31.8 mm (1.25 in) diameter]. The dashed grey300

lines indicate the outline of the reduced lever arm. There isnegligible difference in behavior near301

the bottom of the panel [after approximately 150 mm (5.91 in)]. However, the 31.8 mm (1.25 in)302

diameter lever arm model shows significantly larger tensilestrains at the edge of the lever arm.303

Therefore, a designer should evaluate the additional cost/weight of reinforcement in this region304

compared to the savings in lever arm diameter.305

BEHAVIOR OF INDIVIDUAL AND COMBINED MODULES306

To characterize the behavior of the structure, back wall androof panels of the module were307

subjected to an increasing uniformly distributed pressure[up to 2.39 kPa (50 psf)]. The results308

were compared against numerical predictions, culminatingin validated numerical models. The309

validated models were used to perform parametric studies toinvestigate the impact of the (1)310

restraints and the connection between modules, (2) gasketing between panels, and (3) panel end311

cap reinforcement.312
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Module A Test313

Figure 8 shows the measured and numerical deformed shape (deformations magnified by a fac-314

tor of 75) and Figure 9 shows the measured and numerical strains at panel centers under pressures315

applied to the back wall, the roof, and both the roof and back wall of Module A. When only the316

back wall was loaded, the back wall both rotates backward (captured numerically and measured at317

Loc. SA 1) and also bends (shown numerically) (Figure 8a). The measured strains at the center of318

the back wall (Loc. AO 1) increase linearly with pressure andmatch numerical predictions well319

(Figure 9a). However, the measured displacements at the topof the roof (Loc. AS 3) show that the320

roof is tilting slightly downward while the numerical models predict that it remains approximately321

parallel to its original undeformed shape. This discrepancy can be attributed to the “play” in the322

hinge connecting the back wall to the roof. It was observed that the hinge leaves can translate rel-323

ative to one another as well as rotate. While this relative movement within the hinge itself is very324

small, it does impact the measured results and is evident when just the roof was loaded (Figure325

8b), as Loc. AS 2 under-translates while Loc. AS 3 over-translates in comparison to the numerical326

model. The play in the hinges effectively results in a different angle of rotation between the back327

wall and the roof. This is further shown when both the back wall and roof were loaded (Figure 8c).328

Nevertheless, the numerical models were able to reasonablypredict the strains at the center of the329

back wall and the center of the roof (Figure 9b, 9c, and 9d).330

It can also be observed from Figures 8 and Figure 9 that the panels act largely independently.331

For example, Figure 9 shows the strains in the back wall are nearly the same when the module is332

loaded under only back wall pressure or both back wall and roof pressures. The same is true for333

the roof when the module is loaded under only roof pressure orboth back wall and roof pressures.334

Therefore, the system could be studied using simplified models of individual panels, an important335

result that would be applicable in design.336

Local behavior was investigated near the roof-wing wall connection (Loc. AI 8, AI 9) and337

at the wing wall ground restraint (Loc. AO 3) (Figure 10). Thenumerical models were able to338

reasonably predict the measured strains at the roof near theroof-wing wall connection (Loc. AI339
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8). However, the measured behavior in the wing wall at both the roof-wing wall connection (Loc.340

AI 9) and at the ground restraint (Loc. AO 3) is significantly stiffer than the numerical predictions.341

This can be attributed to the global translation of the roof (due to the play in the hinges) that would342

reduce the tensile force imparted in the wing walls, therebyreducing the measured strains. Note343

that the numerical models were able to accurately predict strains at these locations when only the344

back wall was loaded (data not shown for conciseness) since the play in the hinges had minimal345

impact under this loading condition.346

Local behavior was also measured near the hinges connectingthe wing wall to the back wall347

(Figure 11). The numerical models provide an excellent match to the measured results under all348

loading scenarios. Only data for the back wall and roof loading scenarios was shown for concise-349

ness.350

Module B Test351

Module B, which features a different loading direction on the back wall, was similarly inves-352

tigated under pressures applied to the back wall, the roof, and both the roof and back wall. A353

similar effect related to the influence of the play of the hinge connecting the back wall to the roof354

can be seen in the deformed profile of Module B (Figure 12). Note that a string pot could not be355

attached to the back wall panel (Loc. BS 1) due to interference with the bladder. The rotation of356

the roof exhibits the same trend as shown for Module A; however, the numerically predicted strains357

at the center of the back wall and the center of the roof match well with the measured data (Figure358

13). Similar to the Module A results, Figure 13 indicates that the panels act largely independently,359

thereby offering an opportunity for simplified analysis in adesign environment.360

Combined Modules Test361

Figure 14 shows the measured and numerical deformed shape ofModules A and B when pres-362

sure was applied to (a) the back wall and roof of Module A, (b) the back wall and roof of Module363

B, and (c) the back wall and roof of both Modules A and B. At the roof ridge, there is consid-364

erable vertical slip between the two modules. The numericalmodel over-predicts the magnitude365

of this slip compared to the measured data. This discrepancycan be attributed to the frictionless366
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contact surface between roof modules in the numerical model, a simplification incorporated in the367

models since the coefficient of friction between the gasketing at the roof panels was unknown and368

the magnitude of the clamping force between the modules could not be measured. When the two369

modules are fully loaded (Figure 14c), the measured and numerical results agree well. This can370

be attributed to the structure acting as a stiffer, completeunit that minimizes the play in the hinge371

connecting the back wall and roof. This agreement is furtherdemonstrated in Figure 15 where372

measured and numerical strains are nearly identical at panel centers under pressures applied to the373

roof and back wall of Modules A and B.374

It can also be observed that when the modules are combined, the back walls continue to act375

independently (i.e., the strains in the back walls of both Modules A and B during the single module376

tests when only back wall pressure is applied are nearly the same as during the combined module377

test when both back wall and roof pressure are applied). However, the strain in the roofs are378

dramatically reduced when the modules are combined. This isexpected since the roof panels379

change from acting like cantilevers in the single module tests to more of a continuous frame when380

combined. The relative independence of panel behavior is related to the type of connection between381

panels. The back walls, which are hinge connected on three sides and are in bearing with the floor382

on the remaining side, continue to act independently regardless of configuration. However, when383

the roof panels are connected to one another by clamps, theirbehavior changes dramatically. This384

is an important result for design as simplified numerical analyses could be performed to capture385

system behavior.386

Parametric Study of Restraints and Connection between Modules, Gasketing, and Panel Re-387

inforcement388

Overall, these comparisons between measured and numericalresults for individual and com-389

bined modules have culminated in validated numerical models which were used to perform para-390

metric studies investigating the impact of the (1) restraints and the connection between modules,391

(2) gasketing between panels, and (3) panel end cap reinforcement on system behavior.392

To investigate the effect of boundary conditions on the global behavior of the structure, both the393
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roof-to-roof connection and ground restraints were altered (Figure 16a). In addition to the existing394

horizontal translation restraint at the roof-to-roof connection, restraints in the vertical and out-of-395

plane direction were added (shown as shear connection at roof). As shown in Figure 16a, these396

additional restraints remove the relative movement at the roof-to-roof connection and decrease the397

roof deflections, while minimally affecting the back wall behavior. The existing ground restraints398

(i.e., fixed restraints on ground angles and flange at bolt locations) were modified to fix the entire399

bottom of structure (shown as fully fixed restraints). As expected, this created a significant de-400

crease in the overall deflection of the structure. A designershould consider advantages (decreased401

deflection) and disadvantages (weight, cost, installation) of adding additional restraints.402

Gasketing was placed between panels for thermal insulationand waterproofing. As previously403

mentioned, the gasketing was modeled as an essentially incompressible material. To investigate404

the impact of the stiffness (i.e., elastic modulus) of the gasketing, the predicted deformed shape405

from the validated numerical model (i.e., 100% gasketing stiffness) is compared with a numerical406

model where the gasket stiffness is significantly reduced (to 10% of the stiffness in the validated407

numerical model). As shown in Figure 16b, the stiffness of the gasketing had a negligible impact408

on the system behavior. Therefore, a designer should selectgasketing based on insulating and409

waterproofing demands as opposed to compressibility.410

To investigate the effect of the reinforced end cap regions on the global behavior of the struc-411

ture, the end cap regions were removed from all panels (i.e. constant panel face thickness) As412

shown in Figure 16c, removing these regions slightly increases the deflection of the structure. This413

is expected, as most of the end cap regions are located at the edges of the panels and, therefore,414

minimally affect the deflections at the panel centers. As a result, a designer should focus on the415

local effects (i.e., strains at panel edges and near connections) and weigh the advantages (local416

stiffening) and disadvantages (cost, weight, manufacturing) when determining the need for panel417

reinforcement.418

CONCLUSIONS419

This paper discussed the load-bearing capability of sandwich panels (fiber-reinforced polymer420
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faces and a foam core) connected by aluminum hinges in a deployable structure (Figure 1). The421

behavior of the structure was measured (1) during deployment, and (2) as both individual and422

combined modules subjected to uniform surface pressures [emulating wind loads per ASCE/SEI423

7-10 design standards (ASCE, 2010)]. The measured results were compared with numerical finite424

element models. The resulting validated numerical models were then used to perform parametric425

studies to investigate design decisions for (1) deployment, including panel reinforcement, location426

of lifting equipment, and size of lifting equipment, and (2)combined modules, including restraints427

and connections between modules, gasketing between panels, and panel reinforcement.428

When investigating the behavior of the system during deployment, the measured and numerical429

strains of the back wall showed good agreement, with some discrepancy on the left side of the430

panel that can be attributed to the tightness of fit of the lever arm in the prototype structure. Hand431

placement on the lever arm (i.e., center, left, or right) hadnegligible impact on the behavior along432

the panel midline; however, local strains on the left and right sides were significantly affected.433

Since hand placement on the lever arm could be unpredictablein field operations, a designer would434

need to consider an envelope of results. Parametric numerical studies showed that (1) the thickened435

reinforcement region could be terminated very close to the lever arm attachment, ultimately leading436

to cost and weight savings, (2) the number of lever arm prongscould be reduced from three to two437

if sufficient panel reinforcement is provided to withstand the resulting high tensile strains, and (3) a438

smaller diameter lever arm could be used if sufficient panel reinforcement is provided. A designer439

would need to weigh the benefits of the reduction in the lever arm prongs and diameter against the440

added cost and weight of the required additional panel reinforcement.441

Measured and numerical results agree well for the individual module and combined module442

tests. The strains at panel centers agree for all tests, indicating that the numerical models are able443

to predict the global behavior. Discrepancies in the deformed shape of the individual module tests444

have been attributed to play in the hinge connecting the backwall with the roof. This difference is445

also seen in the strains in the wing wall. However, these discrepancies were significantly reduced446

when the two modules were combined, associated with the greater stiffness of the structure when447
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it forms a complete unit. Measured and numerical results near the hinges connecting the back wall448

to the wing walls match well. Overall, the numerical models were validated using the measured449

results and used to perform parametric studies to investigate the impact of the (1) restraints and the450

connection between modules, (2) stiffness of gasketing, and (3) end cap reinforcement on system451

behavior. Adding restraints to the roof-to-roof connection decreased the roof displacements, while452

adding fixed ground restraints substantially decreased thedisplacement of the entire structure. A453

designer should weigh these performance advantages with the increased cost, weight, and installa-454

tion time when determining the connections and ground restraints. A significant reduction in the455

stiffness of the gasketing showed negligible impact on the behavior of the structure. Therefore, a456

designer should select gasketing based on insulating/waterproofing needs as opposed to structural457

demands. Removing the reinforced end cap regions did not have a significant effect on the global458

behavior of the structure, but could affect local strain behavior. A designer should consider these459

local effects, as well as the weight and cost, when determining the need for panel reinforcement.460

It should be noted that overall the measured strains are low,indicating design conservatism.461

The FRP layup and the relative thickness of the face and core were designed to meet the limit462

states of buckling, face stress, core shear stress, shear crimping, and face wrinkling with a safety463

factor of 1.5, as well as deflection criteria under combined dead, snow, and wind loads. The design464

of the sandwich panels was governed by panel buckling in the following cases: (1) buckling of the465

back wall under combined dead and wind loads during deployment and (2) buckling of the roof and466

wing walls under combined dead, wind, and snow loads as a single, erect module. These analyses467

were performed using simplified models and conservative estimates of the critical buckling load468

(Quaglia et al., 2014a). Further research using the validated numerical models in this paper could469

lead to reduced design conservatism.470

Ultimately, this paper demonstrated the load-bearing capability of sandwich panels for deploy-471

able structures. It addressed a knowledge gap in the behavior of folding structures comprised of472

multiple sandwich panels connected by hinges. These studies led to important results for the de-473

sign of folding structures comprised of multiple sandwich panels. It was observed that the back474
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walls act relatively independently in both the single and combined module tests. Similarly, the roof475

panels act independently in the single module tests. However, when the roof panels are joined by476

clasps, their behavior shifts from being cantilever-like to more of a continuous frame. The rela-477

tive independence of panel behavior is directly related to the type of connection between panels.478

The back walls continue to act independently regardless of configuration as they are connected to479

the other panels by hinges on three sides and are in bearing with the floor on the remaining side.480

Alternatively, when roof panels are connected to one another by clamps, their behavior changes481

dramatically. These observations would be useful for a broader range of panels and configurations.482

They are also important for the design of folding structuressince simplified numerical models can483

be used to characterize global behavior.484

This research also indicated that the panel-to-panel connections, ground restraints, and the485

attachment locations for the lever arm are critical elements for design. They are subjected to high,486

repeated strains under multiple deployments and cyclic loadings. As noted by leading researchers487

in the field [e.g., De Matteis and Landolfo (1999a), De Matteis and Landolfo (1999b), Demelio488

et al. (2001), Bunyawanichakul et al. (2005), Heimbs and Pein (2009), Dawood and Peirick III489

(2013), among others], connections play a major role in sandwich panel behavior and there has490

been little research dedicated to this topic. Sandwich panels are particularly weak in carrying491

concentrated loads which occur at these connections (Demelio et al., 2001). Furthermore, there is492

a lack of efficient strategies for numerically modeling these connections (Bunyawanichakul et al.,493

2005). Future work is needed investigate failure modes and mitigation strategies of the panel-494

to-panel connections, ground restraints, and lever arm attachment, including experimental studies495

leading toward validated numerical modeling strategies.496
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TABLE 1: Measured material properties of sandwich panel components, reprinted from Ballard
et al. (2016).

Panel Core Panel Face

Property
ρc

(kg/m3)
Ec

(MPa)
σc

(MPa)
τc

(MPa)
Gc

(MPa)
ρf

(kg/m3)
Ef

(MPa)
σf

(MPa)
νf

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: Subscriptsc andf correspond to sandwich panel core and face, respectively.ρ = density,E = elastic modulus,
σ = ultimate strength,τ = shear strength,G = shear modulus,ν = Poisson’s ratio, Std. Dev. = standard deviation, and
COV = coefficient of variation.
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TABLE 2: Prototype connection details.

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 in)
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 in)
C. Gasketing Ethylene propylene diene monomer rubber, Clean Seal Product 50500

(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)

27



List of Figures595

1 Origami-inspired deployable shelter developed by Quaglia et al. (2014a): (a) de-596

ployment, (b) two modules with dimensions, (c) complexed, enclosed modules597

with a Tricon container, and (d) full-scale deployed prototype. Images (a)-(c)598

reprinted from Ballard et al. (2016). . . . . . . . . . . . . . . . . . . .. . . . . . 30599

2 Samples for material testing: (a) core, (b) FRP face, (c) dog-bone FRP face, and600

(d) sandwich panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31601

3 Deployment test: (a) photograph, (b) plan view of measurement system on back602

wall, and (c) plan view of varying hand positions on lever arm. . . . . . . . . . . . 32603

4 Module A test: (a) elevation view, (b) photograph, and (c) isometric view; Module604

B test: (d) elevation view, (e) photograph, and (f) isometric view; Two Module test:605

(g) elevation view, (h) photograph, and (i) isometric view;Photographs of connec-606

tion details: (j) ground restraints for wing walls and back walls, (k) connection607

between wing wall and roof, and (l) roof connection between modules. . . . . . . . 33608

5 Module tests: plan view of measurement system shown in a flat(i.e., undeployed)609

configuration on the (a) outside, and (b) inside surfaces. . .. . . . . . . . . . . . . 34610

6 Measured and numerical longitudinal surface strains during deployment for hand611

positions at center, left, and right on lever arm. . . . . . . . . .. . . . . . . . . . . 35612

7 Impact of (a) length of reinforcement region, (b) number oflever arm attachments,613

and (c) diameter of lever arm on behavior during deployment:Numerical longi-614

tudinal surface strains at deployment angleθ = 5◦ along longitudinal length of615

panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36616

8 Module A test: measured and numerical deformed profiles forpressures applied617

to (a) back wall, (b) roof, and (c) back wall and roof, compared against the unde-618

formed (undeform.) shape. Measured data is connected by dashed, straight lines619

for reference and deformations are multiplied by scale factor of 75 for clarity. . . . 37620

28



9 Module A test: measured and numerical surface strains for pressures applied to (a)621

back wall (strain at center of back wall), (b) roof (strain atcenter of roof), (c) back622

wall and roof (strain at center of back wall), and (d) back wall and roof (strain at623

center of roof). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38624

10 Module A test: measured and numerical surface strains at (a) roof near roof-wing625

wall connection, (b) at wing wall near roof-wing wall connection, and (c) and626

at wing wall near ground restraint when pressure applied to back wall and roof627

simultaneously. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39628

11 Module A test: measured and numerical surface strains at back wall for pressure629

applied to the back wall and roof at (a) top hinge, (b) middle hinge, and (c) bottom630

hinge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40631

12 Module B test: measured and numerical deformed profiles for pressures applied632

to (a) back wall, (b) roof, and (c) back wall and roof, compared against the unde-633

formed (undeform.) shape. Measured data is connected by dashed, straight lines634

for reference and deformations are multiplied by scale factor of 75 for clarity. . . . 41635

13 Module B test: measured and numerical surface strains forpressures applied to (a)636

back wall (strain at center of back wall), (b) roof (strain atcenter of roof), (c) back637

wall and roof (strain at center of back wall), and (d) back wall and roof (strain at638

center of roof). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42639

14 Two Module test: measured and numerical deformed profilesfor pressures applied640

to (a) back wall and roof of Module A, (b) back wall and roof of Module B, and (c)641

back wall and roof of both Modules A and B, compared against the undeformed642

(undeform.) shape. Measured data is connected by dashed, straight lines for refer-643

ence and deformations are multiplied by scale factor of 75 for clarity. . . . . . . . 43644

29



15 Two Module test: measured and numerical surface strains for pressures applied to645

back wall and roof of both Modules A and B at (a) center of back wall of Module646

A, (b) center of roof of Module A, (c) center of roof of Module B, and (d) center647

of back wall of Module B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44648

16 Impact of (a) restraints and the connection between modules, (b) stiffness of gas-649

keting, and (c) end cap reinforcement on deformed shape for pressures applied to650

back wall and roof of both Modules A and B. Deformations are multiplied by scale651

factor of 75 for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 45652

30



Roof

Back
Wall

Wing
Wall

(c)

Lever Arm

3
.2

1
0
 m

2.134 m 4.088 m

(b)(a)

Tricon

(d)

FIG. 1: Origami-inspired deployable shelter developed by Quaglia et al. (2014a): (a) deployment,
(b) two modules with dimensions, (c) complexed, enclosed modules with a Tricon container, and
(d) full-scale deployed prototype. Images (a)-(c) reprinted from Ballard et al. (2016).
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FIG. 2: Samples for material testing: (a) core, (b) FRP face,(c) dog-bone FRP face, and (d)
sandwich panel.
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connected by dashed, straight lines for reference and deformations are multiplied by scale factor
of 75 for clarity.
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