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ABSTRACT

The Army’s prototype 50-foot expandable shelter consists of a rigid
shipping container measuring about 8x20 feet x 8 feet high. The two 20-
foot sides, each comprised of four hinged, rigid panels , expand to form
the floor and end walls of an overall 20x50-foot shelter. Each expand-
able section is covered by an accordion-type sandwich panel shell which
serves as the roof and side walls. The goal of this project was to
evaluate the capability of the shell to sustain simulated snow loading
so that future shells could be designed more effectively. The snow
loading was simulated by placing plywood sheets on the shell roof incre-
mentally. Deflection and strain measurements were obtained at various
specific locations on the shell roof and one side wall using several
telescopic measuring devices and strain gage rosettes. These data were
to be subsequently compared with an existing finite element analysis.
The deflection data were basically symmetric throughout the shell and
relatively linear with the loading. The strain data were generally
linear with the loading, but fairly low in value. These relatively low
strain values were attributed to the fact that much of the structural
response action of the shell to loading took place in the shell’ s jo ints
or folds.
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INTRODUCTION

Background

In recent years the Army has been developing and evaluating a family of
standardized shelters. The largest member of this family is a 50-foot expandable
type of which only two prototypes exist. In its shipping condition, this she lter
consists of a rigid-wall container, built to International Standards Organization
(ISO) specifications, housing various shelter components and equipment. The con-
tainer measures approximately 8x20 feet x 8 feet high and weighs about 8500 pounds.
The two 20-foot sides, each comprised of four hinged, rigid panels , expand to form
the floor and end walls of an overall 20x50-foot shelter. The panels have a paper
honeycomb core impregnated with resin and faced with aluminum sheets; the floor is
supported on detachable I-beams and leveling jacks. Two accordion-type shells
serve as the roof and side walls for the expandable sections; these are unfolded
and fastened to the container, floor, and end walls. Figure 1 is a photograph of
the shelter in its fully expanded condition. Figure 2 depicts the sequence for
erecting one section of the shelter. The details for erecting and stricking the
shelter are provided in a technical manual prepared by Brunswick Corporation.1

II I .
— ~~~ 

-
~~~ — • _________ 

~~~~~~~~~~~ — — II 
•

9-

a

Figure 1. Fifty-foot expandable shelter.

1. Handbook Operations and Service Instructions for U.S. Army 50 ’ Expandable Shef ler. Brunsw ick Corporation , Contract
DAAGI7-73-C-0249 , U.S. Army Natick Research and Development Command, 1 June 1976.
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Figure 2. Sequence of erecting one side of the shelter.
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Testing Conditions

The experim.ntal data obtained in this investigation are to be compared with
an existing Army Natick Research and Development Command (NARADCOM) finite element
analysis of the accordion shell,2 in which a two-dimensional membrane element was
chosen to analyze the roof panels. There are two box beams which normally attach
to the container and end wall and support the accordion shell roof. In the finite
element analysis, three conditions were considered at the roof beam locations:
that these beams were assumed to provide no support, elastic support, and rigid
support to the shell. It is the first consideration, whereby the beams are assumed
to provide no support to the shell, that is pertinent to this investigation. As
specified by NARADCOM, the current tests were performed without the box beams sup-
porting the shell roof. It should be noted that this resulted in testing the shell
structure alone and that this loading does not correspond to service loading of the
shelter itself with the box beams normally positioned to support the shell roof.

Details on the Accordion-Type Shell

The accordion shell configuration was fabricated,3 using existing insulation
manufacturing machinery, from 0.060-inch-thick foam sandwich panels , which were
steel-faced with a 3-nil embossed foil, laminated to a Tedlar protective film.
This machinery limited the maximum panel size that would be fabricated to about
30 inches wide by 30 feet long. These panels were joined together, resulting
in the creation of fabrication joints as illustrated in Figure 3. The basic
advantages of the accordion shell are its light weight, low cost, and ease of
manufacture. ~

______________ Accordion Shell Folds
— — — — Fabrication Joints (Taped )

Symmetric JointI1~ on Centerline

>I iIIII i~IIIIII ~~~’~~
1 

_ _Side Wall Roof __________________ Side Wall

Approximately 36 ft _________________________

Figure 3. Schematic layout showing typical fabrication joints of accordion shell bay.

2. JOHNSON, A. Finite Element Analysis of the Accordion Shelter Shell. U.S. Army Natick Research and Development Command,
Unpublished Technical Report , November 1976.

3. NIEDERMAYR, J., WERKEMA, M., and WITHEROW , R. Development of Glass Fiber Reinforced Fo amboard. Sheldahi, Inc.,
Contract DAAG17-73-C-0236 , Final Report, June 1973-February 1975 , U. S. Army Natick Research and Development Command,
NARADCOM TR 76-4-AMEL, February 1975.
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Prev ious F ie ld Tes ting

The prototype shelter tested in this investigation had been extensively field
tested~ (but not structurally) prior to the current experiments to examine the
suitability and the potential of the shelter for military field applications.
The accordion shell tes ted in this study was damaged during that prior field
testing:~

“The most serious damage was shell fatigue. The damage occurred at
the apex of four upper knees (folds) in one shell and three upper
knees in the other shell. Damage consisted of 1- and 2-inch separa-
tions in the metal covering on both sides of the knees which worsened
each time the shelter was expanded or contracted.”

Much of the damage which occurred during the field testing was readily re-
pairable by field test personnel. Nevertheless, there was still evidence of
damage and/or repaired damage (i.e., punctures in shell panel, repair patches,
split knee joints , and many broken or missing fasteners) at the start of the
current investigation.

OBJECTIVES

The overall objective of this study as specified by NARADCOM was to experi-
mentally test the accordion shell without it being supported (as it normally is)
by the two box beams, as the shell roof was loaded with simulated snow loading.
A collapse prevention support was to be installed to prevent the shell from being
seriously damaged due to gross structural collapse under loading. The loading
over the projected area was to be applied in increments of about three-quarters
of a pound per square foot, to a total of about ten pounds per square foot.

Deflection measurements were to be taken during the loading from inside the
shelter at 15 specific locations on the shell roof (or ceiling) and from outside
the shelter at 12 specific locations on one side wall (due to symmetry). Addi-
tionally, these deflection measurements were to be taken in three directions -

not a simple task since another obj ective was to conduct this investigation rather
quickly and inexpensively.

Strain measurements were also to be taken using 14 strain gage rosettes (42
channels of data) located back-to-back in pairs (i.e., inside and outside the
shelter) at four specific locations on the shell roof and at three specific loca-
tions on one side wall,

PREPARATIO NS FOR TESTIN G

Prepari ng the Shelter

The shelter was transported to the Army Materials and Mechanics Research
Center (AI+IRC) in Watertown, Massachusetts. It was set up on a platen within a

4. ALEXANDER, C. L. Fif ty-Foot Expandable ISO Shelter. TRADOC Combined Arms Test Activity, Test Report FM 302 ,
14 September 1976 .
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large building and since the shelter is symmetric about the container, only one
expandable side was erected for testing. In erecting the side, it became obvious
that the fit between the accordion shell and its attachment all around to the
container, floor, and end wall was a tight one. That is, we had to continuously
tug, push, and pull the accordion shell to align fasteners properly, so that they
could be fastened. Moreover, many of the fasteners normally used for this attach-
ment were either damaged or missing, probably as a result of the prior field
testing. We therefore made these attachments by drilling holes and inserting
sheet metal screws at intervals of about one foot along these interfaces. (The
screws used for attaching the shell to the floor generally worked satisfactorily.)

There are two box beams which, in their normal position (see Figure 2),
transfer much of the roof loads through the container and end wall. They repre-
sent a redundant load path with the side walls to transfer roof loads to ground.
If the beams are not in their normal position, the side walls are more highly
loaded. One of these beams is shown in its normal position in Figure 4. Each
box beam consists of two equal lengths of hollow metal box-like construction,
joined together with a double pinned joint. Also shown is the top of the data
logger used in obtaining strain measurements.

It was specified to observe how the shell would respond structurally to
simulated snow loading without the support of these box beams. However, we did
not want the shell to grossly collapse under load ing because the shel ter was to
be subsequently used by NARADCOM . We therefore designed, fabr icated, and in-
stalled brackets, spacers , etc., to reattach the beams to the container and end
wall in a position one foot lower than normal. Photographs of one such beam in-
stalled in this lowered position are shown in Figure 5. Prior to testing, a
telopost (i.e., column wi th adjustable height) was installed beneath the double-
pinned joint of each box bean.

I ~ I \ ~~~~ . - 
-

(a) End wall (b) Container end

Figure 4. Box beam in normal position supporting shell roof.

5
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Figure 5. Box beam in lowered position.

Also shown in Figure 5 is part of a 2xlO-inch plank which spanned and was
clamped to the box beams. This was used as a reference plane in taking roof
deflection measurements. There were three such planks installed beneath roof
deflection points 1 through 5, 6 through 10, and 11 through 15 (see Figure 6).

Measurement Stations

Figures 6, 7, and 8 show locations where measurements of deflection and
strain were made. Figure 6 provides an overview of the deflection measuring and
strain gage rosette locations , while Figure 7 and 8 provide additional detailed
information on these locations. Figure 6 depicts two separate orthographic or
orthogonal projections joined together for convenience. The upper portion of the
figure represents a view of the roof looking vertically down, while the lower por-
tion represents an elevation view of a longitudinal or side wall.

A fabrication joint runs symmetrically down the centerline of the shell (see
Figure 3). Note that in Figure 6, roof deflection measuring locations 3, 8, and
13 are offset from the centerline of the shell by nine inches to avoid taking
measurements at this joint. Also notice in Figures 8a and 8b that the distance
between rosettes 1 and 2 is 15-1/2 inches and between 3 and 4 is 17 inches.
Since the originally specified location of rosettes 2 (located near the center
of the shell , see Figure 6) was covered with corrosion, rosettes 2o and 2j . were
moved 1-1/2 inches “up the slope,” toward rosettes 1~ and i~ .

It should be noted that corrosion appeared to be present on the iiiner face-
sheets of many of the lower roof knees inside the shelter, and particularly near
the center of the shell roof. There was evidence that the Tedlar coating had
separated from the face-sheet along these areas. The corrosion was apparently
caused by rain water or melting snow captured on the roof, eventually seeping
through joints and/or punctures and through the foam core material to corrode
the inner face-sheet, starting from the inner or core side of that face-sheet.
We deem this a significant finding which could lead to loss of structural integ-
rity. Figure 9 depicts this assumed cause of the inner face-sheet corrosion.6
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(Outside Shelter) (Inside Shelter)

~~~~~~~~~ ugh 15 ~~~~~~~~~~~~~~~~~,6,9 and 1O
3,4. 7, 8, 11 and 12

(Inside Shelter) (Outside Shelter) Figure 7. Schematic view of
deflection measurement

a. Roof b. Side Wall locations.

~~~~~~~~~~~~~~~~~ :I Nstp~~~HEL::R) 
~~~~~~~~~~~~~~~~

2 
(INSIDE SHELTER)

a) Rosettes 1 and 2 b) Rosettes 3 and 4

(

IIEL:
~~~~~~~~~~~fl

c) Rosettes S d) Rosettes 6 and 7

Figure 8. Strain gage rosette locations and orientations.
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(Outside of Shelter) Tedlar
Coating

Captured Rain Water or Melting Snow Outer
on Roof Face-Sheet

= ~~~-
--~~~

Seeps Through
Joints or Punctures Foam Core
to Initiate Corrosion Material

Inner
Face-Sheet

Area of Assumed Origin of Tedlar
Corrosion Coating

Figure 9. Illustration of assumed cause of
corrosion of inner face-sheets of lower

(Inside of Shelter) roof knees.

Deflection Measurement Technique

Deflection measurements were taken three-dimensionally at 27 locations on
the accordion shell for each loading increment. Since 14 loading increments were
planned and since a zero deflection read ing was also necessary, 1215 deflection
measurements were anticipated (i.e., 27 locations times 3 dimensions times 15
readings).

Four measuring devices , each telescopically adjus table to within a few inches ,
were designed and constructed (see Figure 10) to be used with a scale and refer-
ence plane to take three-dimensional deflection measurements. These devices con-
sist of a piece of drill rod with a pointed end whose other end slides in a piece
of aluminum tubing, which in turn slides in a drilled and reamed rod. The rod is
centrally fastened to an 8-inch square aluminum plate. Thumb screws in both the
tubing and rod permit locking the device at a particular telescopic setting. The
four devices are indentical except for the difference in the length of the drill
rods required because of the significant variation in the distances to be measured
between the various deflection measurement locations and the reference planes.
One such device was used for taking roof deflections and three for taking side
wall deflections.

Figure 11 shows the sign convention used for deflection measurements and
Figure 12 shows roof deflection measurements being taken. The appropriate tele-
scop ic device is placed on a graph paper which is taped to the upper surface of
the reference plank below a roof deflection location . The device is moved and
adjusted until the pointed end of the drill rod is just touching a marked deflec-
tion point. The four corners of the base plate of the device are then traced on

9



the graph paper with a pen or pencil as shown in Figure 12a . The device is then
removed. By using the traced corner markings as a guide , the center is marlced
with an “X” which represents the point on the graph paper directly below the roof
deflection point. Repeating this procedure after each loading increment results
in a series of X’s on the graph paper which track the horizontal of X-Y (see
Figure 11) motion of the deflection point. The Z deflection measurements are
obtained by measuring the distance between the deflection point and the appro-
priate X on the graph paper (see Figure 12b).

I I .
— ~~~~~~~~~~~ .~~ 

-

. . ~.; Steps
-. .. - - ~~ 

—. .-~~~~ ISO

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. . . Figure 11. Sketch showing sign convention

~~~ ~~~~~~~~~ for deflection measurements .

Figure 10. Telescopic deflection
measuring devices.

Z \ i  ~~~~~~~~~ a X Y Defl echons 
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/~~~~~~~~~~~~~~~
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Figure 12. Roof deflection measurements being taken.
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A wooden reference “wall ,” shown in Figure 13, was constructed for taking
side wall deflection measurements . Figures l4a and l4b show side wall  deflect ion
measurements being taken using the shortest telescopic device. In taking these
measurements, the Y and Z deflections (see Figure 11) were tracked on the graph
paper and the X deflection was read from a scale.

A pencil or pen color code was employed to identify loading incremen ts in
tracking deflections on the graph paper. These plots were subsequently scaled
directly to obtain deflection measurements.

Strain Measurement Technique

Strain measurements were taken using 14 strain gage rosettes (42 channels
of data) located back-to-back, in pairs , at 4 locations on the roof and at 3
locations on one side wall . The rosettes installed were BLH type FAER-25R-l2-S6.
These gages were installed by carefully scraping off the Tedlar coating with a
knife within a 1-1/4-inch circle and then applying the gages in a routine fashion.
Figure l5a, a photograph of rosette 3~, also shows roof deflection point 10 above
and lead wires from rosettes 

~o 
and 

~~ 
entering the shelter through a hole drilled

through the shell below.

Figure l5b is a close-up photograph of rosette Si which shows the embossed
hills on the face-sheet. Since these hills are of the same order of magnitude as
the gages , the strain data may contain some surface effects asso ciated with the
hills which is not representative of the gross structural behavior of the shell.

The rosettes were wired into a 48-channel data logger which provided output
in terms of millivolts. The millivolt data were to be converted to strain data
via the standard formula:

c = E0/KV (N/4)

where

= strain in microinches per inch
E0 = data logger reading in millivolts

K = strain gage factor (1.98)
V = excitation voltage of bridge in mil l ivolts  (1401)
N = number of active gages ( 1).

Simulation of Snow Loading

“Weather bureau records show that about 90 percent of all snowfall occurs at
temperatures between 10 and 35 F or at an average temperature of 26 F . At 26 F
the average density of snow is 6 lb per cu f t . ”~ Various methods were considered
for the simulation of snow loading before adopting the use of plywood sheets.
(It was noted that actual snow loading would initially concentrate in the valleys
between the roof ridges, whereas simulated snow loading wi th plywood sheets would
concentrate the loading on the ridges and possibly cause localized crippling . A
preliminary test was therefore performed on an available section of a shell roof

5. Mar ks ’ Standard Handbook for Mechanical Engineers. McGraw-Hill Book Company, New York , 1967 , Sevent1~ Edi t ion , p. 2-108.
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Figure 13. View showing shelter, wooden reference “wall”
for the side wall deflection measurements and staging

supporting ladder used in loading shell roof.
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Figure 14. Side wall deflection measurements being taken.
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Figure 15. Photographs of strain gage rosettes.

bay and no local iz ed crippling effects were observed. The details of this test
are discussed in Appendix A.) Figure 16 is an illustration of the simulated snow
loading technique used in this investigation. A projected area of 388.5 square
feet was selected which is the actual floor area, 21x18-1/2 feet. Notice that
the accordion shell has seven bays , each 3x18-l/2 feet (55.5 square feet). Each
loading increment would consist of eight sheets of 4x8-foot plywood : four sheets
of 3/8-inch-thick plywood for the middle three bays , two sheets of 1/2-inch-thick
plywood for each of the two end bays. The different thicknesses of plywood were
planned to achieve a more uniform loading over the total projected area. The four
end bays have one-third greater projected area than the three mid dle bays . There-
fore , the 1/2- inch- th ick  plywood used for the end bays was one-third thicker than
the 3/8-inch-thick plywood used for the n idd ) e  bays .

in addition , the plywood sheets used to load the middle bays were sawed ~~~~
2x8-foot sheets to facilitate loading/unloading them from the ladder wa 1 kI~ \ •

The less pliable 1/2—inch—thick plywood used for the first two loading iflcremell tc
on the end sections was cut into 2x4-foot sheets to achieve a more un i form load
over the end bays.

The plywood sheets were sawed , as necess ary , and then weighed in terms of
load i ng increments for the middle section , and for both end sections taken to-

• gether. These weights were recorded and the p lywood was stacked by loading
increments.

13
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Vertical Reference “Wall” for Side Wall Deflec tion Measurements

_ _ _  20’ _ _ _

\ Interna tional Standards I,
Organization Container
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I
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L J L 1 J ~~~J~~~ L_1.
1_____

- • 
I
I I End Wall

15” 

~~ 
16’

I-_il 18-1/2’

22’

Figure 16. Pattern for positioning plywood sheets on shell roof for simulation of snow loading.

Figure 17 is a plot of the planned simulated snow loading of the shell roof.
The data for this plot is contained in Table 1, both incrementally and cumula-
tively. The average planned increment of load in terms of pounds per square foot
over the projected area was 0.738 for the middle section, 0.753 for both end
sections taken together , and 0.746 over the total area. Table 2 shows the varia-
tion from uniform accumulative loading using the data presented in Table 1.
Table 2 also shows that the planned loading was uniform over the total projected
area to within a few percent.
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~~ 3 — I Figure 17. Planned accumulative

/ loading over projected areas.

~~ 2 - ~~~

‘ 0 = Middle Sedion
0 - Both Ends

— - Average Over Shell
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Table 1. SIMULATED SNOW LOADING OF ACCORDION SHELL ROOF

(Projected Area) —.-(166.5 ft2) (222 ft2) (388.5 ft2)

Average Over
Loading Middle Section’ Both Endst Total Roof
Increment lb lb/ft2 lb lb/ft2 lb lb/ft2

1 123.4 0.741 173.9 0.783 297.3 0.765
2 119.9 .720 161.9 .729 281.8 .725
3 123.0 .739 166.4 .749 289.5 .745
4 125.1 .751 166.0 .748 291.1 .749
5 120.3 .123 166.3 .749 286.6 .738
6 125.4 .753 168.3 .758 293.7 .756

Average 122.8 0.738 167.1 0.753 290.0 0.746

Cumulative 1 123.4 0.741 173.9 0.783 297.3 0.765
Loading 2 243.3 1.461 335.8 1.513 589.1 1.491
Totals 3 366.3 2.000 502.2 2.262 868.5 2.235

4 491.4 2.951 668.2 3.010 11S9.6 2.985
5 611.7 3.674 834.5 3,759 1446.2 3.722
6 737.1 4.427 1002.8 4.517 1739.9 4.478

‘Al l loading incre ments were 2x8-foot pieces of plywood , 3/8 inch thick.
tFirst two loading increments were 2x4-foot pieces of plywood , 1/2 inch
thick . Subsequent increments were 4x8-foot sheets of plywood, 1/2
inch thick.

Table 2. PERCENT VARIATION’ IN SIMULATED SNOW LOADING COMPARED TO
ACCUMULAT IVE AVERAGE OVER TOTAL PROJECTED AREA

Loading Increment Middle Section, % Both Ends, %

—3.1 +2.4
2 —2.0 +1.5
3 —1.6 +1.2
4 — 1.1 +0.8
5 —1.3 +1.0
6 -1.1 +0.8

‘+ and - mean greater or less than the accumulative average over
both the middle section and both end sections, all taken together.
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TESTING

Prior to testing, two no-load deflection and strain measurements were taken
with the box beams in their normal positions and in their lowered positions. The
roof deflection measurements for both beam positions were taken by expand ing a
measuring tape vertically to the floor of the shelter. After the planks were
clamped in position to the beams , a third no-load measurement of roof deflections
was taken with the telescopic devices and a scale. These latter measurements,
along with initial and subsequent measurements, would aid in determining accumu-
lative roof deflections .

Six incremental loadings , each of about 3/4 pounds per square foot , were
applied for an accumulative total of approximately 4-1/2 pounds per square foot
over the projected area. Strain measurements were taken immediately before and
immedia tely af ter each incremental load , and sometimes between increments as a
balance or creep check. It took only a few seconds to record strain data via the
data logger for a given load ing increme nt, whereas it took between 1/2 hour to an
hour to take and record both roof and side wall  deflection measurements .

As anticipated, the largest deflections occurred at rGof deflection point 8
(located nearest the center of the roof) in the vertically downward direction .
This deflect ion measurement will be used during the follow ing discuss ion as a
general guide as to how the shell roof behaved structurally under loading.

As a consequence of lowering the box beams, the shell roof deflected verti-
cally downward somewhat, but not perceptibly in the horizontal directions. Six
increments of loading were applied to the shell roof over a period of 1-1/2 days.
Figure 18 is a photograph of the shell roof after the first loading increment was
applied. There was concern during the loading that the accordion shell might
buckle or collapse in a gross structural manner, particularly along the symmetr ic
fabrication joint. Therefore, af ter the third load ing increment had been app lied
a collapse prevention support was built along this joint, beneath the center of
the shell roof.

After the fourth loading increment was applied, the accordi on shell began to
fail structurally. There were wrinkles on the interior skin of the roof and side
walls , misal ignment of the symmetric fabrication join t, and crush ing of the bases
of some of the interbay columns of the side walls. These signs of failure became
more pronounced as additional loading increments were applied. Figure 19 shows
the exterior of the shelter after the sixth loading increment was applied. Since
the sixth loading increment was applied late in a working day, deflection measure-
ments were not taken immediately , but delayed purposely until the next morn ing so
that such measurements would include any overnight creep. Overnight the shell
roof settled on the collapse prevention supports. The central portion of the
shell roof was raised by hand and the collapse prevention supports were adjusted
so that the shell roof was again free to deflect naturally. Deflection measure-
ments were taken then and again 1-1/2 hours later. Table 3 shows the vertically
downward deflections of ruof deflection point 8 throughout the testing.

During the creep period j ust mentioned , some of the taped exterior joints of
the side wal l  popped audibly , splitting open from the stress. It was apparent

16

- — — — — ~~~—. ~~~~ - ‘—— .-
~~~~~ — — - - .— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~i~~~
•;i--- - - -. - — - -

~ 

I I I  
~~~~~~ _ _ _

I

— - I~~~~~~~~~~~~~~~~~~~~ _ __ _

_ 
_  

_
_ _~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 18. View of shell roof after first loading increment was applied.
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Figure 19. Exterior side view photograph of shelter showing plywood sheets loading
on accordion shell roof after sixth loading increment was applied.

17 

— —. . - . -~~~~- C— —~~ V-s ..-~ -

- -- m - —~~~~~~-.-~~ -- -- -- -- -~~— - ~~~~~~ - - --.-- -- .----- - —“—~~~~~~~~~~~~ _



r - - — -~~~~~ - —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~

Table 3. VERTICALLY DOWNWARD DEFLECTION OF ROOF DEFLECTION POINT 8

Deflection (inches)
Loading Condition Incremental Accumulative

0a (beams normally positioned) 0 0
01, (beams lowered) 1/4 1/ 4
1 1/2 3/4
2 5/16 1—1/16
3 3/8 1—7/16
4 1—5/16 2-3/4
5 1/2 3—1/4
6 1—1/4 4—1/2
6’ 3/8 4—7/8
6t 5/16 5—3/16
61: 1/4 5—7/16
6” 1/8 5—9/16

‘After overnight settlement
?Twenty minutes later
1:One hour and forty minutes after release from settlement
“About four hours after release from settlement

that unless the symmetric fab rication jo int was directly supported, the accord ion
shell - without more load being app lied - would continue to deflect as addi tional
damage was caused by redistribution of loads. A joint decision was made with
NARADCOM personnel to discontinue the testing before the accordion shell incurred
further structural damage.

At this point in time, the shell roof still had the six increments of plywood
sheet on it, weighing a total of 1,739.9 pounds or equivalent to an average load
of 4.478 pounds per square foot over the projected area (see Table 1). Photographs -
were taken to show some of the characteristics of the structural failure behavior
of the accordion shell. In the captions of these photographs , the reference to -
left or right refers to the shelter as depicted in Figure 16.

Figure 20 shows a severely damaged corner (about a seven-inch-long split) at
the top of the first interbay column from the container on the right side wall.
Figures 21 and 22 show interior and exterior views of crushed and uncrushed inter-
bay columns of the side wal l.

1l~~~~~~~~~~~~~~~~~~~~1I
Figure 20. Split corner at top of the first interbay
column from the container on the right side wall.
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Figure 21. Interior view of crushed and uncrushed interbay column bases.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
ii.

’;

Fi gure 22. Exterior view of crushed and uncrushed interbay column bases.

Figure 23 includes a photograph taken from inside the shelter from the left
hand side of the symmetric fabrication joint, showing the misalignment of the
shell sandwich panel along this joint due to out-of-plane shearing action , and a
sketch dep icting this action . Part of the collapse prevention support is shown
in the rigtit foreground. For comparison purposes, the upper left of Figure 12a
shows similar undamaged joints taken from a different camera angle at about the
time the second loading increment was applied.

Figure 24 is a photograph taken from inside the shelter of the second inter-
bay column from the end wall on the left  side wall , showing the skin wr ink l ing  -
and delamination characteris tics which were genera l ly present on the ins ide of
the side wall bays. Some skin wrinkling was also visible on the exterior sur-
faces of the side walls (see Figure 22). Figure 25 is a sketch made of the in-
terior view of the left side wall showing skin wrinkling patterns. Many of these
wrinkles started or ended at the location of fabrication joints.

The original plan for this investigation did not specify taking strain or
deflection measurements during unloading. However, since they were so easy to
obtain, strain measurements were taken incrementally during manual unloading;
deflection values were not accumulated because of the much longer times required
to make these measurements.
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Fi gure 23. Misalignment of fabrication joint due to out-of-plane shearing action.
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Figure 24. Skin wrinkling and delamination on the inside
of the left side wall at the second bay trom the end wall .

APPROXIMATE LOCATIONS OF FABRI CATION JOINT S

$ •1 ‘I *~ ~
WALL CONTAINER
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Figure 25. Sketch of skin wrinkle patterns on left side wall as viewed from inside shelter.
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Af ter unload ing the shell , the box beams were detached, raised one foot, and
reattached to the container and end wall iii their normal position. Deflection
measurements taken at roof points 7, 8, and 9 revealed that the roof did not rise
to its original height, but there was an apparent permanent set of 3-3/16, 3-9/16,
and 2-15/16 inches at these points. A second measurement taken 11 days later
revealed an apparent permanent set of 2-10/16, 3-15/16, and 2-12/16 inches. This
reduction was probably caused by a relaxation of residual stresses in the shell.

One final aspect should be mentioned under this testing section. The end
wall moved inward (toward the container) during the testing. This movement was
first noticed after the second loading increment had been applied. We measured
this movement henceforth using a scale and a four-foot-long level as depicted in
Figure 26. The initial measurement revealed that the end wall was 3/8 inch from
being vertical - over the four-foot length of level. Since the end wall was about
80 inches high , the top of the end wal l was calculated to have moved inward
(assuming it was vertical at the start of testing) 5/8 inch. Similarly, the
point where the box beams attach to the end wal l was calculated to have moved in-
ward by about 1/2 inch. Pie continued to measure this end wall measurement through-
out the rest of the testing. These measurements are shown in Table 4 along with
the calculated movements at box beam level and at the top of the end wall. There
did not appear to be any pronounced effect discernible in the deflection data
which was clearly attributable to the inward movement of the end wall or box beams.

~~~~~~~~~~~~~~~~~ 

~~~~~ _ Gap
Measurement Table 4. END WALL MOVEMENT SU MENTS AND

CALCULATED MOVEMENTS
— (In Sjxteenths of an Inch)

0 Loading Measured At Box At Top of
Increment Gap Beam Level End WallEnd 4 Foot

Wall 
~~~~ Long 2 6 8 10

Level 3 11 15 18.5
4 11 15 18.5
$ 11 15 18.5
6’ 11 15 18.5
6” 10.5 14 17.5

(Inside Shelter) Unloaded 10 13.5 16.6

‘After roof of accordion had settled overnight
on to the collapse prevention supports.

“An hour and a half after collapse prevention
— supports were adjusted such that the roof could

deflect naturally.

Figure 26. Sketch of how end wall
movement was measured.

22

- ~~~~~~~~~~~~~~~~~~~~~~~ 
. - - .. ~ . -

- — . -.- - - — — —



- —.. - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~

TES T RESULTS

Roof Deflect ion Meas urements

The deflection measurements for the f ifteen roof deflec tion loca tions (see
Figure 6) in each of the three directions (X , Y, and Z) are presented in Table 5•*
A sketch of Figure 11 is also shown in that table to facilitate understanding the
signs of the deflection measurements. The deflection directions will be shown
with arrows on all plots or tables of roof and side wal l deflection measurements.
In addition , °a’ °b’ 6*, and 6** appear as loading increments on many of these
plots or tables. The no-load deflection measurements were taken with the box
beams normally positioned (Oa) and in their lowered position (Ob). The sixth
loading increment was appl ied late in a work ing day , the deflection measurements
were taken the next morning so that any creep would be included in the readings.
It was noted that the roof had settled on the collapse prevention structure over-
night. The supports were adjusted such that the roof was free to deflect and
deflection measurement 6* was taken. About 1-1/2 hours later deflection measure-
ments 6** were taken.

Figure 27 is a plot of the accumulative roof deflections in the vertical (Z)
direction. This figure is actually three plots (i.e., deflection of points 1-5,
6-10, and 11-15) shown together to facilitate comparison of the data. (Figures
6 and 7 can be referred to for identification of the location of these roof de-
flection points.) The symmetry of the data plotted in this figure is obvious.

Loading x
Condition z 

__________________0 

~~~~~~~~~~~~~~~~~
1 o-
2I 

~~~~~~~~~~~~~~~ 3

°a beams normally positioned

~ 
t
~b 

• beams I~~ red 5
6~ - on release from supports
6” . about 1-1/2 hours later

6 I f  (I I I I 1 J c i I I I 6
1 2 3 4 5 6 7 8 9 10 ‘ 11 12 13 14 15

Roof Deflection Measuring Locations

Figure 27. Accumulative roof deflections in the vertical (z) direction plotted by rows in the X-direction.

‘Al l deflection measurements were recorded in terms of sixteenths of an inch, being read either directly from a scale or scaled off
the graph paper plots. 
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Table 5. ROOF DEFLECTION MEASUREMENT S
(In Sixteenths of an Inch)

~~~~~n t l x  ~ z x _ _ _ _ _ _ _ _  
x Y z x y z

LOCAT ION Ill LOCATION #2 — LOCATION #3 LOCATION #4 LOCATION #5

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

LOCATION 116 - LOCATION #7 LOCATION #8 LOCATION #9 LOCATION #10

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 5 0 0 4 0 0 4 0 0 3 0 0 2

1 —l 3 1 0  0 O i l  0 0 12 1 0 0 10 0 0 8

~ 
31 ~2 

8 =1 j
~ 3 8 

62 

____________
LOCATION #11 LOCATION #12 LOCATION #13 LOCATION #14 LOCATION #15

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 2 0 0 4 0 0 3 0 0 2 0 0 2

1 0 0 7 0 6 8 0 5 7 0 5 7 0 4 6

2 0 4 10 0 6 12 —1 8 11 0 5 11 —1 7 9

3 1 6 14 2 10 17 2 8 17 0 8 15 0 6 13

4 —1 9 20 0 9 25 0 9 26 0 9 23 1 10 19

5 —2 12 26 —1 15 32 0 14 34 0 15 30 0 14 24

6* 0 14 36 —1 20 45 1 17 50 3 19 43 4 20 35

6** —5 17 45 —3 20 61 3 20 73 5 22 60 6 23 45

‘Deflection measurements taken after freed from overnight settlement.
“Deflection measurements taken 1-1/2 hours later.
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The deflections of each of the three rows of points were symmetric about their
central deflection point, i.e., points 3, 8, and 13. The deflections of these
three rows of points were also relatively symmetric with one another; the central
row (6-10) deflected the most, while the deflections of the other two rows were
appro ximately equal , with row 1-5, nearest the end wall , generally deflecting
sl ight ly more than row 11-15 , nearest the container.

The data plotted in Figure 27 is replotted in Figure 28, and once again the
symmetry of the data is apparent. In this case the data is plotted by rows of
deflection points in the Y direction rather than in the X direction (see Figures
6 and 11). Figure 28 more clearly shows the slightly greater deflection generally
exhibited by points 1-5 compared to points 11_ 15. This eff ect could be rela ted
to the movement of the end wall dur ing the tes ting, but that is unlikely. Refer-
ring to Table 3, all of the end wall movement occurred during or before the third
loading increment was applied. The data in Figure 28 shows that it was during
loading increment 4 that points 1-5 generally began to deflect significantly more
than points 11—15

Figure 29 is a sketch of how the roof deflected accumulatively in the hori-
zontal X-Y plane after six loading increments had been applied. Notice the
general symmetry of points 1-5 and 11-15. Points 1-5 all moved toward the end
wall with points 1 and 2 tending to go in the -x direction , while points 4 and 5
tended to go in the X direction . Similarly, points 11-15 all moved toward the
container with points 11 and 12 , and 14 and IS tending to deflect in the -X and
X directions. It is interesting to note that points 11-15 deflected more than
points 1-5 in the horizontal X-Y plane , whereas points 1-5 deflected more than

Loading
Condition T Z

0 -  0 0  0 0 0 0  0 0 0  0 - 0
0 o—e~~~~

1-  - 1  11
- 

s5i - 1 2  3 4 5

2 -  - 2  
)/

7

f ly  1y\ \
— — iso container
- 

. beams normally positioned 5 
0 1

— 
Ot~ - beams lowered — Sc-ale for Deflection Vectors

- 6 • on release from supports -
6 • tout 1-112 hours later

6 — f r 11 ( I 
~ 

I L1 ~ 
— 6 Figure 29. Sketch of

11 6 1 / 12 7 2 / 13 8 3 —‘ 14 9 4 15 10 5 roof deflections in the
Roof Deflection Measuring Locations horizontal X-Y plane .

Figure 28. Accumulative roof deflections in the vertical
(ZI direction plotted by rows in the V-direction.
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points 11-15 in the vertical Z direction (see Figures 27 and 28). Points 6-10
did not deflec t as much as the other points in the hor izontal plane, but these
did move toward the container in a symmetric fashion similar to points 11-15.

Figure 29 was presented to aid the reader in understanding the next figure
wh ich is a plot of the roof deflection data in the horizontal X-Y plane. Figure
30 is actually 15 different plots, each traced off the graph paper on which the
horizontal roof deflections were tracked with the telescopic measuring device.
Any pronounced effect relating to the inward movement of the end wall during the
testing should be discernible in this figure; however, such an effect is not
evident here.

Figure 31 is a series of plots of accumulative roof deflections in the Y-Z
plane for points 1-5, 6-10, and 11-15. These plots show how the points moved
toward the container (Y direction) or end wall (-Y direction) as they deflected
downward (Z direction). There does not appear to be any pronounced evidence of
end wall movement and, again, there is a basic symmetry in the data.

Side Wall Deflection Measurements

The deflection measurements for the twelve side wall locations (see Figure 6)
in the three directions are presented in Table 6. Figures 32, 33, and 34 are
plots of these data in the X-Z, Y-Z, and X-Y planes. Figure 32 shows how the side
wall points moved outward toward the vertical reference wall (X direction) as they
deflected downward. Figure 33 shows how these points moved toward the container
(Y direction) or end wall (-Y direction) as they deflected downward. This figure
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Fi gure 31. Accumulative roof deflections in the Y-Z plane for points 1-5. 6-10, and 11-15,
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Figure 32. Accumulative side wall deflections in the X-Z plane.
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obviously follow the now familiar °a through 6° sequence.

a Figure 33. Accumulative side wall deflections in the Y-Z plane.

28

. . ~~~~~~~~~~~~~ ~~~~ 

~~~~~~~~~ . _ _ _ _ _ _ _ _



-~~~~-~~~~~~ 
~~~

--
~~~

------
~~~

——---

Table 6. SIDE WALL DEFLECTION MEASUREMENTS
(In Sixteenths of an Inch)

Loading _______________ _______________ ________________ _______________

Increment X Y Z X Y Z X Y Z X Y Z

LOCATION #1 LOCATION #2 LOCATION #3 LOCATION #4

0 0 0 0 0 0 0 0 0 0 0 0
1 1 5 1 0 2 2 -6 1 1 0 0

1 3 -3 6 3 -l 4 5 -6 3 4 0 2
2 3 -4 9 6 -1 6 7 -8 8 7 2 6
3 5 -3 12 9 -1 7 10 -4 9 9 3 12
4 7 -8 15 13 -l 13 14 -9 10 13 3 12
5 7 -9 19 15 -2 14 16 —10 15 12 -4 17
6* 11 -13 30 22 —3 20 21 -15 27 23 -4 22
6** 11 -16 34 25 -3 22 22 -11 27 26 2 30

- 
LOCATION #5 LOCATION #6 LOCATION #7 LOCATION #8

0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 2 0 2 2 -3 2 2 1 —1

1 2 -.~ 3 4 -1 4 5 -4 3 5 0 0
2 3 0 11 8 0 7 7 -2 6 7 1 9
3 4 -1 13 10 0 11 10 — 3 10 10 -1 5
4 5 -1 20 15 0 15 13 -2 13 14 2 11
5 6 0 24 18 1 19 16 -4 19 17 0 15
6* 9 3 37 24 1 26 19 0 32 25 2 28
6** 9 1 43 27 0 31 20 2 38 28 -1 33

LOCATION #9 LOCATION #10 LOCATION #11 LOCATION #12
0 0 0 0 0 0 0 0 0 0 0 0
1 1 5 2 0 2 1 1 2 1 3 I

1 3 2 6 4 0 3 3 2 3 3 2 2
2 3 4 9 7 0 6 4 3 10 4 6 5
3 S 6 12 8 0 8 6 4 9 6 3 11
4 6 8 16 13 -1 10 7 8 8 8 4 9
5 7 9 19 15 -1 13 9 11 9 8 1 11
6* 9 12 27 20 -2 17 12 18 17 14 7 13
6** 9 13 32 25 -3 19 13 16 18 15 4 16

eDeflection measurements taken after freed from overnight settlement.
**Deflection measurements taken 1-1/2 hours later.

ic actually 12 different  plots , each traced off the graph paper s on wh ich these
deflections were tracked using the telescopic measuring devices. Figure 34 shows
similar plots for the deflections in the horizontal X-Y plane. The data presented
in these three figures reveal a general symmetry of the deflection data about the
center of the side wall.

Strain Measu rements

Strain measurements were obtained us ing 42 channels of data for 30 different
load ing conditions (includ ing balance and creep checks , etc.), or over 1200 “bits”
of data. Although these data are the actual strain history of the gages, they
contain various changes in strain values which are largely associated with balance
or creep checks and therefore not directly related to the load ing/unload ing of the
shell. Figure 35, for example , is a plo t of the actual strain data from rosette
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Figure 34. Accumulative side wall deflections in the X-Y plane.
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Figure 35. Accumulative strain measurements for Rosette ~~‘These are identified in Appendix B
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7j .  This figure shows some sudden shifts in strain values and, because of these
shifts, the stra in values measured af ter un load ing did not approach the values
recorded just prior to applying the first loading increment.

If strain measurements made for various checks are eliminated from the data,
and only the accumulative del ta strains resulting from load ing and unload ing the
shell are taken into account, the resul ting data are as shown in Tables 7 and 8
and as plotted in Figure 36. The data still reveal some sudden shifts in strain
values, but the curves are generally smooth and the strain values upon unloading
generally approach the initial strain values taken prior to loading. The strain
data from rosette 7j is plotted in Figure 36n and may be compared with Figure 35.

The data in the strain tab les are for rosettes lo and 1j  through 
~~ 

and 7~
in the vertical (V) , 45 0

, and horizontal (H) directions. Figures 6 and 8 identify
the location of these rosettes on the accord ion shell and also iden tify what is
meant by V, 45 0

, and H. For example, V might mean straight up the slope of a
roof panel , rather than vertical with respect to the earth. The strain tables in
Appendix B identif y each load ing cond ition and give the date and time of each
strain reading (i.e., millivolt readings which were subsequently converted to
strain readings). Incidentally, the smallest read ing which could be read on the
data logger was 0.01 millivolt. This corresponds to slightly more than 14
microinches/inch of strain and accounts for the strain varying by increments of
this amount in the data.

Table 7. ACCUMULATIVE STRAINS DURING LOADING/UNLOADING FOR ROSEUES 1-4
(Microinches per Inch)

V 450 H V 450 H V 450 H V 450 H

ROSETTE 1~ ROSETTE lj ROSETTE 2~ ROSETTE 2 j

0 0 0 0 0 0 0 0 0 0 0 0 0
1 —14 29 —145 14 -‘202 —58 —29 29 116 15 58 29

~ 2 —28 72 —246 14 —216 —87 —29 73 116 30 89 57
3 —41 113 —376 28 —201 —101 —43 117 131 59 147 114
4 —41 128 —506 57 —187 —130 —130 435 203 102 493 373
5 —26 157 —636 86 —173 —145 —130 478 —893 115 565 460
6 —40 200 —866 114 —187 —174 —173 594 —850 131 724 691
6 —56 200 —909 128 —187 —188 —188 565 —864 144 724 706
5 —56 200 —894 114 —187 —188 —188 565 —850 131 710 662

~ 4 —40 156 —707 85 —187 —145 —173 522 —850 131 623 533
o 3 —25 142 —577 56 —173 —101 —144 479 —879 117 522 403

2 3 98 —433 27 —187 —73 —130 421 —908 103 407 259
~ 1 18 70 —188 —59 —230 —1 —73 349 —908 59 191 28

~~

SE:E 3~ 

~ 

~~~OSE ~ 

2~~~~~2; ~~ 
_1~~~g

~ 2 —14 —58 28 —44 —58 —14 43 43 173 —15 15 28
~ 3 —29 —101 28 —58 —87 —29 43 57 244 —15 15 42
o 4 —29 —145 42 —87 —102 —43 57 71 317 —44 15 57

S ‘ 5 —29 —173 56 —87 —102 —43 57 84 389 —44 29 70
6 —29 —204 71 —87 —116 —58 57 71 476 —44 42 101
6 —43 —218 42 —101 —129 —72 26 56 418 —44 28 86

~ 5 —29 —204 42 —87 —129 —72 26 56 375 —30 28 86
~ 4 —29 —175 28 —87 —100 —58 26 42 303 —30 13 57
~ 3 —14 —146 28 —72 —85 —43 13 42 216 —16 —16 29

2 —29 —131 —1 —87 —71 —43 —1 13 115 —1 —30 29
1 —14 —59 —15 —72 —28 —29 —1 —2 58 28 —3 0
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Figure 36a-f. Accumulative strains during loading/unloading.
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Figure 36g-n. Accumulative strains during loading/unloading.
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Table 8. ACC1~ iIJ LA T 1VL STRAINS D U R I N G  WADING/UNLOADING FOR ROSETTES 5-7
(Mi roin~hes per Inch)

V 45° H V - 5~ H V 45° II V 450 H

ROSETTE 5 -
_-- 

ROS TTF 51 ROSETTE 6~ ROSETTE 6~

0 0 0 0 0 0 0 0 0 0 0 0 0
1 14 —15 0 —28 29 —14 0 0 —28 —14 —14
2 28 —30 —1 5 —28 29 —14 0 0 —28 —14 —14
3 28 —44 —15 —28 43 —14 15 1) —2b —29 —14

5 4 42 —58 0 —42 72 14 —14 15 0 —57 —44 —2~5 42 —58 14 —57 87 42 —14 15 0 —43 —30 —14
6 42 —73 i4 —72 116 42 —27 15 —14 —57 —30 1

~ 
6 28 — 8 0 —86 102 55 —56 15 —29 —43 —30 1
5 28 — 3 0 —86 116 55 —56 — 1 —29 —43 —30 1
4 28 --60 0 —57 73 28 —42 —1 —29 —43 —30 1

5 3 28 —60 0 —57 73 28 —56 —1 —29 —43 —30 1
2 28 —60 0 —72 58 28 —85 — 1 —43 —43 —30 1

— 1 28 —29 29 —14 15 —1 —128 —1 —29 —14 —30 30
z ______________ _______________ ________________________________

ROSETTE 7~ ROSETTE

0 0 0 0 0 0 0
1 —14 —28 —14 —57 0 29
2 —14 —42 —28 —71 0 44
3 —14 —42 —28 —57 0 44
4 —29 —71 —57 —288 0 73

—~ 5 —29 —71 —44 —273 14 131
6 —43 —100 —57 —259 14 145
6 —57 —114 —71 —259 14 145
5 —57 —100 —57 —244 14 130
4 —57 —71 —28 —244 14 116
3 —57 —71 —14 —244 14 87
2 —57 —57 —14 —259 14 58
1 —30 —28 t —259 27 15

‘The terminal wires to this gage (5~H) were resoldered just prior to applying the
forth loading increment; data obtained earlier from this gage are not valid .

1-For some unexplained reason, the print-out from the data logger omitted a
reading necessary to determine the strain measurement here .

Prior to testing, a strain gage within rosI~tte i
~ 

and another within 4j were
found to be defective. To obtain readings for these locations, single gages were
mounted in close proximity to the defective gages- and parallel to them. In addi-
tion, the H gage of rosette Si appeared to be giving irrelevant readings during
the testing. An examination revealed that the terminal wires of this gage had
come loose. They were resoldered just prior to applying the fourth loading in-
crement; data obtained earlier from this gage are not valid. The irregularities
found with strain gages are footnoted in the appropriate tables.

Let us examine the strain data presented in Figure 36. One observation is
that the values of the strain measurements are generally quite low. The reason
is that much of the structural response action of the shell to load ing occurred
in the jo ints of the shell , and during the latter part of testing, in creating
failure characteristics as well. It is also noted that the strain values from
rosettes 1-4 were generally higher for the gages applied to the outside of the
shell , compared to those applied inside. Again, this is probably rela ted to the

• structural response nature of the shel l , whereby the inner face-sheets were
stressed to a relatively low level because much of the action was taking place 
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at the joints. Another observation is that the largest strains were detected by
rosettes 1o. 1j, 2o, and 2~ . These rosettes were located close to the symmetric
fabrication joint (see Figure 6) , wh ich was misal igned by shearing action dur ing
the testing.

Because of their similar locations and orientations (see Figures 6 and 8),
one would expect that the strain data from rosettes lo and 

~~ 
would be similar

and also that the data from rosettes 2o and 4~ would be similar. The data from
rosettes l~ and 3~ are plotted in Figures 36a and e. The largest tensile strain
for rosette lo was recorded by the 45° gage, whereas for rosette 3o ~t was re-
corded by the 1-1 gage. Similarly, the largest compressive strain was recorded by
the H gage for rosette 1o and by the 45 0 gage for rosette 3~ . The data from
rosettes 2~ and 4~ are plotted in Figure 36c and g. Although the H gage of ro-
sette 2~ recorded a sudden unexplainable sh if t, we can still compare the data.
The largest tensile strain for rosette 2o was recorded by the 45° gage, whereas
for rosette 4~ it was recorded by the H gage. The V gage for rosette 2o recorded
compressive strains throughout the loading and unloading, whereas the V gage of
rosette 

~~ 
recorded tensile strains. Hence, the data is not as similar as one

would expect.

Rosettes 7o and 7j were located fairly close to an interbay column base which
was crushed during the testing (Figure 2la). The data from rosettes 

~~ 
and 7~ are

plotted in Figures 36m and n. The V gage of rosette 7~ recorded a sizable increase
in compressive strain as the fourth loading increment was applied. Since we first
noticed that some of the interbay column bases were crushing just after that in-
crement was applied, this strain increase could be related to the base crushing
action. However, we did not take note as to whether or not this particular base
began crushing at that time.

Add itionally, NARADCOM personnel made a preliminary comparison between this
strain data and the finite element analysis. This comparison revealed a general
agreement in terms of regions of high or low tensile or compressive strains.

DISCU SSION

The original objectives of this investigation were to obtain deflection and
strain data at specific locations on the accordion shell as the shell roof was
loaded incrementaly to about ten pounds per square foot over the projected area.
The 10-pound goal was not reached because of the imminent collapse of the shell
after about 4-1/2 pounds had been applied.

Another objective was to conduct this investigation efficiently in terms of
obtaining the results fairly quickly and inexpensively. The shelter was trans-
ported to A}t4RC in Md-March 1978. After 2-1/2 months of preparation the testing
was performed as six increments of loading were applied to the shell roof in
1-1/2 days of testing. The data obtained included over 700 deflection measurements
and over 1200 strain measurements. These data were all reduced (i.e., converted,
tabulated, and plotted) and supplied to NARADCOM within a month, with this report
to follow.
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The deflection data was generally symmetric about the accordion shell roof
and side wall. The values of the strain data were generally relatively low. The
basic reason for this is because much of the structural response action of the
shell to loading took place in the joints of the shell. Nevertheless, a prelimi-
nary comparison of the strain data with the finite element analysis by NARADCOM
personnel revealed general agreement in terms of regions of high or low tensile
or compressive strains.

The telescopic measuring devices, designed during this investigation to be
used in conjunction with a scale and reference planes , proved to be an eff icient
way to obtain three-dimensional deflection measurements. The manner in which
two thicknesses of plywood sheets were pos itioned on the shell roof to simulate
snow loading resulted in a fai rly uniformly distributed load over the proj ected
area.

In suilunary, the objectives of this investigation were met except that the
loading had to be terminated before anticipated to prevent signif icant damage to
the accordion shell.

coricLus IONS
1. The deflection data obtained in this investigation appears to be quite

good. The roof deflection data is fairly symmetric about both horizontal axes,
with the greatest deflection occurring vertically downward at deflection point 8,
the point nearest the center of the shell roof. The side wall deflection data is
relatively symmetric about the center of the wide wall , with the greatest deflec-
tions generally occurring vertically downward near the middle of the side wall.

2. The relatively low values of the strain measurements are attributable to
the structural response nature of the accordion shell to roof loading. Much of
the response action took place in the joints of the shell and, consequently, the
face-sheets to which the strain gages were applied were not stressed to a very
high level.

3. The use of simply-constructed telescopic measuring devices in conjunction
with a scale and reference planes proved to be an effective technique to obtain
relatively accurate three-dimensional deflection measurements on structures where
fairly large deflections are anticipated.

4. The way in which two thicknesses of plywood sheets were used to simulate
snow loading the roof of the shell was an efficient method of achieving a fairly
uniform distribution of loading over the projected area.

5. The inward movement of the end wall during the loading did not appear to
have any pronounced effect in the deflection data.

6. The corrosion discovered on the inner face-sheets of the lower knees of
the roof panels was apparently caused by captured rain water or mel ting snow
eventually finding its way through cracks in joints or through punctures , and
then through the core material.
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RECOMMENDATIONS

The basic objective of the investigation was to obtain experimental data.
We have, nevertheless, tried to make this a self-sustaining report in the sense
that we have mentioned and/or referenced all of the pertinent information avail-
able to us concerning the shell’s construction, its prior field testing, etc.
We have also tried to provide as much detail as possible about this investigation.
Following this thoroughness theme, we make the following recommendations :

1. The accordion shell was manufactured by methods which resulted in a Lab-
rication joint running symmetrically down the middle of the shell roof, between
the side walls. This joint is an obvious weak point in the shell’s design. One
possible solution is to modify the manufacturing machinery or methods to elimi-
nate this joint. An alternative would be to keep this joint where it is and
install a third box beam to provide support for it. There appears to be ample
room in the container to transport such a beam, which would also increase the
roof’s snow load capacity.

2. The corrosion problem could be resolved in future shell designs by using
a corrosion-resistant material for the face-sheets or, perhaps , by providing
better protective coatings, etc.

3. In eracting the shelter it became obvious that the fit between the accor-
dion shell and its attachment all around to the container, floor, and end wall was
a tight one. This forced fit results in residual stresses which could reduce the
structural integrity of the shell. This tightness offit aspect is also apparent
in the field testing resul ts,k where many of the captive fas teners were found to
damage easily. In fact, recommendation number 12 from that field testing report
is:

“Redesign the expandable shells for easier interface with the
container , and walls, and f1oor.”~

We concur with that recommendation and also suggest that more effective captive
fasteners be used on shells designed in the future.
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APP ENDIX A. PRELIMINARY TEST ON SECTION OF SHELL ROOF

It was noted that actual snow loading would in itially concen tra te in the
valleys between the roof ridges, whereas the simula ted snow load ing with plywood
sheets would concentrate the loading on the ridges. NARADCOM had provided a
section of a shell roof bay which was tested for localized crippling under load-
ing at the shell ridge. We also measured strains from rosettes identical to
those to be used on the actual shell. The results of this test are shown in
Figure A-i along with a sketch of the test setup and strain directions. The

• test jig consisted of a plywood sheet with two pieces of 2x4’s nailed to it par-
allel to each other about 36 inches apart. Another piece of 2x4 (representing
a two-pound preload) was placed symmetrically on the ridge. The section was
loaded by placing dead weights on top of this piece of 2x4 in 10-pound increments
to 62 pounds (or almost 14 pounds per square foot over the projec ted area) , then
unloaded with no visible localized crippling effects. The measured strain values
were quite small. It was noted that the lower “knees” were supported in this
test, whereas they would not be supported in testing the accordion shell, except
where they intersected the side walls.

4 0-

Loadi ng G—e
Unloading 

~~~~~~ Rosette Locations20 (
~
) Back-to-Back

0 

_  

_

~~ 36 -‘-I

\ ~~~~~~~~~~ Test Setup and Strain Directions
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test on

1~2 ~2 3~2 ~ ~ 44—fr ~
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a. Outskle or Upper Rosette b. Inside or Lowe r Rosette
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APPENDIX B. ACCUMULATIVE STRAIN DATA

The accumulative strain data for rosettes l
~ 

and l~ through 
~ 

and are
presented in Tables B-l through B-7. Each loading condition is identified in
these tables and the time and date of each strain reading is also shown.

Table B—i. ACCUMULATiVE STRAINS POR ROSETTES 10 AND lj (Microinches/inch)

No. LOADING CONDITION DATE TI}IE ROSETTE I ROSETTE 1
___________________________________ (1978) V 45° ° 14 45’ 14

1 °a No Load, Beams Normal 6 June 2:15 p.m. 0 0 0 0 0 0
2 0,, No Load , Beams Lowered “ 3:15 p.m. 115 43 —58 144 128 14
3 Null Balance “ 3:40 p.m. 0 0 0 0 0 0
4 Balance Check “ 4:30 p.m. 43 0 0 —14 0 0
5 Overnight Balance Check 7 June 8:00 a.m. —159 —72 —58 —14 —72 43
6 Before 1st Loading Increment “ 1:30 p.m. 0 14 —14 0 29 0
7 After 1st Loading Increment “ 2:10 p.m. —14 43 —159 14 —173 —58
8 Creep Check “ 2:30 p.m. 29 43 —144 43 —159 —29
9 Before 2nd Loading Increment “ 3:35 p.m. 101 58 0 0 —159 —29
10 After 2nd Loading Increment “ 3:50 p.m. 87 101 —101 0 —173 —58
11 Creep Check “ 4:15 p.m. 87 87 —101 0 —173 —58
12 Overnight Creep Check 8 June 8:30 a.m. —101 87 —14 29 —187 —58
13 Bef ore 3rd Loading Increment “ 9:40 a.m. —115 87 —14 29 —202 —58
14 After 3rd Loading Increment “ 10:05 a.m. —128 128 —144 43 —187 —72
15 Before 4th Loading Increment “ 11:50 a.m. —115 144 —144 43 187 —72
16 After 4th Loading Incrament “ 11:55 a.m. —115 159 —274 72 —173 —101
17 Before 5th Loading Increment “ 2:50 p.m. 72 274 —274 115 —101 —14
18 After 5th Loading Increment U 2:58 p.m. 87 303 404 144 87 —29
19 Before 6th Loading Increment “ 3:45 p.m. 101 317 433 159 —101 —43
20 Af ter 6th Loading Increment “ 3:55 p.m. 87 360 —663 187 —115 —72
21 Settled on Supports Overnight 9 June 8:30 am. 14 360 —461 128 —115 87
22 On Removal of Suppor ts “ 9:30 a.m . 43 404 —620 173 —115 58
23 Before Unloading 6th Increment “ 2:30 p.m. 144 433 433 260 29 187
24 Before Unloading 5th Increment “ 2:35 p.m. 128 433 —476 274 29 173
25 Before Unloading 4th Increment “ 2:40 p.m. 128 433 —461 260 29 173
26 Before Unloading 3rd Increment “ 2:43 p.m. 144 389 —274 231 29 216
27 Before Unloading 2nd Increment “ 2:46 p.m. 159 375 —144 202 43 260
28 Before Unloading let Increment “ 2:49 p.m. 187 331 0 173 29 288
29 Fully Unloaded “ 2:53 p.m . 202 303 245 87 —14 360
30 Permanent Set Check “ 3:21 p.m. 187 288 216 87 0 375

* This gage was found to be defective so these readings were obtained from a single strain gage
mounted parallel to gage liv , but about one half inch lower than l1V.
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