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ADETERACT

L

In this study sandwich panels and folded sandwich
plate structures have been investigated both analytically
and experimentally. The results of flatwise and edgewise
compression tests, carried out on samples of this material,
have been presented in Chapter I. The shear, bending and
torsional stiffness constants have been determined for sand-
wich panels used to build two folded plate models. Shear
stiffness constants, determined by several experimental
methods, vary according to the test method used. The ex-
perimental and theoretical values of the bending stiffness
constants differ by only 3.6%. Torsion rigidities have
been determined in Chapter III from eight square sandwich
panels. Experimental deflections and stress distributions
of two folded sandwich models have been presented in Chapters
IV and V. One of these models (9.5 feet long) was uniformly
loaded along the ridges. The other (19 feet long) was loaded
laterally with air pressure. The theoretical deflections and
stresses, obtained from the computer program and the theory
developed for these structures in Chapter VI, compare favour-
ably with the experimental results. The conclusions of the
study and the potentials of sandwich construction i1in the pre-
fabrication industry have been discussed in Chapter VIII. It
1s hoped that this study will promote the understanding of

sandwich construction and 1its use 1in the building industry.

111
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tudinal Stresses in psi at Midspan
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NOMENCLATURE

A = area of cross section.
A = displacement transformation matrix.
At = force transformation matrix.
B = width of the sandwich panel.
c = thickness of core.
D = member displacement matrix in the relative
coordinate system.
D = member displacement matrix in the fixed
coordinate system.
D,X' D = shear stiffness constants in the x- and y-
1 Yy directions, respectively.
D, D = flexural rigidities in the x- and y-
= Y directions, respectively.
Ky = torsion rigidity constant.
Bz’ AZ = horizontal displacements in the fixed co-
ordinate system.
D, A = vertical displacements in the fixed co-
Y Y ordinate system.
Bx’ A = longitudinal displacements in the fixed
coordinate system.
Be, Ae = ridge rotations, about the axis along the
ridge, in the fixed coordinate system.
Dx’ u = longitudinal displacements along the plate
edge.
D, v = displacements in the plane of the panel and
Y normal to the edge.
Dz’ w = edge displacements normal to the plane of the
plate.
De, 6 = rotations at the plate edge and about the

axis along the edge.

xx11li
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XxX1v Nomenclature

E

B , E
cx cy

G .., G
cx cy

nyf

P

elastic modulus of the facings.

elastic moduli of the core in the x- and
y-directions, respectively.

member force matrix in the relative
coordinate system.

member force matrix in the fixed
coordinate system.

horizontal forces per unit length in the
fixed coordinate system.

vertical forces per unit length in the
fixed coordinate system.

horizontal forces per unit length in the
fixed coordinate system.

ridge moments per unit length in the fixed
coordinate system and acting about the axis
along the ridge.

plate edge forces per unit length in the
plane of the plate and normal to the edge.

plate edge forces per unit length normal
to the plane of the plate.

plate edge moments per unit length acting
about the axis along the edge.

shear moduli of the core material in the
x- and y-directions, respectively.

modulus of elasticity in shear of the facing
material.

horizontal component of the width of the
folded plate panels.

thickness of a sandwich element measured
from the middle planes of the facings.

moment of inertia of a cross section.
moment of inertia of the cross section of
the sandwich panel calculated about the

neutral axis normal to the facings.

structure stiffness matrix.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xxv Nomenclature

k = element stiffness matrix.
k]3 = plate stiffness matrix.
k = slab stiffness matrix.
k = element stiffness matrix in the fixed
coordinate system.
L = span length of a sandwich beam.
M_E = moment in the facings.
MK, M = moments along the span of sandwich beams cut
) Y in the x- and y-directions, respectively, of
the parent panel.
Xy = +twisting moment in the zx- and zy-planes.
m, n = side dimensions of sandwich panels sub-
jected to torsion.
n = harmonic number.
P = concentrated load in a beam.
P = plate edge force in the plane of the
sandwich panel and normal to the edge.
Q = static moment of a cross section.
Qx’ o] = shear forces acting in cross sections parallel
’ Y to yz- and xz-plane, respectively.
r = relative displacement of the facings of a
sandwich panel.
S = overall thickness of sandwich panels.
T, F = shear force per unit length acting along
X
the plate edge.
t = thickness of the facings.
u = displacement at a plate edge in the direction
of T.
v = vertical component of the width of the fold-
ed plat= panels.
v = displacement at a plate edge in the

direction of P.
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XXVi

v

Nomenclature

transverse shearing force.

displacement at a plate edge in the
direction of Q.

deflections due to bending and shear
effects, respectively.

shear angles associated with Qx and Q_,
respectively. Y

deflection.

strains in the x-, y- and z-directions,
respectively.

angles which the folded plate panels make
with the horizontal.

Poisson's ratio.

radii of curvature of the neutral plane of a
plate in the x- and y-directions, respectively.

stresses in the x-, y- and z-directions,
respectively.

shear stresses.
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CHAPTER I

INTRODUCTION

Sandwich Construction

Sandwich constructions comprise thin strong
facings bonded to each side of a thick lightweight core.
By themselves, the components have little load-carrying-
capacity; once bonded together, however, they p;oduée
stiff, lightweight structural members.

A sandwich member is comparable to an I-beam.
The object is to place a high density, high strength ma-
terial as far from the neutral axis as possible in order
to get a high section modulus. Like the web of the I-
beam, the core of the sandwich resists the shear loads
and supports the flanges allowing them to act as a unit.
The core, unlike the web, maintains a continuous support
for the facings, allowing them to develop yield strength

without crimping or buckling. Both the facings of the
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sandwich and the flanges of the I-beam are responsible
for carrying the beam bending or tensile and compressive
loads.

For sandwich constructions to be effective, the
adhesive which bonds the facings to the core must be ca-
pable of transmitting shear loads between the two compo-
nents so these may act as a unit. The problem of bond
failure is most critical for sandwiches with honeycomb
cores; the structure of this core limits the contact area
between facings and core to five per cent of the area of

the facing.

Advantages

The most important advantage of sandwich con-
struction is its high strength-to-weight and stiffness-
to-weight ratios. For an equivalent rigidity factor  an
aluminum-faced honeycomb sandwich beam weighs only one-
fifth that of birch or plywood, one tenth that of solid
aluminum, and one-sixteenth that of solid steel.

When used in the building industry and if com-

pared to the common methods of construction, sandwich
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members lower both the framework weights and the founda-
tion requirements. Sandwich panels are very easy to
erect and provide a permanent exterior and interior
finish., Because of their thinness, these panels occupy
little volume, thus providing more working space in the
building.

Sandwich construction has good insulating pro-
perties; it lends itself to easy removal for replace-
ment of electrical and ducting systems; it requires less
construction time on the job site; it has a long life
with low maintenance; it absorbs vibrations; it makes
use of materials most economically; and it offers the
architect complete design freedom. Figure 1 shows a
four-storey building whose enclosing walls consist of
non-load-bearing sandwich panels. The building weighs
only 40 lbs. per sq. ft. instead of the 120 1lbs. per sqg.
ft. of a conventional steel-and-masonry construction sys-
tem. Because of the consequent reduction in steel, con-
crete, and construction time, the cost of the building

was only $ 15 per sg. ft. (1966). The standard panels
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measured 5' x 14' and could easily be carried by one man
(Fig.. 1). The four walls they produced have a deadload of
only 11% tons - compared with 612 tons had the walls been

of conventional brick—and—plaster.l

Applications

The new concept of sandwich construction was
introduced in the aircraft industry during the second
world war when extensive use was made of birch facing
material laminated to balsa wood cores in the Havilland
"Mosquito" bomber.

At present sandwich construction is used in the
airborne unit of almost every aircraft and missile. Only
limited application, however, has been made of this type
of construction in commercial enterprises. Some of these
applications are: building wall panels, flooring for
house trailers, small boat hulls, shipboard doors and bulk-

heads, table tops, furniture, truck trailer panels and

1 Figure 1 and its related information was taken from

House and Home, Vol. 23, No. 10, October, 1966, p. 114.
Published by McGraw Hill Inc.
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doors, stressed skin buildings, etc.

Forbenfabriken Bayer A,G. of Loverkursen,
Germany, is developing (1967) a self supporting auto-
mobile unit made from chemistry based materials. The
sandwich construction consists of a glassfiber-reinforced
plastic facing filled with polyurethane foam - a combina-
tion of extremely low weight. The car has performed
satisfactorily on the test tracks.2

In this study sandwich panels were used as

structural components in roof folded plate structures.

Flatwise Compression

In this project flatwise compression tests
were carried out on 3" x 3" sandwich samples in an Ins-
tron testing machine (Figs. 2 & 3). The samples were cut
from the two types of sandwich panels which were later
used to build folded plate roof models. One type had
one-inch-thick honeycomb paper core, the other one-inch-

thick styrolite (bead formed polystyrene). The honeycomb

2 Engineering Digest, Vol. 28, No. 12, December, 1967.
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was Union Bag 80 (18) % grade - 80 l1lb. base, 18% resin,
Lt cell size.

The specimens with the honeycomb core (Fig. 2)
showed an average flatwise yield strength of 144 psi and
an average value for the modulus of elasticity of 9307
psi; the styrolite samples (Fig. 3) showed the average
values of 12 psi and 134 psi for the strength and modulus
respectively (Table 1).

From these tests it can be seen that styrolite
would make a poor core for roof structures since it would

not withstand the weight of working men.

Edgewise Compression

When sandwich members are loaded as a column,
the facings alone resist the axial forces while the core
stabilizes the thin facings to prevent buckling. The ex-
tent to which the axial stresses in the facings are deve-
loped, before buckling occurs, depends on how well the fac-
ings are stabilized not only by the core but also by the
bond between the core and the facings.

Edgewise compression tests were carried out on
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several samples of both honeycomb and styrolite sandwich
construction. The modes of failure of the honeycomb sand-
wich samples are shown in Figures 4 to 8. For almost
every column, the facings buckled before developing the
yield stress because the bond between the core and the
facings failed. Figure 4 shows the honeycomb samples
tested, their dimensions, and ultimate loads. The graphs
in Figures 6, 7 and 8 show the stresses developed at fail-
ure. The accompanying drawings show the type of failure
of the specimen corresponding to each curve. The load
was cycled on specimen number 2 (Fig. 6).

The behaviour of the styrolite compression
samples is shown in Figure 9, 10 and 11. There was no
definite failure point since the facings began to buckle
as soon as the load was applied. In this case, the styro-
lite core is not sufficiently stiff to significantly sta-
bilize the facings. The labels in Figure 9, 10 and 11
give the dimensions of the particular sample and the load

existing on the column at the time the picture was taken.

Shear, Bending and Twisting Stiffness Constants

The shear and bending stiffnesses of sandwich
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construction are treated extensively in Chapter II; the
twisting stiffness in Chapter III. Numerous tests were
conducted on samples cut from both honeycomb and styrolite
sandwich panels to determine the above stiffnesses. Some
of these constants were later used in Chapter VI in the
theoretical analysis of roof sandwich folded plate struc-

tures.
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CHAPTER II

ANALYSIS OF SHEAR AND FLEXURAL STIFFNESSES

Introduction

Shear and flexural stiffnesses are two impor-
tant properties which must be determined for any sand-
wich panel before it can be properly used as a structur-
al element. A theoretical analysis of these stiffnesses
is presented 1in the first part of this section. Four of
the several methods available were employed to determine
experimentally the stiffness constants of sandwich samples
whose core was elither paper honeycomb or styrolite; the
experimental results are presented in the second part of
this chapter. A general evaluation of the different ex-
perimental methods and theories postulated concludes this

study on shear and flexural stiffnesses.

Shear Stiffness

The shear stiffness, qu, is defined as the

ratio of shear (Qx) to shear angle (YX) or, 1n equation form,

10.
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0
D = X e (D)
gx Yy
when only QX is acting. Similarly,
Q
qu=Y—y— ................. (2)
Y

For the honeycomb and styrolite cores treated 1in
this report the elastic moduli, Ecx and Ecy’ may be assumed
to be zero (See Fig. 36). Hence, the internal moment of a
loaded sandwich beam (Fig. l1l2-a) will be resisted entirely
by the facings as shown in Figure 12(b). The core will carry
only the shear Txy which remains constant throughout any cross
section perpendicular to the x-axis. Due to this shear dis-
tribution, the cross sections will slide over one another, but
w1ll remain plane producing shear strains which are constant
for the total depth of the beam and equal to the shear angle

{1 Or y (Fig. 12-c).

X Y
The shear force Qx at any cross section A, perpen-
dicular to the x-axis, can be written as Atz = AG Y. where
Xy CX'X
ch 1s the shear modulus of the core material. Substituting

these expressions into Eg. (1), the shear stiffness qu will

become

o
1
o)
pY
w

gx cx

When the thickness of the facings is very small compared

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12.

tc the overall depth of the beam, the area of the cross
section for Equation (3) is taken as hd where h is the
distance between the neutral axes of the facings and d
1s the width of the section. For a one-inch-wide sand-
wich beam with a core such as paper honeycomb or styro-
lite, the shear stiffness is given by the following ex-

pression:

gx cx

Similarly,
D
qy cy

It should be noted that if the core is rigid
enough to assure interaction between the facings, the cross
sections of the plate generally tend to warp out of their

plane condition when subjected to shear (p. 170 of reference

83). If warpage 1s significant, the shear strain, Yx’ in
Eg. (1) is no longer constant; it becomes
y = 2L = i (6)
< G TIE T cccrerereerecs
cx cx

where 1 is the moment of inertia (in%) of the section and
QO 1s the static moment of the area (in?) above the plane
on which the shear Txy is being considered. Integration
of Yy through the core will yield the relative displace-

ment, r, of the two facings.
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rC QX c
r = J 'YXdZ = Tdc J Qdz ...... (7)
o cx O
where c 1s the depth of the core. It is assumed 1in Eqg. (7)

tlhat no shear strain occurs in the facings. The average
shear angle Y, can be taken as r/h. By substituting this
angle into Equation (1) the following expression is obtained

for the shear stiffness, qu, per unit width:

IG h
D = = e (8)
ax +C
Qdz
o/
Similarly,
IG h
D = e (9)
qy (¢
| Qdz
O}

Flexural Stiffness

Let us consider a sandwich element cut out of

a panel by two pairs of planes parallel to the xz and yz
planes as shown in Figure 31. It is assumed that during
bending the lateral sides of this element will remain
plane and perpendicular to the neutral surface of the
pi-ate. The curvatures of this neutral surface are l/pX
and l/py in sections parallel to the xz and yz planes

respectaively and are considered positive if concave up-

ward. The strains 1n any layer z distant from the neu-

tral surface and within the facings can be written as
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flook's law yields the following eguations:

x =2 Ox-My (11)
€ 1 o Ho
Y = F Ty - ' (12)

z 2

o, - Bz __ (%_ P iy B2 QW 3Tw, L, (13)
1-p? X Py 1-u¢ 93x° 3y *©
2 2

oy = Ez (’2}'—— + g)'_) = Ez - (a w + Ua W) ...... (14)
1-u2 Py X 1-u® 3y? ax?

since the curvatures l/pX and l/py are approximately equal
34w 32w , :
— and —, respectively, where w 1s the displacement
ox‘’ oy *©
o7 the neutral plane in the z-direction. The normal stresses

to

are daistributed on the cross sections of the facings only and
can ‘be reduced to couples equal and opposite to the external

moments. Hence, we can write the following eguations:

s
2 [2 0.2 (1) dz = M ittt iirienninanannan (15)
) X X
c
2
S
2
2 02 0.2 (1) dZ = M tiitenaeaaanaaeaeann (16)
c’ ¥ Y
2

where s 1is the overall thickness of the sandwich panel.
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15.

Substituting Egs. (13) and (14) into (15) and (16) respec-

tively, we obtain the two expressions:

2 2
A (17)
BXZ ayz
2 2
T L A (18)
ayz axz
where -
; )
D = Z—Efz 2 z%dz
1-u cl
i.l
3 3
Hence, D = E(s S (19)
12 (1-p?)

Equation (19) yields the theoretical value for the flexu-
ral stiffness of a sandwich panel. If the facings are

made of homogeneous material and the core does not contri-
bute to the flexural rigidity then D has the same value

tor both x and y-directions. If not, the different flexu-
ral stiffnesses (denoted by Dx and Dy) can be derived from
Egs. (ll1) and (12) by substituting the proper values of the

elastic properties of the material.

Single Block Shear Test

The frame assembly shown in Figures 13 and 14
was used to test sandwich specimens under shear.

Forces P were applied at the end fittings of the frame
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by an Instron machine whose cross-head speed héd been
preset at .05 inches per minute. A typical load-displace-
ment curve plotted by the loading machine is shown in
Figure 15.

Eleven samples (2" x 12") were tested: three
hac been cut from honeycomb sandwich panels in the trans-
versal direction, four from honeycomb panels in the longi-
tudinal direction, and four had been cut from styrolite
sandwich panels. The facings of the samples were glued
to the face plates of the testing assembly with resin
adhesives. The alignment of the test apparatus was such
that the plane in which the load acted (Fig. 13-a)
passed through the corners of the specimen, thus minimizing
moments in the core.

Since the relative displacement of the facings,
r, and the shear angle, y, in the core (Fig. 13-b) are
relatively small, they can be related in the following

way

where ¢ is the thickness of the core. The shear stress,
1, can be calculated by dividing the load, p, applied
to the specimen by the area, A, of one facing and then

multiplying it by cos 6, where the angle g is shown in
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Figure 13(a). Substituting for § and y into Egs. (4) or

(5) the shear stiffness becomes

Eguation (21) will yield the value for Dgx or Dgy depen-
ding on the direction in the panel along which the parti-
cular specimen has been cut. It can be seen from Figure
13(a) that the angle 6 increases as the length of the
specimen decreases. For a twelve-inch specimen, if the
correcting factor cos 6 in Eqg. (21) were neglected, the
change in the results would be less than .4%.

The results of the Single Block Shear Tests
are given in Table II. As an example, let us consider
specimen number 5 whose load-displacement curve appears
in Figure 15. Substituting in Eqg. (21), Dgx can be cal-

culated as follows:

b = (550, (1.025)2 11.936

ax <0187 23.872° (17,9362 + 1.0252)¥
D _ = 1326 1b.

gx

It may be noted that the term P/r in Equation (21) is the

slope of the curve in figure 15, h = 1.025", A = 23.872 in?.
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TABLE II

18.

RESULTS OF SINGLE BLOCK SHEAR STIFFNESS TESTS

SHEAR STRESS
TYPE OF SHEAR STIFFNESS AT FAILURE DIRECTION*¥*
NO. CORE Dq in 1b. IN PSI OF SAMPLE
1l | Honeycomb 1035 35.6 Y
2 | Honeycomb 970 29.3 X
3 | Honeycomb 964 31.1 X
4* Honeycomb 1526 45.6 Y
5 | Honeycomb 1326 31.1 X
6% Honeycomb 1260 52.6 Y
7 | Honeycomb 890 26.9 Y
8 | Styrolite 184 13.7 -
-9 | Styrolite 184 13.3 -
10 | Styrolite 160 13.0 -
11 | Styrolite 172 12.1 -
Av.| Honeycomb qu = 1087 30.5 X
Av.| Honeycomb qu = 1178 40.2 Yy
Av.| Styrolite Dq = 175 13.0 -

* %

Failure occurred in the core.

The other honeycomb
sandwich specimens delaminated as shown in Figure 14.

For the orientation of the honeycomb core see Figure 36.
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and the length of the specimen is 11.936". Since speci-
men number 5 was cut along the longitudinal axis (x axis)
of a honeycomb sandwich panel, the resulting shear stiff-
ness is denoted by qu. The stiffnesses in the x and y
directions are expected to differ because of the nature
of the honeycomb cells (Fig. 36). The average values for
qu and qu in Table II, however, show a difference of
10% which may be considered negligible when the wide scat-
ter of the value of individual stiffnesses is considered.
The styrolite core was assumed to have the same shear
stiffness along any direction in its own plane.

The ultimate shear stresses of the cores are
also given in Table II. 1In the case of honeycomb sand-
wich samples, failures usually occurred in the bond be-
tween the core and the facings. For the two cases in
which failure occurred in the core the ultimate shear

was much higher (See Table II).

The Three-Point Loading Shear Stiffness Test

The deflection, w, at midspan of a simply sup-
ported sandwich beam with a concentrated load, P, at the
center (Fig. l6-a) is the sum of the deflection due to
bending and the deflection due to shear. In equation form

we have:
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where D is the bending stiffness and Dq is the shear
stiLffness of the beam. The value for D can be calculated
from Eg. (19) and the deflection, §, can be measured ex-
perimentally. Substituting into Eg. (22) a value for Dq
can then be obtained.

Seven beams were each tested three times accord-
1ng to the Three-Point Loading Stiffness Test. Three of
these beams had honeycomb core (x-direction), four had
styrolite core. Figures (l6(a) and 16(b) show the set up
of the test and the dimensions of specimen number 5 of
Table III. These dimensions remained constant for all
the samples. For the Styrolite sandwich beams four dial
indicators were used (Fig. 17) to measure the compression
of the core as well as the deflection of the beam. For
the honeycomb sandwich samples only one dial indicator
at midspan was used. The load P was plotted versus the
deflection 6 for each beam. Figure 16 (c) shows such a
graph for beam number 5. The reciprocal of the slope of
this graph is §/P = .0149. To correct for the compression
of the core, one half of the sum of the displacements, read
from dial indicators located on top of the supports, was

suptracted from the averaged deflection of the two dial
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TABLE III

SHEAR STIFFNESSES Dq (THREE-POINT-LOADING TEST)

Beam No. 1 2 3 4 5 6 7
Core H.c.®| H.c. | H.Cc. | ¥ | s s s
per 1" 2290 2600 2509 242 233 235 210
width
Average D
per 1" e Honeycomb 2466 Styrolite 230
width
* H.C. stands for honeycomb

8 stands for styrolite

TABLE 1V

SHEAR STIFFNESS Dq (FOUR-POINT-LOADING TEST)

Beam No. Core Size ?geii/gﬁiifﬁizith Average

1 Honeycomb. | 2" x 22" 4135
2 Honeycomb 2" x 22" 4064 4100
3 Honeycomb 6" x 60" 25;; i
4 Honeycomb 6" x 60" 2232
S Honeycomb 6" x 60" 2368
6 Honeycomb 6" x 60" 2152 2334
7 Styrolite 6" x 60" 84
8 Styrolite 6" x 60" 92
9 Styrolite 6" x 60" 109

10 Styrolite 6" x 60" 92 94
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indicators at midspan.

Numerical values from Figure 16 can now be sub-
stituted into Eg. (22) to find the shear stiffness Dq for
beam number 5 of table III.

583 58

-0149 = 75—506,500) * 1D,

from which.Dq= 1400 1lb. for the six-inch wide beam. The
bending stiffness D, for a six-inch wide beam, was calcu-

lated from Eg. (19).

6 3 3
p = 10.25 x 107 (1.0507 - 1.0007) 6 _ 946 500 1b-in2

12 (1 - .339)

Table III gives the shear stiffnesses per unit width for

the seven beams tested.

The Four-Point Loading Shear Stiffness Test

The deflection, §, at midspan of a simply sup-
ported sandwich beam, loaded at quarter points by concen-
trated loads P/2 as shown in Figure 18(a), is given by

the following equation:

3
I - (23)

$ = %80 * BD
q

where the first and second term yield the bending deflec-

tion and the shear deflection respectively. The bending
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stiffness D has already been discussed in the previous
article and it was found to have a value of 906,500/6
lb—in2 per unit inch of width.

Ten samples were each tested three times accor-
ding to this method. The description and dimensions are
given along with the shear stiffness values in Table IV.

The experimental set-up is shown in Figure 109.
The load was applied by an Instron machine whose cross
head was preset at a constant speed (0.02 inches per mi-
ntte for the 60" beam).

Load-deflection curves such as the one shown in
Figure 18 were plotted for each beam. The reciprocal of
the slope and the dimensions shown in Figure 18 are sub-
stituted in Eg. (23) to find the shear stiffness constant

for beam number 8 of Table 1IV.

3

_ 11 x 58 _ 58
0161 = =¢5—"906,500 ~ 8D,
from which Dq = 553 1b for a six-inch wide beam.

It is worth noting that in calculating Dq for beam number
3 of Table IV, Eg. (12) becomes, after numerical values

have been substituted,

3

7.25

D
q

.03528 - .03083 =
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The difference of the two relatively equal numbers on the
left-hand side of the equation may give rise to large in-

accuracies.

The Five-Point Loading Shear Stiffness Test

A sandwich beam loaded by the five-point method
is shown in Figure 20. The beam rests on two supports,
each a distance a from the middle of the beam. Two egqual
down-loads (W) are applied at the ends, each a distance b
beyond the points of support. A load 2P acts at midspan
(Figs. 21 & 22).

The two sets of loads (2W and 2P) will produce
opposite bending deflections at the middle of the beam
(Fig. 21). A ratio of the loads can be selected so that
these bending deflections cancel each other. Then the net
shear deflection at midspan can be measured experimental-
ly.

Letting M = Wb and taking downward deflections
and "hogging" moments as positive, the central deflection

can be written as

The first two terms of the above equation represent the
bending deflections; the third term represents the deflec-

tion due to shear.
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When

the first two terms of Eq. (24) cancel out leaving the

following relationship:

If central deflections are measured for applied loads
which fulfil condition (25) and §/a is plotted against P
(Figs. 22 & 23), a straight line with slope equal to 1/Dq
will result.

Instead of maintaining a constant ratio between
P and M (See Equation 25), a more practical method would
be to measure § for a large number of values of P and M
varied independently and then plot §/M against Pa/M. A
straight line should result having the ordinates 3/2Dq at
Pa/M = 3/2 and a2/2D at Pa/M = 0 (Figs. 24 & 25). When

P = 0, Eq. (24) yields

a
T oeeecscesecanans ceeneees(27)

In a third procedure, several suitable combina-
tions of a, b and W are selected. For each combination,
load (2P) is varied and the central deflections recorded.

o e gy T
(% ;oo gy
Fo oa U bt 0r @
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Load-deflection curves are then plotted as shown in Figure
26. An additional line satisfying Eq. (25) is drawn and
the value of its slope, P/6§, is substituted in Eq. (26) to

evaluate the shear stiffness Dq. The load-deflection curves

for Ml’ M2, ceecne Mn intersect the line P = OMat -—61,
62, ...... - Gn respectively. Any quotient EE can be sub-
n

stituted in Eqg. (27) to evaluate the bending stiffness, D.

Both the second and third procedures yield ex-
perimental values for both the shear and bending stiff-
nesses; the first procedure yields the experimental value
for the shear stiffness only.

Seven beams (three with paper honeycomb and four
with styrolite core) were tested according to both proce-
dure I (Figs. 22 & 23) and procedure II (Figs. 24 & 25).
Figure 22 shows the physical dimensions of beam number 2
{Table V); these dimensions remain constant for all seven
samples. The stiffness constants are calculated directly
on the graphs in Figures 22 to 25, and then tabulated in
Table V. The average shear stiffnesses for the honeycomb
and the styrolite sandwich samples are 2952 and 264 1b.
per unit width respectively; the average bending stiff-
nesses are 152,622 and 157,139 1b-in? per unit width res-
pectively. According to Eqg. (19) the bending stiffness is
151,667 psi for both types of specimens; the difference be-

tween experimental and theoretical values is .6% and 3.6%
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TABLE V

SHEAR AND BENDING STIFFNESSES BY
THE FIVE-POINT-LOADING TEST

27.

Beam Test Dq in lb per unit Width D in lb—in2
No Core No. 'pr. 1 (Fig 22)|Pr. II (Fig 13)per unit width
1l | Honeycomb 1 2670
2 2490
3 2730
4 2820 151,667
2 | Honeycomb 1 3205
2 3200
3 3360
4 2780 154,600
3 | Honeycomb 1 3590
2 2780
3 2700
4 3090 151,600
4 | Styrolite 1 264
2 269
3 289
4 287 157,667
5 | Styrolite 1 273
2 289
3 237
4 265 167,750
6 | Styrolite 1 254
2 244
3 262
4 244 -
7 | Styrolite 1 259
2 260
3 271
4 260 146,000
Av. Honeycomb q= 2952 D = 152,622
Av. Styrolite q = 264 D = 157,139
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for honeycomb and styrolite samples respectively.

Discussion

Single Block Shear Test:- The specimens for the

Single Block Shear Test are rather expensive to manufac-
ture since they must be glued to the face plates of the
testing assembly (Fig. 13-a). When under load, these face
plates will tend to bend as shown in Figure 13(c). Such
bending, although small for weak cores, tends to overesti-
mate the shear displacement, thus reducing the value of
the shear stiffness of the core. For stiffer cores, such
as aluminum honeycomb, the discrepancy due to the bending
of faces was found to be surprisingly large (about lS%)(iﬁ)?

The shear distribution in the core is not uni-
formly distributed, but it follows a curve similar to that
shown in Figure 27(b). This distribution is given by the
Volkersen analysis of lap joints (87). Since the two cores
analyzed in this report were very flexible and the face
plates of the testing apparatus were % in. thick aluminum,
the Volkersen correction may be considered negligible.

The transverse component of the load (P.sin 6)

3 Underlined numbers in brackets indicate references at
the end of the Thesis.
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also contributes to the deformation which is totally as-
cribed to shear. The results of this test (Table II) were
_ow and widely scattered.

The Double-Block Shear Test:- The principle and

problems of this test are similar to those of the Single-
Block Shear Test; Figure 27(a) shows the test set-up. The
shear distribution according to Volkersen analysis is shown
in Figure 27 (b). For the paper honeycomb and styrolite
cores, this distribution may be considered constant. But
for cores with shear modulus G, between 15,000 and 30,000
psi the modulus could be as much as 40% too low (42) if the
proper shear distribution is not considered. Further pro-
blems arise from the instability of the test apparatus as
shown in Figure 27(c). The direct transversal compression
on the core may cause buckling of the cell walls. Some of
the objections against the double-block shear test may be
overcome by using bridge pieces (Fig. 27-d) to stabilize
the test frame, or by using the double double-block set-up
(Fig. 27-e). These modifications, however, would make
the test more complicated and more expensive.

The two block shear tests described above are
much more complicated that they appear to be at first.
The corrections which must be made involve theories not

commonly known.
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The Three-Point Loading Shear Stiffness Test:-

The experimental results of Table III show consistency.
The average values of shear stiffness are 2466 and 230 1b
for the honeycomb and styrolite sandwiches respectively.
These stiffnesses are considerably larger than their cor-
responding values obtained from the single-block shear
test (Table II), but lower than the values given by the
five-point loading test (Table V).

The engineer's formula (Eq. 22) was used to find
Dg for the three-point loading test. This equation, as it
stands, is not completely accurate. Because of the bending
stiffness of the faces and the compressibility of the core,
the loads which are applied to the faces of the sandwich
element are not transmitted as shear stresses on the im-
mediate cross sections of the core. Figure 28 represents
a more realistic distribution of shear stresses. It is
worth noting that the modified shear stress tends to re-
cduce the shear strain while the compressibility of the core
tends to increase it.

Equation (22) can be improved by adding a cor-
rection factor Y to the left hand side (42). If the over-
hangs of the beam beyond the supports are larger than the
thickness of the beam, the correction factor is constant
for different spans. The correction factory, vy, can be

determined by measuring the deflection, &, for different
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spans of the beam and substituting back into Eg. (22).

The effect of core compressibility and shear
distribution can also be overcome by using a theory of
bending based on the principle of virtual displacements (36)
and the total strain energy stored in the beam during de-
formation.

The Four-Point Loading Shear Test:- The experi-

mental shear stiffness values obtained from the four-point
loading shear test are shown in Table IV; this method
yields very low shear stiffness values for the styrolite
seandwich beams (94 1b). The 60-inch honeycomb beams show
the same stiffness (about 2400 1b) as when tested by the
three-point loading test. The shorter honeycomb beams
(z2") show a much larger stiffness (4100 1b).

A modified shear distribution could be drawn
for this method as it was done in Figure 28 for the three-
point-loading test. This modified shear distribution in-
dicates that a shorter beam would tend to give higher
vealues for D

Generally this test 1s not very suitable for the
determination of the shear stiffness of the core since
orly pure bending occurs between the central loads; shear
ard bending deflections occur at the end guarter spans.
Tke method can be used, however, 1n conjunction with the

ttree-point loading test to determine the bending stiffness
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as well as the shear stiffness from the two Egs. (22)
and (23).

Three honeycomb sandwich beams were analysed
by this procedure; the resulting average bending stiff-
ness was found to be 140,200 lb—in? per unit width (7%
lower than the theoretical value).

The Five-Point Loading Shear Stiffness Test:-

The experimental results given by the five-point loading
test (see Table V) are relatively consistent. The experi-
mental bending stiffnesses for honeycomb and styrolite
beams differ only by .6% and 3.6% respectively from the
theoretical values. Three procedures ﬁay be used within
this method to determine the shear and bending stiff-
nesses (see Figs. 22, 24 and 26). The second and third
procedures (Figs. 24 & 26) yield both the shear as well

as the bending stiffnesses; the first method (Fig. 22)
yields the shear stiffness only.

The beam in the five-point loading method ro-
tates through a much smaller angle in the region of the
supports than it would in either the three or four-point
loading methods. Smaller errors arising from the simple
roller support can, therefore, be expected in this method.
The secondary moments in the facings (Fig. 29) exist in
all sandwich beams subjected to bending tests; these

moments tend to reduce shear deformations.
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The five-point loading beam test yields both
shear and bending stiffnesses, produces consistent results,
ard 1s relatively economic when compared to other methods.

Theoretical Methods:- Analytical solutions are

also available to determine the shear modulus of cores.
Penzien and Didriksson (64) have examined the problem of
theoretically predicting the effective shear modulus of
hcneycomb core materials by examining the behaviour of a
single honeycomb cell under shear forces. The effects re-
sulting from boundary conditions which prevent warpage of
the cells have also been considered in the analysis. They
conclude that the warpage constraints have little effect
on the shear stiffness except when the ratio of core cell
length to 1ts lateral dimension becomes relatively small.

Kelsey, Gellatly and Clark (42) have developed
expressions for upper and lower limits to the shear stiff-
ness constant of honeycomb sandwich cores by applying the
Unit Displacement and Unit Load methods.

Hoffman (37) has made a study on the Poisson's
ratio for honeycomb cores. If the hexagonal cells are
close to being equiangular (Fig. 30-a), Poisson's ratio is
close to one. The ratio, however, will vary substantially
wlth cell shape.

The above theories assume that the geometry of

thz cell is completely defined as in Figure 30(a). This
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condition, however, does not always exist in practice.
Figure 30(b) shows the configuration of a typical sample
of honeycomb core made of Kraft paper ribbons. It is
doubtful that the behaviour of such core could be pre-

cdicted by the above theories.

Conclusion

The shear stiffness constant can be determined
by several different methods. Consistent results are
usually obtained when identical specimens are tested un-
der the same set of conditions. When the dimensions of
specimens and the testing conditions or methods are changed,
however, the resulting stiffnesses usually vary widely. It
is wise to study the behaviour of sandwich specimens under
each test method before the results can be effectively
used.

The shear stiffness constants recommended for
the honeycomb and styrolite cores studied in this report
are 3000 and 260 1lb per unit width as given by the five-
point loading beam test (Table V). This method showed
most consistency and subjected the specimens to bending
moments at the supports. This is the type of condition
to which the panels in the folded plate models (studied

in later chapters) will be subjected.
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The theoretical value for the bending stiffness
constant (151,667 psi) can be used. The experimental re-
sults given by the five-point loading test are within 3.6%.

Manufacturers must carefully consider the shear
properties of their core materials. Sufficient graphs
based upon different test methods should be provided to
the design engineer to promote the use of sandwich cons-
truction. The shear modulus should be selected from the
graph obtained from the test method which most closely ap-
proaches the loading conditions of the structure being de-

signed.
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CHAPTER III

TORSION RIGIDITY OF SANDWICH PANELS

Introduction
When a twisting moment Mxy is applied to the
cross sectional faces of a rectangular sandwich panel, as
32w

shown in Fig. 31, the panel will undergo a twist

IXIy

This twist varies directly as the moment applied and in-

versely as the torsion rigidity, Dxy s of the panel.

In this chapter an expression is derived for the torsion

rigidity constant, D for sandwich panels with cores

Xy’
such as paper honeycomb or styrolite. The theoretical
value of Dxy is compared with results obtained from experi-

ments carried out on eight sandwich panels.

Theoretical Study

The dotted element of the panel shown in Fig.
31 is reproduced and analysed in Figures 32, 33 & 34. The
element will shift relative to the coordinate system x, y

and z as shown in Figure 32 and it will distort as shown

36.
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in Figure 33. From Figure 32 it can be seen that the dis-

placement of any point on line af in the x-direction 1is

where %¥ 1s the rotation of the element in the xz-plane.
Similarly, 1f the rotation of the element face adef in the
yz-plane were shown, it could be seen that the displacement

of any point on line af in the y-direction is

v = =2 W (30)

where %g 1s the rotation of the element in the yz-plane.

From Figure 33 the relative displacements of
points b and d at the top facing, due to the distortion of
ov Ju
X dx and 3y

displacements of these two points due to both the rotation

the element, are dy respectively. The total

and distortion of the element are (Fig. 34)

v

v

+ X AX vttt ettt natansnsenans (31)
ou

u + & dy ....................... (32)

The shear strain of any membrane parallel to the xy-plane

15
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Yy = %% + %% ...... cecereeaes (33)
From Egs. (29) and (30)
%3 - %;§§ a = - gigy ceee.(38)
Hence,
ey = 207 gigy ............ (35)

The twisting moment Mxy can be expressed in terms of the
shear stress TXy' It must be realized, however, that the
only stresses which can be developed in an element of paper

honeycomb core are Oy Tyz’ sz’ L and T,x (Fig. 35).

y Txy’ Tyx are essentially equal to zero

since the only factor contributing to their corresponding

The stresses Opr O
stiffnesses Ex’ Ey and ny is the bending rigidity of the
paper ribbons making up the cells of the honeycomb core
(Fig. 36). Therefore, the shear moment MXy develops shear
stresses Ty only in the facings of the sandwich element.

The following equation can then be written:

Mxy = (2t) (

Substituting Eq. (35) into Eg. (36) and -% for z
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where Gx is the modulus of elasticity in shear of the

vE
facing material, h i1s the thickness of the panel measured
from center to center of the facings and t is the thickness
of the facings. By comparing Eg. (37) to Eg. (28) the

following expression can be written for the torsion rigidity

constant, D
Xy

ny xyf

The above formula 1s applicable to all sandwich panels with
cores of negligible shear rigidity ny. It is important to
noze that this shear rigidity should not be confused with the
other shear rigidities ze and Gyz'

It has already been shown in Fig. 32 how line
af, originally perpendicular to the xy-plane, rotates
thirough an angle of %% in xz-plane and an angle of %g in the
yz-plane. The angle of twist of this laine is %;%5. If x
and y are the ordinates of line af in the xy-plane then 1its

vertical displacement 1s

W=X§_2_V\7_
y 3RAy Tttt

The loading system acting on the rectangular
panel shown in Figure 37 1s statically equivalent to a

tw.stlng moment Mxy equal to P/2 distributed around the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40.

edges of the panel. If distortions due to shear are not
permitted to occur by properly reinforcing the edges of

the panel, then rectangular cross-sections of the panel be-
fore loading will remain rectangular after loading (Fig. 37).
By using Eg. (39) the deflection at the free end of the pa-

nel in Figure 37 is

_ 32w
§ = mn BRRy CCCCtteterrereeceseeceen (40)

where m and n are the dimensions of the panel being tested
(Fig. 37). From Egs. (28) and (40) and noting that Mxy = P/2

the following equation can be derived

= R
Xy kmn (5) ............ e reesaes (41)
Eg. (41) can be used to find experimental values for the tor-

sion constant, ny, for panels tested as shown in Figure 37.

Experimental Study

Eight square sandwich panels (24" x 24") were
tested in torsion. Four of the panels had paper honeycomb
cores and four styrolite cores. The physical properties of
these two core materials have been discussed in Chapter I.
The edges of the panels were reinforced with either plaster
of Paris mixed with cement or with resin to avoid distortions
due to shear stresses. The experimental set-ups can be

best understood by studying Figures 38 to 42 inclusive.
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The panels with honeycomb core were loaded at
the free corner by the cross-head of an Instron machine
(Figs. 38 & 39) whose downward movement had been preset at
.05 inches per minute. At the diagonally opposite corner
a downward reaction P , equal to the applied load, was
developed by the swivel disc of a clamp (Figs. 40 & 41).
The ball-bearing disc behaved like a pin support. Rollers
provided the other two diagonally opposite corners with
upward reactions each equal to P. The rollers were set on
a beam which sat on the load cell of the Instron. The test
machine plotted a curve of the load 2P-registered by the
load cell vs, the corresponding downward displacement ¢ of
the cross-head at the free corner of the plate.

Figures 40 and 41 show the experimental set-up
used to twist the panels with styrolite core. 1In this case
the load was applied by suspending weights at the free cor-
ner of the panel. A clamp held down the diagonally oppo-
site corner while rollers supported the remaining two cor-
ners. The data was recorded manually.

The experimental set-ups (Figs. 38 to 42) show
the presence of strain gauges measuring strains at the
middle of the panel and dial indicators measuring deflec-
tions in one quadrant of the panel. To calculate the experi-
mental torsion rigidity, ny, however, the deflection at

the free corner only is required. Hence, the additional
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measurements are neither presented nor discussed in this re-
port.

The experimental values for ny for the eight
panels tested are given in Table VI. Load-deflection curves
such as those shown in Figure 43 were drawn for each panel.
The slope of these curves is P/§. From Eq. (41l), from the
slope of curve A of Figure 43 and from the dimensions given
in Figure 42, one can calculate the torsion rigidity for

panel number 3 of Table VI. Hence,

D =% x 23.29 x 23.29 x 32 = 23,867 lb-in.
Xy 1

According to Eg. (38), the theoretical value of ny is

D,y = (1.025)2 (.025) (4 x 10°) = 105,063 1b-in.

Since the terms h, t, and Gx in Eq. (38) are the same for

yvE
all panels tested, the theoretical torsion rigidity is

105,000 1b-in. for all cases.

Discussion of Results and Conclusions

The experimental values of ny are from 1/6 to
1/4 of the theoretical value. The larger values in Table
VI were obtained from panels with better edge reinforcement.
The value P/§ used in Eq. (38) was obtained from curves such

as those shown in Figure 43. Curve A belongs to a panel
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TABLE VI

EXPERIMENTAL TORSIONAL RIGIDITIES, DX

Y
Experimental Torsion Rigidity,
DX in 1lb.-in.
Sample Type of Y
Number Core Values Rounded
Values as off to
Calculated Closest 1000
1 Honeycomb 28,707 29,000
2 Honeycomb 21,697 22,000
3 Honeycomb 23,867 24,000
4 Honeycomb 26,308 26,000
5 Styrolite 18,443 18,000
6 Styrolite 34,716 35,000
7 Styrolite 29,834 30,000
8 Styrolite 15,731 16,000
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with honeycomb core. The value P/§ is calculated directly
from the straight portion of the graph. For the panels
with styrolite core the load-deflection curves were similar
to curve B (Fig. 43), but the value P/§ was taken as the
slope of the tangent at the origin. This explains why some
of the torsion rigidities of panels with styrolite core are
larger than those of panels with honeycomb core. The for-
mer rigidities, however, decrease with increase in load;
they are not constant as the rigidities given by honeycomb
sandwich panels.

Figures 39 and 41 show the behaviour of panels
under excessive torsion load. The failure does not occur
in the facings, as one would expect, but in the reinforce-
ment around the edges. In cases of pure torsion, rectangu-
lar cross-sections before loading should remain rectangular
after loading. This condition is obviously violated in
the samples tested (Figs. 39 & 41). The failures were
caused by shear in the core around the edges. It can,
therefore, be seen how important it is to have very rigid
stiffness around the edges of the panel to carry the verti-
cal shear forces caused by the loads applied at the corners.

It is not sufficient to reinforce these edges
with plaster of Paris or resins; rigid stiffening devices should

be employed. Whatever reinforcement is provided at the
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edges, it should not be continuous around the corners, as
this condition would contribute to the torsion rigidity of
the sandwich panels.
The following additional points should be noted:
1) The compressibility of the core under load would con-
tribute to deflections, thus lowering the torsion rigi-
dity.
2) The effects due to shear would be less significant if
larger panels were used in the tests.
3) The experimental set-up shown in Figures 40 and 41 is
simpler, but not as accurate as that shown in Figures
38 and 39. 1In the latter case the rate of displace-
ment of the free corner of the panel can be preset and
the data is automatically recorded by the Instron Tes-
ting Machine.
The experimental values of ny shown in Table VI
on one end, and the theoretical ny on the other, supply
the boundaries of a region wherein lies a reliable ny; its
value can be found by performing the torsion tests according
to the recommendations set forth in this chapter. The scat-
ter of the experimental results and their large differences
from the theoretical value should enable the reader to appre-
ciate the importance of proper reinforcement around the

edges of the panels.
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CHAPTER IV

EXPERIMENTAL STUDY

OF A 9.5-FO0T FOLDED SANDWICH PLATE MODEL

Introduction

Many studies have been made on sandwich panels
(See Literature cited). Yet, very little investigation
has been carried out on the performance of an integrated
structural system made up of these panels.

The folded sandwich plate model shown in Figure
44 was built and tested to study the feasibility of intro-
ducing this type of light structure into the building in-
dustry. The component sandwich panels have honeycomb core
and aluminum facings (Fig. 22-b). Flatwise and edgewise
compression properties of these panels have been analysed
in Chapter I, the shear and bending properties in Chapter
II, and the torsion properties in Chapter III.

In this chapter the assembling and testing of
the 9.5-foot folded plate model is treated. Two methods
of loading are discussed. The location and results of
the dial indicators and the strain gauges are presented.
The experimental deflections and stresses, obtained from

several tests, are plotted and discussed. A detailed

46.
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account of the failure process of the model, as its ulti-
mate load of about 178 pounds per square foot was approached,

is included at the end of this chapter.

Assembling the 9.5-Foot Folded Plate Model

The model (Fig. 44) was assembled by joining sand-
wich panels (after due preparation) along their longitudi-
nal sides, with specially fabricated aluminum channels.

Before the panels were connected to one another,
their longitudinal edges were bevelled at thirty degrees
and reinforced with a plastic auto body filler (Fig. 45).
The reinforcement was introduced to avoid any possible 1lo-
cal crushing along the edges during the assembling operation.
Holes (.070" in diameter) were drilled in the webs of the
connecting channels (Fig. 46) at a distance of seven inches
from center to center. (Cables of the loading trees were
later suspended through these holes as shown in Figures 50
and 53).

After the holes in the web were completed, the
next step was to temporarily insert the panel edges into
their corresponding connecting channels and drill holes
for one-quarter-inch bolts through the channel flanges and
the panel between them (Fig. 47). The midspan section was
then determined and the channels were removed. Strain

gauge locations were selected on the top surface of the
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panels; the corresponding points on the bottom surface
were found by using the graduated fork shown in Figure 48.
The strain gauges were next installed, complete with leads
and protective coating, on the separate panels.

The components were now ready to be assembled
into the folded plate structure. The two supporting end
diaphragms were cut out of one-inch-thick plywood and set
on heavy beams (Fig. 49). The diaphragms were placed at
the proper span distance of 9'-5" from center to center.
The sandwich panels were then placed on the supports and
connected along their longitudinal edges, with the type
of joint shown in Figure 50. The channel flanges were
secured to the facings of the panels with bolts and a 3M-
resin cement. The cement provided a good uniform bond be-
tween the flanges and the facings, thus avoiding stress
concentrations in the regions around the bolts. The bolts,
on the other hand, tightened the flanges onto the facings
allowing the cement to set and develop a good bond. 1In
case the cement should fail under load the bolts would
then come into play and avoid collapse of the model.

The 1/16" cables to be suspended through the
holes in the webs of the channels were found to have an
ultimate strength of about 470 1lb. each when tested (Fig. 51).
A typical assembly containing the cable was tested by sus-

pending from it a dead load of over 300 lb. for several
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cdays (Fig. 52); no failure occurred. Loading trees were
then suspended from these cables (Fig. 53 and 57) at each
of the five internal ridges. The concentrated loads pla-
ced on the platforms of the tree, would be uniformly dis-
tributed along the ridge of the model. A total load of
about 5000 lbs. could be safely applied along each ridge
according to the capacity of the 1/16" cables; this load
was estimated to be more than sufficient to fail the
model.

To record the deflections at midspan of the
model a total of twenty-seven dial indicators were ins-
talled across this section as shown in Figure 54. The
dial indicators were supported by magnetic bases placed
on steel I-beams spanning across midspan as shown in
Figures 56, 57 and 58. The beams were supported by A-
frames which were fixed to the floor.

The locations, on the model, of the rosette
strain gauges, which had been installed on the separate
panels, are shown in Figure 55. The thirty rosettes at
midspan would permit a study of the critical longitudinal
stresses, while the ten at the section, one foot from the
face of the support, would show the critical shear stresses
in the model. The wire leads, from the strain gauges,

were soldered to five-channel adaptors and connected to an
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automatic ditital strain recorder. The model was now

ready to be tested.

Loading the 9.5 - Foot Model

The initial load consisted of standard 50-1b.
weights placed on the platforms of the loading trees. Figqg.
56 shows a test where all five interior ridges were loaded,
while Figure 57 shows a test where only ridges 3 and 5
(Fig. 44) were subjected to load.

After several tests with the available 100 pieces
of 50-1b. weights, it was realized that failure of the mo-
cdel was far from imminent; rather, two to three hundred
additional 50-1b. weights would have been required to fail
the model. Such a large amount of dead weight would not
only make loading and unloading too laborious, but could
produce safety hazards in the event of the failure of the
model and tipping of the loaded platforms. It was, there-
fore, decided to switch to an hydraulic system of loading
(Fig. 58).

The cross bars and the platforms of the loading
trees (Fig. 53) were reinforced. The two platforms of
each loading tree were then bridged with wide flange beams.
Hydraulic rams were placed at midspan of these beams and

jacked against a portal frame anchored to the floor. The
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rams were connected to an oil pressure line from an hyd-
raulic testing machine (Fig. 61). The oil pressure in
the rams was thus controlled and indicated on the dial of

the machine.

Support Conditions of the 9.5-Foot Model

The ends of the model were uniformly supported
(Fig. 59) for one set of tests and point supported at the
five internal ridges (Fig. 60 and 61) for a second set of
tests. The uniform support was acquired by lifting the
model, spreading an auto body filler on the supports and
lowering the model again. The body filler molded around
the edges and hardened, thus providing a continuous sup-
port. Point supports, simulating columns, were supplied
by lifting the model and introducing blocks of hard wood

under the five internal ridges of the model.

Presentation and Discussion of Experimental Deflections

The experimental midspan deflections of ten
different tests is presented and discussed in this section.
In Figure 62 the immediate deflections, caused
by a load of 5000 lbs. (standard weights) uniformly dis-
tributed along the five internal ridges (Fig. 56), are com-

pared to the long term deflections caused by the same load
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acting on the structure over a period of 166 hours. The
creep which occurred over this span of time was less than
five percent of the immediate deflection; its major part
occurred during the first 24 hours after loading. The
creep recovered within a few days after unloading. The
ends of the model were continuously supported.

In a different test (Fig. 63) hydraulic rams
were used to load the model with 11,300 lbs. (about 110
lbs. per sq. ft.) uniformly distributed along the five in-
ternal ridges (Fig. 58). The maximum vertical deflection
of 0.198 inches occurred at the middle ridge, the least
(.147") at the exterior ridges. It is worth noting here
that .198" is much smaller than L/360 or .3138, which is
often regarded as the maximum allowable deflection. The
experimental stresses in the model for this test are shown
in Figures 76 and 77. They will be discussed in the next
section of this chapter.

Figure 64 shows the deflections caused by 4,800
lbs. of dead weights uniformly distributed along ridges 2,
4 and 6 (Fig. 44). The ends of the model are continuously
supported. This test simulates the loading conditions of
snow accumulated in roof valleys, which could be of a con-
siderable size in a prototype structure and would thus col-

lect large amounts of snow. The maximum deflection, in
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this test, occurs at the outside ridges; the minimum at
the middle ridge.

In the following test ridges 3 and 5 (Fig. 44)
were each uniformly loaded with 24,000 lbs. of dead
weights (Fig. 57). The ends of the model were uniformly
supported. The deflections are presented in Figure 65.
In this test we can see the behaviour of the model when
used as a floor-bearing structure supporting the floor
loads at the two upper interior ridges only. The maximum
vertical deflection (.104") occurs at the middle ridge,
the minimum (.038") at the exterior ridges.

Figure 66 shows the deflections due to a uni-
formly distributed load of 3980 lbs., applied at ridge
5 (Fig. 44) with an hydraulic ram. The same load was
then applied at ridge 3 and the resulting deflections
were plotted in Figure 67. The ends of the model were
continuously supported. Since ridges 3 and 5 are symme-
trical about the center of the section, the deflections
of the two tests at symmetrically opposite ridges should
be the same. This equality (neglecting small percentage
differences) can be seen in Figures 66 and 67. The model
was subjected to a considerable amount of twist in these
two tests; the deflections varied from a maximum of about

.120" at the loaded ridge to about 0" at the farthest
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exterior ridge.

The model was subjected to an even greater twist
in the next two tests where ridges 2 and 6 were loaded in-
dependently with a uniform load of 2550 lbs. (hydraulic
ram). The ends of the model were again uniformly suppor-
ted. The vertical deflection varied from a maximum of
about .210" at one exterior ridge to about 0" at the other.
(See Figs. 68 and 69). The equality of the deflection
values (neglecting small percentage differences) can again
be seen at symmetrically opposite ridges.

From Figures 70 and 71 we can compare the de-
flections of two different tests which have similar load
but different support conditions. In the test of Figure
70 the ends of the model are uniformly supported and the
middle ridge is subjected to a uniform load of 3710 lbs.
applied with an hydraulic ram (Fig. 72). 1In the test of
Figure 71 the ends are point supported at the five interior
ridges and the middle ridge subjected to a smaller uniform
load of 3160 lbs. The deflections of the latter test were
almost double the deflections of the former. Hence, it
can be seen that when point supports are used, the load-
carrying capacity of the model is reduced by almost 50%.
The point supports tend to introduce stress concentrations
and local delaminations at the ends of the model.

It should be noted that the distortion of the
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panels of the folded plate model shown in the deflection
crawings are greatly exaggerated because the scale used
for the deflections was much greater than the scale used
for the model section.

The experimental deflections in Figures 63 to
69, inclusive, have been compared with their corresponding
theoretical deflections in Figures 129 to 135, inclusive,

in Chapter VII.

Fresentation and Discussion of Experimental Stresses

Forty rosettes were applied on the model as
shown in Figure 55. A computer program was written to
resolve the strains recorded by these gauges into stresses
at various directions. Figure 73 shows:

(1) The three strains (underlined) of a rosette
in microinches per inch;
(2) The principal stresses of +190 psi and

+3223 psi acting along principal planes which

make angles of 43.69° and 133.690, respective-

ly, with the axis of the horizontal element of
the gauge;

(3) The maximum shear stresses of 1516 psi ac-
ting along planes oriented at 45° from the

principal planes;
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(4) The stresses (+1707 psi) normal to the maxi-
mum shear stresses;

(5) The normal stresses +1637 psi and +1776 psi
in the x and y-direction, respectively, and
the associated shear stresses 1514 psi;

(6) The normal stresses +3221 psi and +192 psi

in the x' and y'-direction, respectively, and

the associated shear stresses 69 psi.

A study is now made of the experimental stresses
in the model caused by a load of 11,300 lbs. uniformly
distributed along the five interior ridges (See Figs. 58
and 63).

Longitudinal stresses obtained from gauges in-
szalled on the top facing at the midspan section of the
model were plotted in Figure 74. Each plate is analysed
separately. The vertical dotted lines and the underlined
numbers indicate the location of the gauges and the magni-
tude of the stresses. A curve is then drawn and extrapo-
lated to obtain graphically the stresses at the extreme
fibers of the plates, which coincide with the ridges (de-
noted by circled numbers) of the folded plate model. The
distribution of longitudinal stresses across the plates
is essentially linear in every case, but the location of
the neutral axis varies from plate to plate. The above

procedure was repeated for the gauges installed on the
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bottom facing at the midspan section of the model. The
results are plotted in Figure 75.

At each ridge the stresses of the adjacent
facings were averaged and plotted in Figure 76. The so-
1lid line indicates the stress distribution in the top
facing of the model; the dotted line represents the
stress distribution in the bottom facing. Negative num-
bers denote compressive stresses in psi. It is worth no-
ting that the maximum compressive stresses occur in the
top facings at the upper ridges, while the maximum ten-
sile stresses are found in the bottom facings at the
lower ridges. The neutral axis moves upward as we move
from middle to external panels.

The experimental stresses in Figure 76 have
been compared with their corresponding theoretical
stresses in Figure 136 in Chapter VII.

The state of stress at five points in the top
and bottom facings, at a cross-section one foot away from
the face of the support, is shown in Figure 77. The five
points have been analysed by five rosette strain gauges
located on the top facing and five additional rosettes
installed on the bottom facing directly below the top
gauges as shown in Figures 77(a) and 55(c). The strains
were converted to principal stresses according to the pro-

cedure shown in Figure 73. The results from the top gauges
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are drawn in Figure 77(b), those from the bottom gauges in
Figure 77(c). The direction of the principal stresses varies
from 2° to 9° from top to bottom facing. 1In general, however,
the direction of the different types of stresses remains the
same. Maximum transversal shears lie on planes oriented from
2 to 15 degrees from the transversal planes of the plates.
Strain gauge 2 (S.G. 2) and strain gauge 3 (S.G. 3) show com-
pressive principal stresses in the top facing and tensile
principal stresses in bottom facing. This state of stress

is caused by the support reactions acting normal to the plane
of the panel. The transversal shear stresses at midspan
varied from 0 to 60 psi which can be considered negligible

as predicted by the ordinary beam theory.

Failure of the 9.5-Foot Model

The sequence of failures for the 9.5-Foot folded
plate model is shown by the circled numbers in Figure 78.
All failures occurred at the ends of the model and consis-
ted mainly of delaminations between the facings and the
core. Failures 1 and 2 (Fig. 78) occurred near the point
supports as a uniform load of 2680 lbs. was being applied
along ridge 2; they were caused by the high concentration
of shear stresses at these points. The extent and location

of these two failures are shown in Figure 79. Failure 1,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59.

which was essentially identical to failure 2, is further
illustrated in Figure 80. To prevent propagation of these
delaminations in subsequent tests, holes were drilled and
kolts were used to tighten the facings against the core.

Ridge 6 (Fig. 44) was selected to be loaded next.
To avoid early delaminations, regions near the point sup-
ports were reinforced with bolts. This reinforcement pro-
ved to be ineffective, however, since failure 3 (Fig. 78)
occurred at a uniform load of 2110 lbs., about 25% lower
than the load which caused failures 1 and 2. Rather, the
vibrations of the drill must have weakened the bond around
the reinforced area, thus causing delaminations premature-
ly. Failure 2 is of the same general nature as failures
1 and 2 shown in Figures 79 and 80.

In the subsequent test, all five internal ridges
were uniformly loaded with hydraulic rams (Fig. 61); the
model remained point supported. At a total load of 5660
lbs. the aluminum facings, which had delaminated in the
first three failures, had opened up considerably, while
regions near the other point supports also began to dela-
minate. The model was unloaded and the point supports
were removed, since these would have caused complete fai-
lure of the structure at relatively low loads.

The five interior ridges were reloaded. At a

total load of about 13,000 lbs., failure 4 occurred as
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plate 3 began to buckle at the east end (Fig. 8l1). This
section had been clamped with bolts before any tests were
carried out because of delaminations which had occurred
while the model was being assembled. The buckling seemed
to be initiated by a protrusion in the support, barely
perceptible in Figure 81. At the same load of about
13,000 lbs., failure 5 (Fig. 78) occured at the west end
cf plate 4 as it began to buckle. The nature of failure
5 was essentially the same as that of failure 4.

As the load was slowly increased failures 4 and
5 distorted further. Figure 82 shows the increase bend-
ing of failure 5 at the west end of plate 4 as the total
load was increased from 13,000 lbs. to 14,700 lbs. At
this latter load (14,700 lbs.) plate 5 began to buckle at
the east end (Failure 6). At 16,000 lbs. both plates 5
and 6 delaminated and continued to buckle at the east end
of ridge 5 as shown in Figure 83. The label in this fi-
gure should read east end rather than west end; the signs
were mixed up in the confusion arising from the quickly
developing distortions of the model. These photos were
taken while the loading was being applied and failures
were occurring.

Failure 7 (Fig. 78) occurred at a load of 17,200
lbs. as plate 6 failed in shear at the west end. This

failure was characterized by a loud bang and simultaneous
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upward bulging of the top facing along an inclined line.
Similar failures occurred at the west ends of plate 5 at
a load of 17,600 1lbs. and of plates 3 and 4 at a load of
17,750 lbs. The end view of the above failures can be
seen in Figure 84 (note wrong sign). At the ultimate
load of 17,750 lbs. (178 lbs. per sg. ft.), the model
kept on deforming without further load increase. In this
f:nal stage the connecting channel of ridge 5 opened up
and cracked at the underside; and a transversal ripple
formed at midspan of plate 6 (Fig. 84).

It should be noted that the shear failures
were precipitated by the delamination of the load between
core and facings. These failures occurred in a direction
perpendicular to the principal compressive stresses which

are given in Figure 77.

Further Observations on the Failed Model

After total collapse, the strain gauge wires
were cut off; the delaminations were marked and dimen-
sioned on the top and bottom facings; the model was taken
down from the supports and placed upright on its end for
photographs (Figs. 85 and 86). The model possessed a
considerable amount of rigidity even after having been

taken down.
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To study the contribution of the connecting
caannels to the strength of the model, 1l2-inch samples
were cut out at midspan of each ridge (Fig. 87) and tes-
ted in compression as shown in Figure 88. Universal
joints were placed at both ends of the compressive sam-
ples to simulate pin connections. Buckling of the

flanges occurred at loads ranging around 10,000 lbs.
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CHAPTER V

EXPERIMENTAL STUDY

OF A 19-FOOT FOLDED SANDWICH PLATE MODEL

Introduction

The 19-foot model shown in Figure 89 was built
and tested to obtain additional experimental data to com-
pare with the theoretical results in Chapter VII. This
structure was similar, in many ways, to the first model (Fig.
44) studied in Chapter IV: the geometry of the section,
the connection channels, the thickness of the panels, and
the material of the facings were substantially the same.

The 9.5-foot model differed from the 19-foot
model in the span and in core material; the core for the
former consisted of Kraft honeycomb paper, for the latter
it consisted of styrolite. Since the first model had
failed in shear at the ends, it was estimated that, by
doubling the span from 9.5 feet to 19 feet for the second
model, a bending failure at midspan would be assured.

This chapter presents and discusses the assem-
kling and testing of the 19-foot model, the air pressure
loading system, the experimental deflections and stresses
of several tests, the failure process of the model as the

ultimate load of 75.4 lbs. per sqg. ft. is approached, and

.63.
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the exposure to outside weather of the model after its

failure.

Assembling the 19-Foot Model and the Pressure Box

The assembling procedure of the 19-foot model
varied only slightly from that of the 9.5-foot model.

The edges of the panel were not bevelled. The resin ce-
ment was applied directly on the painted surface of the
facings; paint had been removed along the longitudinal
edges of the panels for the first model. Because of the
compressibility of the core, the ends of the panels res-
ting on the supports were reinforced with channels made
out of the same aluminum sheets as the facings.

The forty rosette strain gauges were installed
at midspan and at one foot away from the face of the sup-
port as specified in Figures 55(b) and (c). The wires
of the gauges on the top facings were taped against the
surface to avoid stress concentrations in the pressure

" bag; the connecting channels were also taped (Fig. 91).

The end supports consisted of two-by-fours
glued and bolted against one-inch thick plywood panels
bolted to the heavy beams. These wood panels extended
high enough above the model to form the two shorter sides
of the pressure box. The other two sides of the box were

added by securing two-by-tens to the columns of the test
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frame as shown in Figure 90. The longitudinal edges of
the model were free and independent of the sides of the
box with a clearance of about one inch.

Two sheets of plastic (each six mills thick)
were loosely laid over the model and taped around the rim
of the box to form the bottom of the pressure bag (Fig.
91). Special attention was paid to the four corners of
the box and to regions around columns to avoid possible
air leaks. Crevices and gaps between the edges 0f the
model and the sides of the box had been sealed with rub-
ber sheets glued to the vertical sides of the wood frame
and flapping over the model (Fig. 91). The rubber seals,
along the longitudinal sides of the model, did not inter-
fere with the free movement of the two exterior ridges
cf the structure; yet, they provided a smooth continuous
surface for the plastic bottom of the bag to press against.

A large sheet of rubber (20' long, 12' wide,
1/16" thick) was prepared on the floor (Fig. 90), complete
with five valves and reinforcing boards glued along the
two longitudinal edges. The rubber sheet was then hois-
ted on to the top of the model and its edges were sealed
around the rim of the box with glue and nails. The five
valves, placed at the middle and four corners of the rub-
ber sheet, were connected to a multi-tube manometer by

means of plastic conduits. These valves made it possible
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to check and measure the air pressure at different points
in the pressure box.

To measure the deflections of the model, twenty-
seven dial indicators were set on its bottom surface (Figs.
92 and 93) at the same relative locations as shown in
Figure 54. The dials were supported by magnetic bases
set on a steel portal frame anchored to the floor. The
strain gauges were connected to the automatic data acqui-
sition system. The set-up was now ready for preliminary
tests.

Air was pumped into the pressure bag to test
it for leaks. The top layer of rubber soon bulged into
the shape shown in Figure 94. It was estimated that the
rubber would have failed due to tensile membrane stresses
at a very low pressure of .095 lbs. per sg. in. or 13.7
lbs. per sqg. ft. After no significant leaks were detected
in the bag, a sturdy wood platform was built to support
the top membrane as shown in Figure 95. Regular tests

followed.

Presentation and Discussion of Experimental Deflections

The experimental deflections at midspan of the
19-foot model are presented and discussed below for ten

different tests.
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Figure 96 shows the deflections in inches at
midspan when the model was subjected to a pressure of
.1625 psi (23.4 1lbs. per sqg. ft.). This pressure is equi-
valent to about 4,900 lbs. of vertical load uniformly dis-
tributed over the total horizontal area of the model.

The maximum vertical deflection of about one inch occurred
at the two outside ridges, the minimum of .317" occurred
at the middle ridge. The deflections in this test were
essentially equal at symmetrically opposite ridges (Fig.
96). These deflections will be compared with the theore-
tical ones in Chapter VII.

The air pressure in the above test was then in-
creased to .2708 psi (40 1lbs. per sqg. ft.) acting perpen-
cdicularly to the surface of the panels. This pressure
constituted a total vertical uniform load of 8145 1lbs.

The deflections increased proportionally with the load

as shown in Figure 97. The symmetry of these deflections
was upset a little at this point of loading since ridge 1
(Fig. 89) began to touch the side of the pressure box at
the frame column (Fig. 95). The maximum deflection occur-
red at ridge 7, the minimum at the middle ridge.

In a subsequent test, the air pressure was in-
creased to .3430 psi (49.4 lbs. per sg. ft. or 10,317 lbs.

of vertical uniform load on the model). The deflections
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at midspan can be seen in Figure 98. The symmetry of the
readings was upset again by the interference of the column
at ridge 1. Ridge 7 underwent a displacement of over
three inches measured perpendicular to the plane of panel
6, while the middle ridge deflected only .823". It can be
seen from these results (Fig. 98) that this pressure load-
ing tends to bend the model about the middle ridge.

An intermediate support was introduced for the
next seven tests. The point support consisted of a one-
inch pipe sitting on a load cell and supporting a differ-
ent ridge for each test (Fig. 106). 1In every test, the
support was placed two feet west (Fig. 89) of midspan,
and the structure was loaded with a uniform pressure of
26 lbs. per sq. ft.

The reaction given by the load cell and the
relative displacement of the ridge at the intermediate
support are shown for each test in Figures 99 to 105, in-
clusive. The force reaction at the point support changes
from one test to another, even though this reaction would
be expected to remain the same at symmetrically opposite
ridges. As an example, let us look at Figures 102 and
103. The reaction of the load cell is 1250 lbs. when the
support is under ridge 2 (Fig. 102), but 3275 1lbs. (Fig.

103) when the support is under ridge 6 (symmetrically
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opposite to ridge 2). The deflections at symmetrically
opposite ridges also differ. The reaction change was un-
doubtedly due to the following facts:

(1) The degree of the initial tightness of the
support against the ridges may have varied
from test to test;

(2) A different load cell was used for each ridge
and each cell may have undergone different
strains under load;

(3) The bearing area of the model above the sup-
port may have reacted differently from ridge
to ridge.

It should be noted from the results shown in
Figures 99 to 103, inclusive, that the supported ridges
are subjected to additional transversal moments due to
the support. A significant twist occurs in the structure
when ridges 2 (Fig. 102) and 3 (Fig. 103) are supported
independently. The deflections vary from less than .1"
at the supported ridge to over one inch at the farthest
exterior ridge.

Fig. 106 shows a typical point support with a
ball bearing between the pipe and ridge 5. The deflec-
tions, which resulted from this test, have been plotted
in Fig. 101. The photo in Figure 106 was taken looking

towards the east end of the model. The cross sections
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in Figures 96 to 105, inclusive, were drawn as seen when
looking towards the west end of the model. The support
was set at two feet west of midspan where a series of
strain gauges and dial indicators were located.

The experimental deflections in Figures 96, 97,
and 98 have been compared with their corresponding theo-
retical deflections in Figures 138, 139 and 140 in Chap-

ter VII.

Presentation and Discussion of Stress Results

The strains obtained from the forty rosette
strain gauges (see Fig. 55) were resolved into stresses
according to a procedure outlined in Figure 73. Figures
107, 108, 109 and 110 show the longitudinal stresses in
psi in the top and bottom facings at the midspan section
when the 19-foot model was subjected to pressures of 13,
23.4, 26 and 39 psf. respectively. The maximum tensile
and compressive stresses at the ridges of the model were
determined by extrapolation as it was done for the 9.5-

foot model in Figures 73 and 74.

It can be seen in Figures 107 to 110, inclu-
sive, that the maximum compressive longitudinal stresses
occur in the top facings at the top ridges (except for

ridge 7 in Figs. 107 and 108). One would expect the
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maximum tensile longitudinal stresses to occur in the
bottom facings at the bottom ridges as they did for the
9.5-foot model (Fig. 76). At ridges 2 and 5 in Figures
107 and 108 and at ridge 6 in Figures 109 and 110, how-
ever, the maximum tensile stress occurred in the top
facing. This state of stress was due to high transver-
sal stresses resulting from the moments at these ridges.
The moments were caused by the air pressure acting on the
cantilevered exterior panels. This state of stress is
not shown at ridge 2 in Figures 109 and 110, since the
free end of panel 1 was partially supported by the side
of the pressure box when the model was subjected to the
loads indicated in these two figures (Figs. 109 and 110).

The minimum longitudinal tensile stresses occur
at the middle ridge; the maximum longitudinal compressive
stresses are found at the two top interior ridges (ridges
3 and 5). In general, the stresses in the 19-foot model
tend to be a little irregular when compared with the
stresses in the 9.5-foot model (Fig. 76). It should be
remembered that the styrolite core was very compressible
(See Chapter I), thus providing little support to stabi-
lize the facings. When the facings tended to buckle lo-
cally, the stresses were perturbed.

The experimental stresses in Figures 107, 108
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and 109 have been compared with their corresponding theo-
retical stresses in Figures 141, 142, and 143 in Chapter

VII.

Faillure of the 19-Foot Model

After the series of tests with intermediate sup-
ports was completed, load was applied to the model with
intent to fail it.

No intermediate supports were used at first. At
a pressure of 44.2 1lbs. per sq. ft., the connecting chan-
nel of ridge 6, near the east end of the model, delaminated
from the facings of the panels (Fig. 111); the resin glue
had failed. The bolts, however, kept the connection tight
and prevented any further development of the failure. As
the pressure was increased to 46.8 lbs. per sg. ft., the
connecting channel of ridge 5 at the east end also delami-
nated. The west end shewed no such failure.

Under this locad (46.8 lbs. per sq. ft.), the
two exterior panels (No. 1 and 6) had deflected so much
that ridges 1 -and 2 became exposed at the bottom rim of
the pressure box {(a deflection of over three inches).
Ridge 1 1s shown 1in Figure 112 in this deflected position.
Had the pressure been increased, the rubber seal would
have s5lid off the top of the model and the plastic sheets

would have been exposed to rupture. The model was
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unloaded and intermediate point supports were introduced
at midspan of the two exterior ridges (Fig. 113). Pres-
sure was applied once more.

Local buckling began to occur in the bearing
surface above the point supports, at ridge 7 when the load
was 39.0 lbs. per sg. ft., at ridge 1 when the load was
44.2 1lbs., per sqg. ft. It should be noted here that ridge
1 was also partially supported at the frame column (Fig.
95) . As the pressure was increased to 49.4 lbs. per sq.
ft., the deformation above the point support at ridge 7
extended towards ridge 6 (Fig. 114); plate 6 was now ex-
cessively deformed. At 52.0 lbs. per sq. ft. random noi-
ses were heard from the model. At 54.6 1lbs. per sg. ft.
the distortions of the two exterior panels indicated that:

(1) Local ultimate failure in the exterior ridges,
(2) Cantilever failure of the exterior panels at
guarter spans, and
(3) Consequent failure of the pressure bag,
were imminent. The model was unloaded.

To get complete failure across the midspan sec-
ion of the model, an additional test was carried out in
which the exterior ridges were supported at approximately
every thirty inches by clamps fastened to the sides of
the pressure box. These sides had been reinforced and

further supported at the middle (Figs. 115 and 116).
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The pressure was applied and, as it was increased to 57.2
lbs. per sqg. ft., ripples began to form in the facings
along the top ridges propagating from midspan to quarter
points. Deflections readings were taken at loads of 62.4
and 67.6 lbs. per sg. ft. All the dial indicators at mid-
span were removed, except for one at the middle ridge. The
pressure was slowly increased. At 75.4 1lbs. per sq. ft.
the top ridges (3 and 5) buckled in compression at midspan.
The pressure dropped to 54.6 1lbs. per sg. ft. and remained
constant. The nature of the failure at the bottom of the
model can be seen from Figure 116, from the top in Figure
117. The black strips along the sides of the box are the
rubber seals.

Figure 118 shows the deflections in inches at
midspan when the model was subjected to a load of 67.6
lbs. per sg. ft. and after ridges 3 and 5 had buckled at
a load of 75.4 1lbs. per sq. ft. The vertical deflection
at midspan of the middle ridge had increased from 1.6"

(67.6 psf) to 2.3" after buckling (75.4 psf).

Model Exposed to Outside Weather

After failure, the model was taken out of the
structural frame; it had a saddle shape, but remained

stiff (Figure 119). The 19-foot model was placed upright
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on ridge 7 and rolled along the floor out through the
doors of the lab. It was loaded on a transport truck and
delivered to a private home, where it was installed as
the roof of a patio (Fig. 120).

The model was turned with its bottom up to shed
water and to avoid giving the impression of failing above
people's heads. Liquid asphalt was brushed over the con-
necting channels to plug holes which had developed dur-
ing failure. The model has already withstood the loads
of snow and wind for one winter; it remains stiff and

waterproof.
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CHAPTER VI

FOLDED SANDWICH PLATE STRUCTURES

THEORETICAL ANALYSIS AND COMPUTER PROGRAM

Introduction

A folded sandwich plate structure is made up
of a series of adjoining sandwich panels mutually sup-
porting each other and rigidly connected along their
common edges (Figs. 44 & 89). It is usually closed off
at its ends by diaphragms which act as end supports.
Numerous contributions have been made to the theoreti-
cal and experimental studies of folded plates made out
of plywood, metal, or concrete. A review of some of
these methods can be found in an earlier work by P. P.
Fazio (23). An extensive bibliography is given in re-
ference 65. Very little has been done, however, to
analyze folded sandwich plate structures.

In this chapter a direct stiffness method of
analysis, presented by DeFries-Skene and Scordelis (18)
for ordinary folded plate structures, has been employed
to develop a theory which effectively predicts the be-
haviour of folded sandwich plates when subjected to a
variety of loads. In this theory, the basic individual

panel can be analyzed by various methods. The resulting

76.
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boundary functions, relating the forces to the corres-
ponding displacements, are arranged into matrix form.
By performing a set of operations on these element ma-
trices, one can derive a general stiffness matrix re-
lating all the external forces to their corresponding
displacements and vice versa. The general stiffness
matrix is a band matrix (its non-zero terms are grouped
along the main diagonal) and thus well conditioned for
inversion. This analytical approach is direct and
straightforward; it lends itself to simple computer ana-
lysis.

A general computer program has been written
for folded sandwich plate structures. The only input re-
quirements are: the geometrical data of the cross section,
the properties of the materials used, and the loading con-
ditions of the structure. The computer prints out, in
tabular form and under proper headings, the joint dis-
placements, the internal forces and internal stresses.
A sequence of intermediate matrices and results will also
be printed out if a number larger than zero is punched
on a special data card.

In the following chapter, theoretical de-
flections and stresses obtained from the computer pro-
gram are compared to their corresponding experimental va-

lues given in Chapters IV and V.
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Method of Analysis - The General Stiffness Method

Applicability:- The general stiffness method

may be used to study a structure under the following con-
ditions:

(1) The structure is made up of a finite number
of structural components connected at a fi-
nite number of joints.

(2) Each joint having m degrees of freedom will
suffer m different displacements and be sub-
jected to m different forces; if a displace-
ment is known its corresponding force is un-
known, and vice versa.

Once all the joint forces and displacements
have been determined, the internal forces and stresses
of the structural elements can be found. In case of
folded sandwich plates the elements are the sandwich pa-
rnels and the joints or nodal points lie in the connec-
ting chénnels. The two exterior channels are also con-
sidergd in this category.

Basic Assumptions:- The following assumptions

are made:
(1) The relation between forces and displacements
is linear. Hence, the principal of superposi-

tion can be utilized.
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(2) The panels are rigidly connected along the
ridges.

(3) Each panel is rectangular with top and bottom
facings of equal thickness and of the same
material.

(4) The end diaphragms are infinitely stiff paral-
lel to their own plane, but perfectly flexible
normal to their own plane.

Degrees of Freedom:- Each ridge or joint can

undergo four different displacements. It can move verti-
cally and horizontally in a plane parallel to the end
diaphragms; it can displace longitudinally parallel to
the joint; and it can rotate about the longitudinal axis
of the ridge.

Since each plate has two edges, it will have
eight degrees of freedom. There will be eight element
forces and eight element displacements.

Coordinate Systems:- Two coordinate systems

are used to facilitate the analysis of a structure: the
fixed system and the relative system.

The displacements and forces acting at a joint
are expressed in the fixed coordinate system as shown in
Figure 121. This system is fixed with respect to the

structure; the sign convention is as follows:
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(1) Horizontal forces, Fz, Rz, and displacements,

Bz, and Az, are positive from left to right.

(2) Vertical forces, Fy’ Ry, and displacements, ﬁy,
Ay’ are positive downward.

(3) Horizontal forces, Ex’ RX, and displacements,

Dx’ AX, are positive away from midspan.

(4) Ridge moments, F and rotations D,., A

Rg o’ Lo

97
are positive counterclockwise.
Figure 122 shows the forces, F (force per
unit length), and the displacements, 5, at the edges of
the plates. The symbols R and A represent force per unit
length and displacement, respectively, acting at the joint
in the fixed coordinate system.
The relative coordinate system is oriented
along the direction of the panel. The forces and dis-
rlacements studied in this system are shown in Figure 123.
The symbols and their sign convention are explained below:
(1) Thé symbol T or F_ is shear force per unit
length acting along the plate edge; u or Dx
represent the displacement along the plate
edge. Both force and displacement are
positive away from midspan.
(2) Force, P or Fy’ per unit length along the

plate edge and displacement, V or Dy’ along
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the plate edge, are in the plane of the plate
and normal to the edge. These are positive if
they produce tension in the cross section of
the plate.

(3) Force, Q or F,, per unit length and displace-
ment, w or Dz' are both normal to the plane
of the plate. They are positive if they tend
to rotate the plate cross section clockwise.

(4) Moment, M or F per unit length and displace-

el

ment, 6 or D are found around the axis along

el
the edge; they are both positive if acting
counterclockwise.

Transformation of Coordinate Systems:- Figure

124 shows the relationship between displacements in the
relative and fixed coordinate systems, whereas Figure 125
presents the relationship between forces in the relative
and fixed coordinate systems. From Figure 124 the follow-

ing relationships can be derived:

8, = Dgy = 561 eeeeenen e (42-a)
8, = Dy, = 592 EEERREE ceeees.(42-D)
U =Dy =D, «oeiln. e (42-c)
u, =D, = 5x2 S € 2 1< )
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Furthermore,

_ _ = A\ — H _
Vl = Dyl Dyl (B) z1 (-B-) .......... (43 a)
v. =D . = -D <y + D = (43-b)
5 y2 y2 (B I
= = =B H 3 v -
wl = Dzl Dyl (B) 21 (B) seseseese(d43-C)
w. =D .=D_. & +b . (% (43-d)
2 - z2 - y2 B 22 B ..........

Sabscripts 1 and 2 refer to the edges of the plate. Equa-

tions (42) and (43) can be written in matrix form.

o] b.,] [0 o o 1 0o o o o B,
0, Dy, o 0o o0 0 o0 0 o0 1 Byl
Wy D, £ -4 0 0 0o 0o 0 o0 B,
W, D_, o o o o L Z o o B,
= = {(44-a)
uy D, 0o 0 1 o0 O0 o0 o0 O 522
u, D_, o 0o 0 0 0 0 1 o0 B, , )
v, D,y £ L 0 0 0 0 0 0 B,
vy Pya| [0 0 0 o = L o o | Bey
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Symbolically relation (44-a) becomes

{D} = |A] (D} weiierinennnennnnnnnnn ... (44-D)

The matrix |A| is called the transformation matrix. The

same procedure is repeated for Figure 125. Hence,

Foq =Fgy =My cevvnnnna... Cescessereean (45-a)
Fop = Fez =M, ceeiininnnn e eereeaeea. (45-b)
Foi = Fxl ST et (45-c)
Foo = §x2 = Ty cennerenncenns cereeaeesa.(45-d)
P, = -F_, (%) =F (B) eeerrnnennnanans (46-a)
P, =F_, (B) Fog (B) coveens cereeneen. (46-D)
Q) = -F,; @ - F, (B) wevrrrnrnnnnnans (46-c)
Q= F,y () +Fyp (5 cevennnn. Ceeeea.. (46-Q)

Equations (45) and (46) can be written in matrix form as

follows:
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EN [0 o o 1 0 o0 0 0] ?zl
M, 0 0 0 0 0 0 0 1 Eyl
0, < £ 0o o o 0o 0o o F
Q, 0 0 0 o £ Z o0 0 Fop
= (47-a)
T, 0 0 1 0 0 0 0 0 '22
T, 0 0 0 0 0 0 1 0 Fyz
P, = £ o 0o 0o 0 0 o0 F,
i oo o o E X o0 0 Fe%

Symbolically, relations (47-a) can be written as

{F} = |A| {Fleeeeieeeirenennnn (47-Db)

where |A| is the transformation matrix.

Figure 125 can be used to establish the follow-

ing additional relationships:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



el

)

el

z1l

z2

vl

y2

-0, ()

Q, (g) + P,

Q, @) + Py

Q, (& - P,
Fop = My
Fop = M,
Fer =Ty
Feo = T

Equations (48) and (49)

follows:

le

Fyl

Fxl

Fo1

FzZ

Fy2

Fx2

Fo2

b

|

0 0
0 0
0 0
0 0
0 0
1 0

<

to) iz

85.

(B) e, ve...(48-b)
(F) eevnrrneraanann, (48-c)
(F) eveernrnnrnanaann (48-4)
..................... (49-a)
........... veerenene..(49-b)
.. ceeeenena.. (49-C)

o o -¢
0 0 %
1 0 0
0 0 0
0 0 0
0 0 0
0 1 0
0 0 0
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Symbolically, relations (50-a) can be written as

t o .
where |A7| 1s the transpose of A. The similarity between

Fguations (50-b) and (47-b) should be noted.

Element Stiffness Matrix:- The element stiff-

ness matrix relates the element forces F in the relative
system to the corresponding displacements D. The size
of this matrix is (8 by 8) and is formed by grouping to-
gether the slab stiffness (4 by 4) and the plate stiffness
(4 by 4) matrices. The following two assumptions are 1in-
volved in the construction of the element stiffness matrix:
(1) The slab stiffness matrix 1s determined by
the performance of one-way sandwich beams
spanning between longitudinal ridges.
(2) Membrane stresses produced in the facings of
each panel by longitudinal plate action may
be calculated by elementary beam theory.
The equations of this section will confirm that the slab
stiffness and plate stiffness of the individual elements

are 1ndependent of each other.

Slab Stiffness:- The slab stiffness matrix must
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take into account the shear stiffness of the sandwich
strip being considered. Tie bending and shear displace-
ments in a sandwich beam, due to a set of general forces,
are shown in Figure 126. The total rotation, el, due

both to bending and shear effects can be written as

follows:
w w w w
_ B _ _ bl _ "b2 _ "sl _ "s2
8, = 5 (2Ml M2) 5 5 5 B e . (51)
where Wy and wg are the deflections due to bending and

shear effects, respectively; D is the bending stiffness.
It should be noted that if the last two terms on the
right-hand side are dropped, Equation (51) becomes a stan-
dard slope deflection equation.

From Figure 126(b) and from the theory of

Chapter II the following relation can be written:

Where Dq is the shear stiffness of the sandwich beam.

Also,
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Equations (52) and (53) are substituted into Equation (51);
after simplification, the following relation can be writ-

ten:

6, = M =

w
B_ B 1 bl b2
1 1 35 - BDq) +M, g5 "5 - F - 5 - 54

2 6D BD
q

The procedure can be repeated to write a similar equation

for 62. Hence,

w
B L,y . bL_b2 (55

B B

B 1
) ) + M

8, = M, (—o= — =
6D B 2
ad

2 1

From Equations (54) and (55) one may solve for My and M, .

After due simplification the following two equations re-

sult:
2 2
4D (B“D_-3D) 2D (B“D_+6D)
M) = 5 (6,) + = (8,)
B(B“D -12D) B(B“D -12D)
q q
6D D 6D D
+ I (w. ) + (w ceeeses(56)
B%p -12p bl B%D -12D b2)
q q
2 2
2D (B“D +6D) 4D (B°D _-3D)
M, = 5 ! (8,) + 5 9 (6,)
B(B“D -12D) B(B"D -12D)
q q
6D D 6D D
+ =  (w, .) + (We ) eeeeeeeas(57)
B2Dq—12D bl B2Dq—l2D b2
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(85) " """

48|

19

b b
(azt- ommvm (azt- ommvm
13} b
a azt aazt
b b
(azt- ommvm (azt- ammvm
b b
a azt aazt
b b
azT- omm azi- omm
- b - b5
a as a ao
b b
azti- omm azi- amm
— —
a as a ag

act- a,dg

a ao

acti- a,«g

b
(azt- ammvm

b
(ag- mmmvo¢

b
(azt- ommvm

b
(ao+ Dva aze

aet- d,d

a as

b
(azt- ommvm

b
(a9+ Dmmv az

b
(azT- a.g9)g

4
b
(ag- ammvav
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By substituting Equations (56) and (57) into Equation
(53) , general expressions for Ql and Q2 can be written.
The four equations for Ml’ M2, Ql and Q2 have been
written in matrix form as Equation (58). They can also

be written symbolically as

{F 1 = lksl {D_} cevenennnn ...(59)

Where {Fs} denotes the slab forces, {Ds} the slab dis-
placements, and lksl the slab stiffness matrix.

It is worth noting in Equations (58) that the
angles, 6, are the total rotations due to both bending
and shear effects. Whereas, the deflections w, are those
caused by bending only. It is necessary to use Equation
(52) in conjunction with Equations (58) to solve for the
total deflection, w.

Plate Stiffness:- Figure 127 shows the dis-
placement and force patterns produced in each panel by
longitudinal plate action. The plate stiffness matrix
can be determined from these patterns. In Figure 127(a)
the displacements along the longitudinal edges and in

the plane of the panel are assumed to have a sine distri-

bution. Hence,
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v' = 1 sin 2%5 forn=1, 2, 3 ...etc. (60)

The forces corresponding to this displacement will also

have a sine distribution, namely

The longitudinal displacements are shown in Figure 127 (b).
These are assumed to be zero at midspan and maximum at
the ends of the panel, and have the following distribu-

tion:

The corresponding forces T' (Fig. 127-b) are determined

as follows:

L L
, ri‘i‘x r—2—+X
d(-u') _ , i 27'dx _ i 2T'dx
ax L, 2tBE Lj AE
2 2
2 1
d” (-u') _ 4T o (63)
dx2 AE

where A = 2tB.
Differentiating Equation (62) and substituting in Equa-

tion (63), the following expression for T' is obtained:
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2 2
_AE n 1
—4—L_2COS —L e e s e s s 00 0eseeeen e ...(64)

T'l

Where A is the area of the cross section of the facings
and E their modulus of elasticity.

Figure 127 (c) shows longitudinal bending dis-
placements; rotation of the ends of the panel is restrain-

ed. The distribution is assumed to be

v' =1 sin nEX ceeeesecane ee..{65)
The corresponding forces, T" and P" (Fig. 127-c), are
determined as follows:
L
§+X

T" Bdx Vdx

I

I
——

2P" dx)dx .......(66)

|

where V is the transverse shearing force. Also

From the above two Equations and replacing G by fTTgﬂT'

the following expression can be written:
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T o= - EAnTw o nmx
4(1+1)BL © T,

where n 1s the Poisson's ratio for the facings. From

Equation (66)

Differentiating once with respect to x we obtain

Eguation (68) is differentiated with respect to x and sub-

stituted in Equation (70). Hence,

2 2
P" = EAn m sin 20X . (71)

8 (l+'|_1)L2

The end restraints in Figure 127 (c), once re-
leased, give rise to the displacements shown in Figure
127(d). The distribution of these displacements along

the panel can be assumed to be
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nrx

u" = 1 cos ceeeess(72)

The corresponding forces, T" and P" (Fig. 127-d), can

be determined as follows:

B
M (3 ~ldu" _ _lnm . nmx (73)
EI 2dx nd 2L L ..... * o e o 9
where M is the bending moment. Because deflection v" = 0,
alv' | M 1 av_, (74)
dx2 EIp GA dx
Hence,
1 dv _ 1 my =M __ - _Llnm g, nmx .. (75
GA dx“GA(ZP)‘EIp" BL St oot (75)
From which
EAnm . nmx
"= - o ittt sseeec e 76
p I(1+) 5% §1n T . (76)

rrom Figure 127 (d) the following can be written:

" axp = _ ([ _an

T" dxB = Vdx - dM = ( j d—X dX) dx (dX) AX ceeecveas (77)
. dv _ M .

Since ax - GA ETP , (See Equations 74 and 75),
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Equation (77) can be written as

M T = (78)
ET dx - 3%

Integrating Equation (73) the following is obtained:

where the constant of integration can be shown to be equal

to zero for all odd values of n. When Equation (73) 1is

differentiated,
gﬂ = - Bl n2W cos nmx (80}
dx B L2 I, tttttrerececssecens

Substituting Equations (79) and (80) into Equation (78), the

distribution for Forces T" is found to be

EA EI n2ﬂ2
T o= | + P

L2(1+U)B2 B2L

[ —.

Eguations 60, 61, 62, 64, 65, 68, 71, 72, 76 and 81 can be
written in matrix form.

Se=2 Equations (82-a)
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! H - =
L::i 3 > >|
L |
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m (o I ' |
El~ =] ~
fof =t oA
o <+ o S|l +
ea ) i | ~
S mv
<t o]
|
i)
o o mim o
N
N
=N
N [
o [N
o4 M
H
] ]
m
+ E
° X ° 2
m eall I
| ~
1 B <t
+ |
—l
o
N
=N
N o o o
o] <
63|
l‘n )
I
l(_ = - o 1
EH = [aN a.l
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Symbolically Equations (82-a) can be written as

{F' } = |k' | {D'_ )} teeiiniiiinnnnnnnnnn
P P

p

97.

where {F'p} denotes forces, {D'p} displacements and»lk;p|

is the stiffness matrix.

From Figure 127, the following relations can be

verified:

u' =u, +
u" =u; -
v' = vy +
v" = vy -

The subscripts 1 and 2 indicate the respective edges of the

plate. 1In matrix form Equations

u' 1
u” 1
= {D' }=
v'! 0
v" 0
I |

(83) become:

= .. (84
|C|{Dp} (84)
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in which {Dp} represents the displacements in the plate sys-
tem and |C| is the transformation matrix.

A set of equations similar to Equations (83) can
now be written to relate the forces assumed in Figure 127
with those shown in Figure 123 (a). The result can be ex-

pressed as follows:

{Fp} = !c]{F'p} ....................... (85)

in which {F_} represents the forces in the plate system.
Equations (82), (83), and (85) can be combined to

yield:

{Fr_} = JC||k'_|{D' = Jc||k'_|lc]iD_} = |k_|{D_} ....(86
o) = lelix 1y = fellk llel ) = k| (D, (86)

Hence the plate stiffness matrix can be written as

Ik | = JCIIK" |[C] ceeeviinnrennnnnnn (87)
p p

The element stiffness matrix can now be formed
for each panel by combining the slab and plate systems.

Hence,

T /1
|

]

1

=

o

)

—
=
(@]
~
&)
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Symbolically, the above can be written as

{F} = |k|{D} vevvevnnnn.. PP -1 20 3

in which |k| is the element stiffness matrix in the relative
coordinate system. This stiffness can be transformed into
the fixed coordinate system by combining Equations (44), (50)

and (88). Hence, for plate number n,

~

)

—
|

t .t
A% tryy, = A% Jk] (D)

I
E)

k'n,AIn{ﬁ}n = l]-E'n{ﬁ}n ceceeeee.(89)

From the above equation,lliln is the element stiffness matrix
which relates the forces to the displacements in the fixed

coordinate system and can be written as follows:

Structure Stiffness Matrix:- The structure stiff-

ness matrix, |K|, can be formed by properly combining the ele-
ment stiffness matrices. If two consecutive plates are num-
bered m and n (n = m+l), edge 2 of plate m and edge 1 of plate

n are common and undergo the same four displacements along
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their common joint. It should be noted that these four dis-
placements are related to their corresponding forces by both:
the last quadrant of the stiffness matrix for plate m and the
first quadrant of the stiffness matrix for plate n. Hence,
the structure stiffness matrix, IKI, can be formed by assemb-
ling the element stiffness matrices successively along the
diagonal in such a pattern so that the elements in the last
quadrant of one matrix can be added to the corresponding ele-
ments in the first quadrant of the following matrix. The size
of matrix |K| is 4(x+1l) by 4(x+1l) where x is the total number
of the panels making up the structure.

The general stiffness matrix relates all the joint
forces to their corresponding displacements. Once all the
joint forces and displacements are known, the element forces
in the relative system can be found by substituting back into
the appropriate equations. For example, Equation (44) can be
used to transform the displacements from the fixed to the re-
lative coordinate system; these displacements can then be sub-

stituted into Equation (88) to find the stresses in the panels.

Fourier Components of Loadings and Displacements:-

The equations in this Chapter have been devised for joint loads
only. Surface loading can be reduced to joint loading, how-

ever, by applying, at the ridges, an equivalent set of fixed-

end moments and shears. This set of forces is computed by
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assuming each panel acting as one-way slab fixed along its
longitudinal edges.

The distribution of all applied forces and dis-
placements is taken as that given by harmonics of Fourier
series. By choosing the proper series it is possible to ana-
lyse the structure under different types of loading without
making any revisions in the theory presented in this chapter.
Some of the Fourier series which represent the most common
types of loadings are given below; it is assumed that the
series end at n = 1ll:

1. A concentrated load 60 at midspan is represented

by:
26o TX 31X 1lmx
Ry = — (1 sin 5 - 1 sin Tt ... -1 sin _—f_) «e.(91)
2. A uniform load with intensity 60 at midspan is
represented by:
R = 0 (1 gin TE 4 Ly, 3nx + 3 sin HIX (92
x T s L 3 L = e 11 L °°
3. A prestressing force of 60 applied at the ends of
the panels (by a straight cable in a longitudinal
direction, for example) is represented by:
R —g(l LS| 31x 4 + 1 cos IiIX (93)
< = 7T cos = cos =+ ..... T ee-
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The structure is analysed for each of the compo-
nents in brackets in the selected Fourier series. The re-
sults of each harmonic are added to yield the final stresses

and deflections.

Computer Program

A program has been written in the Fortran language
for the Control Data Corporation (CDC) 3300 computer. This
machine has a 65k words (24 bits each) of core storage; full
floating point and character hardware; seven disk drives with
a total capacity of 56 million characters; five tape units;
two printers, card readers, and one punch; one plotter; twelve
local cathode ray display terminals; a multi-plexor connecting
up to the TWX network. The computer has a cycle time of 1.25
micro seconds and runs approximately 50% faster than the IBM
1044 on compute bound jobs. The memory is roughly equivalent
to 256k bytes on the IBM 360 series.

The program was used to find theoretical stresses
and deflections of the two folded sandwich plate structures
analysed in Chapters IV and V. Both of these structures had
six panels and seven ridges. The running time for one loading
condition was 1 minute, 35.301 seconds; for 21 different load-
ing conditions, 18 minutes, 16.739 seconds.

The number of panels which can be handled by the

program is restricted only by the storage capacity of the
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computer; this number can be further increased by making pro-
per use of disk storage and some minor adjustments in the
program. An infinite number of structures and loading condi-
tions can be analysed consecutively by this program.

The structures can be subjected to any type of load-
ing which can be represented by Fourier series. With few mi-
nor revisions in the program, analysis can be made of folded
sandwich plates with panels of different width and whose top
and bottom facings vary in thickness.

Because of its length, the computer program will
not be presented here; its general outline follows closely
that given by the matrix sequence of operations set forth in
the theory of the previous section. The form of input and

output together with a flow chart are discussed below.

Input:- The following data is punched on the data
cards in the order outlined below:

(1) If any number larger than zero is punched in the
first ten spaces of this card, all the interme-
diate matrices calculated by the computer will
be printed out along with the final results. If
a blank card is used, the print-out will be exact-
ly as shown on pages 235 to 238, inclusive;

(2) The number of structures to be analysed consecu-

tively;
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(3)

(4)

(5)

(6)

(7)

(8)

(10)

104.

The modulus of elasticity and Poisson's ratio

of the facings;

The thickness of the facings, the thickness of the
panels, the width of the panels, the span length,
and the number of panels in-the structure;

The cross sectional area, in square inches, of

the facings and connecting channels for each
plate;

The moments of inertia of each panel, in in?, taken
about the axis which runs through the centroid of
the cross section and which is perpendicular to
the plane of the panel;

The angles which the plates make with the horizon-
tal as shown in Figures 44 and 89;

The shear stiffness constant of the sandwich pa-
nels taken in the transversal direction;

Number of loading conditions applied to each struc-
ture;

If a number larger than zero is punched in the
first ten spaces of this card the loading con-
sists of a uniform pressure applied perpendicular
to the surfaces of the panels. This pressure is
given in psi by card number 1l1l. If data card No.
10 is blank, on the other hand, it indicates joint

loads applied at the ridges of the structure.
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Since each ridge can be subjected to four different
joint loads, the number of cards required to trans-
mit this data to the computer would be 4(n+1)/8,
where n is the number of plates in the structure

and 8 is the number of forces to be punched on

each card.

It should be noted that more than one card would bé
regquired in cases 4, 5 and 6 where the number of panels per
structure exceeds 8,

Additional loading conditions can.be analysed by
adding loading data cards similar to those following card num-
ber 9; whereas, additional structures can be anslysed by add-
ing data cards similar to those following card number 2.

Output:- If the intermediate matrices are nct
printed out the complete output for one structure and cne
loading condition is given on pages 107 to 113, inclusive.

Page 107 presents the data input. Pages 1068 and 109
consist of the displacements, in inches, calculated along each
ridge at intervals of .1 (span length). The tenth interval
occurs over the supports where the displacement is equal to
zz2ro as verified in these answers. Symmetry exists along
each ridge at points equidistant from midspan. Similarly,
pages 110, 111, and 112 of the output present the internal
forces (lbs. per in.) and moments (lbs-in per in.) acting

along the two longitudinal edges oi each plate. These
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forces are numbered from 1 to 8 and represent Ml’ M2, Ql’ Q2,

T., T,, P, and P, respectively. Figure 123 (a) shows these
1 2" 71 2

forces acting on a plate element.

On page 113 are found the longitudinal stresses a-

long the edges of each plate. It is worth noting
2 of plate n and edge 1 of plate n+l are adjacent
nother, and undergo the same stresses as shown by
puter answers.

Computer Program Flow Chart:- The flow

in Figure 128 1lists in a chronological order the

are followed in solving the problem.

that edge
to one a-

the com-

chart shown

steps which
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CHAPTER VII

THEORETICAL AND EXPERIMENTAL

RESULTS OF THE FOLDED SANDWICH PLATE MODELS

COMPARISON AND DISCUSSION

Deflections of the 9.5-Foot Folded Sandwich Plate Model

The downward displacement of the 9.5-foot model
due to the compressibility of the plywood supports and the
pcssible deflection of the beams under the supports (Fig.
49) has been estimated at 5% of the midspan deflections by
considering theoretically the elastic compressibility of
the plywood supports. The experimental deflections given
1n Chapter IV have been revised and compared with the cor-
responding theoretical ones as shown in Figures 129 to 135,
inclusaive.

Figure 129 compares the deflections for the case
where ridge 2 to 6 (Fig. 44) are uniformly loaded with 2260
lks. (Fig. 58). The percentage difference varies from about
2% at one external ridge to about 10.5% at the middle raidge.
The experimental deflections for this test have been presen-
ted in Figure 63.

The deflections, due to loading applied at the
bottom ridges only, are compared in Figure 130. The percen-
tage difference varies from 5% at one exterior ridge to 15%

at the middle ridge.

114.
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When the load was applied at ridges 3 and 5 the
experimental and theoretical deflections differed by 4% to
8% for the five inner ridges (Fig. 131); the difference was
considerably larger at the two exterior ridges where the ac-
tual rotation of panels 1 and 6 lagged behind the amount of
rotation given by the theory. This discrepancy was, un-
doubtedly, due to the fact that the ridges were not complete-
ly rigid. It must be noted, here, that the connecting chan-
nels consisted of two components welded together at alter-
nate four-inch intervals (Fig. 46).

From Figure 131, it can be seen that this loading
condition tends to deflect the model making it concave up-
ward transversally.

Figure 132 compares the deflections resulting from
a load of 3980 lbs., uniformly distributed along ridge 5.
The percentage difference varies from 0% to 7% except for
the exterior ridge (No. 7) where the theoretical deflection
is .026" and the experimental one is .065". The joint at
ridge 6 fails to rotate the panel upward in the test. It
would seem that the angle between panels 5 and 6 increases
cdue to the flexibility of the joint.

The above argument applies equally well to the re-
sults shown in Figure 133. Since the same load of 3980 1lbs.
has been applied along ridge 3, symmetrically opposite to

ridge 5, the theoretical and experimental deflections of
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symmetrically opposite ridges remain essentially the same as
in the previous test.

Figure 134 shows the deflections due to a load of
2550 uniformly distributed along ridge 2. The percentage
difference are rather small except for ridges 1 and 2, where
the theoretical deflections are from 20% to 25% smaller than
the experimental ones. The same load of 2550 lbs. is then
applied at ridge 6, symmetrically opposite to ridge 2; the
results are shown in Figure 135. The similarity of Figures
134 and 135 is seen when deflections at symmetrically opposite
ridges are compared.

It should be noted that ridges 1 and 7 had no con-
necting channels. As a result, minor local delaminations oc-
curred along these unprotected edges during the assembling
operation and developed further as the model was loaded.
Hence, the stiffness of the outside panels was lowered, thus
contributing to large experimental deflections in these re-
gions.

The first ihdications of failure occurred in panel
6. It is interesting to see that the experimental deflec-
tions at panel 6 in Figure 135 are larger than those of panel
1 shown in Figure 134. It had been observed during the early
stages of testing that the delaminations in plate 6 were more

widely developed than those in plate 1.
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Longitudinal Stresses of the 9.5-Foot Folded Sandwich Plate
Model

An envelope for the maximum experimental longitudi-
nal stresses, shown in Figure 76, is shown in solid lines in
Figure 136; the distribution is assumed linear across the
panels. The theoretical stresses, given by the computer re-
sults on page 238 are plotted on the same diagram in broken
lines. The percentage difference between the theoretical and
experimental stresses varies between 10% to 27%. The larger
differences are found at the exterior ridges where delamina-
tions and local buckling have occurred and the experimental
stresses could not be developed. It has already been men-
:ioned that the exterior ridges (1 & 7) had no reinforcing
channels. The stresses discussed above occurred when the
structure was loaded with loads of 2260 lbs. uniformly distri-
buted along each of the five internal ridges.

A similar comparison of stresses is made in Figure
137 for the case where a load of 1600 1lbs. is uniformly dis-
zributed along each of ridges 2, 4 and 6. The percentage
differences vary from 0.4% to 9.7%. The larger differences
occurred at ridges 2 and 6. It is interesting to see that
the differences at ridges 1 and 7 are only 0.4% and 3.5% res-
pectively; in the previous test they were 27% and 24% respec-
tively.

It must be noted here that the test of Figure 137
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was the second test performed on the structure and the delami-
nations at the outside ridges had not yet developed to a sig-
nificant degree. The load was applied gradually with calibra-
ted dead weights (Fig. 57) and was limited to a total of 4,800
lbs. The experimental results shown in Figure 136, on the
other hand, were caused by the fourteenth test run on the
structure. Delaminations had developed and propagated along
ridges 1 and 7. A total load of 11,300 lbs. was applied with
hydraulic rams and it was added at a faster rate than one
would normally load dead weights.

In both Figures 136 and 137, the theoretical stresses
are invariably larger than their corresponding experimental
values. Consequently, a slight safety factor is inherent in

the theory put forth in Chapter VI.

Deflections of the 19-Foot Folded Sandwich Plate Model

In Figures 138, 139 and 140, comparison is made be-
tween experimental and theoretical deflections for the surface
loadings of 23.4, 40, and 49.4 psf., respectively. The ex-
perimental deflections for these cases have been presented in
Figures 96, 97 and 98, in Chapter V. The correction of 5% in
the deflections was not made for the 19-foot model, since the
load was applied by means of a pressure chamber built on top
of the structure; the pressure loads caused no net reactions

at the supports.
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The theoretical and experimental deflections due to
& load of 23.4 psf. (Fig. 138) compare quite closely; the dif-
ference varies from 1.3% to 15.1%. When the load was increa-
sed to 40 psf; in a subsequent test, (Fig. 139), the difference
of the deflections varied from 3.9% at the middle ridge to
21.5% at exterior ridge 7. At this load, ridge 1 was partial-
ly supported by the side of the pressure box; it can be seen
from Figure 139 that the deflection at ridge 1 is considerably
less than the deflection at ridge 7.

The pressure was then extended to 49.4 psf. The
percentage difference between experimental and theoretical de-
flections varied between 2.5% and 43.7% (Fig. 140). The ex-
cessive deflections occurred at ridge 7, and would indicate
that the cére of panel 7 was stressed beyond its elastic li-
mit. Ridge 1 continued to be partially supported laterally.

It may be concluded here that the theory can be
used to predict the deflections for this type of structure
with reasonable accuracy. One must be careful, however, not
to exceed the elastic shear deformation of the core. This de-

formation is most critical at exterior panels.

Longitudinal stresses of the 19-Foot Folded Plate Mqdel

Comparison of theoretical and experimental longitu-
dinal stresses is made in Figures 141, 142, 143 and 144 for

loading conditions of 13, 23.4, 26, and 39 psf, respectively.
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The experimental stress distributions in the top and bottom
facings of the model, for these tests, have been discussed in
Chapter V. 1In Figures 141 to 144, inclusive, the envelopes
of maximum experimental stresses are represented in solid
lines and the corresponding theoretical stresses in- broken
lines.

At a uniform load of 13 psf. (Fig. 141), the theore-
tical stresses are generally on the conservative side, except
for those at the middle ridge, where their values are 20%
lower than the experimental stresses.

Figure 142 shows the theoretical stresses at the
four exterior ridges (1, 2, 6 and 7) to be on the conserva-
tive side by 1.04% to 37.7%. At the three interior ridges
(3, 4 and 5) the theoretical stresses are from 5.2% to 1l1l.3%
lower than the experimental values. The load in tﬁis test
was 23.4 psf.

In the following comparison (Fig. 143), the stress
distribution is similar to that of Figure 142. The load in
this test was 26 psf. It can be seen from these two figures
(Fig. 142 and 143) that the percentage differences of the
theoretical and experimental stresses differ considerably
from those of the previous test. The test of Figure 143 was
carried out 17 tests after the test of Figure 142; the inter-
vening tests had had intermediate supports which may have

caused residual stresses and'disturbed the behaviour of the
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structure.

When the model was loaded with 39 psf., ridge 1 be-
came partially supported by the side of the pressure box.
Consequently, the experimental stresses at this ridge are
much smaller than those at ridge 7 (Fig. 144). These stresses
are 36.6% and 1l2.2% smaller than their corresponding theoreti-
cal values at ridges 1 and 7, respectively. Generally, the
theoretical stresses remain on the conservative side except
for those at the middle ridge, which are 25% lower than the
experimental stresses.

| The percentage differences between the experimental
and theoretical results may be explained by the following rea-
sons:
(1) The stresses obtained from the strain gauges in-
cluded local stresses which might have been.

caused by stress concentrations along the

ridges;

(2) The compressibility of the styrolite core (See

Chapter I) would permit local bending of the

facings under surface load. It must be remem-

bered that the gauges were mounted on the facings,

about two inches from the longitudinal axis of the

ridges;
(3) The ridges were assumed completely rigid in the

theory; in practice, they were welded at alternate
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intervals of about four inches;

(4) Some inaccuracies arise from the resolution of
uniform surface load into joint loads;

(5) Secondary moments in the facings (See Fig. 29),
arising from shear deformations, have not been
considered in the theory. These moments are par-
ticularly significant in ridges 2 and 6, due to
the large shear deformations in panels 1 and 6

respectively.
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CHAPTER VIIT

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

From the foregoing study, the following con-

clusions may be drawn:

1. Sandwich elements can behave as excellent load-
carrying components in structural folded plate
systems. The 9.5-foot model carried an ulti-
mate load of 178 psf; the 19-foot model, an ul-

timate load of 75.4 psf.

2, Sandwich structures are relatively light. The
9.5-foot and 19-foot models covered areas of
about 100 and 200 sgq. ft., respectively; vet,

both could be easily lifted by a few men.

3. The distribution of longitudinal stresses at
the midspan sections of the structures tested
was essentially linear across every plate;
the location of the neutral axis varied from

panel to panel.

123.
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4, At the cross sections of the models, one foot
away from the face of the support, the direction
of the principal stresses in the top facing
varied from 2 to 9 degrees from the direction
of the principal stresses in the bottom facing.
Maximum transversal shear occurred in planes
oriented at 2 to 15 degrees from the trans-

versal planes of the plates.

5. The deflections at midspan of the 9.5-foot
model remained much lower than the ratio, (span
length in inches) /360, up to the last loading
stages preceeding failure. The deflections of
the 19-foot model exceeded the ratio, (span
length 1n inches) /180, only at the unsupported

ridges and for loads above 35 psf.

6. The behaviour of these structures can be close-
ly predicted by the theory set forth in Chapter
VI. The percentage differences between experi-
mental and theoretical results seldom exceeded

15%. See Chapter VII.

7. The computer program, outlined in Chapter VI,
can analyse, consecutively, several structures

with different loading conditions within minutes.
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8. Roof structures made with sandwich components
can stand severe weather conditions without re-
quiring the conventional asphalt roof covering
1f the joints are properly sealed. Since fail-
ure, the 19-foot model has been exposed to out-
side weather conditions for the last winter

(1967-68); it has shown no deterioration.

9. The load-carrying capacity of the 9.5-foot
model could have been increased by properly
reinforcing the high shear stress regions near
the supports and by improving the bond between
the honeycomb core and the facings of the sand-

wich panels.

10. The buckling of the 19-foot model would have
been retarded if the core had had greater stiff-
ness in the flatwise direction to stabilize the
facings. The flatwise yield strength of the
styrolite used in this model was only 12 psi.
Compression failures of the core, above the
supports, was prevented by reinforcing the

ends of the panels with aluminum channels.

11. When sandwich structures rest on point supports,

a reinforcing frame should be provided around
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the bearing ends, otherwise the load-carrying

capacity of these structures is greatly reduced.

12. Connecting channels greatly contribute to the
strength of the structure since they are gene-

rally situated at points of extreme stresses.

13. The type of connection, shown in Figure 50, can
easily be made waterproof. The connection 1is
not completely rigid, however, since the two
composing channels are welded together at alter-
nate four-inch intervals. A continuous weld would
cause the resulting connecting channel to twist

about its longitudinal axis.

14, The core for the sandwich panels must be selected
with care: 1t must have enough flatwise strength
to carry the load of working men and to prevent
buckling of the facings; it must develop a good
bond with the facings. Styrolite has little
flatwise rigidity; honeycomb makes contact over

only 5% of the surface of the facings.

15. Different shear tests yield different shear
stiffness for the same type of sandwich. The
shear stiffness of sandwich panels should be

selected from the test method which most closely
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approaches the loading conditions to which the

panels are subjected in their parent structure.

16. The bending stiffness of sandwich panels de-
pends mainly on the facings, when flexible cores

such as honeycomb and styrolite are used.

17. In determining torsion rigidity constants, the
sandwich panels must be well reinforced around

the edges to avoid shear deformations.

18. When cores such as honeycomb and styrolite are
used, the torsion rigidity of the sandwich panel
is a function of the shear rigidities of the

facings, only.

19. High edgewise compression stresses can be devel-
oped in the facings when the core and bond effect-

ively stabilize the facings.

Recommendations

Because of its advantages (See Page 2), sandwich
construction is most ideally suited for use in factory-pre-
fabricated structural components. Serious consideration
must, therefore, be given to the development of sandwich
construction, since this is an age of prefabrication in

the building industry.
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The 1966 report of the National Commission on
Technology, Automation and Economic Progress recommended
prefabrication as one of the advanced production tech-
niques which could be used to satisfy the heavy demand of
sheltered space (45); the building industry quickly res-

ponded.

Apartments based on the mobile-home technology
have been built. Each apartment is made up of two fac-
tory-prefabricated boxes (12' x 30') clustered around a
utility core which contains bathrooms and kitchen appli-

ances.

The concrete industry has introduced the “Tech-
crete” system of precast components. The system utilizes
only three structural elements: floor planks of precast,
prestressed, hollow-core concrete; precast, post-tensioned
concrete bearing walls; and precast, prestressed shear
walls. The components are assembled and made rigid by
post-tensioned vertical rods and by grout pumped into
the joints. At present (1968) a 500-room hotel in San
Antonio, Texas, 1is being assembled. The components con-
sist of modules precast as rooms which are completely
finished and furnished before being hoisted into place

(30).
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The steel industry has introduced the storey-
high, staggered steel truss scheme. The trusses support
floor systems at both the top and bottom chords and are
staggered so that a truss on the fourth storey is located
above the middle of the span between two third-storey
trusses. As a result, the clear span between trusses 1is

double the span of the floor planks.

A system approach has also been developed 1in the
building industry. The system aims for long-term economy
by introducing structural compatibility among components
such as ceiling, lighting, heating, ventilation, air con-

ditioning, and partition systems (45).

Canada's Department of Industry is promoting,
through the BEAM program, the concept of modular co-ord-
ination to facilitate the mass production of building com-
ponents and ultimately industrialize the building process.

(1966 Annual Review, Department of Industry, Ottawa, Canada).

Sandwich construction could be effectively used
in most of the above examples of prefabrication, reducing
framework weights and foundation requirements. The light
welght of the units would reduce transportation costs; the
relatively small thickness of sandwich components would

provide more usable space 1in the building.
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Ultimately, after due study, the cry for space
could be answered by putting buildings on the production
line. A minimum number of basic elements could be made
to assemble into buildings of different types and sizes.

The components could incorporate plumbing, lighting, ducts,
etc. and be made of such a size so that they could be easily
transported to any part of the country or of the world.
Because the same type of structure (a schocl, for example)
would be produced many times, it would be feasible to devote
full attention to the comfort, efficiency and function of

the building at the design stage.

Many architects argue that standardization is
futile, since a building becomes obsolete before leaving
the drafting board. It must be remembered, however, that
the desire to control most space per dollar will never
change. A good design will become obsolete only when the
function of the building changes; this type of change does
not occur over a short period of time. Moreover, periodic
improvements can be made in the design to meet new require-

ments.

As more and bigger building components are pre-
fabricated, we move closer to the complete industrializa-
tion of the building process. For this process to be most
successful it must exploit the advantages of sandwich con-

struction.
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Before sandwich construction can be effectively

used, however, several aspects must be reviewed:

1. Proper selection of materials and adhesives;
2. Economical and rigid connections;

3. Stress distribution along the connections;
4, Mass production at low cost;

5. Fire rating regquirements.

These problems remain a challenge to the design
engineer. It is up to the industry and to the Government
to see that new ideas are given a fair trial. The cry

for space is acute. The ultimate market is a vast one.
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FIG. 1. FOUR STOREY BUILDING WITH
SANDWICH CURTAIN WALLS
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FIG. 2. FLATWISE COMPRESSION TEST ON A
3" X 3" x l"
HCNEYCOMB CORE SAMPLE
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LOAD-DISPLACEMENT CURVES FOR SANDWICH COLUMNS (5 TO 8)

FIG. 7.
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LOAD-DISPLACEMENT CURVES FOR SANDWICH COLUMNS (9 AND 10)

FIG. 8.
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FIG. 11. EDGEWISE COMPRESSION TEST OF A
8" x 2“ X lll
STYROLITE SANDWICH COLUMN
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Bond Failure Between Core
and Fa(‘:ings Was Noticed
at Bottom of Specimen

in this Region of the Curve

Load P in 100 Ib. Applied by the Instron Machine

{ L 1
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Relative Displacements of Facings in Inches
FIG.15. LOAD DISPLACEMENT CURVE DRAWN BY THE INSTRON MACH INE

FOR A HONEYCOMB SANDWICH SPECIMEN (2" x 12") TESTED
ACCORDING TO THE SINGLE-BLOCK SHEAR TEST
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(a) Honeycomb Sandwich Beam (2" x 22")

(b) Honeycomb Sandwich Beam (6" x 60")

FIG. 19. THE FOUR-POINT SHEAR STIFFNESS TEST
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(@) Neutral plane of sandwich beam
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(d) Shear deflections

FIG. 2. DEFLECTIONS IN THE FIVE-POINT LOADING TEST
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(a) Sandwich beam tested
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(b) Cross section of beam tested
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20 25

FIG.22. THE FIVE-POINT LOADING SHEAR STIFFNESS TEST (Procedure 1)
Beam No. 2 (Table V) - Test No. | - Honeycomb Core

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A24,

16 :
14 -

d .
- D‘:| Slope 289 Ib/unit width .

10
T 4
= 87
Wl o
6
4
2_ [ ]
0 L T 1 L I 1
.5 1.0 l.5 2.0 2.5 3.0
Load P in Ib.

FIG. 23. THE FIVE-POINT LOADING SHEAR STIFFNESS TEST (Procedure 1)
Beam No. 5 (Table V ) - Test No. 2 - Styrolite Core
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FIG.24. THE FIVE-POINT LOADING SHEAR STIFFNESS TEST
(Procedure I1)

Beam No. 3 (Table V) - Test No. 4 - Honeycomb Core
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FIG.25.  THE FIVE-POINT LOADING SHEAR STIFFNESS TEST (Procedure I1)
Beam No. 5 (Table V) - Test No. 4 - Styrolite Core
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FIG. 27. BLOCK SHEAR TESTS
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(a) Sandwich beam under the three point loading test

r— — S — .

\

(b) Modified shear stress distribution in the core

FIG.28.  SHEAR STRESS DISTRIBUTION IN SANDWICH BEAMS
SUBJECTED TO THE THREE-POINT LOADING TEST
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(a) Assumed configuration of equiangular hexagonal cells = 60°)

(b) Actual configuration of a typical sample of
kraft paper honeycomb core

FIG. 30. DIFFERENCE BETWEEN THE ACTUAL AND ASSUMED
CONFIGURATION OF PAPER HONEYCOMB CORE
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FIG. 3. RECTANGULAR SANDWICH PANEL

FIG. 32. FACE abfg OF DOTTED ELEMENT IN FIGURE 31 AFTER TWIST
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dx

FIG. 33. DISTORTION PATTERN OF A SANDWICH
ELEMENT SUBJECTED TO TWIST

dxX ———

FIG. 34. DISTORTION IN THE XY-PLANE OF THE ELEMENT IN FIGURE 33
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FIG. 35. STRESSES ACTING ON AN ELEMENT OF HONEYCOMB CORE

FIG. 36. PLAN VIEW OF AN ELEMENT OF HONEYCOMB CORE

(0 =0y =T, =T=0)
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“z— FREE CORNER

(b) View B (Fig. 3I) after load P is applied L,

FIG. 37. SANDWICH PANEL UNDER TORSION
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FIG. 38. EXPERIMENTAL SET-UP TO APPLY TORSION TO
A SQUARE (24" x 24")SANDWICH PANEL WITH
HONEYCOMB CORE.
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FAILURE OF A HONEYCOMB SANDWICH PANEL (24" x 24") UNDER TORSION.

39.

FIG.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A38.

X 24") SANDWICH PANEL WITH STYROLITE CORE.

EXPERIMENTAL SET-UP TO APPLY TORSION TO A SQUARE
(24u

40.

FIG.
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FIG. 41. LARGE DISTORTION OF A STYROLITE
SANDWICH PANEL (24" x 24") UNDER TORSION.
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FIG. 42 PLAN VIEW OF TYPICAL TORSION SAMPLE
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70 Load-deflection curve
for torsion sample

65 - no. 3/( honeycomb core )
(Table Vi)
60 -

55+ Slope of this line is

L -3g

50- $
Load-deflection curve
for torsion sample

no. 4 ( styrolite core )
(Table VI)

45-
40
35-

30

LOAD P IN LBS. AT FREE END OF TORSION PANEL

25+ Slope of this tangent B =58

J
20
154

10+

L | J L L ¥ T v I ¥ T

- T . T T
J 2 3 4 5 6 7 8 9 10 11 1.2 13 14
'DEFLECTION § IN INCHES AT FREE END OF TORSION PANEL

FIG. 43. LOAD-DEFLECTION CURVES FOR'
PANELS UNDER PURE TORSION
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HONEYCOMB SANDWICH PANEL BEVELLED AND
REINFORCED AT THE EDGES

45,

FIG.
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FIG. 46. HOLES ARE BEING DRILLED IN THE WEB
OF THE CONNECTING CHANNELS
TO SUSPEND THE CABLES OF
THE LOADING TREE.
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FIG. 47. HOLES FOR CONNECTING BOLTS ARE BEING DRILLED
THROUGH THE FLANGES OF THE
CONNECTING CHANNEL AND THE EDGE OF THE
SANDWICH PANEL.
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- d

FIG. 51. ULTIMATE STRENGTH TEST OF THE CABLE
(1/16" IN DIAMETER) SUSPENDED THROUGH
THE HOLES IN THE WEB OF THE CONNECTING
CHANNELS TO SUPPORT THE LOADING TREES.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A50.

2 0 ®

a
.
i
>

FIG. 52. CABLE ASSEMBLY USED TO SUSPEND THE LOADING
TREES IS TESTED FOR STRENGTH.
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{  —— sandwich | panel ——
| ,—connecting channel~

— -

B -l
2" A
P [12"

“west end 114" east end
(@) Side view of folded plate model

e —

+— rosette strain gauges—;
(b) Section A-A (30 rosettes = 90 channels)

SN N

(c) Section B-B (I0 rosettes = 30 channeis)

FIG. 55. LOCATION OF STRAIN GAUGES INSTALLED AT MIDSPAN AND AT
'ONE FOOT FROM THE FACE OF THEVWEST_-END SUPPORT
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WEIGHTS.

UNIFORM LOAD IS APPLIED AT THE FIVE INTERIOR RIDGES
WITH STANDARD 50-LB.

56.

FIG.
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THE 9.5-FOLDED PLATE MODEL LOADED AT RIDGE 4,
WITH A HYDRAULIC RAM,

72.

FIG.
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(@) Plate | +3240

+4000

-6100

®

(b) Plate 2

(c) Plate 3

FIG. 74. EXPERIMENTAL LONGITUD INAL STRESSES IN PS1 IN
THE TOP FACING AT THE MIDSPAN SECTION OF THE
9.5-FOOT FOLDED PLATE MODEL WHEN LOADED AS
SHOWN IN FIG. 63
(Underlined stresses are obtained from strain gauges)
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®

‘(d) Plate 4

“(e) Plate 5

-4100

@

(f) Plate 6

FIG. 74 (continued)
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FIG. 75. 500
EXPER IMENTAL LONG ITUDINAL STRESSES INPS1—
IN THE BOTTOM FACING AT THE MIDSPAN SECTION  *6U00
OF THE 9.5-FOOT FOLDED PLATE MODEL WHEN

LOADED AS SHOWN IN FIG. 63
(Underlined stresses are obtained from strain gauges)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A74.

(d) Plate 4

(e) Plate 5

+4700
-2650

@

(f) Plate 6

4650

FI1G. 75 (continued)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



¢9 'OId NI NMOHS

SY (3Qv0T NIHM T300W IL¥1d @IC104 1004-9'6 IHL 40
NOILJ3S NVdSAIW JHL 1Y NIMVL SONIJVH WOLLOE ANV dOL .
FHL NI ISd NI S3SSYLS TYNIGNLIONOT TVINIWIYIAX3 9L "9Id

A75.

. ﬁdaoz 3HL 40 @zH“E MMWSW 3HL NI wumwuﬁmllu m”"
N %% 0 1, \ )
,,,M///// \\\\\w ,,”,//%//\\\\\\\\\\ a ,,,,////\\\\\\\:
n /,.//Aw 93 Sy ..“....\W\\ m ///...,a €Y &\.\s\\ . ///,./o, X .@N\\ |

h\.ﬁaoz JHL 40 9NIJVd4 d0L 3IHL NI mmmmmmhv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€9 914 NI NMOHS SV 03aVv01
NIHM 130OW 31V1d 030704 1004-N3L FHL ¥04 1¥0ddNS 40 3Iv4 WOYS .2l
NOI123S V LV SINIOV4 WOL109 ANV dOL NI 1Sd NI SISSIYLS TVINIWIYIIXT 4L 9l

A76.

‘Bujde} Wopoq ay) Uo pajjesul
sabneb ulel)s a1}950. JUBWAIS 88.4Y) WO SUIRILS WOLJ PIAIOS3 S3SSA)S (D)

japow Jo abp3

buioey doy ayy uo pajeysul
sabneb uie.)s 8118504 JUSLIA[S 394} WOI) SUIRL)S WOJ) POAJ0SSS S8SSINS (1)

2'9°S

&

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A7T.

(SANNO 0§ ‘L1 = AVOT ILYWILTN)
1300W 31V1d 30104 L004-6 6 FHL NI SI¥NTIV4 40 JONIND3S

8L Ol4-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A78.

@3avoti INI39 AINO

2 3901Y - S1Y0ddNS-INIOd IA0GY SNOILVYNIWV13Q TVILINI "6 Ol

“M3IA 8pIS - 2 34njieq

Ud 1583 _ saqeo
P /" bapeo)

g 96p1

M3IA Ju0l4 - Z 94njieq
pus )sey
A

Z 96 pu }id 0893

Je Paiinddo
uoljeulue|ap

£d ¢ abpy . | 86p1

M3IA 8IS - | 8aNniied

pus 1sam poddns
juod
M
|aueyd y
Buijo9uuod - T
LY

M3IA JU0J{ - | 84n|ieq
pua 1SaMm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A79.

FAILURE 1 (FIG. 78) IN PIATE 1 (FIG. 44)
AT THE WEST END.
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FIG.
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TWELVE-INCH SAMPLES OF CONNECTING CHANNELS
WERE CUT OUT AT MIDSPAN OF EACH RIDGE.
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FIG. 88. A SAMPLE OF CONNECTING CHANNEL
TESTED IN COMPRESSION.
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PRESSURE BAG TESTED FOR LEAKS -
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GENERAL VIEW OF COMPLETED EXPERIMENTAL SET-UP
FOR THE 19-FOOT MODEL
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FAILURE AT RIDGE 7 DUE TO STRESS CONCENTRATIONS
CAUSED BY THE POINT SUPPORT

114 L]

FIG.
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RIDGES 1 AND 7 WERE UNIFORMLY SUPPORTED WITH CLAMPS
TO AVOID LOCAL FAILURE AT THE EXTERIOR PANELS
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FIG.



AllSs.

MAIA WOI.LOd
TIQOW dLVTd HOIMANVS d3ATO0d LOOd-~6T HHLI J0 HINTIVA

*9TT

‘DI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Allé.

OVe FWNSSHId THIL JIAOWHY
ONIAVH ¥dLJdV TIAOW AITIVI HHI J0 MATIA dOL

‘LTT °9I14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Al17.

1004 3¥vnOS ¥3d SANNOd

6L 40 AVO1 ALYWILIN NV LY @3THONG § ANV € S3901 Y

¥314V ANV 340439 130OW IL1V1d d30704 1004-NI3LININ
JHL 40 NVdSAIW 1V STHONI NI SNOILJ343d TVINIWI¥3IdXT 8It Ol

"W "bs/q) y °6Z Jo peoj ayewryn ue je
- uedspiw je papyong g pue ¢ sabpiy
_.

/

aJnjiey buiyong Jaye cozuo:mu./waw\a/
37 N

sdejd Aq sdueps kg &

pajtoddns ; abpry pajsoddns | abpiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

AllS.

THE FAILED 19-FOOT MODEL IS LIFTED OFF
THE PIPE SUPPORT BY ONE MAN

119.

FIG.



Allo9.

THE FAILED 19-FOOT FOLDED SANDWICH MODEL
EXPOSED TO WEATHER

120.

FIG.
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(b) Joint displacements

POSITIVE JOINT FORCES AND DISPLACEMENTS IN THE

FIXED COORDINATE SYSTEM

(@) Joint forces

FIG. 121
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(b) Displacements

FIG. 122. RELATIONSHIPS ATA JOINT OF FORCES AND

DISPLACEMENTS IN THE FIXED COORD INATE
SYSTEM
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RELATIVE SYSTEM AND THOSE IN THE FIXED SYSTEM

FIG. 124. RELATIONSHIP BETWEEN DISPLACEMENTS IN THE
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Displacement Patterns

Force Patterns

(@) Pattern (I) - Transverse extension of plate
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FIG. i27.
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DISPLACEMENT AND FORCE PATTERNS FOR DETERMINING PLATE STIFFNESS MATRIX
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FIG. 128. CONTINUED
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THE 9.5-FOOT FOLDED SANDWICH PLATE MODEL
IS EASILY LIFTED AT ONE END BY ONE MAN

145.

FIG.
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