IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1966

The behavior of a folded plate roof system

Frederick Mitchell Graham

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
& Dart of the Civil Engineering Commons

Recommended Citation

Graham, Frederick Mitchell, "The behavior of a folded plate roof system " (1966). Retrospective Theses and Dissertations. 2898.
https://lib.dr.iastate.edu/rtd /2898

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/2898?utm_source=lib.dr.iastate.edu%2Frtd%2F2898&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

This dissertation has been
microfilmed exactly as received 66=10,421

GRAHAM, Frederick Mitchell, 1921~
THE BEHAVIOR OF A FOLDED PLATE ROOF
SYSTEM,

Iowa State University of Science and Technology,

Ph.D., 1966
Engineering, civil

University Microfilms, Inc., Ann Arbor, Michigan



THE BEHAVIOR OF A FOLDED PLATE R™OF SYSTEM
by

Frederick Mitchell Graham
A Dissertation Submitted to the °
Graduate Faculty in Partial Fulfillment of
The Requirements for the Degree of

DOCTOR OF PHILOSOPHY

Major Subject: Structural Engineering

Approved:

Signature was redacted for privacy.
In Charge of Majdf Work

Signature was redacted for privacy.
Head of Major DepéttmEnt

Signature was redacted for privacy.

Deay bf Graduagle College

Iowa State University
Of Science and Technology
Ames, Iowa

1966



ii

TABLE OF CONTENTS

I. INTRODUCTION AND SUMMARY

II.

III.

1v.

REVIEW OF LITERATURE

A.
B.

c.

D.

E.

Brief Statements on Various Theories
Primary Theory (No Cross-Sectional Distortion)
Secondary Theory

1. Solution by arbitrarily induced A-values
2. Iterative procedure

‘3., Particular solution procedure -

Present Experimental Status

Published Literature

DEVELOPMENT OF THEORY

A.

G.

Fundamental Concepts and Assumptions
Primary Theory
Secondary Theory

1. Iterative procedure
2, Particular solution procedure

Development of Secondary Theory;
Additional Analytical Refinements
Buckling Anélysis of Edge Plate

Manipulative Techniques for Computations

THEORETICAL INVESTIGATION

A.

B.

c.

D.

Criteria for Parameter Choice

Pilot Model Considerations and The Analysis

~of a Typical Test Model

Dimensionless Parameter - N

Check System for Theoretical Calculations

Page

10
10

12

26
36
37
40
41
41
42

60
61



V.

VI.

VII.

VIII.

E'

F.

iii

Stress and Moment Determination at Gage Location

Beam Analysis

EXPERIMENTAL INVESTIGATION

G.

Loading System
Deflection Measurement
Stress and Moment Measurement

Property Tests of Model Material (Aluminum 1100-H-14)

Effect of Gage and Adhesive Thickness on Moment
Determination '

Testing Procedure

Typical Set of Model Data and Data Reduction

TEST RESULTS - INTERPRETATIONS AND OBSERVATIONS

A.

B.

c.

D.

E.

Oy = values
8V - values
my - values
Experimental Observations on Buckling Behavior

Final Comments

SELECTED REFERENCES

ACKNOWLEDGEMENTS

64
65
66
66
74
74

90

92

92
116
116
120
120
127
128
140

141



I. INTRODUCTION AND SUMMARY

The popularity of folded plate roof structures has prompted a study
to be made of an 8 plate simply supported roof system. This study was made
with S‘aluminumAmodels of varying plate thickness, span length and roof
sloﬁe. The models were }oéded until pronounced yielding had taken place
and concurrentlyAa continuous recordlof strains énd deflections at strategic
locations was kept. . N .

The object was to discern the correlation between thé o:dinary folded
plate theory and the experimental observations when the various parameters
were varied. The anticipated information to be gained was the effect of
certain parameters on the theoretical prediction of stresses and deflec-
tions, the behavior qf the structural system at ultimate loads, the buck-
ling behavior of the edge plates and ultimately, how these factors could
be incorporated into the désign procedure.

The problem'proved to be a very interesting one both from the theoreti-
cal and experimental standpoint and in conclusion answered several questions

and provided an insight into others.



II. REVIEW OF LITERATURE

A. Brief Statements Bn Various Theories

It is  the thinking of the write;lthat the various folded plate
theories can be broadly ‘grouped into two categories - the Ehgineering
Theory of Elasticity and the Mathematical Theory of Elastiéity. Theories
emplqying'the Engineering Theory of Elasticity f;ll into the Qajority |
groub that make the fémiliar assﬁmption regarding pianar distrisﬁtion of
flexural, torsional and axial strains with their consequent pianar dis-
tribﬁtion of stresses. Of coursé this assumption is only made in regards
to individual elements of the structure and not to the structure as a
whole. |

On the other hand the Mathematical Theory of Elasticity utilizes the
general equations of equilibrium and the equation of strain compatibility.
The problem is then executed without the usual simplifying assumptions.

Insofar as the vast majority of folded plate theories fall into the
category of Engineering Elasticity, the following brief statements will
emphasize tﬁis group of theories.

Since all of the'Engineering Elasticity theories are based on the same
fundamental assumptions‘one would expect to obtain the same conclusions
from all. As an analogy to this situation, the common beam can be analyzed
by slope deflection, moment distribution, conjugate beam, strain energy etc.
with the consequence of identical results - the only stipulation being
that the calculations be carried out to the same degree of refinement.

The degree of refinement encompasses such considerations as accuracy of

computation, inclusion or exclusion of shearing strains and axial strains,



temperature compensation, the importance of secondary stresses, non-linear
material properties etc. Likewise the folded plate theories can be,

expected to yield identical results with identical refinements.

B. - Primary Theory-(No Cross-séctional Distortion)

This theory h;s at times been referred to aé the membrane theory but
in light of the familiarity that American epgineers have with the primary
and secondary analysis of structures, it is th&ught that.this terminology
would be very appropriate. The first Primary Theory published was by
G. Ehlers and H. Craemer (3,4) in Germany in 1930, and later the theofy
was further developed by E. Gruber (7) and others, mostly éérman.z I&séfar
as all of their theories made the same simplifying assumption of no rela-
tive deflection between the ridges, the only difference between gheories
- was in the manner of c?mputing the unknown stresses and moments .

In 1947 G. Winter and M. Pei (14) made the'first centribution to
American Literature in the form of a more streamlined version of the same
theory. It is this version of the Primary Theory that will be briefly
outlined in the subsequent statements.

The paper make no claims as to the originality 6f the basic theory
but does take credit for the development of the distributioﬁ system that
eliminates the necessity of solving séveral éimultaneous equations.

' A folded plate structure is formed when several flat plates are
joined at the édgeszand are supported by end diaphrams. This, of course,
is the simplest case because it'is possible to have intermediate diaphrams

and have continuous spans. In the development of the Primary Theory the

following plate configuration was used by Winter and Pei:
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The basic theory assumes that since an individual plate is long and
thin it is capable of only two modes of structural participation which

are designated as slab action and plate action e.g.

SLAR AcTtionN PLAT;_ Acvion

It also assumes that the structure is homogeneous, elastic and that
‘the lines of intersection between the individual plates (the ridges) do-
nof,undergo an& relative displacement. The moments and stresses in the
"structure are found by the following procedure:

l. A transverse strip of unit width is cut from the mid-span of
the structure and analyzed as a continuous beam loaded with the
deadload and superimposed live load and supported at the.ridge
lines that are assumed to be unyielding. This approach is |
justified on the premisé that all qlabs have similar longi-
tud}nal load distribution with the consequence that any other

unit strip loadiiig would be similar in form.



2. The reactions of this transverse strip of slab form the mid-
ordinate of the ridge line-loads and are resolved into components
parallel to the plates, thusly forming the plate loads.

3. The total individual plate load is computed by gdding the
component contributions from the boundary ridges of the plate
and is then used to compute the longitudinal plate stresses,
assuming each plate to be a long, thin, indééendént}y actiqg deep
beam that is suéported by the end.diaphragms;

4. Now observing that the common edges of adjacent plates'do:hof"
have equal stresses, proceed to establish continuity by employ--.
ment of the stress distribution process.

5. The structure is now designed on the basis of the transverse

slab moments and the longitudinal plate stresses.

C. Secondary Theory
In compliance with common American terminology the Secondary Theory
considegs the moments and stresses existing by virtue of primary deforma-
tions. In this respect we are primarily concerned with the effect that .
relative deflection of adjacent ridges has on transverse moments and longi-

tudinal stresses e.g.




1. Solution by arbitrarily induced A-values

This technique was introduced by I Gaafar (5) in71954 and constitutes
one of the first practical solutions to the secondary problem to appear in
American Literature. Mr. Gaafar's procedure is briefly given in the
‘)foliawing statements: |

(a) Determine the primary transverse moméntg and longitudinai_streés-.
es in compliance with the Winter and Pei procedure and compute
the.plate deflections (8) that result.

(b) Arbitrarily induce a relative deflection (3;) between any ;wo
ridges. This will create a translational fixed end slab moment
that can be distributed. The distributed moments are used to
compute ridge loads thaﬁ can as before be resolved into plate
loads. These will be in terms of A;. This operation is repeat-
ed for the A-value of each individual plate.

(c) The A induced plate stresses can now be computed in terms of the
various A-values and used to détermine the plate deflections (§).
These defleétions when combined with the deflections from step
(a) form the individual total plate ®-values i.e. 5; = £
(primary stresses, A, AQ......Ah) |

| (d) A set of simultaneous equations can now be formulated by realiz-
ing that any platemAcAi), is a manifestation of the §-values
existing at its boundary ridges. Consequently for n ﬁlates

bounded by ridges at both edges, there will in general be n

equations in the nature of A = g (81,52,.....8n) which from

above re@uce to A& = ¢ (primary stresses, Al' L, Ag,.....An).



Solving thé\equationg simultaneously for A-values constitutes the

N v + - \ .

solution from which all ¢ransverse moments and longitudingl (plate)
. \ N N . N . ‘ ' N . ' )
stresses can'be determined. :- : :
. . ,

-
-~

‘  H. Simpson (1l1) has used a §§ste£’veryisﬂmf1ar in priﬁciple to that

9 <
é~ , of Gaafar where he has arbitrarily induced a rotation (‘% ) in each

’ successive plate. Each arbitrary rotation case.giveé.rise to a trans-
lational fixed end moment that when distributed and used to compute the
ridge and consequent plate loads, enable one to determine thé'plate de-
fleétions (8) that are uniquely associated with th{s arbitrary rotation.
Since an arbitrary numerical rotation was induced aﬁd not an uﬁknown
A-value, it is necessary to multiply each case by an unknown factor (K)
which is essentially a way of saying we are going to use K-amount of this
pa;ticular case for supgrposition purposes. Simultaneous equations are

now formulated according to the following statements.

Define K such that ( % ) a K ("A' )
existing arbitrary

A

Then: K; (7)) - values, K; ® - values),

= £15
larbitrary [jprimary - case 1

K (5 - Values),-...... oK (8 - V&luesﬂ
case n

2 case 2 n

A set of n simultaneous equations are formed and solved for K-values
which in turn dictate what portion of each case shall be superimposed on

the primary case to yield final results.

2. The iterative procedure

After computing the primary stresses and the consequent &-values, we

can proceed to determine the change in transverse slab moment and therefore



the change in ridge loading. These load_éhanges can be used to repeat'the.
N

process which will <in tutn result in another chahge in ridge‘lbading{‘

.

This process works very well with ce;fhin structural configurations

but with others thé ‘convergence is slow if not divergent, as is the case

{\

of plates ihfersecting at‘very small angles.

3. Particular solution procedure

This technique of solution was devisedvby D,intzhaki (15) and is

based on the principle that any structure that is indeferminate to the pt?
degree can be analysed by superimposing n particular solufions in combina-
tions such that the given problem conditions will be satisfied. The
procedure is very orderly, very general and is adaptable to a wide variety
of ‘conditions. It also lends itself to tabularization and the inclusion
of additional refinements that are sometimes dictated by certain structural
configurations. It is this process of analysis that will be exhibited in
the theoretical development in this dissertation.

There have been many other approaches to folded plate theory in the
literature, the inclusion of which is thought to be prohibitive. In the

opinion of the writer the fundamental principles of all of the theories

are included in this brief survey.

D. Present Experimental Status
At the time the writer established his initial proposal there was
very little experimental evidence to substantiate any of the theories.
I. Gaafar seems to have made the first published contriBution (5) to the
' experimental side of the ledger when he tested a five-plate aluminum

model with concentrated live loads.
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~Another expe{imenfal contribution (10) was ﬁ:de by A. C. Séordelis,
E? L. Croy and I.lR.fggubbs in which a simple-span aluminum fofded plate
model consisting of 3 horth light shells was analyzed theoretically and
experimentally using ridge line loa&sg Analytical results obtained by
the ordinary folded plate theory, the theory of elasticity and the elemen-
tary beam theory are compared with experimental results and the validity
of the assumptions used in the analyticgl methods is examined.

The "Report of a Research Survey Régarding Folded Pléte Construction"
.condﬁcted by the A.S.C.E. Task.CQmmittee on folded plate construction,
discloses the fact that there is currently rather extensive activity, both
theoretical and experimental, taking place but most of the results are

unpublished.

E. Published Literature
Thgre is a considerable amount of European published Literature but
the majority of American Literature is in the form of Engineering Society
Papers. There is one book in English that is devoted in its entirety to
folded plate considerations and this is written by DaQid Yitzhaki (15).°
| It is a very thorough and order1y1t£eatment and is presented with
the option of inéluding many ofvthe'réfinements that are usually neglected

in the process of simplifying the assumptions.



III. DEVELOPMENT OF THEORY

A. Fundamental Concepts and Assumptions

The Theoretical Development that has been chosen for exposition in
this dissertation can be thought of as being composed of two major parts:
(1). Primary folded plate theory with no cross-sectional distortion.
(2). Secondary theo?y which takes into accpuht the gffect of distortion.

,The-basic éoncepts aqd tools of the ﬁethod arevcdﬁmdnly knpwn to all
engineefs but the structural interaction is very comblex and consequently
destroys éhe problem's siﬁplicify. An attempt will‘hereby bé made to.
execute an imaginative development that will promote an intuitive feeling
for the structural interaction. All symbols will be introduced as needed.

The heart of the theory lies in the behavior of the most basic struc-

tural element - the individual plate, which can behave as follows:

,-_A_"‘—\ ,—./\—‘ PR,
LaveraL. SLA® ACtion PLaTe Action  LonCiubidaL StA8 Action ' TorSwn AL Action
. ) |
The basic theory assumes that since an individual plate is long and
thin, it is capable of only two modes of structural participation, which

are designated as slab action and plate action. The longitudinal slab
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v

action is neglected due to the high'% ratio. If longitudinal slab action
were considered it would immediately be seen that there exists an extFeme
flexibility in this respect.
. .
Since these plates are assumed to be capable of only two abdes of
structural participation, the plates- are ﬁorthless as individuals but when
- connected along their common}edgesfandgf;améd into eﬁd diaphragms, a very
rigid structure is formed. These.end diéphragms restrict all lateral move-
ments in the end plgne but offer no-resfrictién normal td the end plane. -
Theiﬁeéhanism of load tfansfeg'is as follows: the surface loads aréifféns-
ferred to the ridges'thrqugh transverse slab action, each ridée load is
resolved into components parallel to the plane of the plates intersectiné h
at the ridge and through plate action these components are carried out to
the end supports. This is the general scheme of behavior and the specific
execution of this‘scheme will now be developed. The assumptions under=
lying the theory development are as follows:
1. There are two modes of structural participation
(a) lateral slab action
(b) plate action
2. Longitudinal slab action and torsional rigidity of the plates
are neglected.
3. The structure is composed of continuous, elastic homogeneous
elements
4, The principles of superposition are applicable.

5. In regards to the individual plate, plane sections remain plane,

i.e., a linear relationship exists between the longitudinal

strains and the distance from an edge of the plate.
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B. Priméi:y Theory
In the primary analysis of the plate system the éssﬁmption is made
that each slab is subjected to a similar longitudinal load distribution
with the consequent effect of producing a set of similar ridge loads.

This fact makes it possible to isolate a typical unit strip of the folded

system, as follows:

Rioe=E Lomes

. \\)
2/ W /A
/Lty 5% 7 %, //,-'ﬁirwb%i;\%ibv‘b;%b:b
ONE —WAY
LATeRAL SLAS
)
e / »
= g S S
' Louen'upmm_ PLats SYsTeEM

The isolated strip is analogous to the following continuous beam,

with the exception being - for all stiffness computations it is necessary

to use h rather than d.

<

P3 i3 b3 32 % 3 b v ke M‘t
/ fz a3 44 4s de 27
e oo ) - -

N T h o
: | d‘.’- d” d“ d“ d“ d"’ Note! The R'-values are

R E: R« t primed because they are the
3 4 5 Re initial values resulting
from moment distribution
and are correct only if no relative settlement takes place between ridges.
They can be thought of as ridge loads, later R" will signify loads required
to make the slab system conform to the plate system.
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These R' values are now resolved into components parallel to the

plates at respective plate intersections, i.e.

For ANY
CONFIGURATION -'C)

<,_/

L ¥ Tomce PovyGod
Sinda  _ Sin QO—S/z N 90—693

E} B 7b53 - . Ifh/
] /(F _ Cos@ta R’ Tf’ 200%6:»3_ R
veoNe —m . < Sinel o *
OR /&3 = C:Q/% Rl& ARD /30;“ = C\;, Ela_ ~¢ e
+C =C
These C' values are coefficients that when multiplied by the ridgé
loads, will yield the contribution of tﬁe'ridge load to the specified plate
load. The next development will involve cH values, that can be used for
the resolution of a horizontal ridge load (Fig. 1)into components 11 to the
plates. Even if these values are seldom needed for horizontal ridge

loads, they will later prove expedient in the calculation of horizomtal

ridge movements, if required.
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IF ws MERELY TRANSLATE OYR
THiNKING By 90° y IT is PossieLe

. H H
To WRITE C(a. o Cas D f&scﬂ_\’
— Co <(90-8,;) CH = Cos(90-§ 1a)

Sin ~ g ) has SIN =< o
S/n8as C Ho_ Sin€e
-, ) a3 Ve
Sid X 5 . Sin °<a

The 81gn of C may be determined by simply observing statically the

component directions of a plus load i.e.

Each individual plate load is arrived at by combining the contribu-

_tions from its boundary ridges, e.g.

/A\ 3% WHERE. B, = /({Q + %«

'Q(\;y’> ® ﬁ/ 9% 32 la3

@ /
G

The computed P2’3 will be the maximum ordinate of the plate load-distribu-

‘tion which could presumably be distributed in a number of ways - the most

probable of which are: P (HnD

4
This is possible when the only loads are those applied directly to the

~ridges, such as a possible crane load.



15

-~

R VA -

{CI 1 @l , Result of uniform slab loading _

*T

=4 :
px 3 7ie pa,g Sll\\ﬁ—— Equivalent sinusoidal loading which

is quité‘often used to facilitate certain types of calculations.

This P2 3" value is now used for computation of Mg 3 which is the
3 ’
maximum moment that would exist if the plate were free to behave indepen=-
dently. M; 3 is now used to compute 0; 3 the corresponding free edge
’ ’ : _
0 M2
st;ess, e.g. 02,3 2,3
th“/6

On completion of this step it will be observed that the free edge
plate stresses at common edges are not equal and therefore introduce the
problem of establishing continuity. This is accomplished by a stress
distribution method that is analogous to the Hardy Cross moment distribu-
tion method. The writer develops this method by first demonstrating the
analogy to regular slope deflection equations and with this analogy as a
tool, proceeding to execute other developments.

To initiate the development, use is made of the free bodies of two
adjacent plates, the applied forces being the M° - values and the conti-

nuity-restoring edge shearing forces:
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Na o _or N4 Mg .
iyl B T e
— N3N3 ~3N ~ Faghe ® :3 sae 3
—rt N3 3 €:<351.4w N
el L e s
= — L. @ Nz 6:73 — Na

Na Na_ /e
L L 1 XJ‘ Y.
[N > . {4_24_—

Wad M,g‘;
U
AN S
o 3 (5] N\
@ @ @

i ; . + Forces awo Moments
Note: For clarity in derivation ORCES A~D MENTS

positive stress is considered .

a manifestation of positive M° = Moment caused by plate loads

forces or positive moments.
This induces simplicity .

. - g etc = s at

into the equations. Later we 342 Stres .% 1n3p[tat:e

will resort to the more normal ’

-comp. + tension convention, with its inherent design advantages.

The longitudinal stress equations can now be expressed in terms of

the designated forces and moments.

h " h
o) 23 23
I T SRR o 2A S B W o LA R
723 h2 t..h t. . h2 t..h t..he
: Y23%23/6 23723 23"23/6 23723 23°23/6
eM° N 3N N 3N
0y = 2,3 L, 2 22 33 3
Ayzhag Ayz By Ayy o Ayg
. 6M° M2
0,q - 2 (ZNZ +N3> + ._hiz_?_:"_. or 2,3 (1)
A A..h z :

23 23723 23

A set of equations can now be written, utilizing (1) i.e.
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»

\ €5 + 634 =O 654 +G§6=0
. ® o ® 0
: \@ @, © =~ |
6 + Gaz = O S+ 645=0 &l t a0

[

from which, in the case of the illustrated configuration, there are 5
equations and 5 unknowns (NZ’ N3;..N6). §£1ving these equations simultan-
eously and substituting the acquired N values back into (1) will yield
'the longitudinal stresses existing at the blate edges.

When there'aré several equations to solve siﬁditaneously the task
becomes rather formidable and the use of an iterative procedure can greatly
ease the solution. If the stress equations are carefully scrutinized it
is seen that there is a strong resemblance to tﬁe slope deflection

equations for ordinary beams, thereby making the following analogy possible.
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Analogous Plate Cross-section

(+]
Mz3

DeNoves ?O;NT
of N Yectorg

Stress Distribution
e

Mo-s FREE~EOOR
= T?_-a‘ =F.En§{ S1REsS 60

A

32,
@ N3=°

~3,,

with corresponding N2;
N, =0

pply a 023

1
023 and C.O.F. = 2
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Stiffness Factor

19

&3
@74;\T\T\\T\7‘ﬁ~\ ¢ Nyo
N1= / N N\kﬁﬁz’

2 4
Pk v [@) ()40 ] = = = s.F.=k

a3
2EI 4ET
M, = 25 [@@) +0] +o0= =
KB ' 1
Distribution Factor gﬁEE- Relative Stiffness = —
K 23
‘p.p. = LA
I 1/A
s /’(3:1 Maa=0 iz y=0
-~
(\ Ao SD\E | ’\f\{\f\,\'@
7ﬁ»@9 ® Ne={

Stiffness Factor for hinged end

2E1
Mg L E"OA*"B

But M_,=0= [:zoBfoA]

0= - o
B 2

' 2EI (3 3|_ 3EI
MyB Tl:i%":ﬂ T

So for hinge condition

SCF. = % the fixed end"s.Fn

This condition arises at the center

ridge of an anti-symmetrically loaded
system, where the ccmmon edges are tend-
ing in opposition to each other and
thereby nulify the stress.

2 l: 2
o..=-=2 [2n +N] S E(l)m;_[
23" B,y 2™ Ay
N
_2 . - —2 = -1.-
932" 7 ENa"'Nz:[ R i el
23 ‘
2 l: 1:| 2 3_ 3
(v} £ e 2.-— 3 e— . e I2 cvemase
23" %, 2] "3, 2" 5,

i.e. 3/4 free edge stiffness factor

= restrained edge stiffness factor
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As an illustration of the developed Primary Theory the following

example is presented:

$

E=3(10)’°rs

t 24_ikl'

Load on horizontal projection of a 1' unit strip of transverse slab

/Dolb/,:.r
@ @ N$ vy i@ ®
I A R X IO/ LA B 14
I | o o
Determine primary slab moments:
@ & ® &) ®
DR, —mme oll 0.5/0.5 /o

[P, ' : 8
FEM. (r-1b) ——= -833  -833 —"__\'w%')

- 416 14416 +833

416
~308+j08
-624

.

3
N
L9
- B
l
Y
!
N
B
RN



21

Determine slab reactions and plate loads

oo
1‘ A/__S-——(Statics)

'f? ® ®
R’ (16 — 424.74 £24.8 437.6
W o——

(Plate Load = -R')

Determine the effect of primary ridge loads on the plate~system

(

RIS SYSTE"‘\)

@ o @ 4+ ¥ 9 l*}@D
s PO i
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But for the actual distribution of these stresses, the (+ ten, -comp.)'

sign convention will be utilized.

Stress Distribution

©o ©® 0 @ ©

Y, —_— f _
s.F. 1/57 1/11.58 1/11.58 1/11.58 1/11.58 1/5 1/bt or 1/A
D.F. o 07’03 0:50.5 0.30.7  0.5.F./ZS.F.
cC.o. -0 © 0.350.15 o.zsfo.zs 0.150.35 oi 1/2 D.F.
F.E.S. (6°) +242 -2425;211 -21];-632 +63ﬁ;+1710 -1710!Jus§v::rry-
=159 H162__ __ +68-162 -162 F 377 distribute
3 } - - | | later
- 57T Fi2___ T +d-26 - 12 F 57,
’;- 47+ 1___ T 42e2 o 1‘ + 4
z ;‘JE?&ZZ?BS&  +117-820 5741710 -1272
Distribute éo +440-189 -3514351 +376-876 0
+ 22 +19a;+197 -46%-469 48334634 -1272
Final (0') +22  +198 -468 __+‘g3_4 -1272

—_—

The analysis of the given structure would now be complete if the
implied assumptions were true, i.e. the Qalidity of the slab moment distri-
bution process is dependent upon a structural behavior that is limited to
ridge rotations with no accompanying relative ridge deflections.

This immediately suggests that an investigation of relative ridge
deflections be made and that the findings be utilized to effect a correc-

tion in the primary transverse slab moments and the primary plate stresses.
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C. Secondary Theory
The secondary phase of folded plate theory involving the analysis

and disposition of these movements has at times been designated as the

Bending-Theory. Here the use of the term secondary in conjunction with

the lateral moments and longitudinal plate stresses induced by deflection

phenomena is thought to be quite consistent with terminology common to

the American Engineering profession.

1. Itefétive procedure
Hence the iﬁerative approach to éecondary analysis will consist of
the determination of (a) Ridge deflections that are consistent with primary
plate stresses, (b) Transverse slab moments that are induced by a,
(c) Additional ridge loads induced by b , (d) Longitudinal plate strésses

c , (e) Repeat a,b,c and d.e.... The structural behavior of

-—

induced
the system might be such as to obviate the secondary operations beyond

step (a), the implication being that the distortion in structural config-

uration is too slight to produce any 8ecoﬁdary effects e.g.-all ridges
‘undergo the same vertical deflection.

On the other hand there might be a substantial inducement of slab
moments without a consequent substantial inducement of ridge loads - the
implication being that observation of step (c) dictates that operations
cease.

Contrary to this structural characteristic of rapid convergence, there
are certain structural configurations that are very sensitive to secondary
effects, a condition favoring slow convergence or even divergence. When

confronted with this situation the iterative technique must be abandoned

in favor of some exact procedure employing a set of simultaneous equations.
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2. Particular solution procedure

The technique herein presented is founded on the basic premise that

S

if the true .loading, consisting of N concentrated loads, is known and if
a set of N particular solutions can be found, each set consisting of N
arbitrary loads then the true solution will exist in the form of a super-

-

position of the particular solutions.

F F

Example:

" Basic system

The load for which it is

desired to find associated

longitudinal stresses and

slab moments. Fw a
3

Particular load system (a) @

A loading for which there is a

uniquely associated set of o -

values and m-values. Fb b
Fs

Particular load system (b) b
Fe

A loading for which there is a
uniquely associated set of o-
values and m-values. Fc c

Particular load system (c)

A loading for which theze is a
uniquely associated set of o-
values and m-values.

The systems are superimposed using a-amount of system (a), b-amount

of system (b), etc., which results in the following set of equations:

aF® + bED + cFC =

3 ¥ bFy +cFy = F

3
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a,,. b c
aF4 + bF4 + cF4 = F4

a b c
an + bFS + cFS FS

The coefficients a, b and ¢ can noﬁ be determined and they will’
4dictate fhe % of each corresponding element of the various particular load
systems that must be superimposed to cénstruct tﬁe desired bgsic system.
. The philosophy Af this method is.serwhat analogous to the well
known "General Method of Structural Analysis" or the 'Maxwell Method"
wherein a solution is assuﬁed that satisfies the statics of the problem
and subsequently the geometry is corrected by means.of a superposition of '
individual effect solutions. The particular solution technique does not,
however, involve the individual-effect solutions in a strict sense insofar
as it is impossible to apply. the conventional unit load to a specified
ridge without simultaneously introducing other secondary ridge loads during -
the execution of the computation procedure. Therefore a particular load
system can be constructed by adding these secondary effects to the arbi=-
trarily assumed primary ridge loads. It is somewhat analogous to saying
that if the holding forces in a bent subject to sideway were superimpoéed
on the original actuating forces, the result would be a system of loads
that would be uniquely associated with the computed moments and the
observed geometry. | ' -
The basic éystem loads directly related to the superposition procedure
are not, however, formed by this type of superposition. They are, in fact,
the holding forces that exist by consequence of the primary deflection

phenomena. We herein are essentially determining the effect of the absence
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of these holding forces when we superimpose the particular systems in the

manner specified above.

D. Development of Secondary Theory
1. Determination of ridge deflections that are consistent with the
“ primafy plate stresses:
‘The &eflection of a plate in its own plane could normally be calculat-
‘ed on the bésis of léads and moments but the known pfimarf ridge stresses

suggest a methbd‘utilizing angle changes, i.e. double integration - y" =

%i = unitAlength s where ¢ is the slope or conjugate beam - beam with a
load of A . The choice will naturally be determined by computa-

unit length

tional expedience.

The angle change per unit of length is a function of the stress diff-
erential existing between the two edges of a plate. The foregoing ideas
are illustrated in the following cases:

Concentrated load case: (conjugate beam)

4 .Jm \=Lf.b.oe L. 4c. &
I 7 w,unéz. €\ 22 = 3 IZER.

' o
7 & Ag= G- Ga
Uniform load case: (conjugate beam)
i"__ % _Lig/ P‘LR#-BO\—’&C— )
MR e Ia_é 2.5 4828 A, L2

l i ER

i 57 ;

AS
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]

Sinusoidal load case: (double integration)

Ag” 12, A _ I
@“I‘:fe\ .S—F“ ER A<’ 9.36EQ

e

gwﬂ’x

The 1nd1vidual plate deflections are used to calculate vertical

ridge deflections by making use of the already known C-values coupled

with energy principles. Thusly,

1o - . 85 can also be determined
@ by the following williot
@ = 023 = Force || to plate _ geometry
2,3 caused by a unit & g"\ ®
///// vertical ridge load. p 92
Cay

o = Work of 11b = work of its components \(

Wop,& ow l = \/JORK oF \TS COMPoMeMT')

1_03;—_-@,7,38/+ Q3Sa3 o

2, Determination of secohdary moments induced by relative ridge deflec-

tions?
This step consists of finding the fixed-end moments resulting from

relative ridge deflections i.e., plate rotations,as follows, and distribut-

ing these moments.

THI’: BALANCIACG OF
THRSE MOMEN TS WikG

Yieee M- vValugs
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3. Determination of secondary ridge loads induced by the secondary
moments (m"):

Just use horizontal projection of the system as follows:

—T—

n
Ry as shown is the ridge
" reaction required to hold
the slabs in a position
that is consistent with
plate movements

" 1"
F = Ridge Load = =R

4. Determination of secondary longitudinal plate stresses induced by
secondary ridge loads
This is accomplished in identical manner as were stresses in the

primary system.
5. Repeat 1, 2, 3, 4 and 5 until scheme converges.

6. An alternate to the above procedure would be to follow step 3 with
the establishment of the various particular load systems and thereby

directly determine the effect of the secondary ridge loads.

It is obvious that the secondary effects for this rather peculiar
loading condition are quite pronounced which suggests that convergence

may be slow. With this in mind a solution will be sought utilizing the
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E)(AMPLE oF TTeraTivE SECONDARY TNEOR‘&
100 %4
S -
' =3 IOBGPSI
o j 0! 10" o | oP&%’Y\oA
) :37_4-_ +M47 48 -833 -/2.72. ResuLT Frov fpimasy GALC.
[ae” ._.-\73 CTHEs T lRolL 42105 &h = Saa
Bleeh - o Ne4 - V.33 R ) s i
SOy -;518 x8eh /63 463 AT e Bhpet «(10)7
C o =lpatl Al 2 AN | EnTER Comsm~T
cs_, ... O0MS0IT3 owmdor  038lde 1 C§ _
¥ Q‘“) O: HAS 0.2854 _ . .(.'.?.B.f__.___._.cv‘zvl.l_g"z.n_L_C._ﬂ.m.\&umL___
AS . owmor . —~/129 S~ Saxl
REM(% ) _______ 4 =i -dso _+dsto! Z RIRY XN
D.F. ol oso5 | o :
14l ~4) -({500 +6500 MomenT
— 4l -Fo 3230 -(500 DisTRigyTion
o) +0+3250 O
+/é 5 .-/‘15 o _ . SRR SRR
BO(RREY, L —1636 Zm
,mﬂ—VHn- Hla l“n;ﬂ
__(I%Q S .Hé% . -6 +/66 _ 4y dnant|__
Frie) . M3+ ~—163 = R"
c. -/732 2. + = -2 41732 . EN'\‘E_& Qonsta~nT
R (b . +2@3-326 +3%-36  +326-283 lc X E
Po) +2e3 o o . -283 Pt Prann
M2 (in-16) +1e24 o) O =124 ‘fgy PLT e 12 (o) |
Soesy _ +5/6 O o -5/6_ [M/z (z=3400)
D.F. /O 0703 0505 0307 ol
45l -5l © 0o O~5l6 456! STRES S
O Hss 00 ks O psraimuTion
~/f0 ©® AT7477 0 O -8
Xe) 0.0 0.0 Q.o =)
He'"  +33c  ~I5§ 77 ~185 +3Be TS
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. particular load technique. The philosophy of the arbitrary selection of

a particular loadinglis arrived at by observing that the R"-values are
functions of the ridée moments and thereby form a balanced set of forces
(ZR" = 0). In light of this fact it is expedient to assume arbitrary load-

ings in the form of mutually balanced forces that can be thought of as

being manifestations of arbitrarily assumed ridge moménts, e.g,

1000 FL_.” Jco 1B 2

~\Akuu:s
Ch0081ng thusly will result in a set of partlcular loadings equal in

number to the number of redundant ridge moménts rather than,the number of
R'"-values. In the case at hand the ridge moment at 3 is the only
redundant quantity, so one abritrary loading will suffice. The particu-

lar load will be assumed as 1000 ft;ib , distributed sinusoidally in the

longitudinal direction. The reason for the sinusoidal variation lies
in the fact that the secondary effects that are being studied are func-
tions of the elastic curves of the ridges. 6f course the elastic curves .
of uniformly loaded members are not sine curves but the difference is
negligible. Therefore, in light of the ease with which normal functions
can be manipulated, all particular solutions will be constructed on the
basis of normal variation of loads.

The significance of the calculations (Page 31) 1iés in the fact
that the F-values constitute a set of actual loads that are uniquely
associated with the o', 5V and m" values of this particular system (a).

Now insofar as our problem originated from the fact that the R"-values
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of the basic load system are fictitious holding forces and we are seeking

the effect of their absence, we are lead to the following indicial

equation:
aF +R" =0 a(~287) + (-326) = 0
, . 326
Partlcu;ar Basic a =587 -1.137

) _Superposition of the basic and particular systems now yieid the

following solutions:

G =0 .+ aoc' . . m-{-m
basic partlcular}:::::g, parabolic sinusoidal

5V=8V_ 4+ adV AT 4 T
basic particular?::::::£> very close sinusoidal
. to sinusoidal

o ' " " h[lllll()l_,_m

= m
" basic+ n basic+ an particular%puniform very close + sinusoidal
to sinusoidal

Results

Max.
mid-span
values b L o
| ! : .
LR 24 197 -468 +833 11272
asic I ! ST
ac' 134 -108- +53 . -108 +234
__bpart. - S I
o (psi) 258 +89 -415 +725 +1038
. .
o] basic 0(E§25 Ofgz§4 1.384
v - - -
ad part. 0.212 0.941 0.212
8V (in) +0.05 +0.214 1.172
T : )
_ basic o -624 0
: i ‘
" asie o i o
am" 0 +495 0
part.
ft-1b
ks o T I 0
f
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E. Additional Analytical Refinements

?
The original assumptions used for the development of the theory

w 3

A . 4
neglected the torsional stiffness of the individual plate as being

insignificant and in the majority of cases it seems to be. But in event
the structural configuration makes torsional stiffness important, the
\ .
’particular solution technique is well adapted for these additionmal
corrections. . o
. ) M +
The additional corrections will exist in tHe form of a secondary

. " . ') D : "
ridge load (Rp ) due to” torsion that is to be added to the Rbasic-values

and the Rpart-valﬁes respectively.
The torsional ridge loads are a result of asking oneself what distri-
buted edge forces are associated with a specified twisted configuration

of a thin plate. The development stems from the consideration of the

following twisted plate configuration:

|

h A L .

//_? T ——— _/*"‘L_,SM\
/

~ vl /

N a7

~ Y ¥

Geometry

The problem is to derive an expression for R; in té;ms of @ or

v
9%—. (Use analogy to twisting of thin bar)
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Geometry , Statics
4 Javopd X oM Mgy _ o
fo.=—d—sm—l—‘ dMgy = Rp dx d _d-;X Rpd
VA,
v

-%g = % é%— cos E% Relationship between Statics and Geometry

-d—29.=_£% -&;‘.’.sin“—x dg=-Mx—L.dx,-d—9 =M

dx2 LZ d .L JeG =~ dx JeG

: d20 _ dMey 1 e
2" "q, ° Tec - Rrd/Jec
dx X
RTd BV nx
-Equate —3 dxz JeG L2 3 sin L
2 2 3
SRy = opY - BB g Ko v o K thlc sin &
L d 3L°d
" v ﬂZGtsh
(RT ) =5 ° —3 To add refinement to the analysls, this
3L°d value is merely superimposed on R"

existing by virtue of secondary moment.

Further‘refinement in analysis could be had by considering the longi-
tudinal slab stiffness but this value has been shown to be insignificant

throughout the literature.

F. Buckling Analysis of Edge Plate
It is anticipated that certain structural configurations will cause
buckling of the edge plates to be a significant consideration and therefore
the writer is moved to develop a rational appr;aéh to the prediction of
this phenomenon.
The first stép in the analysis of the edge plate is to ascertain the
distribution of normal and shearing stresses throughout the plafe: This

is done as follows:
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Observation of these equations leads to the conclusion that oy and

Txy are of minor comparative magnitude. Therefore oy will be the predomi~-

nating factor in the consideration of buckling. ' -~

Observation of the buckled configuration of a simulated edge plate

model yields the following results:
SR N T B S A

S O A S U S U SR GG T Y

— —~ -
=~ S~
N

e

EDGE PLaTe.

In light of this configuration it is thought that a conservative
estimate of the critical compressive edge stress can be made by isolating

a strip of edge plate that is C,h, long and has a width equal to the part

in compression, i.e.

e e e e b GRe —

.—u-———a-. -d-.-d—-——a—l

-ﬁ L3
— A .50 )
-

s b

.. )
T: PLaTE STRewSE % ’
/ 4——0 '?L —t) _J |
\>’Véo C;S&E.Q\JATlOréS mmc.a-rz. Co?\ « L_ .o INLQJJ )
2

2 EI

Now using an analogous Euler column condition i.e. Ppy = X
the following analogy is realized:
n 2Eh°t3

0.5 O ht=
°° 12a-4tct?

(o I o]



¢ 1

40
S -
- 3 ﬂ2Et2 Investigation of several
0, Critical‘= — different conditions should
6(1qq2>coho bear out this trend and

constant

G. Manipulative Techniques for Computations

The example shown in the development was not involved enough to
warrﬁnt any short cut procedures but for a non-symmetric loading ova
.symmeﬁric structural configuration consisting of many folds it behoéves
one to seek out all computational expediences. One of these expediences
is‘familiar to all structural engineers and involved the concept of
reduced stiffness factors when pinned-end conditions are known to exist.
Another is the complete carry-over process before bﬁiancing moments or
stresses., The third, which is most uniquely advantageous relative to the
problem at hand is the resolution of the problem into symmetrical and
anti-symmetrical parts (Fig. 2) each entailing the use of just one half
of the structure.

This type of solution yields results for both symmetric and non-
symmetric loading if needed and even though it requires two separate
solutions involving one half of the structure the computations are much
less in number than one solution involving the whole structure. This is

the technique used :to analyze the models used in conjunction with this

dissertation.
Example: g ' %_ Q
R w p ” ‘E%EF P wig w-%
R N+ WO 71 S SR 717 A 2 92! |
SYMMETRICA : 3w g

Fie.2 STATiCAL Reeaxoown . ANTI- SYMMeTRicAL
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IV. THEORETICAL INVESTIGATION -

A, Criteria for Parameter Choice
In regards to the theoretical investigation the first problem to arise
is - what model size and shape should be investigated. In the case of the

writer this problem was resolved by asking the question - what are the

parameters of structural configuration existing in practice? With this in

-mlnd, a definite conflguratlon was chosen (\\v>ﬁf\\\y///§\\\y///&\\\//)

" This configuratlon was chosen because of its- 81mp11city in form and its,

| nevertheless, inherent complexity in folded plate interactionm. It was
thought that this number of folds would be just‘enough to substantiate the -
trend from folded plate interaction at the edges, to beam action in the
interior without such a 1argg’nﬁmber of folds that computation and instru-

mentation would become an unnecessarily formidable task.

' The construction periodicals were then combed to obtain a representa-
tive list of existing %,~% and %-ratios. A careful study of this list
influenced the choice of the following set of parameters as being the set

encompassing the range of values most commonly encountered in the field.

Table 1. Model -characteristics NN
L H t ; N

-Model No. T T T ."t ' ‘L h -
1 4 /4 ° 1/45 0.0888" 16" 4"
2 4 1/4 1/20.9 0.1915 -16" 4"
3 4 5/8 1/45 0.0888 16" 4"
4 4 5/8 1/20.9 0.1915 16" 4"
-5 8 1/4 1/45 0.0888 32" 4"
6 8 1/4 1/20.9 0.1915 32" 4"
7 8 5/8 1/45 0.0888 32" 4%
8 8

5/8 1/20.9 0.1915 32" 4"
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B. Pilot Model Considerations and The
Analysis of a Typicél Test Model
Before becoming]ux)deeply'involved in something that may prove to be
a lost cause it behooves one to éngage in a sort of preliminary test pro-
gram in order to more or less ogtain a preview of coming attractions. The
function of tﬁese crude preliminaries is to establish prematurely whether
“our ideas are going to produce results thétfére in the realm of feasibility.
To accomplish this a pilot model was designed, built, theoretically
analyzed and expefimentally tested. The model was fabricated from a 0.050"
thick sheet of aluminum which was subsequently folded into the chosen model
configuration. The model Qas then loaded with a foving single concentrated
load at the midépan of successive ridges and’valleys and the resulting de-
flections were obsgrved. By and large the agreement between the theoretical
and experimental_defiections was very good, with the consequence_of a green
light for pushing more deeply into the_progrém. A tybical set of pilot
.model_calculatiqns are given on the foilowing pages.. This set is based omn
the concentrated load being at point C. ‘
r".l‘he computed dV-values could be slightly improved by iterative opera-
tion,.i.e. load the structure with the reversed set of holding forces
(R"-values). But insofar as very little would be gained by this additional
step, the operations were terminated at this point. Theoréfical and experie
mental data were obtained for loading at points otﬁer thgn C - in fact the
-experimental agreemeht is much better for loading at D but the C-cése was

presented because it reflects a folded plate characteristic that will be

discussed later.



Also included in the theoretical investigation is a typical set of
model calculations using the particular solution technique. Model No. 6

was chosen for this typical example.

‘ Concentrated load @ midspan

H=1.812" ¢t =0.05" B =26.9°9 E =10.1 (10%) psi

h = 4.00" L = 31.25" == 53.8°

Determine # values

- 2
oap = B2 = LODG _ gg gt s
L £0.0936) _ bz
Zxc g~ = 0.1333 in - 2o
Determine CV-values
’ NA
_cos B _ 0.893 __ E g 4 .
Cvpp = sim= - 0.808 ~1+103 (A1l others % C —c

‘.'A

7/

Determine slab moment distribution constants,symm, system

A B C p E;
’ & A 7 7
D.F. ol o48los72 . 0505 o/
Anti-symm system ‘ Moment
A B C D E  (Distr,
) Ja) /) 2 1 \Const.

D.F. o'|l 0.428l0.572  0.5120.428 [IQ
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Determine plate stress distribution constants

om. 8 ¢ o =
ym. Ay — - =
system 4 - o0.6(1 0.333 0.5 |05 0.5 05 O tjStress
! - - T — Distr.
Const.
o, 3 c >
‘o 0.cfo333  ©.570.5 osZfo428 /10

Determine plate deflection factors

Uniform loading

2 2 :
L 31.25 -6 e}
Plate = = 4,03 (10°°) in/psi
AB
12Eh (12)(10.1)(106)(2) factors
9 :
Platep, = 3L.23 5 = 2,015 (10'6) in/psi
(12)(10.1)(107) (&)
\
Sinusoidal loading
2 : 2
Plateyp 3 E7Eh = 3L.25 3 = 4,89 (10'6) in/psi
* (9.87)(10.1)(107) (2)
g
Plateg, = 3125 = 2.44 (107) in/psi
(9.87)(10.1)(107) (4)

Determine slab fixed end moment factors

. 3 6 3.
B, v . QLLADI 00
F.EM. = 5= x 05 BIOEDIC ) B Slab
aV
FEM

= -e-eeo-e--49.7 087



® ® © Frr O, © A
F‘ (1b) ... tloo : il |
.CV } —1.105: +L10S  +1.10§ -1.105  —L10S +].105 +l.105
B (b)Y OO0 _*lo.S=-1108 o O o
P (), © . +u0-% —10.5 o
VB (i) O +863 ~ 863 Q
S (psi) | - '+ 6470 ~ 6470 o .
(D.F. 10 Ok670.333 5 o.5 0303 o/
C.O.F. | 0.3330./66 0,25 0.25 __ 0.250.25 o
!fa/57 O + 6470 —Heg%ézfzo + 6470 o
! e 12679 + 45 +4/550 :’%9 - /S50
' -37C 437 R
§ +/25 T —63+9% - — =94
L S S sy ey el ¥ — = /O
Al ———H o I
i ~-2/08 O F G326 —540-96/5 -?662004 —7655
! o +4215 =2/0S  +303-3¢3 -33/0 +33/¢C o
¥CS! (PS1) 2/0B 4215 +42/15 5118 .-5//8  + 3316 +33/0 /655"
Ag (i), —£323 ~ 0333 | —84a8 + 495
Ltk | 403 2.0/5 0O/5 2.0/5 ' X/0°
S (W) | —2s.48 . +i®.81 | —/6.98 +/0.00 x0?
cS (W) +28./6 +20.79 +90.70+1876 +B.76 +11.05  +llo5 .
» S (N) +48.95 +39.55 +39.8/ +22.. /0
ASY (w) + 9.40 +9.74 + 7.7/
F.E.M.[%5) + 4¢7 1 484 +323  xl0°
D & o | 0.428 0.572 0.5 0.5 Ot
Co.v. A 0.5 0240286 025 02= o)
467 -467 4484 4844383 -383
! 1223 — #3505 o
: -766 iy — /66
'é —f2, —r ; > -t /Z'
= T2 — /]
-a234 +305 -~ 329 +3€3 - .;7041 '
+23/ -~ 308 4256 ~3S6 o
-3 -3 427 1+327 - Jo4' X[0°
m (557 ' -0.003 _+0.027 -0.204-
3 (U¥0) +0.0008 -0.0008 -0.0084 +0.084+0.0647 -0.0697-00¢417
K“ (/) +0000 8 ~0.0092, +0.073/ - 01294




. PILOT MODE\__)AMTI SYMM %m.u.-\-w/\)

00% S 4,, P ‘H\ J
\/ JV ‘8‘&" NE 2677 TN L
° %100'5 L =3l.25"
Seae : ?
® ® »r ©) S @ ®%
= (1b) o + 100 o &)
CY - —110S +1,105 _+4405 ~1./05 _~1./05 + /105 __#+410S|
£ (b) ! oo +110.5 ~ 110: 5 o o o}
P (ik) o C + 0.5 =05 =) i
Mo(w-) | O 863 =263 o !
iy 1 O + 6470 — 6470 @) :
D=, [0 0.667 O.333 o5 0.5 0.572 0.428 )
C.OF [ ©.3330./47 025025 0.286 0.2/4 5
S/s55 —2 I;‘;ZO " f’f 872 ~éan fﬁf;ﬁ ° Oi
- 96 - e “?45“'7/3 ~ 1 3
tiah ——— T T v iga 3
Hl —~—— -8 .4 ~'+5
+2  —~— 2, -+ i
ST & FEC254 -542(-4558 86 O !
O +4(71°-268% Y439 - 43¢ -3824 +28¢2, !
we' (psi) -2083 +4(7/ o =4992 +2862. )
AC (psi | ~¢254 4 Qlez 7854 + 2862
e | 403  2.0/5 2.0/5 2.0/5 _ ixw°
S ()| +as530 - +1B46 . 4+ \5.83  +577 k>
CS () | 4785 +20.40 +20.40 +17.49 - +172.49 +(,.38 +6.38-6.39
b S" (N) | +48.325 +37,89 +73.87 6]
AV Gny! i _+10.36 + |4.02 +2387 |
FLE M () b +~ 55 +697 +1186 X0
D.FT SO0l 0.4280.572 ©0.5720.428 /0
lCo.F | 0o  0.2140286  0.2860.2/4 as!
’+SI‘5 +255/;53+‘97 697 +;§§ ~ 1186
‘ ' ———— 4273 -
: ot |
i (—L St T~
| g
¥518 =758 +380 <~5/4+593 ~778¢
~515  +372 1 -365  +634'-473 486
Ko +i5 4 1S +/20°+120 O ixio~
m' (%= & +0.0/5 +0./20 @)
R ( “%D 0.0042+0.0042 -0.029 +0.08+0.033 _ -0033+0.033
R" (%) —0.0042 __ -0.0748 +0-062, &
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.. When the symmetrical and anti-symmeéribal solutions are superimposed

Fd

A
the résultant applied load.becomes 2001b, 1t therefore becomes necessary

to divide all results by 2. This could have beéﬁ'avdidéd'by using 501b

-~ 4 V.4

for each loading to start with but 100 was used' because of numerical

simplicity,-
Results:
A B cC D F G H I J
-2108 +4215 -5118 +3310 -1655 +3310 -5118 44215 -2108
94200 -2083 +4171 -4992 <2862 0 -2862 +4992 -4171 +2083
-4191 48386 -10,110 +6172 -1655 +448 ~ -126 +4 =25
Ulootu=9a2095 +4193 -5055 +3086 =827 4224 -63 +22 -12 (psi)
~ 48.95 39.55 29.81 22.10 29.81 39.55 48.95
8v200 48.24 37.89 23.87 0 -23.87 -37.89 -48.24
97.20 77.44 53.68 22.10 5.94 0.70

1.66

Loasine SysTem
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| Load at wzrc=» C D O _ el H
Diai at Test Tﬁ.eo Test Theo| Test Th';o Test Theo | Test Theo
N Y 16 16.7| 5.2 4.5 2 121 1 0.4

| ¢ | 3" 39 |25 26 |11 11 | 4 2.9 2 0.8
p |25 27 |33 34 |25 26 |12 10 | 4 3
F 9.5 11 |25 25 |37 35 |27 .25 {10 11
G 3.8 3 |11 10 |24 26 |37 3% |24 27
Bl 14 0.8 42 2.9\ 11 11 |27 2 |38 39
I 0.7 04| 2.7 1.2 6.5 4.5 18 17 |42 49
AﬁZ

' Model Characteristics

[~]
N\OD\'—_-L. MQ'Q O('—‘SZ:S-?QO
Compute Z values
g o th’ _0.19x16 _ oo 3
23 6 6 . in
= Qo192 - 0,127 in3

%12

: for Dx Fuc'ra.o N
= 42 5\\J//¥ )

Compﬁte ¢V values

v _ cos - . v
021 sinod 2.00 (all other C

!
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P ¢ bi
7 ’ -

H 4 FoR DEFLECTION
Compute C values” N .
= -0.517 (all othet ¢ = -0.517 ///(ﬁ>§>v4:)

sin
sinc<

7

. CH =
§

N

Determifie slab moment distribution constants

¢
¥

Symmet:r ical system:

y N =
D.F. ' OT 1 9.428 ﬁ0.572 0.5 TO.S OTI
Anti-symmetrical system: .
25 | T 042 5
0 Tl 0.428 10,572 0.572 0.428 ITO
Determine plate stress distribution constants
Symmetrical system:
= == -

: Y T _
1/0 0.6710.33 - 0.5 }0.5 0.572 | 0.428

Anti-symmetrical system:

e e L e

10 0.67 To.33 0.5 To.s 0;572130.428

Determine plate deflection factors

Factors for uniform loading:

2 2
12 _ 32 ; -6 ;3
Plate 12, 96an = 5.33x10°° in”/1b

N 9.6x10 x2

322
23, 9.6x107x4

Plate = 2.67x10"% in3/1b
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Factors for sinusgidal loading
L 2 2+ R ‘4 e
Plate 1y, 3omr = ———— = 5.18x10° i8%/1b -
: * 9.87x10"x2 \ "

: 2 ; ~ :
Plate ;4 o= ___JEL__7__ = 2.60x10 6 in3/1b
, 9.87x10 x4 '

X - ‘e (‘

Determine slab fixed end moment factors

3

6E'I 6EI A MV 6E't” 1
F.E.M. h2 A T X (h or =3 )- 12 i Ja's)

N
Y\ » ;s
;5:;;;4%%4;¢’*§§ - 10°x0.19 28V
SJ\> 2(1- &)%) (3.876)

P
= 2.4__9x103 x Y

Determine F.E.M. for symmetrical case

!olb/m
© @ ® ® ®,
;\Erv'vélév!vv:‘élilv%\\::__
b /,mf,j_;’;\aa%" A zer’ f zan' L.
.
FEN = 10 x #2238 = _18.8 in-1b
10 x 3.876°
FEM = ——Ii—'-—— = -12,5 in-1b

Determine F.E.M. for anti-symmetrical case

10"%in . ,
. ] T 1Tl Ik
® T17P ‘

:/88,#/@-5 t’?;‘o:{'.—_/és 254125 +ES—IR.S
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Indicial equations for model No. 6

"
aF3, + bF3p + cFy, +R 3 basic 0
" .
aE4a + bF.{}b + CF4C + R 4 basic = 0
: "
aFgq 'f'bFsb + chc + R 5 basic = 0

Substituting values from operation tables gives:

676a + 88.89b - 56.9c - 281.2 = 0
-330a - 219.67b - 127c + 196.7 = 0

-40.5a +232.23b + 310c - 86.4 = 0

The solution of which is:

a =10.418, b= 0,135, c = 0.232

Cémpilation'Of Results:

-

-18.8 | -10.80 | -12.98| -12.26

3

>

E g 67,072 | 451,970 -42,303 | +39,915] -39,657
> 87 +1.7740| +0.9432 | +0.8644] +0.8504
5 g " 0 ~494 | +100 -67
¥ o' ) +39,350| -10,330| -5,770 | -796 | +8,970
J 5oV $x0.418 -0.5375| +0.0021] -0.0250, -0.1017
PEE 0 1364 | -41.7 | T4
%g o' ) -1,032 | +2,060 -128 | -1,547| +775
2 E8Y  px0.135 | 40,0435 | +0.0040 | -0.0194] -0.0241
e 0 -7.65 -9.5 | -l.1
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‘§@ o' ) +als2 -885 | 42,434 | +663 -5,090 |

M b%0.232 -0.0310 | -0.0264 | +0.0207 | +0.0597

GEm" ) | 0 =26 .| -0.75° | +48.7

J -28,312 | +42,815 | -45,767 | +38,235 | -35,000

; 5" : | +1.249 .| +0.9229 | +0.8407 | +0.7843

| |m | -18.8 | -174 +35., -106
A A '

. 58A Corr. fﬁ- = 315%

_to basic system

C. Dimensionless Pafameter- }\
' ,.There could conceivably bé times when it would be desirable to carry
" out the folded plate splution to some predetermined degree of.accuracy.
In fact it could be that tﬁe basic solutién.alone would give answersuto.
the desiréd degreé of precisiop. In order to obtain a measure of the
importance of the particular s&lution corrections the dimensionless para-
meter ‘} was developed. It was developed by making a step by step check
of the operation tablé and thereby establishing the proportionality
existing between R" and the system parameters'(L, t, h and H) - also
between F' and the system pafameters and then dividing the R" - propor-

tionality by the F -. proportionality. The result of this operation was
@ 2
h h
H,2 H,2
&? [1-dH?]

From this it is seen that )\ is a measure of the ratio of superfluous R

to the activating fofce F'. It was therefore thought that )\ would also

be a measure of the correction to the basic system afforded by the parti-

cular solutions.
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To confirm this reasoning a plot (Fig. 3) was made showing the
relationship existing Setween '%‘and'ﬁ;— {: at first valley-g and
between -)\and.the percentage correction to the baéic edge beam at point

"
‘A. As seen from tﬁe plot, X\ vs. E%—-,is linear as anticipated and the

, 4 F
percentage correction to the basic system ;ncreases at a decreasing rate
as A increases. In fact the trend ié ﬁoward a pefcentage correction
. that is asymtotic to somellimiting correction valﬁe. The significance-of
all of this iéuthat in knowing ;\ fo;'this particular configuration we also

have an idea of the magnitude of particular corrections to the basic

system and therefore can predetermine their importance.

D. Check System for Theoretical Calculations
After the execution of a complete set of model calculations it is
| comfoffing to'haﬁe a check system to insure the correctness of our mani-
pulative'oééfétions. No check will tell us that we have used the wrong
geometry, loads, or material properties but once we have selected these
quantities, the operational correctness will be reflected in the degree
to which the statics and geometry of the problem have been simultaneously
satisfied. With this in mind a system based on slope deflection was
devised for checking the compatibility of the m and & values.

Starting with the well known slope deflection equation

- & A .
M_= I [%OA + OB - 35:] + CAB where:

AB
A B
Mg TERA — — . — | — % NoT® e
- rbrrvrrer X—eL D
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The follqﬁing relationghip was derivﬁd:
| Mpa - Moa [(2Cap = CBA) - (2€A0 = COAY| 3EL [ ,aVv . AaV
M = —— = - | = DD, = DD
AB 4 L 2hd’ 4B _OA

4

This has direct application to the following real situation:

Y

\5\\

S,

/'/. y S SV ’
\ 2 A li2$§ IR . & S;v
. d _..f w Adan

values obtained in the folded plate solution

Comparing the final Mij
to those determined by using this equation gives assurance that the mani-
pulations involving M - values and d-values stand a good chance.of being
correct.

Another check to make is based on the longitudinal stresses and is

carried out by the followfng operation:

J& tde=o
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E. Stress and Moment Determination at Gage Location

Inas@ucb as it was thought to be unwise to place gages directly in
the sharp folds of the sfructure the need arises for the computation of
the theoretical stress ;nd momeﬁt at the point of experimental measurement
because the folded plgte theory gives thé stress;s and moments at the
ridges. The following reduction formulas are based oﬁ the already stated
stress aﬁd foment ﬁafterns.

]
o . o .
basic ' particular

0T, eI

O. -
cl l_ ——a—i; e L ———w—}
Parabolic .Sinusoidal
1 ) n Zm"
mbasic n})asic : particular

mgmuumum AT U + T T

o ke o

Uniform Almost Sinusoidal Sinusoidal
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-l'-l-y 2 4
1 n 2 2
= —— -z - | — iy
m . any mibasic + sin I Im &% o Amp_J 1 i 8 wd
gage 2
m,
. 1 - I,
| b\ 2
=m £, - 22 142
"at mid-span "1 T H Mig. i AL
gage 2/ __|
< . [
Lyl ? ) ‘
= 2" ' IX 5! DA
at any 1 L Uibasm + sin =p znpart:. R b Tiv

at mid-span Rl e

gage

F;.-Beam Analysis

- For comparison purposés the félded plate system waé és;;med to behave
as bne huge gimple beam and stresses were thereby determined. The most
important phase of this endeavor was probably the'moment of iﬁertia computa=-
tion. technique which hinges ubon the following chosen element of plate
" system as being basic to the complete solution.

. %\'/\ - _

1 th 1 2
= T3 2+12chsin¢
cos“0

The remaining operations in determining the moment of inertia and locating
the neutral axis of the whole system are quite involved from a manipulative
standpoint but follow from routine statics. The final step in the solution

involved the application of the flexure formula.
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V. EXPERIMENTAL INVESTIGATION

»

A. Loading System

Before the design of the experimental set up could be initiated the
quesfidﬁ of what type of loading was to be administéred and what quantities |
were to be measured, had to be answered. The design was strongly influenced
by'the~pﬁlot test observations, wherein the rathef.thin model was subjected
to a concentrated ridge load. The question was - Qere these realistic
conditions? Even with this rather crude setup the cofrelation was excel-
lent, but the outcoﬁe was probably influenced by'the favorable con&iti&ns'
of thin plates h;ving shéller'sécondary effects and the load, being applied
at the ridge, not having:to undergo the physical proceés of finding its
way to a f&dge as wpuld a uniform surface 165&. In other words ﬁﬁen we
apply the forces at‘the ridges,:they are already."there" - but when we
apply the loads on the surface we have to Yagsume® that they get.to the
ridges. Therefére the former case‘is circumventing a part of the assump-
tions and thereby stands a better chance of producing effects that are

closer to those theoretically predicted.

With thi; background thinking, the decision was made to use a uniform
surface load which was simulated by a pattern of discrete loading pads.
The pads were fabricated by splitting 1 in. wood dowel stock in half,
gluing a layer of form rubber on the flat side, and then drilling holes

for the wire load hangers as shown:

Hanozr NoLeeg

To Accomooave-
Di"FRRENT ROOF

Store S
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The pads were uniformly distributed on the surface in a pattern such
that a pad was centered on every 2-in. # 4-in, area. The load hangers then
formed the upper part of a whiffle-tree mechanism, Fig. 4, that served as
the transition between the concentrated applied load and the simulated
uniform sufface load. The load application mechanism consisted of a 12-ton
hydrauiic jack, enclosed in a frame designed for transmitting é'Vertical
load to the structure, Fig. 5. The load measuring system originally con--
sisted of a 3-range (low, medium, high) system composed of 3 pressure gaées
that were tapped into the fluid reservois of the jack, Fig. 6. As a con-
sequence qf the internal ram frictioﬁ, difficulty was -encountered with this

measuring system and calibration of the system yielded plots with the

following characteristics:

w | ‘ ' .
$ '//féz_JIDEALFLQT; : WQT%:QAD
. (o |

D ‘u" N plns e . .
<z O\‘B/ C‘kabs\b\/\/Al.LJ "‘%A/M. b
of 07 7 \:Rtgl'\f:d/ B2l MOVEMENT

o \ ‘ ‘ '
% | 2 fT

pon o | o

g/ S:C e ieares

/\) BY PRESSURE GAG®S

TRUS L oAD '
(BY unERsAL TesTinG Maching)

5Aclg CaviarAaTiON CUurVe
Judicious use of these calibration curves could conceivably have
resulted in reliable load determinations were it not for the fact that the
nature of the test procedure dictates that the load be sustained at each
increment for a substantial period of time. During the actual model test-
ing operation there would be an element of uncertainty as to where on the

calibration curve we would f£find our true load.

With this outcome the decision was made to use the pressure gages as

approximate load indicators and incorporate a more dependable load



Fig. 4. Whiffle-Tree Mechanism
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Fig. 5. Jack Assembly



71"




Fig. 6.

Experimental Set-up Showing
Pressure Gages as Load-Measuring

Device
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measuring device in series with the jack system. Subsequently two SR-4
strain gage load cells (low range 0 —=— 50001b, high range 0——4»-20,0001b)
Qére designed by mounting SR-4 gages on high strength aluminum rods.

Swivel end—connectoré were.designed for the rods to eliminate as much load
ecéentrici;y as possible. Four gages were used per load cell « 2 diametri-
l;ally opposite longitudinal.gages and 2 diametrically opposite transverse
gages, This arrangehent corre;ted for eccentriéity, compensated for temp-
erature and increased the sensitivity approximately 30%, Fig. 7; This

high capacity loading system was designed té ;nable plastic behavior obser-

vations to be made.
B. Deflection Measurement
"'For deflection measurement,TB%E'l dial indicato;s were pulied with
fine wire to alleviate transverse contact effects that sometimes arise
when the structure has a deflection component that is perpendicular to the
axis of the dial indicator stem. The fact that there is no measurable
error induced by this pulling system was confirmed by placing two indi-

cators in series - with a 12-in. spacing, and observing any differential

dial movement between them.

C. Stress and Moment Measurement
The next step in the experimental program involves ﬁhe measurement of
stresses and moments. Care was taken to select strategic gage locations
what would reflect a representative behavior of the whole structure with-
out employing an excessive number of SR-4 gages. As it was, each of the

8 models used a total of eighteen.90%-rosettes which required 36 gage



Fig. 7. Small Load Cell (0-—50001P)
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readings per load interval. It was thought that the gages would reflect
a truer strain picture if they were not placed right in the sharp folds
of the plates, so the location in the majority of cases was 0.25-in. from
the folds. The gages used (AX-5-1) had a 7/16-in. gage length which
-obviOusly caused them to still be awfully dlosé to the folds. There were
essentialiy 4 gages at each location (90°-rosettes, top and bottom).pur-
posely placed to facilitate the determination of membrane St;esses and
| slab moments, Figs. 8 to 15.

The desired quantities in‘these testslwere plate membrane stresses
er) and slab moments me) which are the primary quantities predicted by

the ordinary folded plate theory:

be .
The other quantities (my and oy) are assumed by the theory to be

insignificant, which is an assumption requiring experimental confirmation
or refutation. Since anyllinear strain pattern occuring across the plate
thickness can be resolved into a membrane strain (average étrain, or strain
at mid-plane of the plate) and a moment strain (Ae from top to bottom of

plate) as shown in the following illustration =~
Y% —
t_—‘ ".' -
AN

' BoTToM 6‘5 _’l_
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It follows that the membrane-stress equation

E_ CeenTf 4 -
o > | €x + eij resolves itself into G;*ave

E
2. | SXave 4 yave
1-4 ley” ‘ ]

A

It also follows that the slab moment equation
. \2 2 .
L 1 Rt %‘w“"
Jdy ox’ 12(1;:5 )

The solution of these experimental equations for stresses arid moments
wouid‘have necessitated the employment of a multiplicity of arithmetic
oﬁerations were it not for the switching unit that was conceiveﬂ'aﬁd de-
signed’expressly for this operation. This unit was designed to be used in
conjunction with a regular SR-4 strain indicator, Fig. 16, and operates

accord1ng to the f0110w1ng schemat1C°

W- GAGR Mo/ Mem|

. 8 .
f _////////é ';'}:u %W'TC“ 4

=== M Ui S
X <

S

Rae

-

Dummy GAcE <Tradw BRipGE
TINDICA TOR : .
Schematic of gage hook-up ®osTS Circurt

For membrane readings the switch is flipped to membrane to automati-
cally complete the following circuits
— U—
WP PP I,

®
M

" ®

mnv( . =] Gi’

Schematic for membrane.stress -



Fig. 16. Switching Unit
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For moment .readings the switch is flipped to moment to automatically

complete the following circuit: (\

g3

¢ e

Schematic for moment reading

This technique reduces the strain readings to a form directly appli-
cable to the membrane and moment equations and with several thousand read-

ings to make any reduction in tedium is a labor economy.

D. Property Tests of Model Material (Aluminum 1100-H-14)

The experimental stresses and moments are accurate only to the degree
of our knowledge of the material properties. The 2.obvioﬁsly‘significant
properties are E and 4, as seen from inspection of the experiﬁental equa-
tions. In order to discern these characteristics, the 3 following basic
approaches were used on strips taken from the actual plates that were to
later be formed into fhe test models:

(1) Three simply supported beams on edge

479

e i ?
" v_\ 30
o.c>sss3 OJNSD 0.12.35

Result: E = 10(10)6 psi

L
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(2) One simply supported beam - flét<

4

r:r.t':_' 0.088879” . A—— —;A,,

"

H:l—rl f—* 20 " ’

Result: E" was 11;0(10)6Apsi, which indicates that Poisson's

Ratio is closer to 0.30 than 0.33 or possibly that the strip
wasn't wide enough to develop complete plate behavior.

(3) 1Two axial tension tests

&t

e Rs_suqs: C= t0(107(°?s|"'
! PL,= 850075

% ; LS = |8,0006si

]
D ~0./235"

=
mx

When models are loaded into the plastic zone this knowledge of the
proportional limit makes it possible to distinguish between non-linear
relationships caused by material properties and those caused by secondary

-

geometry effects. -

E. Effect of Gage and Adhesive Thickness
On Moment Determination
It was thought wise, in light of the rather thin plates; that a check
be made to ascertain the relative importance of correcting for any error
that might be introduced due to the gage wires not being on the surface,
but at a distance from the surface equél to the thickness of the adhesive

layer plus approximately % the gage .thickness. The scheme for making this
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check is based on the fact that deflections are just manifestations of
strains.' Consequently if we know the deflection, and the strain p;ttern,
" an expression can be derived in the form ¢ = £(8), which enables one QP
predict strain without using the modulus of elasticity.

The procedure was essentially the coﬁjugéte beam method whereby a beam

¢

is loaded with a known pattern of angle changes. The present case was

" " los
executed as follows- _ FD E?%’ ,l;g | _:5;555.'?

Gace §es D - Q0444
0.0888" E{ZZ'ZM W — + %
] — S
- |

=0.1I0"

m

§

2

ENE
2
5= (3 EHER -
Then: e (}1 .37 (6)(0 0888)(0 110) 96.5(10)'6 )
) 'lel in

(24

But e = 1054 "/in Error = 8.8%

The implication of these results is that the gage wires are probably

located a distance from the surface equal to 8.8% of t/2, i.e.

[+ ]

8.
1

(0.044) = 0.00392"

o
o

a value very closely approximated by taking the micrometer thickness of

the gage alone and adding 1/1000" for adhesive thickness. Actually in
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~

order to arrive at this adhesive thickness the gage was measured before
attachipg it to the member - the member thickness was measured before, and

the combined thickness of gage plus member was measured after. It follows

that the experimental stress formula must include an adjustment in the

' ) 2z ‘AL Dex
measured curvature, i.e. t rather than t must be used for Nl e ——
2 A . ' Ax“ t’
%2 €y . . . .
andé;—f A . Obviously when the plate thickness increases,. this
y t

correlation rapidly becomes insignificant but.when the thickness is. de~
creased the error can easily become 10% or 207 depending on the gage type

and adhesive.,

F. Teéting Procedure
The actual testing procedure consisted or applying approximately 10
to 15 load increments with the jack and simultaneously recording the strain
and deflection readings at all the designated locations. All of the models
were loaded into the plastic zone, usually to the limit of the model's'
. capacity or in the case of excessive deflections, to the limit of the

allowable distortion in the whiffle.tree mechanism,

G. Typical Set of Model Data and Data Reduction
Insofar as model No. 5 exhibits some rather intereéting behavioral
patterns it has herein been chosen for sample presentation. The compiled
results from this model and all of the remaining models are found in Table

3. (Page 108-115)
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Table 3 Compilation of experimental and theoretical results

Model No. 1 .

1,200 1b A B c D “E F
Expr. -5’540 +5’43O -4’590 "4,920 -34 ’5,150
Theor. ) 7,550 +6,780  -5,440 +5,174 +42 -5,080
Beam Ox +313  +4,680  -5,500 = +4,680 "-416  =5,500
%E +36 +25 +19 +5 XX -1
Expr. -0.24 -4-59 -1084 -1.56 +1-34 -1l85
Theoro ( ) . . o o -3-96 -3-62 -2‘003 +1075 '2041
b7 R s -4 +97 +30 +30 +30
Expr. @) -0.08 -0.84  -0.33 -0.06  +0.51 -0.19
Expr. .« 0.046 0.032 0.031 o o e 0.036
Theor. @) . . s 0.065 0.035 0.032 o o o 0.031
Beam o o o 0.031 00031 0.031 e o o v 0.031
7°E . . "'4‘1 "'9 +3 olo . -14
Model No. 2

4,000 1b

Expr. -8,000 +7,760 -7,020 +7,370 +191 -7,080
Theor. ©@.) -10,700 +10,220 -8,550 +7,950 +150 -7,650
Beam X +64 +7,020 -8,260 +7,020 -623 -8,260
%E +34 +32 +22 +8 -22 +8
Expr. - 40,33 -14.60 -15.85 +3.68 +9.38 -5.58
Theor. (m.) o o .. 14 .44 -30.30 -3.12 +6.08 -11.22
7°E y e o o -1 '*'91 XX -35 +100
Expr. (my) +14.38 +7.92 +2.74 +9.25  +10.34 +5.58
Expr. * o o 0-068 0.042 00041 e o o 0.043
Theor- (av) . . . 0.096 0-053 0-049 ° . . 00048
Beam o e o 0.047 0.047 0.047 PP 0.047
A “ .. +1 +26 +20 . .. +12
ox(psi),:ny ( iz;lb ), my ( E%ﬁlh ), 5V(in), Number under Model No. is load

at which tabular values are evaluated..

All errors to nearest 1% ‘
+ Error signifies tha; absolute value of Theor-:>_absolute value of Expr.
XX Indicates the data obtained was erratic
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0.055
0.065
0.031

+18

-6,000
-7’550
+313
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-0.84

-0059

L] L] L
o o o
¢« o o
L L] *

-4 ’ 060
-5’660
+235

+#0

-0.11

+0.28

-3,700
-3,820
-4,120

+3

-1067
-2.34
+#0

-0029

. . L
* & @
L] . L4
L] L] L
L] . .
e L] L4
* L4 L]
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L4 . .
e & o
L] L ] L]
L] . L]
L] L L]
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s o .
. L] L]

-8,030
-10,700
+64
+33

+1.14

+17.60

=5,660
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+348
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+0.57

+9.68

-5,250
-5,760
-6,200 -

+10

-4045
-10008
+127

+4 .45




Table 3 Continued - ~

Model No. 3 , ; ‘
2000 1b A B Cc D . E F
Expr. -6,170 45,325 -3,580 43,470 490 -3,330
Theor . © -5,150 +4,530 -3,580 - +3,430 +20 -3,405
Beam %) 4336 43,146  -3,710 43,146  -279  =3,710
%E - =17 . =15 0 -1 -78 +2
Expr. -0.62 -9.20 '-1,83 -2.64 +1.16 -2,08 .
Theor . e e e -5,18 -3.14 -3.06 42,30 -3.01
9E my) ., 4k +72 +16 +98 +45
Expr. (my) -1.87 -3,07 -0.70 .-0.88 -0.27 -0.89
Expr. c .. 0.023 0.011 0.012 “ e 0.011
Theor. BV) * o o 0.017 0.009 0.008 « o o 0.008
Beam ¢ . 0.008 0.008 0.008 ... 0.008
7°E * e @ -26 "18 -33 e o e '27
Model No. 4
12,000 1b
Expr. -14,300 +12,720 -10,180 +9,600 +382 -8,850
Theor. ) -13,900 +12,500 -10,040 49,550 +75°  -9,400
Beam x +576 +8,675 -10,220 48,675 -770  -10,220
%E -3 -2 -1 -1 -83 +6
. Expr. ' '0090 -34-80 -23053 -9085 +10-50 -13080
Theor. ( ) e e o -31.90 -30.90 "15092 +14.25 ‘19.62
%E My C e -8 +31 +61 +36 2
Expl’.'. (ln}‘) +3.57 -5061 ' ,-5.61 -1.07 +2.60 -2068
Expr. .o 0.054 0.033 0.028 “ o 0.024
Theor. &Y . . e 0.048 0.026 0.024 . 0.023
Beam . . 0.023 0.023 0.023 . . e 0.023
7aE [ ] [ ] . [ . -4

=11 =21 -14
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0.011
0.008
0.008

=27

0.012

. 0.009

0.008
=25

0.019
0.017
0.008

-10

-5,510

-5,150
+334
-6

-0.37

-1.11

"0.85

=14,250
-13,900
+576

-2

0

-6,910
-7,050
-7,660

+2

-14003
-19000
+35

-3.77




Table 3 Continued

Model No. 5

1200 1b A B c D E F
Expr. -5,930 +9,550 - =9,900 +9,300 +214 -9,020
Theor. ©.) -11,120 . +12,500 -11,470 "+10,200 +18 -9,330
Beam X +626 49,360 -11,000 +9,360 - =832 -11,000
%E +87 . +31 +16 +10 +95 +3
Expr. | 0 -3.29  -5.73  +2.39 - +0.93  =3.00
Theor. ( ) . .. o . -2 n57 -10-56 +0.85 "'0064 "3 156
% Ty c e -22 +84 -64 -31 +19
Expr. (m,)  +1.70  +0.19  -0.96  +1.83  +1.00  -0.14
Expr. o o 0.300 0.221 0.221 e o o 0.215
Theorn (SV) . 3 e o . 0.457 0.278 0.252 . . . 0.239
Beam e o o 0.248 0.248 0.248 - e o 0.248
7°E L ] [ ] L ] '+52 +26 +14 ] [ ] [ ] +11
Model No. 6

2000 1b

Expr. -2,620 +6,230 =7,170 46,520 +236 -6,460
Theor. ©@.) -4,880 +8,340 @ -9,030 +7,560 +374 -6,810
Beam . X +250 +6,800 -8,050 +6,800 -623 -8,050
W +87 +34 26 +16 +58 +5
Exprn . [ [ -3066 -18080 +9068 . -0.17 -12-40
Theoro ( ) e o o ) -5082 '36.20 '*'6.83 -3087 '20.80
%E My .. +59 +93 -29 XX +68

Expr. (m) +10.26 +8.60 +1.75 ~ +11.45 +7.20 +3.13

Expr. o« o e 0.193 0.155 0.146 .« o o 0.143
Theor. ") o« o 0.286 0.213 0.194 o« o 0.181
Beam o o o 0.186 0.186 0.186 o o o 0.186
%E o o o +48 . +37 +33 o o s +27
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+0.39

G H I J K L
v e o o e e -5,840  -3,120  -4,120
‘,0 o o e o o e o o -11’120 -5’100 -4,150
" e o e o 0 e o o "'626 +274 '4’810
« e 0 « o o o o o +90 +63 +1
e o o * o o e e o 0 -0010 -1-50
e o o * o @ e o o s o o .o e @ '2-04
s o 0 e o o ¢« o 0 e o o " e e +36

-0.17

L[] L] ) *

. L - L
. L ] L L]
L ] [ ] L ] .




Table 3 Continued

Model No. 7

2000 1b A B C D E F
"Expr. -8,020 +8,130 . -7,000 +7,000 ~ - +75 -6,520
Theor. - () -9,280 48,780 -7,310 +6,860 +108 -6,640
Beam x +668  +6,292  -7,420 46,292 = .-558  -7,420
%E : +16 +8 + -2 +44 +2
Expr. <0.22  -3.38  <4.29  -0.37  +0.69 .  -1.82
Theor- ( ) s @ . -2.85' -5.42 -0.76 +1024 -2-10
%E Ty c .. -16 . +26 +106 +80 +15
Expr.  (m) 0 -0.76  -1.43  -0.09 0 -0.67
Expr. o o o 0.120 0.075 0.073 o« o 0.071
Theor- (SV) L] [ [ ] O- 134 0. 075 0. 068 - 0 L[] 0- 066
Beam *» o @ 0.067 ) 0-067 0-067 e o o 00067
%E e ¢ o +12 0 '7 ] LI ] '7
Model No. 8

6000 1b

Expr. -9,980 +10,900 -9,850 +8,970 +372 -8,250
Theor. ©.) -9,81C 411,440 -10,700 49,450 +396 -8,650
Beam X +576 +8,675 -10,220 +8,675 -770 -10,220
%E -2 +5 +9 : +5 +6 +5
Expr. +0.22 -8.75 -28.4 +3.74 -1.30 -16.15
Theoro ( ) e o @ -10-57 ‘46000 "4-33 +2.28 -15080
IE Ty ce . +21 +62 +16 - XX -2
Expro (mg() +6.00 +3.61 -6I78 +4.51 +2010 -3-00
Expr. e o @ 0.155 0.108 0.09% o o o 0.085
Theor. (sv) . o e 0.166 0.103 0.093 « o o 0.088
Beam « o e 0.092 0.092 0.092 o o o 0.092
70E e o o +7 '5 -1 e o @ ”4
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0.077

0.075 .

0.067
-3

. -
e e o e .

0.117
0.134

« 0.067

+15

-7 ,420

. -9,280

+668

+25.

-0.17

-0.06

.-2,980
-4,120

+2

+38 .

92

-0022

-0.38

-2’ 970
.‘2’910
-3,250

~1.28
-1.71
+33

-0.43 )

L] L] L]
. . [ ]
L] L L]
* L] L]
e o o
L] L] L]
e o o
L] L] .

Faulty
Gage

L] . L
e o o
[ ] . L
L] L L
«
. o -
L] L] L]
[ [ ] L]
L] L] L

-3,610
-3,880
-4,480

+7

-11.96
-8.75
=27

-3.10
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VI. TEST RESULTS - INTERPRETATIONS AND OBSERVATIONS

1

. AL 0 = values

\-
After a critical inspection of Table 3 it is seen that the theoretical

- correlation of the Ux-values is in general, best for the steep-pitched
configurations and worst fqor the shallow. The.leng;h and thickness have
a less pronouﬁced effect on thevaccufagy of stress prediction but still
provéd to be influential. Thevshorter model configurations éended to have
better correlation than the longer ones and the thicker configurations tend

.

to have better overall correlation th#n the thinner ones.
_ - :

As was stated before, this model configuration in general has proved
fo‘be an extremely interesting one because éf its extreme é%nsitivity to
subtle paraﬁeter changes and secondary effects due to the éhanges in geome-~
try caused by deflections. There even seems to be a hidden thrust type of
interaction between the valley folds that “doesn't show up in the theory
because the thgory presupposes all loads to be transferred to the end sup-
ports througﬁ the action of shear in the plane of the plates.

 The deceiving aspect of this general configuratio; lies in the seem-
ing1§ innocent form of repeated ridges and valleys with its anticipated
simple behavior. First of all, in regards to shallow models the plate
thickness is a significant 7 of the total model depth, whereas our theory
assumes the model material to be concentrated on a working line represented
by the mid-thickness of the plates. In essence we are saying, as in the
case of models 1, 2, 5 and 6, that the model has a total depth of 1-in;

when in reality the model is 1.0888-in. or 1.1915-in. in total depth., This

'féct helps to explain why, when we get away from the outside edge of the



117

model, the beam method is at times even closer to the experimental than the
folded plate theory. This is because the beam method utilizes a moment of
inertia that includes the entire model depth. However, the beam method is
dangerous to use.because of the gross errors in predicteq stress at the

boundaries.

Conceivably another deterrent to good correlation lies in the fact

that in the shallow, lbﬁg cases the difference between 8; and 5; can very

easily create an increased effective depth of the overall configuration in

the magnitude of 10 to 20 per cent, i.e. ’ o -

17 \E/\\//\\/\/

- —= " " 4110 o= 1,20

I/l

~ -

Increase in effective depth

’

This effect, coupled with the foregoing thickness effect; probably
accounts for the fact that with shallow configurations all of the experi-
mental»ox-values tend to be considerably less than the theéry.predicts -
whereas one would logically assume that some values would be.greater than
and some less than predicFed due to the fact that both the o*ex -values

and the o -values must form the same magnitude of internal resisting

Xtheo.
moment .
Another very elusive effect which seems to have entered into the
picture is what could be called a side thrust phenomenon due to deflection
geometry. The behavior of the pilot model first gave clue to the existence

of this behaviorism. If a comparison is made of the correlation of 8; due

to a concentrated load at the folﬁ C and B; due to a concentrated load at
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fold D, it will immediately be seen that when the load is at D the correla-
tion is much closer than when the load is at C. For both loading conditions
the 25’ between B and C is approximately the same, which di;pels any notion
that the transverse slab effects could be the explanation. Careful con-
sideration uncovered fhe fact that the basic difference between the two
loading conditions, in reference to their.effect on 8; is that when the loéd
is at C,. plate BC is being deflected by a system of forces having a very

large resultant in the plane of the plate, i.e.

When the load.is at D, there is no resultant force in the plate BC in
the direction of Pcp other than those that will be induced by lateral slab
action. The plate BC is hereby bent in its plane by the effect of stresées
being fed into it at its edge at C. The question is - what is the signifi-
cance of this? If we observe that after loading,pcB can be thought of as
acting on a beam that has been deflected normal to the plane of loading, it
will immediately be seen that for the plate BC to be in equilibrium there
must be anladditional set of edge forces‘(Q) distributed along the edges

B and C, e.g.
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For the concentrated load case these edge forces will tend .to be

distributed in such a manner as to nulify the torsion that would tend to

Zfee: ..

- -

exist at each section along the plate, i.e.

=) o 1% ]
QdxH ZPCde’ where zAR-A sin I |
._#— N —-4——-
oo QdxH =3PcB T A cos I—dx-. :

18 cos XX . ) | _2]35

al ==
and Q ZPCB LH cos L
Ci&

As shown above these Q-valués are hblding forces, so their effect on

»

the structure is reversed, thereby creating the so-called side thrust
phenomenon. If instead of a concentrated force in the plane of the plat:é
we had a distributed force p = pC'B sih'-’;‘,—x, then the shearing force ai: any -
longitudinal section would equal péB-} cos -%x-, and from the foregoing_'.

analysis, QdxH = Pc %‘- cos %ﬁ . -f‘“; cos -’-It‘-’i dx or Q = pCB% cos2 ?IE.E

It is believed that this kick-out or side-thrust force is partially
responsible for the greatly reduced edge Beam stresses in the shallow con-
figurations and by consequence the reduction of Sg-values. Of course there

are other factors that contribute to the error in stress prediction but
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-

they are readily mentioned in the literature and have already been

o~ .
.

mentioned in a previous section of this dissertation.

- V¥

- | B. &' - values

All of the‘aforementioned items in regards'to the O, - values are also
applicable to the correlation of 8' - values because deflections are just
manifestations of ihe stresses -and strains. There is however a very impor-
tant additional consideration to be made, especially in regards to the
short models. This involves the significance of the shear deflection.
Models 3 and 4 are giaring examples of this phenomenon because in these
models, the aforementioned elements that have in other models produced
conservative results, have here,been overpowered by shear effects that
cause experimental 5’ - vaid%s to actually exceed the theoretical. In the
case of the short, shallo; models (1 and 2) the shear effect is present but
is not predominent over the other deflection-reducing effects.

With the interaction of all of these effects it ié seen that even
though we get the best Ox correlation Yith the short, steep models we get

~ ~

the best &' correlation with the long, steep models.

C. m_ - values
y
The correlation of my - values has proven to be a rather unpredictable
affair. As was originally anticipated, the surface loading with its allied
difficulties has introduced some perplexing but nevertheless interesting
problems. If ridge loading had been used, all my moments would have been
a manifestation of the Aby - values and consequently would have yielded

correlations of the same order as Sv, but with the surface loading the my -

values become a function of the manner in which the loads are distributed
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on the surface as well as A5 . In other words the discrete loading system
here used, is seen by the total structure as a continuous and uniform
loading system, with the consequence that the O, = values.and the &' -
values respond correspondingly to the,systeﬁ. On the other hand the m.y
moments are localized functions of this discrete loading system and corres-
pondingly‘proved to be very sensitive to their location relative to the
actual loading pad.

This conclusion was reached after a lengthy search for the cause of -
the discrepancy in the moment correlation and was confirmed by what the
writer has chosen to call a post mortem on model No.‘3. The purpose of
the post mortem was to establish the variation of my - values as a functiop
of their position relative.to the actual load application pad. This
operation was accomplished by cutting a representative sample from model
No. 3 in such a way as to form a very basic folded plate structure with a
span short enough to preclude longitudinal action and thereby accentuate
lateral slab bending. The test section, Fig. 17, consisted of 1 fold plus
2 edge plates and had a span of 8-in. A variety of loadings were initiated
to establish the effect of the load being on the plate where my - values
were being measured and the effect of the load being on the plate adjacent
to the one in which my - values are being measured.

The reason for this was to discern the éaint-Venant effect of the
moment being transferred across a ridge. It was thought that the chosen
structural element, by being stripped of the usual folded plate interaction

would yield a direct insight on the relationship between the experimental

and theoretical moments. The results of the post mortem are shown in Figs.

20 to 23.



Fig. 17. Post-Mortem Setup
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Referring to Table 3 one will observe that the moment correlation at
the f;rst ;alley (Bi is consistently fairly good and the experimental
moment is greater than the theoretical moment. The reason for this lies
in the fact that this valley moment is predominently a function of the
cantilevered load on the edge plate and therefore.doesn't largely depend -
on the load acting direcély upon the piate containihg the location B.

If.tﬁe post mortem information is extrapolated to effect a change in
the u& - values given in Table 3 an acrgss-the-board improvement will be
seen in the moment correlation. Qualitatively the results are very con-
clusive - quantitatively this extrapolation process leaves questions of
degree unanswered and subsequently suggests that more extensive investiga-
tions are in order.

Another factor to be reckoned with in the m, correlation is the fact
that the folded plate theory does not account for the influence of m: on
m_. This in itself constitutes quite an omission insofar as the m - values

y
at times are greater than the m, - values.

D. Experimental Observations on Buckling Behavior
All of the models tested buckled either elastically or plastically in
the edge plate. In regards to the elastic buckling an attempt was made in

the theoretical development to approximate the critical buckling stresé in
25,2
the edge plate with an equation of the form 0,,. = X Et” . In an
CR 2,.2 2
: 6(1g« )Coho

attempt to derive some quantitative conclusions from the test data a piot

of €xmoment V° $Xmembrane W2° made for point A of each model, assuming that

buckling could bz detected by observing the stress level at which the moment

-
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sérains increase faster than membrane strains. Careful scrutiny of these
: piéts revealed a strong tendency for all qf the edge plates, regardless of
the thiékness, to buckle at an average stress level of around 5500 psi,
Figs. 24 to 28. Of course the thin plates exhibited a chh sharper break in .
linearity than the thick plates but nevertheless there were two thick
_plétes where a'break was observed at this stress level. If these'limited

buckling observations have any significance it means that

%cr. © ﬂzgz " g > » Where e = a constant,K
6Co (l-y4 )ho 600
Cer) (=) (") (5500) (8/9) (4) -3
Then K = % - 167f = 1.96(10)

If more significance is attached to the more distinctive behavior of the

' 2 nZtZE
thin plates, Co can be evaluated, e.g. C_ = 73 =
6) Ccg.) (L) (B2)
(9'87)(0'0888)2(1°7> .. C_=2.57 , infering an effective length of
(6) (5500) (8/9) (4) 70 =" g ng

buckle to be approximately 5-in. which is very close to the observed
geometry. Additional variation of parameters will be necessary to validate
this approximate formula as a design tool but it is definitely indicative

of a trend.

E. Final Comments
It.goea without saying, £hat as usual, more needs to be done. As evi-
denced by the current literature, ﬁuite a lot has been done on the mathe-
matical model and not enough on the real model. It is the writers opinion
that in the research endeavor at hand, a definite insight into the ?ehavior

of a folded plate system has been gained. In future research there are
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Fig. 29. Edge Plate Buckling



Fig. 30. Colapse by Slab Buckling
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obviously certain’pitfalls to avoid, such as those relative to gage
placement. The placement of gages directly on the ridges, with such
spacing as to average out local disturbances should be investigated. This
wiil also eliminate the nécessity for including surface load influence in
_the theoretiéal calculations forlmoﬁent, as is required when the point is
not directly oh the ridge. In addition to.this tﬁe;e would brobablylbe a
distinct imprdvement ip'load continuity éffécf if the longitudinally dis-
crete pads were replaced ﬁy longitudinally continuoﬁs pads.

An obvious out to these proﬂlems-is to use just ridge loads, with the
subsequent elimination of surface effects, but the question still looms in
the mind of the writer relative to the correctness of the assumption that
the surface loads are transferred to the ridges by a mechanism analogous to

- a continuous beaﬁ system. The results show conclusiveiy.that this trend is
present But the matter of degree of precision of the assumption needs fur=
ther attention. The writer would highly indorse a very basic research pro-
gram that would delve into the actual validity éf the fundamental assump-
tions. This would have to be initiated on structural systems so simple aé
to preclude the question of theoretical correctness of stress existing at
points of interest. With sucﬁ a simple system we would hopefully be able
to isolate the various fundamental assumptions.

‘The hope of applying plastic or ultimate strength design to this
particular folded plate configuration is rather remote because the plastic
behavior of this system is quite frequently not a logical extension of the
elastic behavior but on the contrary contains feversals of trend as evi-

denced by observing the test plots from model No. 5. It is therefore very

dangerous to assume as we do in plastic design, that constant stress
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levels are attained by successive elements of the structure with the

consequent formation of a mechanism. \

Finally in regards to the much sought after simplified design pro-
.cedure for office practice, the writgr is fifmly convinced from the experi-
.mental resultg that there is much inhefent neélected strength in this
system which tends to reduce, in féét,'the'cérrections mgﬂe to the basic
theoretical solution. This fact tends toward improviﬁg the §alidity of
stresses .predicted by the beam method.

Therefore a sensible design approach could be devised whereby the
disturbance-producing edge plate is initially ignored or in essence, where-
by we consider our structure to be of iﬁfinite lateral extent, and then

replace the edge plate, assuming its stresses to be some predetermined

proportion of the interior plate stresses.
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