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THE ANALYSIS OF MULTIPLE AND CONTINUOUS
FOLDED PLATE STRUCTURES

by James M, Paulson

This paper presents the theoretical analysis and the results
of an experimental investigation of multiple folded plates, continuous
folded plates and continuous multiple folded plate structures. Folded
plates can be used economically to span large areas with minimum
interior obstruction. In such cases interior frames or additional
interior plates may be provided to limit displacements and to provide
a reasonable distribution of stress in the plate system. The solutions
presented are concerned with folded plate structures made indeterminate
through the use of multiple folded plate construction and through the
use of interior frames not rigid in their plane,

The analysis of a two bay multiple folded plate is undertaken
treating the additional interior plate as a redundant member. The
interaction of the simple folded plate and the redundant plate is
assumed to be provided through a distributed edge pressure and a
distributed edge shear force acting at the joint common to the simple
folded plate and the redundant plate. The simple folded plate is
analyzed for the effect of the applied load and unit values of the
redundant forces; the redundant member is analyzed for the effect of
unit values of the redundants. Equations are written expressing the
consistency of the displacements and of the edge stresses of the simple
folded plate and the redundant plate at their common edge. The solution

of these equations yields the intensity of the redundant edge forces,



Symmetrical and unsymmetrical loadings are considered in this analysis,

A single bay folded plate continuous over a frame not rigid in
its plane is analyzed treating the interior frame as a redundant member.
The interaction of the folded plate and the frame is assumed to be
provided through a system of resultant forces acting in the middle
plane of the plates and on the cross sections adjacent to the interior
frame, After analyzing the simple folded plate for the effect of the
applied load and unit values of the redundants, the frame is analyzed
for displacements induced by unit values of the redundants. Eduations
written to express the consistency of the displacements of the folded
plate and the frame are solved for the redundants.

The third part of the analytical investigation consists of the
analysis of a folded plate structure combining the problems of both
the multiple and the continuous systems. In this case the various
force systems or the plate moments produced by them are represented
by trigonometric series. The final solution is obtained considering
the first six terms of the series.

The results of an experimental investigation, conducted by the
writer on small scale aluminum models, are presented. Satisfactory
agreement between the theoretical and experimental results is
demonstrated for each of the three structural systems investigated.

The agreement between the analytical and the experimental
results indicates that the accepted methods of analysis for simple
folded plate structures can be extended through the use of the
principles of superposition and consistency of displacement and stress

to the solution of more complex problems in folded plate analysis.
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CHAPTER I

INTRODUCTION

1. Synopsis

The folded plate is one of several structural systems developed
during the past three decades as the result of the increase in interest
in reinforced concrete construction and the growing need to enclose
maximum space with minimum structural material. The increase in use of
this type of construction in the industrial field has led to problems
in long span and continuous construction. Recent recognition of the
versatility of the folded plate by architects has led to problems
concerned with the analysis of a wide variety of plate arrangements and
framing conditions,

This thesis presents the results of analytical and experimental
investigations of a multiple folded plate, a continuous folded plate
and a miltiple continuous folded plate. The fundamental principles and
procedures of analysis developed originally for the analysis of simple
folded plates are presented in Chapter II. These fundamentals are
utilized in the remaining chapters to aid in the analysis of more
complex structures,

Certain applications of folded plate construction require the
use of multiple folded plates or folded plates which are continuous
over interior frames not rigid in their plane or combinations of these

systems. Chapters III, IV, and V consider these problems in turn,
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presenting methods for analysis and experimental results obtained by

the writer from tests made on small scale models,

2. Historical Background

According to Bornl*, the first development of a method for the
analysis of structural elements acting as a folded plate system was
made by Schwizer’ in 1920, An independent development of a rudimentary
method of analysis was made by Ehlers3, whose first analysis considered
the plates joined at their edges by hinges capable of resisting longi-
tudinal sliding motion, However, in 1930, both Ehlersh and Craemer®
published methods of analysis comparable to the fundamental solution
presented in Chapter II,

In 1932 Gruber® presented a method that considered the
distortion of the cross section as well as the flexural continuity at
the edges, The solution is obtained through a system of simultaneous
differential equations of fourth order written in terms of the trans-
verse moments where these moments and the remaining functions are
expressed as trigonometric series. Grﬁning7 also published ‘a solution
in 1932 which was similar to Gruber's, except that the functions were
represented by geometric series,

Following the work presented by Gruberé, a great deal of
interest developed in this field, particularly in Germany and Switzer-
land, so that a number of specialized problems were solved during the
period from 1935 to 1952. The problems of stiffening diaphragms,
edge beams in the form of frames, and multiple edge beams were treated

by Gruber® in 1935. The solutions represent applications of his

*p11, numbers refer to the bibliography,



basic solution presented in 19326.

Perhaps the most important recent advamces in the development
of practical methods for the analysis of simple folded plate systems
were provided by Winter and Pei? and Gaafari®, wWinter and Pei’
developed a distribution method for the analysis of simple folded plate
systems, while GaafarlO developed a means of including the effect of
cross section distortion in this solution. The two contributions are
reviewed in Chapter II, since they are drawn on in the remaining
chapters,

In 1950 Huang11 developed a method for designing diaphragms for
folded plate systems, and in 1951 A1112 presented a method for analyzing
folded plates continuous across rigid interior supports. Both of these
dissertations utilized the methods of Winter and Pei? and Gaafarl®,
Gruber13 published a solution for folded plate systems continuous over
rigid supports in 1952, In this he made brief reference to the effect
of introducing a flexible support.

Another contribution to the analysis of the simple folded plate
was made by Craemer™ in 1953 in which he provided a solution to the
problem undertaken by C-ruber6 in 1932, The solution is provided
through a system of simultaneous differential equations of second order,
Craemer also developed a parameter which may be used as a guide in
anticipating the nature of the structural response of the simple folded
plate,

In 195); Ashdownl® presented a solution for the simple folded
plate developed through the use of a system of simultaneous algebraic
equations, which include the effect of relative edge displacement. The

solution provided is comparable to that given by the distribution
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method of Winter and Pei’ and GaafarlO,

In 1954 a major contribution to the literature on folded plate
analysis appeared in the form of a book by Bornl. The fundamental and
the more rigorious theories were reviewed as well as many specialized
topics, Among the special problems included were the statically
indeterminate problems of multiple and continucus construction.
Mui%iple folded plates were analyzed by introducing the "four shear
equation" and by considering the edge force at the multiple joint as a
redundant, Reference was made to Grn.ber's8 solution for folded plates
continuous over interior supports. A case was considered in which the
folded plate was continuous across isolated interior columns, the
solution being provided by setting the displacement of the folded plate
equal to zero at the point at which the folded plate Joins the column,

Many other publications have appeared in this field; the ones

referred to above have a distinct relation to the matter discussed in

this dissertation.



CHAPTER II

° FUNDAMENTAL RELATIONSHIPS AND PROCEDURES

1. Notations and Symbols

The following notations and symbols will be used throughout

the following chapters.

X

1,2, 3=--m

a,b,ce--]

H

coordinate measured from the end frame parallel
to the longitudinal axis of the roof.

subscripts used to denote plates or frame
elements.

subscripts used to denote longitudinal plate

edges or frame joints, Plate 1 has edges a and b,
span of the structure measured in the direction
parallel to the longitudinal axes of the plates.
dimension of plate 1 measured in its middle plane
perpendicular to the longitudinal axis of the plate,
thickness of plate 1.

CroB8s sectional'area of plate 1 = hy x t,.

section modulus of plate 1 = tlhlghé.

mement of inertia of a strip of unit width =

1x ty>12,

component of displacement of plate 1 parallel to
the middle plane of plate 1 and perpendicular to

the longitudinal axis of plate 1.
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displacement &'y caused by the application of

a unit force to plate 2 in the plane of plate 2.
component of displacement of edge a in the
direction of & 4.

component of displacement of edge b in the
direction of §,. S12a= 81w = 81.
component of displacement of edge a perpendicular
to the plane of plate 1,

component of displacement of edge b perpendicular
to plate 1.

total relative displacement of edées aand b
perpendicular to the plane of plate 1.

815 + Ay = 44,

total load acting on the structure.

shearing force per unit length acting on edge a
of plate 1 in the direction perpendicular to the
plane of plate 1.

equilibrant of Vqp,.

concentrated edge force acting normal to edge a
in the plane of plate 1.

distributed edgé force applied to plate 1 at
edge b acting in the plane of plate 1.

bending moment per unit length in plate 1 at
edge a acting in planes perpendicular to the
longitudinal axis of plate 1, hereafter called

slab bending moment.



M = bending moment in plate 1 acting in the middle
plane of the plate and on the cross section of
the plate, hereafter called plate bending moment.

T, = shearing force per unit length at joint a acting
on planes perpendicular to the middle plane of the
plates framing into joint a and acting in a
direction parallel to the longitudinal axes ofﬁ
the plates.

N = total edge shear acting on edge a of a plate at a
section x distance from the end frame = erTadx.

Fq = resultant applied to plate 1 acting in the middle
plane of the plate on its cross section and
directed perpendicular to the longitudinal axis of
the plate.

f1a = normal stress in plate 1 at edge a and acting
parallel to the x axis. Hereafter f will be
referred to as edge stress.

Other symbols and notations used in the following chapters are

defined where they first appear,

2. Assumptions

The recently devised methods of analysis for folded plates are
based on certain assumptions concerning the nature of the materials
used, the geometry of the structure, and the force systems acting in
the structures® components. Most of the assumptions have been shown
to be reasonable as the result of recently performed investigations.

1. The material is homogenious, isotropic and elastic.



2., Plane sections in individual plates before bending remain
plane after bending.

3. The structure is made up of prismatic members of depth h
and thickness t. The depth of each plate, h, is
sufficiently small compared to the span, L, so that slab
bending moments in planes perpendicular to the middle
plane of the plate and parallel to the longltudlnal ax;s
of the plate can be considered small. The chickness, t,
is small as compared with the depth h.

L. Loads applied to the surface of a plate are distributed
uniformly over the entire plate,

5. Assumptions 3 and L make it reasonable to assume that slab
moments, m, can be computed by analyzing a unit transverse
strip of the plate system and that torsional moments in the
plates can be considered small and shear deformation

neglected,
6. The plates are joined at their edges to form a monolithic

plate system.

7. The end frames are assumed to be rigid in their plane and
are assumed to be entirely flexible perpendicular to their
plane,

The dimension ratios referred to in Assumption 3 have not been
defined experimentally or analytically. Recommendations for the
minimum value of % have varied from two to four. It is presumed that
the ratio % will be approximately thirty; practical conditions will

usually insure that it not exceed this value, while requirements of

economy will usually require that it will not be much less.



3. Development of Basic Relations

The fundamental theory for the analysis of a folded plate is
based on the additional assumption that all edges displace the same
amount, With this assumption and the preceding ones it is deemed
reasonable to consider the action of the structure broken down into
two phases for analysis purposes., The transverse action and the

longitudinal action are considered separately but related through the

edge force, p.

The first part of the procedqre is concerned with the transverse
action of the plate system involving the determination of the forces m,
V, and p. After resolving the applied loads into components parallel
to and perpendicular to the plate surface to which they are applied,
a unit transverse strip is cut from the plate system and analyzed for
moments, m, induced by the components of the loads acting perpendicular
to the plates. This is accomplished through the use of a method such
as moment djstribution, considering the strip as a beam éontinuous
over a series of non-yielding, knife edge supports, These supports
exist at the edges at which two plates join. If the angle of
inclination of a plate relative to its adjacent plate is not small,
it is reasonable to assume that each plate framing into the joint will
provide a reaction component in its plane at the Jjoint, This is

possible in view of the large stiffness of the plate in its plane as

as?
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compared to its stiffness in planes perpendicular to its plane. The
shear forces, V, developed at the joints are computed from the
equilibrium conditions for each member in the strip, The equilibrants,
Q, of the shear forces are resolved into components in the plane of
the plates framing into the joint as shown in Fig. 2.1. These
components are the edge forces, p, defined in Section 1, In this

way the applied loads are resolved into force systems producing

transverse bending in the plates and subsequently into forces which

are assumed to act in the middle plane of the plates.

e=
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After summing the load and edge force components acting in the
plane of each plate, the edge stresses are computed using the ordinary
flexure formula, The edge stresses computed in this manner will be

. . N PRrra
DY S SN TATR il . ) e g s S

referred to as free edge stresses. The computations for free edge
stresses are based on the assumption that the plates act in an isolated
manner. Since this produces edge stresses in obvious disagreement with
the actual monolithic response of the structure, it is necessary to
apply a system of forces to the plates to bring about the agreement
between edge stresses, fj, of plates common to edge j. Ldge shear
forces, Tj, are introduced to provide this continuity of edge stress,
For a plate system such as that shown in Fig. 2.2, shear forces, T,
would be applied at all edges, j, at which two plates Join., Plates

m+l and m-2 exist but are not shown,

Tj+
- — = == MNie i j+1
A A e
Prn, f+1 m
Ra,ﬂ R Plate m
Pm, 4
T S N O N
T NJ’ Joint j
r 1t 1 Pt 1T
Pm-i,
Plate m-1
Ros-
Rd,m-c /’m-j/'—/ (
‘_}_ ‘T ﬁT -.T.._L_L_. L—T Joint j-1
— — X a

Fig., 2.2
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Since Nj is the total edge shear acting on edge j at the
section shown, the total edge stress at edge j of plate m can be
written in terms of Nj, Nj+1, and M, Assuming that the stresses on
the plates! cross section caused by Nj and Nj+1 can be computed as a
direct stress of constant magnitude and a flexural stress computed
using the ordinary flexure formula, the following expressions can be
written for the stress at edges j and j+1 of plate m. The assumed
positive directions for N and M are shown in Fig, 2,2; tension stress

is positive.

2

fmj -%*’r’; (2“3"'“3_,_1)...-0-.-0.00 201
2

rm’j+1’-l\st!:-§ (2NJ+1+NJ). e o ®» & & o ¢ o o & o 202

Two such equations can be written for each plate, providing
’m equations for edge stress, The condition that the edge stress
at a joint common to two plates be a single value can be met by
equating the expressions for stress for the plates joining at this
edge., This provides j-2 equations to solve for the j=2 unknown
values of N. The expression obtained by equating the edge stresses

at edge j for plates m-1 and m appears as follows.

M1 2 ' 2
"5 T ES (2N5 + Ny_p) = 5 (2Nj * Nyp)e o0 2.3

The values of N are the only unknowns in the equations,

The transverse as well as the longitudinal action having been
considered, one finds that all of the forces assumed to be acting on
the plate cross section or on the unit strip have been defined, It

then remains to evaluate the magnitude of these forces on other
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sections and on other strips., Since it was assumed that the load is
uniformly distributed and since the edges are assumed not to displace
relative to each other at any section of the structure, it is apparent
that the analysis made for the strip is typical of all other strips in
the structure. The moments, m, the shears, V, and the forces, p, are
thus known throughout the structure., The shear force, R, and the
moment, M, are functions of p and x only so that these forces are
mown at all sections., If the expressions

M = Ppf(x)

were substituted into equations 2.3 and the equations were then solved

for Nj the following functions would be obtained,
Nj a Bmf(x)
Also, since
b
My = Jo Ry dx

and
- x -
N.j fo Tj dz(,
it is Imown that Tj varies in the same way as F_, Thus the fundamental

s o

solution for the forces at any section can be made once equations 2.3
have been solved,

As suggested by Winter and Pei9, equation 2.3 can be
differentiated yielding equation 2.4. The resulting j-2 equations
can be solved simultancously for the unknowns T5. This may be done

rather than solving equations 2.3 for Nj.

R 2 Ry 2
— -, 2
St - Ay T3+ Typ) 5, " (T3 % Typ)e o . 20
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Ly, Distribution Methods

Winter and Pei9 presented'a distribution method for determining
N based on the similarity between equation 2.3 and the three moment

(-]
equation, Equation 2.3 can be rewritten in the form shown in equation

2.5.

° Hi:l.&m:l + 2N. Eﬂ:l + Eﬂ 4-Hiil_bﬂ = .3 ﬂﬁ:l + Eﬁ 2.5
Sm-1 J Sm_1 Sm S S 5, o o o .

The three moment equation for two adjacent spans in a beam system
continuous across non-gielding, knife edge supports and loaded

symmetrically on each span is as follows.

Lm-1 [Lm-l Lm} v (¥51) Lyoy e L]
J+1 - In

t— em—— —

In1 In I~ |7 1

The values -Mg_l and -Mﬁ are fixed end moments at support j

M-l

for spans m-1l and m respectively, The form of the equations is the

same, so that the analogous "fixed end" quantities become _ gﬁ:l and

-1
M Sm 1 Sm
- and the analogous "stiffness factors" become =2== an .
5 g ome p—= and p=

Noting that

Sm--l

Sm-l | Apel
by 6
Ay

S
h, K3
the distribution factors at Jjoint j are
. L Ana
A
An

o r

mj Am-l+K;

The carry over factor is a positive 0.50.
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Similarity also exists between equations 2.1 and 2.2 and the

slope deflection equations for a prismatic member derived using the

sign convention shown in Fig, 2,3, This implies that a method for

balancing free edge stresses is feasible,.

g TSN =T

- J J+l
44
*‘N¢;J (j;% : E?)"hdnnJ+|

+6;

J*l [/
)*’Mml J+l

Fig., 2.3

The following expressions can be written from Fig. 2.3,

"5 = Mgt Mgt My

Mipp = ’ﬂ,yl * Mz:x,;j-f-l * M:z,j+1

Moy = by
Mo g1 = -2ky0;

M:'r'x, 41 = ~blgByeq

Mg = +2k@s

M = My g+ llgy 05 + 2k G40y

Myl ot Mpoge - 2Ky © - bk 04,3
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The similarity between equations 2.1 and 2.2 and the preceding

M
expressions requires that the "fixed end" quantities be sﬁ at edge j

and - g% at edge j+1, The "stiffness factors" are

Clk = Iﬁ— at edge j
and
N

03k = m- at edge j+1

Completing the derivation for the moment distribution properties of
the beams, m-1 and m, one finds the correction moments applied to

joint j are defined as

Mn-1,3 - k:r_n%m (M1, 5 - MrFr;;j)

Mn'lyj km 1+ (Pﬁ'l »J ” ME‘, J)

Thus the distribution factors for joint j are

L
. Apay - Am
"m-l,3 7 © 7L + 4 T v
Ama1 Am
) Ap-1
i T gt Ay
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The carry over factors are given by the basic equations

N hoy. N
= - J ? J = 42 J
541 Apay * S Am-1
h
Nj EN. - hNJ

f. D o . - - —
e WY Apa

Thus the carry over factors are -0.50,

The stress distribution method will be used as a basic tool

for analysis in the following chapters.

5. Relative Edge Displacement

The development of the basic relationships presented in
Sections 3 and 4 is based upon the assumption that the cross section
of the folded plate is displaced without being distorted by relative
edge displacement., This assumption makes it possible to carry out the
analysis of the transverse action in which the edge loads, p, are
defined as functions of the applied load, w, The introduction of a
displacement, A, between two ad jacent supports of the unit strip,
as shown in Fig. 2.l, produces additional moments, m, and shears, V,
at the supports of the strip. The equilibrants, Q, of the shear
forces are resolved into components in the plane of the plates common
to the joint at which the shears are computed, The relative edge
displacement thus produces a change in the previously computed values

of m, V, and p,

£
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. y
oA, -

2 4
b e
S
a f

Fig. 2.l

Gaafarlo developed a method for considering the effect of

relative edge displacement to be used in conjunction with the basic

procedure discussed in Section 3. The revised procedure is as follows,

STEP 1. To the edge loads, p, dependent upon the applied loads and

computed using the fundamental procedure discussed in
Section 3, are added edge loads dependent upon relative edge
displacements, A. Adjacent edges in the unit strip are
displaced relative to each other; as many A displacements
are imposed in turn as there are plates in which slab
moments were considered in the elementary analysis, Fixed
end moments are coggyted for the member of the displaced
strip whose relative edge displacement is being computed,
After balancing the fixed end moments using the moment
distribution procedure, the shear at the supports is computed,
The equilibrants of these shear forces are then resolved to
provide a set of p forces that are functions of the imposed
displacement, A, This process is repeated for each of the

possible A values.



STEP 2,

STEP 3.

[Sie]
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The free edge stresses, produced in each plate by the edge
loads Just obtained, are computed as in the fundamental
procedure, In this case the free edge stresses are computed
as functions of the displacements, A, Each of these free

edge stress systems is balanced using the stress distribution
method discussed in Section 4., The displacement of each

plate in its plane is computed from the balanced edge stresses,
The & displacement of each plate can be expressed as a
function of the applied loads and of the imposed displacements.
The variation of A with x must be known or assumed for this

computation.

The geometrical relations between the displacements &§ and
A are written from an assumed deformed position of the

cross section of the folded plate such as that shown in

o

2

Fig. 2.5.

83, = S, coto

' = § qp,5eco + §2btang

8oy + Ao,

>
n
[}

Fig. 2.5

LV



20

There is only one system of A values that will satisfy the

geometrical relations and the equilibrium conditions.

Substituting the expressions for & into the geometrical

'g relations provides as many independent equations as there
? are values of A, These equations are solved simultaneously
for the A displacements. This solution is obtained at some
particular value of x, usually at midspan, so that the

solution provides for the conditions at one section only.

STEP L. The total edge stresses, moments, shears, and displacements
can now be computed as the sum of the values obtained from
the fundamental solution and those induced by the relative
edge displacements, Ai Since the magnitude of each of these
functions has been computed in terms of the A displacements,
the effect of the displacement is given by miltiplying the
function by the magnitude of A, The importance of the
effect of relative edge displacement will be noted in the

analytical investigations presented in the following chapters,

E

6. Continuous Folded Plate Structures

Folded plate structures continuous over rigid interior supports
were treated by A1i12 and it was determined that a reasonable solution
to the problem can be provided by varying the procedure recommended in
Gaafar's'® investigation of simple folded plates. 1In Ali's? solution
the interior support is assumed to be rigid in its plane and entirely
flexible in planes perpendicular to its plane. Thus, if in the free

edge computations one considers the plates as isolated beams loaded
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with the p forces and acting as beams continuous across knife edge
supports, it is possible to account for the continuity in a rather
convenient manner, To facilitate making the correction for relative
edge displacement, the free edge stresses are computed at the mid span
sections, The stresses are balanced in the mammer recommended in
Section 3 and the § displacements computed as recommended as in
Section i, The resulting § values are once again functions of the
applied load and the imposed A displacements. The géometrical
relationships for the deformed mid span cross section are written
and the & expressions substituted as discussed in Section i, The
resulting equations are solved for the unknown A values and the final
magnitudes of the edge stresses, moments, shears, and displacements
computed,

This approach to the analysis of continuous folded plate

systems will be utilized as a step in the solution to the problem

considered in Chapter IV.

7. Sign Convention

No particular sign convention is necessary in the application
of these fundamental procedures, but consistency in the use of an
assumed convention is mandatory, In the remaining chapters the
convention for signs of forces will be that shown in Fig. 2.6 which
presents the assumed positive quantities for the slab and plate force
systems, The & displacements are assumed positive when they develop

in the sense of increasing plate designation,
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CHAPTER III

THE INVESTIGATION OF A MULTIPLE
FOLDED PLATE STRUCTURE

1. Nature of the Problem

The method of analysis of folded plate structures, as improved
by Winter and Pei’ and GaafarlO, is applicable to structures comprised
of plates arranged in such a manner that no more than two plates join
at a single edge. As defined in Chapter II, there are j equations
available to solve for the longitudinal stresses at j edges.

The introduction of a third plate framing into a single
longitudinal joint creates a condition for which the previously
discussed methods are inadequate. In the case of an open folded plate
structure, made up of j-2 joints at which two plates frame, there are
J-2 unknown values of edge shear, N, and there are j=2 equations
available, written in terms of M. The plate moments, M, are functions
of the edge loads, p, and can be defined from statics. If a third
plate is added at one of the Joints, the edge loads, p, camnot be
determined from statics alone, The distribution of p and N at this
Joint depends upon the flexural interaction of the plates framing at
the joint and thus upon the joint displacement.

Since a simple folded plate, one having two plates only

framing at any joint, can be analyzed using the equations of statics,

23
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it is reascnable to think of the multiple folded plate as a statically
indeterminate structure. This latter structure is redundant to the
degree defined by that number of forces considered necessary to
establish the monolithic interaction of the added plate with the
statisally determinate system,

In structures of civil engineeringiapplication, it is
reasonable to assume that thé largest number of plates framing at a
joint will be three. The functional requirements will usually be such
that this added member will be of limited depth so that edge forces,

p and T only, will be considered as acting at the junction of the
redundant member with the statically determinate system of plates.
The structure thus defined becomes 2r times statically indeterminate,
where there are r joints at which three plates frame.

The solution to the problem can be obtained by using the
principle of consistent deformations and stresses and the principle of
Ssuperposition., The analysis may be carried out in the following

mamer,

STEP 1, Reduce the structure to a simple folded plate structure,
Utilizing the method of Winter and Pei’ and Gaafarlo, analyze
the simple folded plate for the stresses and displacements

induced by the applied loads,

STEP 2, Analyze the simple folded plate for the stresses and
displacements caused by the application of unit values of

the redundants.
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STEP 3. Analyze the redundant member for stresses and displacements

caused by the application of unit values of the redundants.

STEP 4. Since the displacement and the stress at the common edge must

I SRR RS

be the same for the simple folded plate as it is for the
= redundant member, two equations are written describing this
| consistency at each of the r joints. These equations are

then solved for the redundants.

-

STEP 5, The final stresses, displacements, forces, and moments are
determined by summing the quantities obtained from the
analysis of the simple folded plate, Step 1, and those

values induced by the redundants,

As stated previously the edge load and the edge shear are
chosen as the redundants, The edge load, p, is assumed to be
sinusoidally distributed with amplitude p,, Since N is the resultant
of the distributed edge shear, T, the shear redundant can be expressed
as the amplitude, T,, of the distributed shear force. The edge shear,
T, 1s assumed to vary as a cosine function with amplitude T,. Thus the
first term of a sine and cosine series is recommended for the solution
for py and Ty; this is consistent with the treatment of the edge load
and shear by previous writers and is sufficient for this particular
problem. Using the first term of a $ine series to represent p and the
first term of a cosine series to represent T permits consistency
®quations for displacement and stress to be written for one section
only, a condition similar to that met in approximating the effect of

relative edge displacement. A more general approach is presented in

Lonis
©
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Chapter V., The break down of the redundant structure and the redundant
force systems involved in the analysis is shown in Fig, 3.1.

+To K

Fig. 3.1
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The proposed method will be applied to the analysis of a small
scale model of a multiple folded plate roof. The description of the

tests and the test results supporting the analysis will be discussed

at the end of this chapter,

2, Ixample 3,1
The folded plate roof shown in Fig. 3.2 is loaded with eight

equal load concentrations of 73 pounds. The loads are applied at the

third points of the ridge edges,

STEP 1. The interior edge beam is cut from the roof isoclating the
simple folded plate 1-2-3-4-6-7-8-9. This statically
determinate roof is analyzed for the.effects of the eight
concentrated loads,

The 73 pound loads are resolved int? components in the plane
of the plates common to the joint at which the forces are applied as

shown in Fig, 3.3. The free edge moment at mid span of plates 2,4,6,

and 8 is computed for the isolated simply supported plates.

Mé=-M,1=Hé=-Mé=-P2C§’}26-—§_-3-§=+l,S%in.lb.

Free edge stresses are computed from this moment using the simple

flexure formula,

. . LK 1,5% ) .
2b = 2C S2 0.265 = ,OOO 1b. per Sq. in.,

The free edge stresses are now balanced using the procedurc discussed

in Chapter II. 1In this case the structure and the load are symmetrical

about the plane of plate 5, so that the edge shear, Ne, will be zero,



Fig. 3.2
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Consequently no correction stresses will be applied to joint @ but
there will be stresses "“carried over" to the joint equally from joints
d and f. Only one half of the cross section is considered in the
distribution. The distribution and carry over factors are computed
from the information presented in Chapter II.
A 0.13x3.5 0.455 o058

AA
s
B

e

4

i Tlb ¥ = EA; T T 0.13x2.5 * 0.13x3.5  ~ 0.325+ 0.5 -
AL 0,325 |
: T2b = Ay+Ao 0.780 0.k2 R
Tpe = = T30 = - 0,50
r3d = - rhd S - 0.50
Carry over factor = -0,50
Joint a b c d e
r -0,58]0.42 -0,50| 0,50 -0,50]0,50
Free Ldge
Stress +6000 <6000 -6000 +6000
Operation
1l +3480]-2520 +3000(-3000 -~3000][+3000
2 =1740 -1500 +1260|+1500 +1500 -1500
1 - 8701+ 630 + 120|- 120 - 750+ 750
2 + 435 - 60 - 315(+ 375 + 60 - 375
1 - 35|+ 25 + 345f- 345 - 30+ 30
2 + 18 - 173 - 13|+ 15 + 173 - 15
1 - 101}+ 72 + 14|- 1, - 86|+ 87
2 + 50 - 7 - 36|+ L2 + 7 - L2
1 - Wi+ 3 + 39|- 39 - L+ 3
2 + 2 - 20 - 2|+ 2 + 20
1 - 12]+ 8 + 2= 2 - 104+ 10
2 + 6 - 1 - 4|+ 5 - 1 - 5
1 + 1 + 5l- 4 + 1
Total -1229 +21,58|+21,58 =1585]-1585 ~21201-2120 +)j063
Operation 1 Balancing

Operation 2 Carry over
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Edge Balanced Edge Stress
a -1229
b +258
c -1585
d -2120
e +14063 oo

The proportions of the structure are such that the effect of
relative edge displacement cannot be neglected. Assuming the folded
plate cross section to be deformed as shown in Fig. 3.4, the effect of -
the relative displacement of the pairs of edges bc, cd, and de can be
solved for in terms of Ao, A3, and 4), Each of the relative

displacements, A, is assumed to be induced separately requiring three

additional analyses of the folded plate.

D‘lr
A3c

Fig. 3.4
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A transverse strip of unit width of the folded plate is
analyzed as a beam continuous over knife edge supports at joints b, c,
d. The strip is assumed fixed at e from symmetry; plate 1 is assumed
to act as a cantilever. Joint b is displaced relative to ¢ through the
distance 45, joint ¢ being fixed against rotation. The fixed end

monment at ¢ is

<, = -—EI% Ay = 1_o:§_i%§_;§ Ay = 156,54, in, 1b,

?
h3 3.5
3
In = }-—x—i-‘é)-'—l}—- 183 x 10~ in.k

The fixed end moment, mgc, is distributed using the usual moment
distribution procedure. Following this, the shears Vmj are computed

as illustrated in the following computation,

Joint b c d e
0.L43 0.57 0.50 0,50
Moment -3.00e12
Distribution +1.,29 -1.71 +0,86
-0,21 -0.43 0,43
+0,09 40,12 +0,06
-0,02 -0,03 -0,03
+0,01 +0,01
Moments -1.61%5 [+1.61%¢y +0,L6% 5 |-0 k65 -0,230¢ 5
m
Shears '
v 0.4609¢, | 0.160 o|0.591e 5|, 0.591eX 20,197 5}0,197¢ 2 |

ac
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The equilibx;ants, Qmjs of the shear forces are resolved into

components in the plane of the plates as illustrated in Fig. 3.5.

0.4604d, /l

oAy 0.197%
i

—a
Fig. 3.5

The edge forces Pmj are computed as follows.

P1p = - 0.460=, sec 32.5° = - 0.546%,

Py = Ppp * Ppo = 0.460%, tan 32,5° + 0,L60=, cot 32.5°
+0.591, cosec 32.5° = 2,119«,

P3 = Py * P3g = - 0.460x, cosec 32.5° - 0,197¢, cosec 32,5°
-2x 0.5910(2 cosec 32,5° = - 3.0850(2

Py = Py * P, = 0.591x, cosec 32.5° + 0.197, cot 32.5°

- 0.197, (sec 25° + tan 25°) = 1,102,
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It is apparent that p varies in the same mammer as A,
Consequently the free edge moments and stresses produced by these p
forces will vary similarly. If A is assumed to vary sinusoidally,

the free edge moment at midspan becomes

CER
v
s
Be
B
24
L
o
i
&
g

; J{;‘
g
i
o/
)
k.
i

f10 = - f1p = + 12k x 05Ubex, = + 502,

£y = = fpp = = 12 x 2,119%, = - 990,
T3¢ = - f3g = + 12k x 3.0850¢, = +1,LLTec,
fq = = f = - 124 x 1,102, = - 515,

' p,L° 352
My ==-2 = -~ Tzp,= - l2p,.

The free edge stresses are

The free edge stresses are balanced yielding the total edge stresses

induced by 45,

a b c d e

- 0,58 0,42 - 0,50 0,50 - 0,50 0,50
+502 5 -502¢, =990e¢y + 990X 5 1+ h7°‘2 -111147“2 ‘315“2 +§I§:‘2
-283 +205 + 228 - 229 + 466 =466
+142 ~11) - 103 - 233 + 11} +233
- 66 + 48 - 65 + 65 - 57 + 57
+ 33 + 33 - 24 + 28 - 32 - 28
+ 19 -1 + 26 - 26 + 16 - 16
- 10 -~ 13 + 7 - 8 + 13 + 8
- 8 + 5 - 7 + 8 - 6 + 7 - 3
i + 3 - 2 + 3 - 4
1 + 2 - 1 + 3 - 2 + 2 - 2 + 1
+670 %, -338 ex, =838, +1053e<, [+1053e¢y - 935e¢ 5 |=935¢, +726¢ 5

The effects of relative edge displacements 45 and 8), are
computed in a similar manner, the final edge stresses for the three

corrective computations are as follows,

L]
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Balanced Edge Stresses

Edge A, A3 Ah
a + 670, +1058¢ + 617°¢)
b - 838, -1465« 3 -1017e<),
c +1053 ,, +2101 4 +18h3°‘h
d - 935, -1993°¢5 -18720¢ ),
e + 726, =154k <5 +1368%),

The displacement of each plate in its plane is computed as
the sum of the effects of the applied loads and relative edge
displacement. The & displacements at midspan are computed using

the following expressions,

Concentrated loads at the one third points:

23 PL3 23 [PL] 2 23 réz‘

T 68 BT 216| 3 | ET 216 mEn

PL h

wherefo= —_— =
3 I

Sinusoidally distributed loads:

s- s g2
nHEI ﬂth
2

_ o1
where fo = I—‘Z

H s

Substituting the computed edge stresses the following displacements
are computed,
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L

81 =+ 18.31 (10)™3 - 1.116 8, - 1,86745 - 1.209),
§2 = - .3k (10)73 + 0.9994a, + 1.88083 + 1.5124),
§3 = - 1.907(20)73 - 1,051 4, - 2.16ka3 - 1.9634,
S =+ 21.93 (10)73 + 0.8773a, + 1.86985 + 1.7128),

The relationships between the and the A displacements are
written from the geometrical requirements portrayed in Fig. 3.lL.
B, = B * B4 = 1.86285 - 1.5728) + 1.5728),
1.8628 5 -
-1.8628, + 3.1k S5 - 1.8629
1.18687 - 2.2095, + 1,8628

83 = B30 * B39

1]

Ay = Bpp *+ Bpe

et e S T LT D TN
R e R e R TR S STREtiY el

Substituting the & displacement expressions into the above

gt R i et
L R e MR R

relationships yields three equations containing the relative edge
displacements as unknowns,
- 19.81(10)™7 + 6.4898, + 10.39685 + B.L298 = O
+20,13(10)™ + 6,7998; + Li.78585 + 12,1758, = O
+ 3.55(10)73 + 1,9578y + 1.02985 + L.6554, = O

The solution of these egquations provides the following values

for A and e,

By = + 37.33 (10)73 in, <, = + 5,842 1b, in,
b3 = - 17.32 (10)~3 in, o<y = - 2,711 1b, in,
B, = - 1.U65(10)73 in. . o) = - 0.229 1b, in,

The corrected edge stresses, computed for the simple folded
plate, are the sum of the stresses computed neglecting relative edge

displacement and those induced by the relative edge displacements,




%6

Stresses Neglecting Relative Edge
Edge Relative Edge Displacement Total
Displacement L A3 Ah 1lb. per sq. in,
a - 1,229 + 3,94 - 2,868 - 141 - 324
b + 2,458 - 4,896 + 3,972 + 233 + 1,767
c - 1,584 + 6,152 - 5,696 - 422 - 1,550
d - 2,119 - 5,)462 + 5,)403 + h29 - 1,7149

e  + L7059 1,235 - 4,186 - 313+ 3,795

+

The vertical displacement at edge e is computed from the

T i W T e
BRI EE it e Sy

expression written for <§ Le

Sy,

+ 21.93(10)77 + 0,87738, + 1.86984 + 1.7128),

+ 19,80(10)"3 in.

RIS I e S e i

3

Sg. = §), cosee 32,5° = 36,87(0)73 in. (downward).

4

¥
R <

STEP 2, The statically determinate form of the roof is now analyzed
for the edge stresses and displacements developed upon the

application of unit values of the redundants.

The p force will be considered first. As described earlier,
this force is assumed to vary sinusoidally, the amplitude, p,, being
set equal to unity in this step of the analysis. This distributed
force is applied to edge e and acts in the plane of plate 5 as shown
in Fig. 3.1, The distributed edge load is resolved into components

acting in the planes of plates Y and 6.

cosec © . X . X
p6e-p)4e = - "% — sin I - - 0,9311 sn.nL
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The free edge stresses developed in plate L at the midspan

section are

_ 0.9311 12 _ 0.9311 x 35°

f ="f =)-|>5|71b- ersoino
hd = ke §),n° 0.265n° 3 per =4

The free edge stresses are then distributed in the usual mammer; the

results appear in the following tabulation,

Edge Balanced Edge Stress
1b. per sq. in. :

s e g A R e e T
T T B ey 3
AR e S A R b2 PN

a + 8

- 17
c + 55
d - 203
e + 320

The analysis made in Step 1 for the effect of relative edge

e R R b e

displacement may be used here, The & displacement relationships may

A

3

be written directly from those of Step 1 by simply reeomputing the

constant term which in this step is a function of the applied edge

load,
. X
pe = S81ln 'f' .
= -6
S, =+ 118.3(10)™° - 1,116 8, - 1.86725 - 1.2098)
§p= - 243.1(10)7° + 0,999k, + 1.8808, + 1.5128)
-6
§3=+ 87.3(10)7 - 1.051 8, - 2.26La5 - 1.9634)
§), = - L,766.2(10)70 + 0.87738, + 1.86905 + 1.7128)
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Substituting these expressions into the geometrical relation-
ships between & displacements and the A displacements yields the

following equations which are solved for A, 85, and 8), .

1]
(@]

2.2996(10)"3 + 6.489a, + 103968 + 8.L298),

1]
(@]

6.4808(10)™3 + 6.7998, + 1478545 + 12,1758

+
]
(@

1.6223(10)™ + 1,957, + L.02985 + L.6S5a

0.2068 1b, in.

8, = - 1.322 (20)~3 in, <, =

83 =+ 1.050 (10)=3 in. 0.1643 1b. in.

R
W
0

8, = - 0.00L76(10)=3 in. o), = - 0.0008 1b. in,

The corrected edge stresses at the midspan section are computed
as the sum of the stresses obtained neglecting relative edge displace-

ments and those induced by 85, A3, and Ah'

s an e e e R AR e

E Neglecting Relative Edge
Edge Relative Edge Displacement Total
Displacement A2 A3 Ah 1b. per sq. in,
a - 8 - 139 + 174 ——— + 27
b + 17 + 173 - 241 + 1 - 50
c - 55 - 218+ 35 -1 o1
d + 203 + 193 - 327 +1 + 70
e - 320 - 150 + 25 -1 - 217

TSRS ARSI
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The displacement of edge e in the plane of plate 5 is
computed as
§5e = Sh cosec 32,5° = 1,862 [ - 1.7662(10)'3 + 0,87738,

* 1,869 + 1712, | = - 1.8009(10)3 in. (upward)

Fig. 3.1 shows the simple folded plate roof loaded with an
edge shear force applied with an assumed cosine distribution of unmit

amplitude, The shear force N, is the resultant edge shear at any

gf' section.

X X n© L ™

Ne =[ Tedx=f Toc08 T dx = T, T sin T

) (o] @]

. at midspan,

3 Ne = 3 T_o

2

E for

i To =1

_L

w N, = =

% From the symmetry of the structure and the load about plate S

‘% it follows that equal edge shears will be developed at edge e of

,é plates I} and 6.

.% At midspan this force system produces free edge stresses in

% plates Ly and 6 given by the following computation.

& f f - 2N0 21.! ' 35.0 2 8 .

: bd %68 T Tom, T T 2y T T 0.5gy | - 24O 1b. per sq. in.
£, = f W & 8 ;
Le = fge = + QAh = 2niy, = + 148,96 1b. per sq. in.

The free edge stresses are distributed in the usual manners;

the balanced edge stresses are shown in the following tabulation.

B b e v d S i e o IR gty
et T A e i R I b e e A M
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Idge Balanced Edge Stresses

a + 0,5
b - 1.0
c + 3.1
d - 11.4
e + }2.5

Here again the analysis for relative edge displacement made

in Step 1 may be utilized, the constant term being computed from the

35

e T SR
it

A R

balanced edge stresses tabulated above,

- 7.09(10)-6

u. S,
S2
33

Sy = + 182,02(20)~6

1.116 8, - 1.86785 - 1.2094,

SERTAN

+ 13.85(20)"6

-+
+

1

0.999La, + 1.880485 + 1.5124),

]

- 18.97(20)-6

1.051 A,

2.16hA3 - 1.963Ah

+
+

0.87734, 1.869A3 + 1.7128)

BEGSF RO S A

The substitution of the above displacements into the geometrical

R BRI

4 relationships written from the deformed cross section shown in Fig. 3.4
yields the following three equations which are solved for 8y, 83, and

8),.
+ 130.18(10)76 + 6.L892, + 10,3968, + 8.L29a,

L[}
o

"
o

[ + 518.67(10)C + 6.7998; + 14,7858, + 12,1758,
+ 91.18(10)7C + 1.957a, + L.02945 + L.6552,

[
(@]

+ 139.31(10)=61n. =, =+ 21,80 (10)=31b. in,

[~
n
1]

- 121,10(10)=%4n, o<, = - 18,95 (10)=31b. in.

>
w
]

3
+  26.67(10)=%in. o) = + L.174(20)=31b. in.

>
&
U
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The edge stresses induced in the simple folded plate by
applying the unit edge shear load are obtained as the sum of the
stresses computed neglecting relative edge displacement and those

computed as functions of Ay, LED and Ah'

_ Neglecting Relative Edge
. Edge Relative LEdge Displacement Total
Displacement AP 84 4}, 1b, per sq. in.
a + 0,5 + 1L,6 =~20,0 + 2,6 - 2.3°
b - 1.0 -18.3 + 27.8 - 4.2 + 4.3
Cc + 301 + 2390 - 39-8 + 707 - 6.0
d - 11.4 - 204 + 37.8 -1.8 - 1,8
e + h205 + 15-8 il 29-3 + 507 + 3hn7

The midspan displacement of edge e, measured im the plane of

plate 5, is computed as follows,

ésSe = éih cosec 32,5° = 1.862 [ + 182,0(10)=C + 0.87734,
+ 1.86984 + 1.712Ah:l = 230.2(10)~%in. (downward).

STEP 3. The analysis of plate 5 for stresses and displacements at
midspan developed upon the application of unit values of
the redundants Pe and Tg 1s presented in the following

computations,
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L2

Stresses and displacement caused by the edge load, Pes ©of

unit amplitude are computed at the midspan section.

L2
M= )
£ =-£224915 = - }}59.3 1b, per s3q. in
Se 0.2701’[ . . . .

L2 £, _ (35.0)2 x 918.6 -3 .
S5 T @ " n° x 10.5(10)° x 2,5 ?aiﬁﬁwéigﬁ o

Stresses and displacements caused by the edge shear, Ty, of unit

amplitude are computed at midspan.

foo = -k i—A = - %—?5%-&:9 = - 68,56 1b, per sq. in.
2 2
L fc (3500) x 102 08}4 -
_LT £ | - 1486.33 (10 :
€;58 72 Eh ¢ x 10.5(10)% x 2.5 %dowgsaﬁd)) =

STEP L. The assumed positive values of p, and T, were used in Steps 2
and 3. Assuming positive displacement as downward at Joint e
and tension stress as positive, the following equations can

be formed.expressing the ccnsistency of displacement and stress

at x = % of the simple folded plate and the additional plate,

+36.8/(10)77 -1,809(10)=3p +230.2(10)=0T, = +L.3LL (10)~3p, +486.3(10y01,
+3,795 =217p, +3L.7T, = -L59.3p, -68.56T,

The solution of these equations yields amplitudes, p, and T, of the
redundant functions,

Po = 8.33 1b, per in.

T, = 56.3 1lb. per in,
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STEP 5. The solution for the final edge stresses is obtained by
summing the edge stresses in the simple folded plate caused
by the applied load and those developed by the redundants.
The final edge stresses at midspan are presented in the

following tabulation,

Simple Folded Total

Edge Plate Pe Te 1b, per sq. in,
a - 324 + 225+ 129 + 30
b + 1,767 - L - 2L2 + 1,108
c - 1,550 + 591 + 338 - 621
d - 1,7L9 + 583 + 101 - 1,065
e + 3,795 - 1,808  -1,953 + 34
e' + 3,826 - 1,930 + 1,896

The final stresses at sections 3.89 in. and 7.78 in. from the
end support are presented at the end of the chapter as are the final

displacements and slab moments.

3. Example 3,2

The analysis of the structure investigated in Example 3.1, but
with one bay only loaded, proceeds in a manner similar to that just
illustrated. The fact that symmetry of load about plate 5 does not
exist in this case lergther: 5teps 1 and 5 of the analysis but has
only a small effect on the other parts of the solution. Since the
solution is quite similar to that of Example 3.1 results of the various

phases of the analysis will be presented.
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STEP 1, In this case the structure is the same as in Example 3.1 but
each of the concentrated loads is 75 pounds, the loads being
applied to the left bay only. The simple folded plate is

analyzed for the effect of these loads,.

The 75 pound edge concentrations are resolved into components
in the plane of plates common to the joint of application. The
magnitude of the component Py, and of P4 is 140 pounds. The free
edge stresses developed by these concentrated forces are balanced

providing the edge stresses shown in the following tabulation.

Edge Balanced Edge Stress
a - 1286
b + 2575
c - 1780
d - 1617
e + 2086
£ - 560
g + 153
h - 5
k + 25

The solution for the effect of relative edge displacement
lengthens the problem since there are six A values to be considered,
Assuming the roof cross section to be‘distorted as shown in Fig. 3.6,
the effect of each of the A displacements is considered in turn. The
results of the analyses for stress induced by 4o, 83, 8),, 8¢, 89, and

Ag are presented in the following tabulation.
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Balanced Edge Stresses

L6

Edge A5 Ag a, 8 87 A8
a  + 66lety; +1011eXy + b0« + 1oecy + hh-(7 + 10%g
b - B82lep -1388%3 - 767 -~ 23hxg - TS5y .- 19%g
c +1005e¢ 5 +1933 4 +1328°<h + 583ety + 161e¢q  + h7°¢8
d - 832«x, -1748e¢3 -1326e¢) - 565« - 240y - 104
e+ 363y + 7705 + TU2«) + Th2ec, + 770ty + 3630
£ - 10k, - 2L0ety - 565« -1326acg -1Th8e¢; ~ 832¢g
g+ LTty + 161e¢, + 583e) +1328ecg +1933e¢, +1005&¢g
h - 19, = 7503 = 234ex) - T67a¢q 1388, - 821og
k + 10ex, + M‘“B + lhO*h +LL70°<6 +1011e¢y  + 661 g

Displacements, S s are now computed and are expressed in terms

of the applied load and the unknown relative edge displacements, The

coefficients for the & equations are tabulated below.,

e

s T L R SR
oA Sl Sl s oo
5 PR & SRAN Y] RN

Load Ao 85 by, 8¢ aq Ag
81 +19.19 (10)~3 -1,097 -1.775
8, -15.16 (20)-3 +0,9651 +1,755
§3+ 0.580 (10)~2 -0.9709 -1.945
§), +13.15 (10)~3 +0.6316 +1,331

A

-0.9154 -0,2768 -0,0881 -0,0215
+1,107 +0.4318 +0.1247 +0.0349
-1.403 -0.6067 -0.2119 -0,0798
+1,093 +0,6908 +0.5338 +0.2468
S6 - 9.392 (10)=3 -0,2468 -0.5338 -0.6908 -1.093 -1,3308 -0.6316
+1,9L5
-1.755

$o + 0.3780(10)~3 +0.0215 +0,0881 +0.2768 +0,915 +1.775

+0,9709
-0.9651

S7* 2.530 (10)=3 +0.0798 +0.2119 +0,6067 +1.403
Sg - 0.7233(20)-3 -0.0349 -0.1247 -0.4318 -1,107
+1,097

s e it S s e S S S
BT e s T S S e S R R e e AT SR

AR S
Jeak L ST g
L DT
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The relationships between the & and the A displacements are
derived from the geometry of the distorted cross section., Positive
displacements have been assumed as those developed in the direction of
increasing edge 'numbers; the distorted cross section shown in Fig, 3.6
has been drawn showing positive displacements facilitating the writing

of the following expressions,

By = +1.1869; -2.2098, +1.8628,
83 = -1.8628, +3.ULS; -1.8628)
8, +1.86285 -1.1068; -1.103d
g +1.1039), +1.1068¢ -1.8628,
b7 +1.8628y  -3.1LLS,  +1.86285
2g -1.8628, +2.2098g -1.1868

Substituting the computed & values into the above geometrical

relationships yields six equations which are solved simultaneously for

the A displacements.
+6.240 Ap+ 9.604 83+6,1L3 #)+2.41184¢+ 0.77h6A7+0.25124g-58.38(10) 3= 0
+6.026 45+12.861 44+8.507 4)+3.998 Ag+ 1.89238,+0,775kag- 6.12(10)~3= 0

+2.23L dp+ L.505 83+4.059 2)+0.6881a¢- 0.L8294-0,2751ag+ 3,10(10)=3= 0

b

R o T e

=0.275185- 0.L8292+0.68814) +4.059 Ag+ L.505 A7+2.23) ag+ 0,60(10)=3= 0
*0.TT5hap+ 1.892343+3.99784)+8.507286+12.861 A+6.026 4g+26.79(10)"3= 0

*0.251285+ 0.774643+2.41184)+6.143 Ag+ 9.60L 8,+6.2U1 Agr 6.76(10)73= 0
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Ap = + 30,677(10)"3 in,

Neglecting
Edge Displacement

-1286
+2575
-1780
-1617
+2086
- 560
+ 153
- 51
+ 29

<

+

9.734(20)3 in,

8.L41(10)=3 in.

6.879(10)3 in.

8.110(10)~3 in.

7.867(10)"3 in,

relative edge displacement.

1]

+3173
-3942
+4,825
~399L
+1743
- L99
+ 226
- 91
+ L8

The solution of these equations provides the following A values,

o(, = + 4.801 1b, in,
oy = - 1,523 1b, in,
e() = - 1.321 1b, in.
¢ = + 1,077 1b, in,
o7 = - 1,269 1b, in.
e<g = + 1,231 1b, in,

Stresses are in 1lb. per sq. in.

Relative Edge Displacement

43
~15L0
+211)
-29L4
+2662
-1173
+ 366
- 245
+ 1L
- 67

Ay
- 621
+101.3
-1754
+1752
- 980
+ 7hé
- 770
+ 309
- 185

A6 A7 Ag
+ 151 - 56 + 12
- 252 + 95 - 23
+ 6286 - 204 + 58
- 609 305 - 128
+ 799 = 977 + W47
-1428 +2216 -102l
+1430 -2453 +1237
- 826 +1761 -1011

+ 506 -1283 + 81L

+

The final edge stresses are obtained as the sum S® the stresses

computed neglecting relative edge displacement and those caused by

Total

- 167
+1580
-1171
=1629
+1945
- 187
- L22

+ 205
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The vertical displacement of edge e at midspan is computed as
a function of éh and &.

co8e
6 sin20

o5

35 = 0,01886 in, (downward)

Sy [cot2GcosO + sin O] -

STEP 2 Both of these steps are identical with the corresponding steps
and
STEP 3, in Example 3,1 and the results of that example will be used in

setting up the equations written in Step L of the solution,

STEP L, The equations written for the solution of the redundants in

Example 3.1 are applicable here except for the constant terms
which are functions of the applied loading.

+ 18.86(10)™3 - 6.153(10)~3p, - 0.2561(10)=3T, = 0

+ 1945 + 2li2.3p, + 103.3T, = O

The solution of these equations yields the redundant amplitudes

Py and T,.

]

Po L.28 1b, per in.

To

28,9 1b, per in.

The final edge stresses at midspan are given as the sum of

those computed for the simple folded plate and those induced by the

redundants,
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Simple Total
Edge Folded Pe Tg 1b. per sq. in.

Plate
a - 167 + 11 + 68 + 15
b +1580 - 216 - 127 +1237
c -1171 + 300 + 176 - 695
d 1629 + 295 + 53 -1281
e +1945 - 915 -1015 + 15
b - 187 + 296 + 53 + 162
g - he2 + 300 + 176 + 54
h + 205 - 210 - 126 - 131
k - 2 + 114 + 67 + 39
e! +1940 -1003 + 937

The final displacements and transverse moments will be
presented at the end of the chapter along with the values obtained

experimentally.

L. Experimental Investigation

The experimental investigation consisted of two phases. The
first phase involved the testing of a symmetrically loaded model
corresponding to the analysis made in Example 3.1; the second phase
was concerned with the testing of the same model loaded unsymmetrically
as considered in Example 3.2. The model employed was fabricated from
two single bay, simple folded plates of the type investigated by
Gaafari®, Huang!!, and 21112, The two units were bolted securely
together at the common interior edge plate to simulate the monolithic
construction assumed in the preceding analyses. The dimensions of the

model are those used in Example 3.1 and 3.2 and shown in Tig. 3.7.
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The roof was fabricated from 0.125 inch thick aluminum sheets
of 2024~T3 grade. End frames were bolted to the roof to provide end
supports sufficiently rigid to prevent distortion of the roof cross
section at tﬁ; end supports. After bolting the model to a heavy,
reinforced table, ten 0,0001 inch dial indicators were mounted along
each edge plate, a total of thirty indicators being used. Five dial
indicators at each plate were oriented to indicate vertical displace-

ment and the other five, horizontal displacement. Fig. 3.8 shows the

unloaded model ready for testing.

v r“»-T IRl

[ I R R oh
‘r I . o

[ TR N
s:s::z(tjxitélﬁz:-. '
{I ‘Mii s ;
| b
o o

Fig. 3.8
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SR-lLi strain gages were attached to both the immer and outer
surfaces of the roof, The gages oriented to indicate longitudinal
strain were placed at each of the edges and at the mid-débth of each
plate at a particular section. Gages were applied at three sections,
the 1/9, 2/9, and midspan sections. The gages on the outer surface
were commected in series with the corresponding gages on the inner
surface to indicate average longitudinal strains.

Transversely oriented gages were attached to both surfaces at
the above mentioned sections to provide information concerning
transverse strains. The transverse gages were wired independently of
one another since they were intended to provide in;brmation concerning
slab bending. Gage types Al and Al2 were used 'for measuring
longitudinal strains, A7 gages were employed for measuring the

transverse strains,

The model was loaded by placing fifty pound steel ingots on
loading bars resting on the ridge edges at the one-third points of
the span., The load was applied in two hundred pound increments in
the investigation wherein both spans were loaded and one hundred pound
increments in the testing of the unsymmetrically loaded model, The
total load placed on the model with both spans loaded was 58L.0 pounds;
vhile 300.0 pounds was used in loading the model unsymmetrically,
Strain readings as well as dial gage readings were recorded after the

application of each load increment.
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5. Summary and Comparison of Experimental and Analytical Results
The results of the experimental and analytical investigations

are presented in graphical form in Diagrams 3.1 through 3.7. Diagrams
3.1 through 3.3 present the regults of the studies made of the
symmetrically loaded structure and Diagrams 3.L through 3.7 present

the results of the investigation of the unsymmetrically loaded

structure.

Diagram 3.1 shows the distribution of longitudinal stress at
midspan and at the 2/9 and 1/9 section. The plot is the vertical
projection of the distribution. Diagram 3.2 presents the transverse
bending stresses at midspan. Transverse strains were measured at the
quarter points of plates 3 and 7 at this section. The horizontal and
vertical displacements of the edges of plates 1, 5, and 9 are presented
in Diagram 3.3.

Diagrams 3.5 through 3.7 present data obtained from the
investigation of the unsymmetrically loaded folded plate. Diagram 3.4
shows the distribution of longitudinal stress at the midspan, 2/9 and
1/9 sections. The vertical projections of the stress distributions for
the loaded span are shown. Diagram 3,5 shows the plot of longitudinal
stresses in the unloaded span. Diagram 3,6 presents the transverse

Sstresses and Diagram 3.7 the edge displacements.

Step 1 of the preceding analysis considered the computations
for stresses, moments and displacements for the simple folded plate.
The "free edge" phase of this analysis considered the plates adjacent
to the loaded edges as carrying the full magnitude of the components
of the applied load, with no aid from those plates framing one joint

away from the loaded edges. If the transfer of a portion of the
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applied load to plates one plate away from the loaded joint is
considered, a considerable improvement in computed response results.
a1i*? recommended a method for estimating the magnitude of the load
induced edge force to be considered for plates away from the loaded
joint. The influence of the redistribution of the load is shown in
Diagrams 3.1 through 3.7. Much more favorable agreement between
computed and measured values results from the use of the correction.

The stiffening influence of the end diaphragms is indicated
in Diagrams 3.} and 3.4, The longitudinal stress distribution at
the 1/9 section becomes quite similar for the interior and exterior
plates.

The redistribution of the load as recommended by Ali has a
noticeable effect on transverse bending stress as well as displacement.
In each case an improvement of the calculated results is provided,

The analytical results are in good agreement with the
experimental results in the unsymmetrically loaded case. The
improvement in the agreement resulting from considering plates 1 and
6 t6 aid in carrying the applied loads is particularly evident in the

longitudinal stress distribution and the displacement of plate 1.
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L]

| 5.83 5. 83" 583" 583" 5.83" 5.83" |

Edge ¢' (No Measureable Displacement)

HORIZONTAL DISPLACEMENT

=~ J-IS
/ cl) —_

— et

a8

~6l

VERTICAL DISPLACEMENT

As Computed DIAGRAM 3.3
————— Corrected EDGE DISPLACEMENT
SYMMETRICAL LOADING

o Experimental Displacements: in,(10)-l
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CHAPTER IV

THE INVESTIGATION OF A FOLDED PLATE STRUCTURZ
CONTINUOUS OVER A FRAME NOT RIGID
IN ITS PLANE

1, Introduction

Frequently the design of folded plate roofs can be improved
through the use of multiple and continuous construction. The effect of
both of these types of construction is to reduce the stresses, moments,
and displacements in the folded plate., Interior frames providing deep,
rigid diaphragns improve the structural action of the plate system by
reducing edge stresses, slab moments and deformations. Frequently,
however, it is not desirable to construct interior frames containing
deep diaphragms because of their interference in the utilization of the
space enclosed by the roof. In a case where the diaphragm is omitted
from the construction, the dimensions of the frame are no longer so
large and the frame so stiff that the frame displacements can be
neglected in the analysis of the structure.

41i1? nas presented a method of analysis for folded plate
structures continuous over rigid interior supports. The method is
similar to that presented by Gaafari® for the analysis of simple folded
plate roofs, except that Ali considered the inZividual plates as contin-

uwous over non-yielding supports in the "free edge" phase of the analysis,

63
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This chapter presents the results of an investigation of a
folded plate continuous over a frame not rigid in its plane, The
structure to be analyzed is presented in Fig. L4.1. A section of unit
length of one of the plates is shown in Fig. 4.2; the applied and
internal forces are shown in their assumed poéitive sense, Consistent
with the assumptions listed in Chapter II, all other internal forces
are considered small and are neglected.

In the following analysis it will be assumed that the approxi-
mate methods of analysis as improved by Winter and Pei9, Gaafarlo, and
A1112 may be utilized, It is further assumed that the interaction of
the plates with the frame can be provided through resultants, Fp, which
act in the middle plane of each plate on the cross section adjacent to
the frame as shown in Fig. 4.3. The principles of superposition and
consistent deformation are assumed as being applicable.

The change in the magnitude of the resultants, F, is computed
as the frame undergoes a change in stiffness from the rigid condition
assumed by A1112 to the more flexible condition provided in this
investigation. The resultant, F, acting on the roof is the sum of
the R forces acting on plate cross sections adjacent to the frame,
The shear forces, R,, can be computed from the equilibrium equations
for the portions of plate on either side of the frame, considering each

portion as a free body. Rm is a function of P and M, only.

2. General Procedure

The steps in the analysis can be enumerated as follows.
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STEP 1, Analyze the structure for the effects of the applied loads,
assuming the interior support to be non-yielding. Compute

the resultants, F.

me for this rigid support condition; the

resultants will be designated F,. *e e

STEP 2. Remove the frame and analyze the simple folded plate for the

hd i bR s

effect of unit values of F,,.

The unit forces applied in Step 2 represent unit values of the

correction resultant, F;. The sum of FA and F,, computed for plate m

B is equal to the final resultant F,. The computations in Steps 1 and 2

include corrections for relative edge displacement.

L 10 3 e

STEP 3. Analyze the frame for the effect of unit forces applied in the

o 8 3 e e 1

middle plane of the plates which act as effective frame flanges,
These forces are unit values of the final resultants F, acting

on the frame.

STEP L. Write the equations expressing the equality of the §
displacements of the folded plate and the frame. One equation
can be written for each plate in the system, The equations are
independent and sufficient to provide for the solution for the

unknown resultants, I.

STEP 5, The final values for stress, moment, and displacement for the
folded plate are calculated as the sum of the guantities
obtained from the solution in Step 1 and the values from

Step 2 multiplied by the appropriate values of F!.
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The application of this procedure will be demonstrated by an
example in the remaining portion of this chapter. The results of the
analysis will be compared with the results of tests performed to

verify the foregoing recommendations.

3. Example L.l

The structure shown in Fig. L.l is a model of a single bay,
two span folded plate roof continuous over an interior frame not rigid
in its plane, the-frame being placed at the midspan section of the
folded plate. The load consists of eight 50 pound concentrations

applied to the top edges at the one third points of the spans.

STEP 1. Assuming the interior support to be rigid, the structure is

analyzed for the effect of the applied load.

After resolving the loads into components in the plane of the
plates joining at the loaded edges, Ali's}2 recommendation for the
transfer of a portion of the applied load to adjacent plates is

employed. The following values for the plate loads, P, are computed.
3 3

Pl -PS = - 606 1b.

Py = 'Ph = =81.0 1b,

The free edge bending moments caused by the above P forces are
computed assuming the interior support to be non-yielding and assuming
the loaded plates to act as isolated two span members loaded at the
third points, The edge stresses are calculated at the sections

0.4375 L, 0,500 L, 0,8635 L, and at the interior support.
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Free Edge Stress

Section Plate 1b. per sq. in.
0.4375 L 1 I 201
2 ¥ 1296
0.500 L 1 o179
2 t 1320
0.8635 L 1 ¥ 163
2 T 1015
4 L 1 + 358
2 T 2240

it

The free edge stresses are distributed in the usual manner producing

the following balanced edge stresses,

Balanced Edge Stresses

E Section Edge 1b. per sq. in,
0.4375 L a - 123
b + Lh6
l c - 340
0.500 L a - 110 .
b + 399
° c - 304
0.8635 L a + 100
b - 362
c + 275
L a + 220
- 798
c + 608

i aeien e s e ek
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The proportions of the structure are such that the effect of
relative edge displacement must be considered. The relative edge
displacement, A, shown in Fig, L.L,is assumed to vary sinusoidally
with x. The computations for the freec edge stresses in this phase of
the analysis are based once again on the assumption that the plates
span continuously across a non-yielding interior support. The load
on the plates is an edge force, p, which varies in the same way that
A varies., The free edge stresses are computed at the several sections

and are presented in the following tabulation.
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Section Plate Free Edge Stress
0.4375 L 1 ' 82,5 @
2 T 78,9
0,500 L 1 Y 76.6e¢
2 § 13.3
0.8635 L 1 7 59.6=
2 + 57,0
L 1 T U0 =
2 T 13k <

Distributing the free edge stresses yields the balanced edge stresses

_ tabulated below, ot v . e

Section Edge  Balanced Edge Stress
0.4375 L a + T3
- 64
c + 29«
0.500 L a + 68
b - 59
c + 27X
0.8635 L a - 53
b + L6
c - 21°<
L a - 12} o<
b + 109
c - L9x

The & displacements at 0.500 L are computed as the sum of the
values taken from the calculations neglecting relative edge displacement

and those induced by relative edge displacement.

_0.088 x (22)2 0.080 x (22)2
$1" " T (105 %28 "0 T s s

= 825 (10)~% -29,300 (10)=6 a
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£
se
0,088 x (22)°2 0.080 x (22)2e
£ o - - -2
532 10.5 (10)° x 3.5 (399 + 300) 10.5 (10)° x 3.5 (-59 -21)
= - 815 (10)=6 + 14,200 (10)=% &
Elp (10.5) (20)° (183) (10)-6
where A = x = 156.5 X
Y4 (3.5)°
;% The displacements S and A are related through the geometry of
%‘ the distorted cross section shown in Fig. L.L.
A=m-§2(tan0+00t°)
8 =1,1868, - 2.207d;

Substituting the expressions for &'y and O, into the above expression
for the relative edge displacement provides an equation which can be
 § solved for A.
A= 2,60 (10)~3 in,
A= 156,54 = 0,407 in, 1b,
The corrected edge stresses are obtained as the sum of the
stresses computed neglecting relative edge displacement and those

induced by edge displacement,

Neglecting Relative Relative Edge Total

Section Edge Edge Displacement Displacement 1b. per sq, in,
0.4375 L a - 123 + 30 - 93
b + Lh6 - 26 "+ h20
c - 340 + 12 - 328
0.500 L a - 110 + 28 - 82
b + 399 - 24 + 375
c - 304 + 11 - 293

0,8635 L a + 100 - 22 + T8 =

b - 362 + 19 - 343
c + 275 - 9 + 266
L a R + 220 - 50 + 170
b - 798 + Ll - 754
c + 608 - 20 + 588
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Having determined the total edge stresses, the basic equations
2.1 and 2,2, derived in Chapter II, are applied to determine the
longitudinal shear resultants Nj and the plate moments M, at the
section adjacent to the interior frame,

M 2
Plate 1: + 170 =  giger * 53z (© * W)
Hl 2 .
- 754 = - 513 - o3 Mo O)

from which Ny = + 95.0 1b,

M = - 56.1 in, 1b,

2
0.266 * G455 (2% 95.0 + No)

Plate 2: - 754

M, 2
+ 588 = - 5268 - o.Lgg (2Me + 95.0)

from which N, = + 133 1b.
Mé = = 578 in, 1b.

M3 = 0 from symmetry.

The plate moment, M,, is a function of the edge loads, p and P, and the
support conditions only. P is the applied plate load and p is the edge
force resulting from relative edge displacement., In the preceding
analysis M, and Nj were determined; the edge loads pj are known from
the computations for relative edge displacement. Thus, each of the
plates may be isolated and the resultants, F,,, computed using the

equations of statics. The free body sketches are shown in Fig. 4.5.
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o [11(13.2 + 2.31) + 56‘1] = + 20.6 1b-

Foi = 53
11(162.0 - 4.3) + 578 B
Fop = 2 [ 55 ] = +210.2 1b.

The positive sign indicates the sense of the resultants to be that

shown in Fig., 4.5 for the end shears R.

STEP 2. The analysis of the simply supported roof for the effect of
the correction resultants proceeds in a manner similar to that
demonstrated in Chapter II for the analysis of simple folded
plates. The forces are applied in the middle plane of the
plates at the section at wﬁich the frame joins the roof, as

is shown in Fig. L.6.

The free edge stresses at the midspan section are computed

as follows.

11.00 Fp

- - ————————— = 1
f1a = -f1p = - 51350 O1.2LFy

11.00 Fy

= = o e 2 [ ]
f2b = -f2c 0.2660 - - h1035F2

After distributing the free edge stresses, the following

balanced edge stresses are obtained. All stresses are 1lb. per sq. in.

Section Edge Fi =1 Fp = 1
L a - 55.92 + 8.55
° b + 30.59 - 17.09

c - 6.12 + 11.89
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The balanced edge stresses at sections x = 0.4375 L and

0.8635 1L are as follows.
Balanced Edge Stresses

Section Edge Fi =1 Fé =]
00)-‘-375 L a - 2&0)47 + 307h

b + 13038 - 70h8

. e c - 2.68 + 5,20
0.8635 L a - 1,8.29 + T.38

b + 26.&1 - 1)4076

c - 5.28 + 10,27

The effect of relative edge displacement is considered,

producing the following balanced edge stresses in terms of <X ,

Section Edge Balanced Edge Stresses
0.L375 L a + 316 <<
b - 276 =<
c + 123 <
0.8635 L a + 487 =<
b - L2l <
c + 189e<
L a + 98¢
b - L3y
c + 193
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® Displacements =) 1 and =) o at x = L are computed as the sum of
the displacement neglecting the effect of relative edge displacement
and the displacement component S caused by relative edge displacement.
§1 = + 531.7(20)~6F} - 157.6(10)~CF - 1.090a
&, = - 161.0(20)=0F; + 127.2(10)~6F) + 0.52384

Substituting the expressions for ; and o into the
geometrical relation between A and 4 and ,, an equation results

which can be solved for A.

A= 1.1865, - 2.2098,

A = +986.L4(10)=6F] - 467.6(20)7CF) - 2.LLi9s

1

& = 286.0(10)-6F; - 135.6(10)=°F,
o = L, 759(10)-6F1 - 21,221(10)~6F}
The values of & 1 and 52 are now computed. In the resulting

expressions, the coefficients are displacements produced by unit

| ] [ ]
values of Fl and F2.

5, = 220.0(10)7CF; - 9.8(10)7°F}

S, = -11.4(10)=6F] + 56.2(10)=6F;
" from which

&,y = +220.0(10) in.

S1b = - 9.8(10)° in.

Sop = + 56.2(20)~6 in.

Sop = - 11.4(20)76 in.

The first subscript identifies the displacement, the second subscript

identifies the force causing it.

L]
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Final edge stresses are obtained as the sum of the stresses

calculated neglecting relative edge displacement and those induced by

relative edge displacement.

All stresses are 1lb, per sq. in.

Total
"10 . 33
+ 1.03

+ 2.83

=26 149

+ T.43
+ 3.18

+11.15

+ 2.53

Case I
+ 3.7L
- 7.48
+ 5.20

+ 7.38
-1.76

+10,27

+ 8,55
+11.89

’
F) = 1 1b,

Case II
- 6.71
+ 5.86

- 2.61

+ 9,00
- 4.01

-10.58
+ 9,22
- L.10

Neglecting relative edge displacement

Fl =1 1b,
Section Edge
Case I Case II
0.4375 L a -2Lh .47 +1h.3k
b +13.38 -12.35
c - 2,68 + 5,51
0.8635 L a -48.29 +21,80
b +26,41 -18.98
c - 5.28 + 8.h6
L a -55.92 +22.31
b +30,59 -19.LL
c - 6.12 + 8,65
Case I.
Case II.

The effect of relative edge displacement

STEP 3. Fig. L.7 shows the interior frame and its dimensions,

frame is analyzed for the displacements produced by the

resultants, F

ml

The supports for the frame are hinged and the frame is

symmetrical about its centerline.

Total
"2 097
-1.62

+2,59

-2.95
"5 076
+6,26

-2.03
-7.87
+7.79

The

The splice bars aid in the attach-

ment of the roof to the frame and consequently increase the stiffness

of the frame.

In the analysis of the frame it is assumed that the

portion of the splice bar between the outermost bolts connecting it to

the frame acts monolithically with the frame,
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The plates provide an effective flange for the frame, the
total effective width being assumed as 3.2 inches. This agrees
closely with the value 0.363h + b recommended by Timoshenkol®. The
conditions upon which this recommendation is based are:

(1) the flanged beam is simply supported.

(2) the expanse of the plates forming the flange is

large as compared to the beam span.

(3) the moment diagram for the beam varies sinusoidally.

In this case the response of the frame is not particularly
sensitive to the choice of flange width, so that, even though the
conditions at hand do not correspond closely with the above limitations,

the 3.2 inch dimension will be used. The effective cross section is

shown in Fig, L.7.
The analysis of the frame loaded symmetrically with unit

values of F; and F, is presented in the Appendix. This analysis

yields the following =) displacements,

S,y = - 0.5981(10)%in.
S1p = + 1.8770(10)=Cin.
§ oo = 26,180 (10)~Cin,
Sop = + 2.9071(10) Cin,

STEP 1. Equations are written equating the total displacement of the
frame, produced by the final value of the resultant, ¥, to
the displacements experienced by the folded plate in changing

from a rigid support condition to a non rigid support condition
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at the interior frame. Since the structure and the loading
are symmetrical about a vertical plane containing the
longitudinal axis of plate 3, two independent equations can
be written to solve for F1 and Fs.
FNS811+T2812 = F{ 811+ Fa 812
F 1§21+ T2 82 = F1 821 ¢ F2 8
The final resultants F, and Fp are related to the rigid
support resultants and to the correction resultants.
Fp = Fop*+ Ty
Fp = Fop +
Substituting Fi and Fé from these expressions into the
consistency equations yields the necessary equations which can be

solved for Fl and F2.
1 ] 1 'T?
(S11 - S11)F1 *+ (815 - S$12)F2 = I 13Fg1 *+ S 15702

(851 = 821)Fy + (8,5 = 829)Fp = 821701 * 8 22F0p

Substitﬁting the numerical values of Fyy and Fgo from Step 1
and the values of 8' and & from Steps 2 and 3 respectively, provides

the following two equations with two unknowns.

(220.0 + 0.6)F1 + (-9.8 - 1.9)F2 220,0x 20,6 - 9.8 x 210.2

(-11.h - 2.9)F) + (56.2 +26,2)F, = - 1l.Lx 20.6 + 56.2x 210.2
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Solving these equations yields the following value of F; and Fs,
Fp=+ 18.84 1b,

F2 = +lh3.8 1b,

- 1.8 1b.

|

1 .

-66 .-)Jv 1b -

F.=F, - F 1,3.8 - 210.2

it

STEP 5. The final values for.the stresses, displacements and moments
are computed as the sum of the values taken from Step 1,
wherein, a non-yielding support was assumed, and the values
resulting from Step 3 multiplied by Fi or Fé as required. The
final edge stresses are tabulated below. All stresses are
1b, per sq. in.

Final Edge Stresses

Section Edge Case I Case II Case IIT Total

0.L375 L a - 93 + 19 + 197 + 123
b + 420 - 2 + 108 + 526

c - 328 - 5 - 172 - 505

0.8635 L a + 78 + 148 + 196 + 322
b - 343 - 13 + 382 + 26

c + 266 - 6 - 416 - 155

L a + 170 + 60 + 135 + 365

b - 754 - 20 + 523 - 251

c + 588 - 5 - 517 + 66

Case I: Stresses in the folded plate with a non-yielding

interior support.
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Case TII: Stresses in the folded plate obtained by multiplying
the stresses computed in Step 2 for a unit value of

Fi by the actual value of Fi solved for in Step L.

Case III: Stresses in the folded plate obtalned by multiplying
the stresses computed in Step 2 for a unit value of

F5 by the actual value of Fj solved for in Step L.

The final values for slab moments and displacements are

computed in a similar mamner, summing the gquantities obtained for a

rigid support with those produced by the correction resultants Fi

and Fé .

Slab Moments (1b. in.)

Section Edge Case I Case II Case III Total

0.4375 L a 0 0 0 0
b 0 0 0 0
c + 0479 - 0.062 +1,07Lh  + 1.491
0.8635 1 a 0 0 0 0
b 0 0 0 0
c + 0,203 - 0.095 + 1,650 + 1.759

& Displacements (in. x 10M)

Section Plate Case I Case II Case III Total

0.500 L 1 + 8.49 - 2.80 + 4.60 + 10.29
2 - 7.78 + 0,14 - 26,38 - 34.02

L 1 0 + 3,96 - 6,51 - 2.55

2 0 + 0021 - 37032 - 37.11
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i, BExperimental Investigation ©

The structural model analyzed in the preceding section was
built and then tested for the loading specified in Section 3. The
roof was fabricated from a 0,125 inch thick aluminum sheet of 2024-T3
grade, The interior frame was bent from a 2" x 1/L4" bar of 6061-TL
grade aluminum, The continuity of the roof was provided through the
use of splice bars placed on the ocuter surface of the roof and bolted
to the roof and the frame., Base plates® for the interior frame were
rounded to provide as closely as possible a hinged end condition. The
unloaded model is shown in F1g. L.8.

SR-L strain gages were applied to the model at sections 0,43751L
and 0,8635 L from the end frame, The gages were placed at each edge
and at the mid-depth of eaeh plate element and oriented to indicate
strain in the longitudinal direction. Additional gages were attached
to plate 3 of the model and oriented to indicate transverse strain,
All gages were placed in pairs, one on the outer surface and one on
the inner surface of the plates. The longitudinal gages were wired
in series to indicate the mean longitudinal strain at the point of
application of the gage. The transverse gages were wired
independently of one another to provide information concerning
transverse bending.

The model was set up on a heavy concrete slab and securely
attached to the slab through plugs which had been inserted in the
concrete, Displacements were measured with 0.0001 inch dial gages
placed to indicate the horizontal displacement at edge b and the

vertical displacement at edge a.
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The model was loaded with fifty pound steel ingots placed on
loading bars which rested on the ridge edges at the one-third points
of the spans. Load increments were one hundred pounds each. Strain
readings and displacements were recorded after the application of each
load increment, readings being taken during both the loading and

unloading of the model. The partially l®aded model is shown in

Fig. L.9.

S. Comparison of Analytical and Experimental Results

The results of the experimental work carried out in the
investigation of the roof compare favorably with the results obtained
analytically. The mean longitudinal stresses corresponding to the
computed edge stresses are plotted in Diagram L.,l; good agreement is
displayed. For purposes of comparison Diagram L.l pregents the edge
stresses computed for an assumed non-yielding interior support.
Considerable error, with complete reversal of compyted stress from
the experimental results, is shown in the region of the interior
support.

Good agreement is provided between the measured and computed
transverse stresses at the section x = 0.8635 L. The agreement at
the 0.4375 L section is not particularly good. In this case th;
transverse gages were placed 2.29 inches from the load point and the
local distortion of the model undoubtedly influenced the results.

Fair agreement between the computed and measured displacements is

shown.
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CHAPTER V

THE INVESTIGATION OF A MULTIFPLE FOLDED
PLATE STRUCTURE CONTINUOUS OVER
A FRAME NOT RIGID IN ITS PLANE

1. The Nature of the Problem

The investigation of a structure which combines the problems
considered in Chapters III and IV is now presented. The feasibility of
solving the problem utilizing the principles of superposition and
consistent deformation is investigated.

The structure to be analyzed is shown in Fig. 5.1. It consists
of a folded plate supported by end diaphragms which are rigid in their
plane and by an interior frame not rigid in its plane, At the middle
longitudinal joint multiple folded plate construction is employed,
providing a third plate at this joint,

As demonstrated in Chapters III and IV, the use of multiple
folded plate construction and interior frames introduces systems of
redundant forces in the basic folded plate. The influence of the
additional interior plate on the response of the roof to load will
again be computed assuming that only a distributed edge force of
intensity pe and a distributed edge shear of intensity T, act along the
edge common to the folded plate and to the additional plate. The inter-

action of the roof and the frame will be computed assuming that all

89
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forces acting at the section common to the roof and the frame are

negligible except the resultants defined in Chapter IV and referred

to as Fy.

The redundants F; are assumed to be uniformly distributed along
the m segments of the roof and the frame and are assumed to act in the
middle plane of the plates. The nature of the distribution of the
force systems, pe and Te, is unknown and complicated by the presence of

the frame so that they will be represented by the trogonometric series

o0

o0
Te z %COS%
n=0

The origin for x is taken at the left end diaphragm and x is measured
parallel to the longitudinal axis of the roof, The free edge moments,
which are the basic functions computed in the process of determining
the effects of the loads and the redundants, F, are also represented
by trigonometric series., Consequently, all of the computed displacements,
forces and stresses caused by these force systems appear in series form,
The solution is provided by the superposition of these various
force systems and the writing of equations providing for the consistency
of the strains and deflections at the edge common to the folded plate
and to the additional interior plate and for the consistency of the
displacements of the roof and the frame at their common section. The
solution presented in this chapter differs from the solution presented
in Chapter IV in the matter of treating the interaction of the roof
and the frame. In the previcus chapter the change in the resultants,

Fp, was computed as the frame changed from a rigid condition to a
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non rigid condition. In this solution the rigid‘pondition is not

employed.

2, Description of the Solution

STEP 1.

The steps in the solution can be enumerated as follows.

The roof is first considered as a simple folded plate. Thus,
the additional interior plate is removed as is the interior
frame, The forces necessary to provide for ¢he continuity
between the folded plate and the additional plate and the

frame are assumed., In this case they will be assumed as
a. The edge force systems
o0
. nnx
e 3 4y oin B
n:

o°
b, cos E£§
n=1

Te

b. The resultant force system
Fy, Fp, F3, F),, and Fc,
The free edge moments produced in the simple folded plate by

the resultants, F, are represented by the series
o0
M; = F, :a cpn Sin EE§ .
n=1

The free edge moments produced by the loads are also

represented by a series

o
= %, 04 sin B
n=1
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The simple folded plate is now analyzed for its response to

the applied load. In this analysis the correction for relative
edge displacement is made, An analysis is also made of the
response of the simple folded plate to unit values of the
redundants; this includes the correction for relative edge
displacement. Upon completion of the analysis of the simple
folded plate for each of these force systems, the vag;ous
displacements, forces and stresses will appear in series form

for each of the force systems considered.

STEP 2. The additional interior plate is analyzed for stresses and
displacements produced by the application of the edge load, pg,
and the edge shear, To.. An analysis of the interjor frame for
the & displacements produced by unit values of the resultants,

F1, Fp2, F3, F), and Fg, is made at this time.

STEP 3., Equations are written formulating the consistent strain and
deflection conditions at the edge common to the folded plate
and the additional interior plate for the applied load and
for each of the force systems, Fp, Fop, F3, F;, and Fg. Solving
each of these systems of simultaneous equations, the edge

forces, pe and Te, are defined for each of the above load

systems,

The displacements,cs me are computed at the section common to
the roof and to the frame for the applied load and for unit values of
each of the force systems F,. For this computation the roof is

considered as a simply supported, multiple folded plate, The equations
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expressing the consistency of the S displacements of the roof and the
frame at their common section are written. The resulting equations are

then solved simultaneously for the walues of F1, Fp, F3, F), and Fg.
E-2

<

STEP L. Final values of the plate moments, M, and edge shears, Nj, are
compited as the sum of the effects of the applied loads and the
redundants, The edge stresses are computed from the?e final
expressions for M, and N:, The slab moments and the final S

displacements are computed in a similar manner,

The above procedure will be illustrated with an example.

3. Example 5.1

The structure to be analyzed is a small scale aluminum model

having the proportions and dimensions shown in Fig. 5.1. The structure
is loaded with a total load of 800 pounds distributed as 16 equal
concentrations as shown in Fig, 5.2. The analysis will provide a
solution for the final edge stresses and the slab moments at the

section x = 9.625 in., the final edge stresses at the section

x = 19.00 in., and the final displacement of plate 1 at sections

X 11,00 in, and x = 22.00 in,

STEP 1. The redundants are defined as Pes Tes F1, Fp, F3, F), and Fg.
After analyzing the simply supported folded plate for the
effect of the applied load, the folded plate will be analyzed

for unit values of each of these redundants in turn,

)
Having removed the redundant members, the simple folded plate

is analyzed for the effect of the applied loads. The concentrated loads



95

2'g 31y




96

are resolved into components parallel to the plates that join at the

edge to which the load is applied. °

Py = =P, = = (50.00) (1.865) = ~ 93.25 1b,

The free edge moments for plates 2 and 4 can be expressed as

o0
. 2P,L Z on nnx
='Mh = -5 ;-2- sin —L—

- M
n=1
. nmn nn. . 2nn. . Snn
where ¢)n = 8in T+ sin-3—+ sin 3 + SmT

Using the first six terms of the series, the moment 1} can be written

as:

M = +2,271.5 sin Tg% +18L.75 sin 29X .2l 345 sin 20X

+12.422 sin 7“L" -20.529 sin 2"15 -18.773 sin EI"-—"

o
et

The solution for the edge shears, Nj: can be obtained from the

three shear equations.

hy (hy by | hy BN
Ny g=+ 2Ny ==+ == | +N, === =3 | = + =
a Sq b _Ql Q2J c 52 Sl S2_J
. [ .1 7]
hy ERE hs My M3
Npoot N |+ | +Ng == 3| — +
b 35, |52 S3 | d s, | S, S3
h [hy  h), ] h '
Nc—é"QNd ...3.+::i +Ne-—h=-3 _3_+__L‘.
53 |53 9, S . L33 Sy

]
i

0, since it is a free edge, and
N, = O, from symmetry.
Solving these equations for Nys Ng, and Ny yields the following

expressions for the unknown edge shears in terms of the free edge

moments, H,:l .
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Np = - 0.370931 - 0.138L1M) + 0.037796M) - 0.012599H))
Ne = + 0.099010M] - 0.19183M - 0.18167M3 + 0.060556MH]
Ng = - 0.02L7521] + 0.0L7957H} - 0.16886M3 - 0.2292M]

For the applied load,

Mp = M3 =0 and M} = M}

Substituting the series for Mé and Mﬂ into the expressions for Ny, N,

and Ng yields

Np = ~-285.78 sin 5% 23,243 sin 3an +3.0629 sin San
: . LI % . %9 x : . 1ln x
=1,5628 sin —-r--2.5828 sin &= =2,3618 sin T
N, = -573.29 sin Erz =16,629 sin éﬂﬁi +6,1443 sin éﬂrf

-3,1351 sin 1255 +5,1813 sin In x +4.7361 sin X

Ny = +630.06 sin —= X 451, 245 sin 3“ X 6. 7527 sin 2= 51

L
+3‘M‘55 Sin -,Z—T'(rx -5.69hh sin 9‘an _5.2073 Sin lli[ X o

The displacements in the plane of the plates can be computed as

X X
hy
S - {{ [“x;; o vy + Nj_kl)J dx dax

Em
c‘;1 = 2EI J"J‘ Ny, dx dx

Sn x

(10)‘5(91 = 39,426 sin = +356,29 sin l’lr’ﬁ ~16.902 sin 2=

9n x 1ln x
==

+1,.4000 sin -7-’1]:5 14,3990 sin 25X _2 6928 sin
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XX
=—m1—2.£.£ [MZ 2 (Nb+N)]dxdx

c

X 113.2); sin 5; X

(10)6c§2 = -30,89L sin EEE -281.99 sin 3

L
-3.L478 8in 7" +3.4470 sin 2% 42,1101 sin 1—1{-1‘—’5 S
N X X S:Q,?
<§3=ﬁ-%3-§§ (M, + N,) dx dx "
3n x 5n x

(10)°S 3 = -3,995.9 sin = -36.101 sin 22X 41,7129 sin 2N

n X

-0.14),588 sin 7;: X +0.4LE88 sin 9; X ,0.2729) sin 11L

XX
h), N
Sy - BT [M'+I‘d]dxdx
L E'Iﬂ-j;{ N 2
5n x

(10)°8, = +47,0L: sin ZZ 41,2187 sin X 20,156 sin 22X

+5.,2169 sin7£x-5.2h56 sin 9an -3.2110 sin 11; x ...

The relative edge displacements between edges b and c, between

edges ¢ and d and between edges d and e are designated Ap, 83, and 4,5
respectively. It is assumed that these relative edge displacements can

be approximated by the following series.

o0

A2 = Z bl;. S1ln n ;: X
n=1
< nnx

1" n

A, = 2. b sin

3 n=1 L
—~ "e

8), = > b, sin =%
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The solution for the slab moments induced by relative edgé“diSplacement
is approached in the same manner as in the previous chapters, The

cross section of the roof is assumed to be deformed as shown in Fig. 3.4.
If the joints have not been permitted to rotate, the fixed end moments
for a strip of unit width of the roof may be expressed as functions

of the relative edge displacements.

T 3EIT _ 3EIT ] . nnzx
"g"";;rﬂz“‘—hr anﬂn T
2 5
n=1

F _ 6EIT 6EIT E " . nnix
m3c wZ 83 2 T bn sin —4—
n=1

6EIT 6EIIl - 1y
M e- =2 4, = -~ 2, by sin BpX
L L n=1

ia

Distributing thesc fixed end moments and solving for the associated
plate edge loads for each of the relative displacements A,, 83, and 4),

yields the following:

[ =)
For 4, : py = - B85.64 :Eéb; sin & E X
n=
Py = + 332.38 Zlb,; sin B1LX
n=
[~ =]
- - 1 . nnx
py = - 183,90 Zlb” sin 21

o
=
]

oo
. 1 .
P =+ 172.86 Eéébn sin —
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(-

For A3 : pp = = lll.OEIngr'; sinn£x
P, = + 57L.10 z.lb" sin 2] X

(o -4
, P3 = -1,083.25 n2=1b,'; sin n—E—“—-’E

o0
Py =+ 367.20 nZ-—-lb; sin 21X

oo
For 4), : py = - 36,70 %b;;'sinnzx
po = + 357.63 nglb;: sin & E X
Py = -1, 1.5 glb;; sin 21X

oo
p), = + 289.L0 nZ_bn sin Zq- %

The free edge moments are computed from the edge Yoads for

each of the relative edge displacement systems,

X

My = J [ o dx ax

0

o]

O

The edge shears are computed utilizing the expressions obtained for

Nj on page 96.

nnx

bl
For 4Ap : MJ'_ = + 16,800 Z — sin
n=1 n(.

o

b'
I&éz_GS,ZOOZ—g-sinngx

n=1 1
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by

oo
. o922 2,

n=1

oo
- 33,907 2

n=

X
L
7

n

sin
ne
1
n
ne

M n v v 1
=3 [ | = e} [ =4 W | =
g = o o o
5 5 5 5 5
n n n 0] 0n
oo T YT TR S Y e 3P
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For &) : M =+ 7,199.9 Z — sin 21X
n=1 n L
S
] nXxX
= - 70,15 sin
& M2 ? 3 n:l ;E L
oo b
MY = 4+ 22),,58 B sin B X
3 + IJ,S 3 n=1 ;;2 S L
>
M = - 56,76 3 sin A1 X
h 5 ,7 9 —] ;;2' I,
blll
N, =+ 16,2L2.7 2, —3 sin % —
AR
N.= - 30,067. sin 20X
c 30,067 hng;:;? in =

N, = 0, from symmetry

The 3 displacements are computed from the above values for
M,:l and Nj using the same procedure as that presented on page 97 so

that the & displacements induced by relative edge displacements are

as follows.

oo b' o0 blll
n_. nnx nnx n . nnx
51 = -2.793hn§1n—581n—r— -b. 732n§n—r-sm < -3.035’5112‘,1;531n T
< b! it
S, = +2.5014121;Esm’lg§ +4.7238 lﬁsm P—E"- +3, 79h7z;l;sin “—;x—
n= n=
bll'
Sy = -2 62702—55 -5. hluszln sin % -h.91u7zn—§s5_n 9%"-
n= n=1
bl"
Sy, = +2.19382 “s' LN 67762 sin 20X +u.28522 Bsin B1X
n=17 n=11 L n=171 L
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The geometrical relationships between the § = and the Ay
displacements are derived from Fig, 3.l and are the same as those

used in Chapter III.

fp = + 1.186 87 - 2,209 Sy + 1.862 S5
63 T - 1.862 82 + BOM 53 - 1.8626}4
8, = + 1.862 53

Substituting the expressions for Sm and A, into the geometrical

relationships yields the following equations. -

oe oo
E 13.7361] vt .. nnx Ebﬂ . nnx
1+ —T b, sin ——— + 26,0587 - sin
[ " L =1 N L

=1
o0
by nnx S nmnXx
+ 21.1338 2 _En sin - Z:Anz sin = 0
n=1 N L n=1 L

oo oo
bl
17.0068 ;b—n sin BLX L D [1 N __7__31"5280} b!! sin 2 E X
n=1

L n=1 nt
> 5
n nnix nngyx
+ 30.L4965 — sin - ZAp3 sin = 0
n=1 L n=1 3 L
S >
.891 sin 2% | 10.08 P sin 21X
b 95=;5 L lb=-x;5m
1 n=1
o0
> 9.1512] Pn . nnmx i n o x
+n= [1+T];p:51n I -n=lAnbs:Ln I = 0
(- o oo
.. nNThx ., nNnx .. nnx
vrhererFZlAnz sin T ,n=zl‘An3s:Ln I ,andrPZ:L‘Anbsm T

represent the series that would result from the substitution of the
) m eXpressions for the load into the geometrical relationships. The

resulting system of simultaneous equations is solved for b', b", and b"

for each value of n used to evaluate the series. Six sets of b', b",

and b" values are thus obtained in terms of the series constants Apnos

An3, and Anb.
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n=1
b{ = + 0.43179 Aqp - 0.12769 Ay3 + 0.35588 Ay,
b] = =~ 0.190L5 Ay, + 0.37503 Aj3 - 0.73018 Ay
by = = 0.018926 A3, - 0.17118 Ay + 0.65219 Aq),
n=3
by = + 0,89657 A3y - 0.189L7 A3y - 0,14608 Ag)
b3 = - 0,12277 A3, + 0.748LO A33 - 0.22439 Ay
by = - 0.03L918 A3, - 0.073L10 A33 + 0.93151 Ag)
n=75
b§ = + 0,97962 Ag, - 0.038235 Agy - 0.030809 Ag),
by = - 0.0250L3 Agp + 0.94932 Agy - 0.0LLB20 Ag)
b;' = - 0.0071583 Agp - 0.0L4797 Agy + 0.98655 Ag),
n=7 .
< bp = + 0.99419 A7p - 0.010603 Agy - 0.0085851 Aq)
by = - 0.,00697h6  Aq, + 0.98596 Ag3 = 0.012116 Ag)
b7 = + 0.000029021 A9y - 0,00L1026 Aq3 + 0.99627 Aq),
n=29 ,
= Q : -
bg +0.99789  Agy +°0.,0039378 Ay, - 0,0031916 Ay
by = + 0.0025879 Agy - 0.99L79  Agy - 0.00LEOIL Ag),
bg = - 0.0007L690 Ag, + 0.0015235 Agy + 0.99862  Ag)
n =11 .
byy = + 0.99906 A1y 2 - 0.0017729 A3y 3= 0.001L375 A1q ),
bjy = = 0.0011623 Ayq 5+ 0.99765  A37 3~ 0.0020751 A7)
by = - 0,00033278 Ayy p = 0.00068593 Aqq 3+ 0.99937T7 Aqq)

The series constants for Sm, computed for the applied load, are

substituted into the geometrical relationships to yield the following .

values for App, Apn3, and Ap).




105

n=1:
Ryp = +107,564(10)=6; Ay = -b2,666(10)°6; 4y

"‘7, Mio oh (10) -6

n=3:
n=5:

gy = - 16.113(20)8; Agy = + 18.255(10)~6; Ag, =+ 3.189L(10)-6
n=7

Agp = + 12.00L4(10)70; Aq5 = - L.7517(10)=6;4q, = - ©.83023(10)-6
n=9:

Agy = - 12.0014(10)-5; Agy =+ h.7508(10)‘6;ﬂ9h = + 0.83023(10)~°
n= 11:

Substituting these coefficients into the expressions for bﬁ, by, and by,

yields the following values for the coefficients b;, bg, and bx.

n (10) 68 (10) 68 (10)6b

1 +61,618 -31,05L +415.2

3 +958.81 -389.07 - 68.913
5 - 145.969 + 18.342 +  3,2068
7 + 11,9917 - L.7%8L - 0.80729
9 - 11,9600 - L4.7609 + 0.,84528
11 - T7.3L457 + 2,9086 + 0,5083L

The coefficients bﬁ, b;, and b;'are now substituted into the
previously defined series forcsnv page 103, yielding the corrections
for relative edge displacement. These corrections are added to the O
displa®ements computed for the applied load neglecting relative edge
displacement, The final values for the S displacements of the folded

plate loaded with the 800 pound load are as fcllows.
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(10068 1 = + 11,170 sin 2X + 348.25 sin 22X - 16,850 sin 21X

+ L.3963 sin 7; £ - 4.359 sin 9"L" - 2.692L; sin 11; X ...
(10)652 = - 21,700 sin .’.’I’i - 278,27 sin 3ﬂLX + 13.211 sin 20X

- 3.LL58 sin 7"Lx + 3.4395 sin 9an + 2,1098 sin HLX .
(10)6<§3 = + 230.00 sin Eif ~ 37.009 sin Ban + 1.7220 sin SﬂLx

-~ 0.L4662 sin 7an + 0,L5397 sin 9"Lx + 0.27301 sin 112 X ..
(10)68), = + 38,800 sin LX + h2li.72 sin FLX - 20.158 sin on X

+ 5.2L72 sin 7“Lx - 5.252) sin 2%% _ 3.2110 sin 111’1 X ...

The displacement of edge e measured in the plane of the additional
interior plate is obtained as
1

simn ©

Sc =+ 72,210 sin %% + 790.47 sin %% - 37.517 sin 2LX
5 L A L L

11ln x o
L

+ 9.7659 sin 7"LX - 9.7755 sin 9";‘ - 5.9762 sin

The substitution of the values of B, b, and b into the series
for the plate moments and the edge shears developed on pages 101 and
102 provides the relative edge displacement corrections for the plate
monments and edge shears., Adding the corrections to the series for Mn'1
and Nj computed neglecting relative edge displacements yields the
following values for M, and Nj for the simple folded plate.

5t x
L

My =+ 361.7 sin ZX + 0.7929 sin 3; X - 0.013987 sin

+ 0,0018775 sin 1T :' 0.0036858 sin 9an - 0.000L661 sin ]-12 X ..
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My = + 1,7220 sin 355 + 183.22 sin 3“Lx - 21,.317 sin 20X

+ 12,4178 sin [E - 20,5136 sin 28X - 18.772 sin 21X .
My = - 656.55 sin Efi - 0.7936 sin 3“Lx + 0.01017 sin 28X

- 0.00111 sin 7“Lx - 0.02417 sin 9“Lx + 0,000296 sin 11; X ..
M, = - 2,147.6 sin =X - 184.82 sin 3“Lx + 24,347 sin 5“Lx

- 12.4221 sin 7“Lx + 20.5377 sin 9“LX + 18.773 sin 11§ X ...
M, = - 370.27 sin IX - 23.353 sin 25X + 3.0616 sin 21X

- 1.5630 sin 7an + 2.5810 sin 9an + 2.3619 sin 11; X ...
N, = - 305.29 sin Erz - 46.115 sin 2255 + 6,1357 sin 2235

- 3.13L40 sin 7an + 5.1829 sin 9an + 4.7378 sin 11; X ...
Ng = + 677.18 sin == + 51.301 sin 32 X . 6.7532 sin San

+ 3.L456 sin 1355 - 5.6915 sin 9an - 5.2073 sin 112 ...

Edge stresses are computed from the corrected plate moments

and edge shears, The edge stress, fy, is computed as follows,

fe = - gé - EZ (Ng + 2Ng) = - 3.759LM) - L.3956 Ny
X 3n x S5n x

fo = + 5,11L.9 sin <= + 70,85 sin === - 62,048 sin <=

+ 31.658 sin X - 52,362 sin ZE 117,842 sin IE L

The analysis of the simply supported folded plate system loaded
with unit values of the redundants proceeds in a mamner similar to that

-
Jjust described for the load., Since these solutions are similar to the
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solution just described, it will be sufficient to state the series used
to represent either the force system or its free edge moment and then
tabulate the final results of the computations for displacements, plate
moments, edge shears, and edge stresses. In these analyses the
solution for relative edge displacement is completed using the

expressions for br'v b;;, bg' presented on page 104, Particular values

oo o o0
for Z Ao, Z Ap3, and Z An“ are computed for each loading case
w1l n=1 n=1

and substituted into the expressions for bz'v b:, and b;;'

Solution for a unit value of Flz

The resultants Iy are applied in the middle plane of plates 1
L
at x = ». The free edge moment for plate 1 can be represented by the

first six terms of the following series,

o oo
r _ 2L l ... nn_ . nnx 1 n n nnx
My -;‘;rgl.;gs:.nznn L -8.9163n2=;-;l-zsinzsin L
' _ . MX 3n x . Snx
My = - 8.9163 sin 7= + 0.99069 stn == - 0.35665 sin

+ 0.18197 sin 7an - 0.11008 sin 9an + 0.073688 sin n; ...

My = M3 = M) = O

The series constants for the corrected & displacements, the plate

moments, the edge shears, and the edge stress fe are presented in the

following tabulation,
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o 1 3 & 5 7 9 11
(10)°§y +251.31 -5.9885 +0.83125 -0.21883 +0.080423 -0.036030
(10)%5; - 20.75  +1.6152 -0.26036 +0.070155 -0,025993 +0.011625
(10)%d5 - 25.99 -0.04360 +0.060585 -0.018399 +0.0070880 -0.003155L
(10)§§h + 22.91  -0,25759 -0.01297L +0.0056096 -0.0023567 -0.0010375
(10)%5 + L2.6l  -0.47942 -0.0241L7 +0.010L4403 ~0.001;3862 +0.0019310

(20)3; - 61744 +96L.11  -35L.89  +181.72  -110.07  +73.672
6184.0 +111.866 - 7.8309 + 1,30465 - 0.0L159 + 0.0Th6ll,
0003592 - 0012801

(10) 3,
(10)°M3 - 1102.0 -178.3, + 13.311 - 1.8932
(10)3Mh -10754.,0 + 62,345 - L.S4O6 + 0.64371 - 0.012568~ 0.0L351S

+

(10)3th, +3117.9  -380.63 +133.28  -67.639  +40.83k  -27.336
(10)3N, + 710.0 +110.17 - 36.328 +18.164  -10.897  + 7.3057
(10)7N; + 289.3 - 2.688 + 7.2026 - 4.2730 + 2.7091 = 1.8083

(10)72, +2780.2  -223,08 - 114,852 +16.357  -11.%05  + 7.766
Solution for a unit value of F,:

The free edge moment produced in plates 2 upon the application
of unit values of the resultant Fs can be Pepresented by the following
series,

M = - 8.9163 sin 5 + 0.99069 sin 25X _ 0.35665 sin san

llﬂx.”

+ 0.18197 sin 7“Lx - 0.11008 sin 9“Lx + 0.,073688 sin

M= M3 =M = O
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The corrected series constants for the & displacements, the plate

moments, the edge shears, and the edge stress f, are presented in the

following tabulation.

\\\n

(10)%54
(20)%5,
(10)%s4
(10)é§h
(10)%55

(10)31y
(10) 3,
(10) 15
(10)3m,

(10)3,

(20)3n,
(10) 304

(10)3¢,

1
-20.51
+40.72
+ 5,45
-Ll.ze
-82.1L87

-1162.1
~5499 .4
~258L .4
+1252.3

+1078.7
+1)85.2
- 85.87

-43L0.8

3
+1,6106

-1.3865
+0.5726
+0.09162
+0.17052

+ 22,321
+885.93

+189.738
~ 63.185

-122.93
-206.03
+ 24,391

+130.85

S
-0.25974
+0.22957
-0.130285
+0,036013
+0,067026

- 1.5685
-3L49.14

- 13.880
L5905

+

48.323

+

+

15.41)

+ 50.458

Solution for a unit value of F3:

69.620

7
+0,069999
-0.062137
+0,036580
-0.,011658
-0.021697

+ 0,22117

+180.91
1,9681

+

25.038
- 350078
8.L871

+

3kL.856

0.65017

9 11
-0,025960 +0,011405
+0,023081 -0,010314
-0,013779 +0,0061393
+0.0046018 -0,0020317

+0,0085647 -0.0037813

0,000769+ 0,014,955
-110010 +73.616
+ 0.04986 + 0,13312

+

0.020740- 0.04398

+ 15.241 -10.188
+21.112 -14.148
- 5.2839 + 3'5177
+ 23-3Oh -15-296

The free edge moment developed in pPlateas 3 upon the application

of the unit values of the resultants, F3, can be represented by the

following series,
M3 = - 8.9163 sin 2% + 0.99069 sin

+ 0,18197 sin T

L
n x

- 0.11008 sin

3n
L

9n x

X

L

! ! !
M o= M, = M = 0

- 0035665 Bin

Sn x

1ln x o

+ 0,073688 sin T
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The corrected series coefficients for the & displacements, the plate
moments, the edge shears and the edge stress f_, are presented in the
following tabulation,

A 1 3 5 7 9 1
(10)%, -26.021  -0,04216 +0.060405 -0.018353 +0,0071213 -0.0031L78
(10)§§2 + 5.458 +0.5723 -0.13023 +0.036577 =0,013796 +0,00613%0
(10)é§3 +11,527 -1,0855 +0.20547 =0.056566 +0.021167 -0.0094361
(1o)€;h + 6,295  +0.,7697 ;6.15552 +0,043124 -0,016187 +0,0072105
(10)%g +11.716  +1.4325 -0.28945 +0,080261 -0.030127 +0.013420

(10)°M) + 107.71 - 22,151 + 1.6353 - 0.23185 - 0.012917- 0.015703
(10)3M, -1728.L +113.89 - 8.3155 + 1,1778 + 0,07168% 0.079719

(10)%M3 -3071.8  +765.50 -340.38  +179,68  -110,20  +73.532
0.7u4594L 0.047602+ 0.050L471

+
+

(10)3pql-15282.2 + 72.626 - 5,269

L.1708 + 2,7733
20 .007 "13 0373
18.601 -12.425

12,254 + 6,7042
63.276 - 32,843
58.2)47 - 300141‘8

(10)3m, + 102.43 + 20471
(10)3N, + 807.60 -158.72
(10)3Ng + 783.7 -139.91

+
+

+
+

(10)°f, +2313.1 +341.36 -236.18  +131.03 - 81.9h2 +54.L25

Solution for a unit value of F,:
The free edge moment® developed in plates L upon the application

of unit values of the resultants F), can be represented by the following

series.

Mﬁ = - 8,9163 sin EEE + 0,99069 sin 3“Lx - 0.35665 sin San

+ 0,18197 sin 1% - 012008 stn 25X+ 0.073688 sin X . ..

M = Mp = M3 = O
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The series coefficients for the corrected & displacements, plate

moments, edge shears, and edge stress f, are presented in the

following tabulation.

‘\\P 1

(10)% + 23.240
(20)%, - Lk.Lgo
(10)G53 + 6.330
(10)%), +107.66
(lﬂ)éfs +200.37

(210)34y + 257.60
(10)3M, +1259.1
(10)2M3 -5161.3
(20)%w, -7178.5

(10) 3w, - 37h.16
(10)3N, + 286.90
(10) 384 +2572.5

(10) 3¢, +15738.

3
-0.25848
+0,09231
+0.7694
-2.18LN
~4.,0655

+ 18,152
- 96.862
+194 .57
+927.64

+ 2,340
+ 41,206

-250.77

-2392.8

5
-0.012903

~0,15569
+0,33130
+0,61660

- 1.3636
+ 7,097
- 14.029
-352.15

+ 3.4291
- 20,269
+ 83,520

+959.68

7

9

1l

+0,0055950 ~0,0024150 +0,0010349

P &
+0,036108 -0,011655

+0,043127
-0.088523
-0.16476

+ 0.,19367
- 1,006
+ 1,98Y
+181.33

- 2,421
+ 10,832
- 141,988

-1498.64

+0,0046392 -0.0020316

-0,016212
+0.032765
+0,060981

+ 0,02051

- 0.1053
+ 0,179
-110 015

+ 1.4015
- 6.,6805
+ 25,235

+304.09

+0,0072110
-0,014636
-0.0272L40

+ 0,01313
- 0.06809
+ 0.1343
+73.645

- 0.9182

+ L.uh9T7

-203.09

The simply supported roof is next analyzed for the effect of an

edge pressure, pg, distributed along edge e of the simple folded plate

and acting in the plane of plate 5,

The edge force applied to the

folded plate is represented by the first six terms of the following

series,

oo
Pe = = ;E;an sin
n=

nnix

L
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The edge force is resolved into components acting in the middle plane
of plates 4 which have joint e as a common joint. The free edge

moment developed in plates L can be expressed as follows,

oo
2
' L an nnx
Mﬂ = + 182.645a7 sin ﬂif + 20,29ha3 sin 3an + 7.3058ag sin San

n X 11ln x

n x
T- + 1.5095a;; sin T
0

+ 2.55h9a9 sin 4

+ 3.727hag sin

] T

M = My =My =

Having defined the free edge moment, the remainder of the
solution for this loading condition proceeds in the same mamner as
that described for the applied load., The final series coefficients

are presented in the following tabulation,

\&n a1 a3 a5 a7 29 a1
(10)%7 - L75.L4 - 5.2947 + 0,26433 +0,11461 ~ +0.0L9468 +0.021200
1(10)%, + 910.70 + 1.8912 - 0.73732 -0.2387h -0.095035 -0.0L1617
(10)85, - 128.81 +15.761 + 3.1856 +0.88336 +0.33208 +0,1L7T1
(10)%s), -2205.99 -L4.7hS - 6.7867 -1.8133  -0.67120  -0.2998L
(10)%¢ -4105.70 -83.277 -12.631  -3.3749  -1.2452  -0.55806

M, - 5.2782 + 0,37183 +0,027932 +0,0039670 =G.0004202 +0.0002689
Mp, =-25.780 - 1.,9842 -0.1L540 -0.020598 +0,002158 -0,001395
My +105.68 + 3.9855 +0.28738 +0.0L0645 ~0.0037385 +0,002750
M, +147.06 +19.003 +7.212h  +3,714k2  +2,2563  +1,5086



\\\an ay aj3 ag a, ag aj
N, + 7.6679 +0.047930 -0.0702L5 -0.0L3879 -0.028708 -0.018809
N, - 5.8720 +0.84410 +0.41521 +0.22188 +0.1368L +0.0911L9
Ng -52.687 -5.1369 -1.7108  -0.86007 =0.51690 -0.3L66L

fe -322.L9  -L49.018 4.r19.654  -10,2135 -6.2290  -L.1603

The edge shear force, T,, is applied along the joint e which
is common to the simple folded plate and the additional plateg the

edge shear 1s represented by the first six terms of the following

series,
oo £l
nnx
T=ancos T
n=
oo whrl
x L b
Ng =) Tedx = ;Z--"-' Z_sinn_.;..z
o] n=1 o n=1 1

"Ne is the resultant shear at any value of x acting on the edge e of
the additional interior plate. From the equilibrium conditiom amd
from symmetry at joint e, the shear resultant acting on the edge of
one of the plates, L, will be g; . The following six terms of the

N,
series for 1; will be used to represent the shear resultant applied

to edge e of plate L.

X + 2.333by sin 2%% + 1.1,006bg sin Eﬂif

N 3
1? = + 7.0028bq sin "L
7

+ 0.77609bg sin on

+ 1.000L0b7 sin

= + 0.63662by; sin .
]

x 1lln x
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With the edge force specified, the remalning edge shears are computed
using the equations presented on page 96, wherein, the free edge plate
moments are zero,but the edge shear resultant, N,, of the equation is
N

€ . . . . . .
expressed in the above series. The resulting series coefficients
7 exp g

for the edge shears Ny, No, and Ng are as follows.

N\ Pn By b3 b5 b7 Py b1y
N,  -0.10293L6 -0.03L312 -0.020587 -0.01L705 -0.011437 =-0.0093577
Ng  +0.L9L76  +0.16L92 +0.098955 +0.070680 +0.05L97L +0.0LLI78
Ng  -1.8751  -0.62503 -0.37502 -0.26787 -0.2083L «0.170L46

The remainder of the solution involving the calculations for
the & displacements and the correction for relative edge displaeement
isnthe same as for the epplied load, The corrected constants for the
S displacements, the plate moments, the edge shears, and the edge

stress f, are presented in the following tabulation.

N\ bn by by bg b7 b9 b11
(10)%y - 11.507 - 1.09479 +0.0L233 +0.03L190 +0.020210 +0.010358
(1o)é§2 + 64.010
(10) %85 - 33.866
(10)%) -230.98 -11.7007 -2,8152 -1,04493 -0.L9582 =-0.27085

0.64317 -0.14794 -0.0730LL -0.038558 -0.020L04

+

1.6698 +0.69340 +0.27480 +0.13L10 +0.072628

+

(10)955 -429.89  -21.777  -5.2395 -1.9L48 -0.92282 -0.50L11
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\Pn ! b3 bg by by b1l
M} -0.26077 +0.065758 +0,0081998 +0.0016295 -0,000280LL +0.00017353
M, -2.,0681 -0.35039 -0.0L26L6 -0.008L537 +0,0014LL1 -0.000899L
My +5.2185 +0,69177 +0,083356 +0,016508 -0.0025652 +0.001756
M, =-2.5502 -0.22788 -0,027371 -0.009861L +0.0009216 -0.00057619

N, +0.50939 +0,018811 -0.014231 =-0.,013L47 -0.011642  -0.00922L
Mo =0.23683 +0,099170 +0,091147 +0.,069135 +0,055190 +0.0LL823
Ng =-2.2639 ~0.70799 -0.38507 -0.26986 -0.2080L -0,17067

fe -L2.003L -16.5507 -10,5173 -7.5713 -5.9293 -L.8Lk3

The calculation for the effect of a resultant FS must be
delayed until the conditions are written providing for the continuity

of the simple folded plate and plate 5.

STEP 2, In this step the analysis of the redundant members is under=

taken. The additional interior plate will be considered first.

The edge load, pe, applied to edge e and in the plane of the
additional interior plate is represented by the first six terms of the

following_ series,
< nnzx

Pe = 2, an sin 2%

n=1

The plate moment produced by this loading on the simply supported

plate is

o0
2‘25 an . nnx
~ sin

Pedxdx = -
© n=1 L

aJt*

oS~

X
MS =‘£
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The first six terms of this series are used to represent the moment,

MS.
Mg = = 196,162y sin —— L - 21, 79633 sin 3 5 X
~ 4.0033a7 sin 1355 - 2.4217ag sin 9 % _ 1.6212a3; sin 11; X
g -5 M
® sg 0.,2708L
.fe = e 721-1 383.1 81n ﬂI - 80 b8833 sm _3_1}15 - 28.9?535 Sin -S—n-IT}E )
11
- 111.78337 sin 7 -] 8 9’43089 sin 2“—— - 5 9866311 sin 2 X o
xx L =
1 L an nnx
P LT e

(10)69'5 = + 10,82527 &in !-L—! + 133.6hay sin -3-1-‘-1‘3 + 17,320ag sin 5an

+ L,5085a9 s ?HL!

L + 0.73936311 sin —~——

The edge shear distributed along edge e of plate § is

represented by the first six terms of the following series,
= nnx
Te = n§1 b, cos T
The resultant edge shear force is

oo
n .
LS g nnx

=1

o
M

N =

o%x

ﬂ

fa

X . Snx
+ 2.8012b5 sin ==

llnx.”

N, = + 14.006by sin B-f)s + h.6687b3 sin 3n

+ 2,0009b, sin X 4 1 5862by sin 28F 4+ 1.2733b); sin

9n x 11!18 .
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feo = + 86.190by sin Ei.’f + 28.73053 sin BﬂLx + 17.238b5 sin 2‘L—x

¥e senr &

+ 12,312b, sin mx _ 9. 5767b9 sin 9 + 7.8355b37 sin in Lx

L
3n
S _5._" F __L’hg by . nnx
S?J"g 2n3EIS n: ;13 L . .
(10)Sg = - 966.1iby sin == - 35.761b sin T 3 = o 7.7286b sin -5-1‘1—‘-

llﬂx___

- 2.8166b; sin 7"1 - 1.3252bg sin 2% - 0.72586by sin —x

Pig. 5.3 presents elevation and cross seetion wviews of ¢the-
interior frame which is to be analyzed to determine the & , displace=
ments produced by unit values of the resultants, Fn, The ¥y forces
are assumed to act in the middle plane of the folded plate elements
and are assumed %o be miformly distributed along each segment of the
frame, The frame is symmetrieal about the center line of the middle
column and the distribution of the Fy foretes is also symmetrical,
consequently only one half of the frame is considered 'in the analysis,

Hal? of the frame is divided into thirty-eight Ag dlvisioms.

The folded plate system participates in the frame action,
The increase in effective section of the frame is approximated in the
same mammer as that discussed in Chapter IV, The effective section

for the frame from section 16 through 38 is shown in Fig. 5.3.

. &
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The analysis of the frame is presented in the Appendix., The
displacements of the frame, produced by the force systems Fy, Fp, F3,

F};, and Fg, are as follows,

¥

+ 0,3865rp - 0,9829F, - O0,4L11F; - 0.02472F,

(10)°8 5
(1065,
(10)°5 5

+ 2,564 Fp - 43.00 Fp - 23.179F3 =~ 1.3549 F)

]

+0.959 " - 2245 Fp - 14.231F3 - 0.8502 F,
cSLl = 0
S5

o

The displacements were computed along the controidal axis of the frame
segments, thus ylelding the value of & , = Oe Computing the displace-
ment at the centroid of the frame rather than im the middle plane of
the plate segments produces a maximum error of 5% in the coefficients
of the final equatiens written for the sclution for Fp, Fp, F3, Fi,

and Fs.

STEP 3. In this step, equations are written providing for the continuity
of the simple folded plate and the additional plate and the
interior frame., These equations will be solved yielding the

redundant forces.

Two equations are written providing for the continuity of the
simple folded plate and the additional plate. One equates the
displacement of edge e of the simple folded plate to the displacement

of plate 5, the displacements being measured in the plane of plate 5.
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The second equates the stresses at edge e of the @imple folded plate

and plate 5.

R R B B
don +<§pn + CSTn = épn * é"l‘n

R R

S op and fon are respectively the displacement at edge e, (10)6 5>
and the edge stress, f,, of the simple folded plate produced by either
the applied load or the redundants Fj, Fp, F3, F);y Fg. The super-
scripts R and B in the remaining expressions refer respectively to
the simple folded plate and to the additional plate, The subscripts
p and T refer to the edge forces p and T, The displacements S pg and

) pB and the stresses £ R and fpg are in series form with series

n pn

coeffieients a,. The displacements 1& and ‘;hli and the stresses

f'l‘g and ng are written in eeries form with series eocefflcients d . Six
sets of this system of simultaneous equations are written in this -
case, one for each value of n considered ia thig solution, Solving
these sets of equations simultaneously ylelds values of a, and Wy,

in terms of ‘Son and fon-

The series constants for the edge loadings p and T are
tabulated on pages 113 to 118, The systems of equations to be .

solved are as follows,
™



l: 801 -h,105.70
32249

fo1 -

= 3 CSOB -
fo3 -

S: c§05 -
fos -

7: c$o7 -
fo? -

= 9 ‘§o9 -
foo -

11: &gy, -
fo11 -

83.277
49,018

12,631
19.654

3 - 37)-19 a7
10,2135 a,

1.2492 ag
6.2290 89

al -h2
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9.89

by

a; - 42.003 by

a3 = 21.777 b3

a3

ag -

ag - 10.5137 bg

0055806311-

’-l 01603 a.ll-

-e 72)4038 al +

]
+

133 06)4 3.3 -
80,468 a3 +

5.2397 bg = + 17.32  ag -

1.9448 by =
705713 b7 =

O.92282b9 =

5.9293 by =

o.50h11b1
L.8LL3 byq=

- 28.975 ag +

L,.5085
lh.783 37 +

[
+

']
3
[}

|
+

1.6&99 a9 -

l
[

8.9430 a9 +

+

1 0.73936a4 1~

5.9866 a))+

The solutions for a, and b, are presented in the

following tabulation,

(10)%aq
(10)%p,

/.

(lO)Oa3
(1o)°b3
(10)6a5

(10)6b5

1]

+

+

+

+

+

+

315.7
8,790.5
1,492.7

23,122
3,080.3

37,068

1 £,

fol

fo3

f03
foS

f05

+

+

+

+

+

+

750h73 §Ol
236.61 S ;1

4,826.6 &,

3,354.6 S43
3h13h7 6;05
11,536 S5

+10, 825 ay -966.1L by

86.190 by

28,730 by

17.238 b5

2.8166 bq

12.312 b7

1.3252 bg
9.5767 by

0.72586by4
7.8355 byy
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(10)6a7 = + 5,707.0 £ + 130,160 5oy
(10)%; = + 51,605 foo + 29,912d47
(10)%ag = + 9,170.3 f,9 + 353,520 Syg
(10)%g = + 66,097 f5 + 61,876
(10)%a,, = + 13,820 fgqq + 790,210 Foyy
.(10)6bll = + 80,856 £y + 113,810 5 4 _

E3

Substituting the values for ‘son and £ produced by the
applied load and the umit values of the force systems, F_, yields the
following series constants for the edge force, p,, and edge shear, T,

for the simply supported, multiple folded plate.

\n 1 3 5 7 9 11
Applied
Load

ap + 7.0647 + L,51812 -1.L7973 +1.L5180 -3.93621  -5.3837

b, +62.0L9  +13.5387 -2.7328 +1.,9258  <L.0659 -k .5L85

F
1
(10)6a, + 1,095.83-2,646.96 -874.202  +1,L52.258-1,659.83 +1,633.L8

(10)%, +34,528 -6,766.L -B17.97  +1,156.39 -1,058.28 + B8L9.23

+

Fp
(lO)Oan-7,595.97-»1,018.35 +2,157.57 -3,023.00 +3,241.59 -3,199.41

(109%, 57,675  +3,597.5  +2,643.59 =-2,LL7.Th +2,070.27 -1,667.1

F3
(10)%a_ + 1,61L.51+ 7,423.65 -10,669.25 +11,19L.56-11,402,26 +11,356.77

(10)%, #23,105  +12,698.L -12,093.8 + 9,162.56- 7,280.2 + 5,928

),
(10)%a, + 20,091.1-23,194.2 +24,134.5 -24,291 +2L,3u8  -2k,332

(10)6b,, +185,755 -68,96L  +42,686  -30,660 +23,872  -19,521



124

At this time the analysis of the multiple folded plate could
be made for a unit value of the redundant, Fg, since the conditions
are now availagge for considering the continuity of the simple folded
plate and plate 5. It is not necessary to present this solution,
however, since in this case it is apparent that the forces, displace-~
ments, and stresses produced in the multiple folded plate by a unit
value of the force Fg would be proportional to the forces, displace-
ments and stresses produced by thie torce system made up of unit values
of Flje The unit value of Fg can be resolved into components in the
plane of plates L which are common to plate S at edge e. The

magnitude of these components of Fg = 1 are:

L e = 0.0m

2 8in O
Thus, the application of a unit value of F5 will produce forces,
displacements and stresses in éhe multiple folded plate which are
0.9311 as great as those produced by unit values of F) as computed
on page 112. Tﬁe a, and b, coefficients for a unit value of F5 would
not be 0.9311 of those presented on page 123 resulting from the

application of unit’values of F), however.

To determine the magnitude of the redundant resultants I, Fop,
F3, F),, and Fg, equations representing the consistency of the &
displacements of the roof and the frame will be written. To facilitate
writing these equations the displacements of the roof at the section
common to the frame are computed for the applied load, the load

systems F,, and the edge loads pg and T,. The computations are made
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for the six values of n and sumed to give the resultant displacements

@
of the multiple folded plate at the frame. Details of the computations

»

are presented in the Appendix; the results of the computations are as

follows,

Sq =+ h,902.7 +255,063F) -16.478Fp -27.570F3 + 6.032(F), + 0,9311Fx)

S2

n

-11,012,8 - 16.784Fy +31.813Fp + 7.6L1F3 -14.286(F) + 0.9311Fg)

83 = - 2,8uL.97 - 27.510F) + 7.613Fp +11,T14F3 - 2,908(F), + 0,9311F%)

Jd) = + 8,815.6 + 5.9L2Fy -1L,226F, - 2.962Fy +20.836(F), + 0.9311Fc)
1-

85 = 35 Ob

In the preceding equations F), + 0.9311F5 represents the resultant F)

combined with the component of Fg resolved in the plane of plate L.

This combined resultant will be represented by Fﬁ.

Equating the displacements computed for the multiple folded
plate to those of the frame, presented on page 120, five equations
result, the last two of which describe the consistency of the
displacements of the multiple folded plate and the frame in the
plane of plates L4 and 5. Since the displacemenfs of the frame were
computed along the centroidal axis of the frame, 6314 and CSS for the
frame are zero, Thus the last two.equations are identical, The
first four equations can be solved for Fy, Fp, F3, and Fﬁ, however,

After equating the frame and folded plate displacements, the equations

are as follows.
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=25 .676F) -15.L95F, -27.159F3 + 6.057F)° + L,902.7 = O
- 19.348F; +74.813Fo +30.820F; -12.891F) -11,012.8 =0
- 28.469F, +30.063F, +25.945F3 - 2,058F) - 2,8u4.97 = O
+ 5.942F) -1L.226Fp =~ 2.962F; +20.836F)," + 8,815.6 =0

Solving these equations simultaneously yields the following values

for Fy, F,, F3, and F . s

F, = - 9.72 1lb.
F, = +103.53 1b.
F3 = = L9.27 1b.
F¥ = -356.63 1b,

STEP L. The final values of the plate moments and edge shears are
computed at sections 9.625 inches and 19.00 inches from
the end support. These final moments and edge shears are

used to compute the final edge stresses.

The final plate moments and edge shears are functions of the
applied load and the redundant force systems Fp, Fp, F3, F), p,and
Te- Computing the plate moments and edge shears for each of the force
" systems yields the following final summations at sections x = 9.625 in.
and x = 19,00 in, Sample computations for the final plate moments

caused by the load are presented in the Appendix.

o2 oo
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Final Plate Moments

x = 9,625 in.

Ml -
}{2 =

M3=

Mh =

MS =

+130.85
+782.66
+569.27
o

+ 73,212
-106.995

in.

+212.06
+638.70
+902.75
+76L.2L
+436,93

The final edge stresses at

in.
in‘
in.

in,

in.
in.
in.
in,

in.

1b,
1b,
1b.
1b.

1b.

1b.
1b.
1b.,
1b,

1b,

Final Edge Shears

these two sections

final plate moments and edge shears using the

2.2.

-136.63 1b.
= -230.29 1b,
= - 84.922 1b,
= + 46.684 1b.

= -140,269 1b.
= -230.L436 1b,
= -259.965 1b,
= -317.57 1b.

are computed from the

basic equations 2.1 and

Final Edge Stresses (lb. per sq. in.)

Edge
a

b

x = 9.625 in.

+ 125
+ 716
- 324
- 386
- 108

+ 251

x = 19.00 in.,
+ 703
+ 160
+ 235
- 103
- 341
- 636
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The final values of the displacements 651 and <§2 are computed

at sections x = 11.00 inches and x = 22.00 inches.

o a2
x = 11.00% Lo
= -6 3
c$1 + 810(10) in.
So = =2,700(10)~° in.
L]
x = 22.00%

51 = 0
S, = -2,837(10)~6 in.

The final slab moments are derived entirely from the relative
edge displacement computations for each loading case., The final

values for these moments at the section x = 9,625 in, are as follows.

my=m=0 o
m, = +1,8024 in, 1b,
mq = =0.4805 in. 1b,
mg = +0,4038 in. 1b.

i, Experimental Investigation

The structural model that was analyzed in the preceding
section was fabricated and tested to check the results of the analysis.
The dimensions of the model are shown in Fig. 5.1. Aluminum alloys

201}y and 6061 were used for the folded plate and the frame

respectively.
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After fabricating the model, SR-L strain gages, type A7,
were attached to both the top and bottom surfaces of the folded plate
at sections 9.625 in, and 19.00 in. from the end diaphé?gm as shown
in Fig. 5.1. All of the‘éages were placed in pairs at a given
location on the folded plate, one on the upper surface and one on the
bottom surface. Those gages oriented to measure strain in the
longitudinal direction were wired so that the gages in a pair were in
series, (ages oriented to measure strain in the direction normal to
the longitudinal axis of the roof were placed in pairs but wired
independently.

The model was set up for testing on a heavy concrete slab,
care being taken to have all column bases bearing solidly on the
supporting slab, The strain gage leads were connected to Baldwin
twenty channel switching units., Leads from these units along with
compensating gage leads were connected to a Baldwin portable strain
indicator, type MA. Horizontal and vertical displacements of plate 1
vere measured with Federal dial gages sensitive to 0.0001 in. A
photograph of the model ready for testing is shown in Fig. 5.L.

The 800 pound load was distributed to the model through 16
load points and was applied in 200 pound increments. The model
supporting the first two load increments is shown in Fig. 5.5. Strain
and displacement readings were taken before loading and after the

application of each load increment.,
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Fig. 5.L

Fig. 5.5
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Normal stresses, fx, acting in the middle plane of the plates
were computed from the measured strains in the manner discussed in
Appendix I, These stresses correspond to the edge stresses computed
in the preceding section. Normal stresses, fym, acting in a direction
normal to the edge stresses and at the surface 2{ the plates were
computed from the measured strains using gge expressions appearing in

Appendix I, .

5. Comparison of Analytical and Experimental Results
Graphical presentations of the results of the analysis and

experimental work appear in Diagrams 5.1, 5,2, and 5.3 in which the
longitudinal stresses, the transverse stresses, and the edge displace-
ments are plotted. General agreement between the computed and the
measured values was obtained,

Good agreement for longitudinal stresses, is shown for
section x = 9,625 in, except in the region of plate 3, At section
x = 19,00 in, the analytical results agree fairly well with the
experimental results ex;?pt in the region of plate 5.

The transverse s}resaes computed from the measured transverse
strains are in excess ofgthe analytical values, In this investigation,
as %? the investigation presented in Chapter IV, the indicated
trangverse strains may have been influenced considerably by the
closeness of the gages to the load points, The gages were 2.29 in.
from the point of load application whereas the distance between these
points, in the investigaﬁion presented in Chapter III, was nearly four

inches. During the experimental investigation the transverse stresses
]
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were particularly sensitive to the applied load. The computed

displacements are in fair to good agreement with the measured

quantities,
The correction recommended by A1i12 fop transfer of the applied

load to plates adjacent to the loaded plates would undoubtedly have
improved the agreement between the computed and measured results
particularly for longitudinal stress in the region of plates 1 and 5.
In this case the computations were particularly lengthy having
considered six values of n in the solution. The final results indicate
that three terms at the most would have been sufficient. The resulting
agreement between analytical and expemimental work does indicate that
the methods of superposition and consistent deformation can be used to
provide acceptable results in the analysis of these complex forms of

folded plate construction.
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APPENDIX I

o w

1. Experimental Data o

The experimental results presented in Chapters III, IV, and
V provide an indication of the total strain measured at the various
gages but do not indicate the variation of strain with each load
increment. Diagrams I and IT present typical load-strain curves for
gages attached to the model investigated in Chapter V. The curves
are typical of those obtained for the investigations presented in
Chapters III and IV.

The data was taken after loading and unloading the model
several times which represented an effort to place the model in a
state of uniform response. The models were all redundant structures
and the preworking was an attempt to remove any unplanned slippage

or settlement resulting from small discrepancies in fabrication and

set up.

2, Stress Strain Relations

The SR-L strain gages were oriented and wired to indicate
longitudinal strains in the middile plane of the plates and transverse
strains at the surface of the plates. The measured strains are
related to the computed edge stresses and slab bending stresses

through the following relationships.
3 o

138
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(X
— E o
fy = 1 x (€4 *,/“ffy)

f—E(+ )
y T 1ou2 '€yt mCx

Placing the longitudinally oriented gages in pairs and wiring
the gages in a pair in series eliminated the effect of slab bending.
It did not, however, eliminate the influence of the forces acting in
the middle plane of the plates. These forces exist primarily as the
result of the edge loads, p, which, in the case of these investigations,
are due primari%y to relative edge displacement. However, the most
severe edge force occurs as Pe in the investigation of Chapter III.
This force is from five to ten times as large as the other edge forces

in the folded plate. The stress in the middle plane of the plate

produced by this edge force is

8.33) (0. i
( 3()).1(.3 9311) = 59.6 1b. per sq. 1in.

The influence of this stress on the measured strain € . would be:

€y = - = (- 0.33 x 59.6)

X

- (£ - 19.8)

The effect is small and can be neglected when comparing measured and
computed edge stresses. Thus the following relationship is used to
indicate longitudinal stress from the measured strains.

: - Canve.

In this expression, €, ave, is the indicated longitudinal strain.
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The strains indicated by the transversely oriented,
independently wired gages include the influence of the stress fyx and
the transverse stress in the middle plane of the plate. The stress > o

€, ave.
at the surface of the plate is closely approximated by -—z%r———-. For

the region in which the transverse strains were measured, the transverse
stress in the middle plane of the plate is small compared with those
computed from p,, above, Thus the slab bending stresses were computed

-

from the indicated transverse strains using the following relationship.,

———*g (€ €, ave.)
D2 At

"o ©

¢0
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APPENDIX II

1. Analysis of the Single Bay Frame

The analysis of the frame shown in Tig. 4.7 is presented in
this section. The frame and the F, forces, with which the frame is
loaded, are symmetrical about the center line of the frame. Hinged
Supports are simulated in the model, so that the frame is considered
as a symmetrical two hinged frame. Symmetry simplifies the analysis
of the frame whose redundant will be taken as the horizontal component
of the reaction. The frame is divided into fifty-six equal divisions
of 0.569 in, measured along the line through the centroids of the frame
cross sections. From symmetry, the summations made over these
divisions need to be made over only one half of the total, or twenty-
eight divisions,

Three different moments of inertia are computed for the
analysis, since the splice bars are assumed to be effective between
their outermost bolts. The three moments of inertia which follow are
respectively for the 2" x 1/L" bar section, the bar with a 3.2" flange
and the bar with a flange and a splice bar added to the section,

2,604 (10)~6 in b

I, -
Ip = 10,937(10)~C in.l
Ig = 21,538(10)<6 inb
&
I, I
F s
= = L,200 ; = = 8.271
To Io
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The total strain energy due to bending stored in the frame

upon the application of the Fp forces is © ®
a0 (-3

28 2
2% 5T Os .

Low
I

ad
where

M o= M+ H
The statically determinate moment is denoted a@s 1', From Castiglianots

Second Theorem and from the support conditions

oy 28 U'yrs 28 ﬁAs
=2 ———= (] = H Z
by = 3T ZO * ‘

Solving this equation for H yields

28 M'yas 28
- 1

BTt W T

IR S

Substituting these summations yields the following value fog H.

-h.2759F1 + IS.BBhSFé
- 632.081

+ 67.648(10)"bry - 250.514(10) b,
The magnitude of V is obtained from the equilibrium conditions,
V = Fy+ 0.5373F,
The moment at the center of each As division is now computed.
The quantity %é? represents the total rotation occurring in the length

As and is considered as a concentrated rotation developed at the center

of the As division. Since the Cross section at the center line of the
@

[Tl
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" edrame does ngt rotate, the total rotation of the hinge at the support
0

[
is given as follows,

28
o %, = %: .’%Ais. = 4+ h.h22(10)'6F1 - 19.27h(10)‘6F2

"The displacement of any point in the frame can be computed as
o
the difference between the displacement produced by the rotation °<a
and the displacement induced by the individual As rotations developed
between the support and the point whose displacement is being camputed.
nem
éy =X, Fa - 2 (XpXp) A=<y
n=0
n=m

éx=Ym°<a' Z (Tp=Tn) By

n=o

In the above equations, m is the point whose displacement is to be
computed and n is any As division between the support and m. The
displacement S 2 is obtained from the geometry of the frame and the
computed displacements J, and 3.

Sy = Oxcos 0 - Sy sin o

The & 1 displacements for points 16 through 19 are the &S y displacements
for these points.

Sample calculations are shown in Tables I and IT. ) The
rfsu.lting c§ displacements required for the analysis of the folded
plate are as follows.

0.5981(10)=%4n.

Q,
=

1.877 (10)=64n.

Q
X

26.180 (10)-%in.

>

2.9071(10)~%in,

Q,

A" ]

[
L]
+
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TABLE I
ANALYSIS OF SINGLE BAY FRAME

| ]
. My
{ M /Io
1 0 + 0,285 [+ 0,081 0 0 5) 0
+ 0.8535 |+ 0,129
3 + L1225 |+ 2.024
L + 1,905 [+ 3.966
5 + 2,5605 [+ 6.556
6 + 3.1295 |+ 9.19%
+ 3.6985 |+ 13.
F + h-zsis + o
9 + 1}, 8305 |+ 23,302
+ 5.055 |+ 29.210
TT + 5,9145 |+ 35,605
b ] + 6.0435 |+ L2,
13 + e + 50.588
1 + 1.6815 [+ 59,005
+ 8.,2500 |+ &8,
167 °-0,1332] + 8. + J.u04[=0,145 [-0,I332] <0.1I591 | - 0.1L20
17 m. + 903885 + ]-00657 -om_ * . - .
-IB- 3013;2 + 909575 + II0986 'm— 301332 "U 02695 - .
15| +0.,0833 [ +10,5265 |+ 26.383]=0.1875 | =0.0833 05500 = 0.2087
20 +0, + . + . m +000656 .o:l‘m + om
el | +0,6098 T +TIJIT7 [+ 15.470]-0.1875 |0, 911 =0.256L T+ 0.5227
22 | +1,0897 | +1T1. + 16318701875 [+0.5581 =0.263; |+ 0.7839
(23] +1.5696] +11.9231 |+ 17T, 01875 [+0. =0.2703 |+ I.
2L [ +2,0L95 [ +12.2288 |+ 18.080=0.1875 +1,0562 [ =0,.2772 [+ I1.5616
25 [ +2.5562 | +12, + 37.157[-0.18715 [+1.25 =0, 5577 [+ 3.7151
26 | +3,0909 +12, + 38.067]-0.1875 [+1.3969] -0.56L5 |+ L.2055
2l 1 +3.6595 | +12,6866 |+ 19,560 [=0.1875 |+1.L385] =0.2876 [+ 2 .206%
28 | +1, . 2289 +12,6865 |+ 19.L&0]=0.1875 [+1.L385 0 2875 T+ Z.2005
> +632,081 -L.2759 {+15.83L5

”
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TABLE II
ANALYSIS OF SINGLE BAY FRAME

T (10)°5, (10)°5
0 ,
AS Fy Fo Fy Fp Fy Fp
_-_f +U.UUI9! -\Je + . - §0h53
+0.00577 | =002, |+ 3.8360 T 6. 307
+0,00062 =0.03556 + 6,310 | -27.001

+0 0013117 -Uooh99 + Bo 68 : I - .

+0.01732 | =0.0801 +10,8959 " -L5.820
— +12.8955 | =55.579

002127 | —0.0T8h =

+0,02502 -0:39’27 +1h:6513 --67:1517

+0 02887 <0 .1069 +15.1067 y(epnnn

.

3

L

>

[

1

ST T L N (i

+oo -0. + 2 - . u_

10| +0.,03657 | <0.138L | +17.9468 | -80.1LY
T +0.0L002 | =0.1L,97 | +IB.2L00 -82.858
_Iz- +6 .mmz : 3 QIESQ +Ia OBBEB - ®
T_m ﬁ .I’BE +I, omg ‘820235

Iu, "‘m m . I; zn + B . 5655 - [ 9

15 +ooggg§%-_ -0.2 "'m-I,UB ":303614 877_
16 -0. m.an!s "HQBISB :EBQBEI +o :5981 - 1.
X7 ] LOII85 | =0.0LLS + 9.1878 =56.8I1 | +0.598T | = L.877
18 -O.W 306563 + 60;668 -E,-:Bg +o .5951 - 1?877-
197 0.02769 | 0.0825 1 + L. =30. 151 T +0 JII0 | -~ I.03,
20 -0.02698 | 0,008 | =+ 3.3771 | =30 018 =0.3511 | =+ 3.

21 -oodm— + ® + 2.568: -230189 -1-5352 +120326
22| -0.01318 +0.032 + 11,7551 =I7.206" | -2.8555 | +2T.

23| -0,0129T | +0. + 11,1250 -11.13L | -3.8L50 +30.785
25 ﬁ.UIEB: +U + Uosl i? - 600135 q‘05037 "’39.2{]-3
25 "6052552 +ao!!,: + 601156 - onaa -5-2776 +h7o -2
26 O 02L25 | +0.2577 | —_+ 0,020 | = 0.227 [ =5.8220 +53.090
27| =0.01230 +0,1355 0 (o] 5. I3 | +55.299
28| -0.01230 +0.1355 0 0 ~5.,2590 | +57.904

+0,21731 -0,9262
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2. Analysis of the Two Bay Frame ,
The frame shown in Fig, 5.3 is symmetrical about its center-

line and has hinged supports. The applied forces F, are symmetrically
disposed about the centerline of the frame so that the analysis can
be made assuming the frame to be fixed at the top of the interior

column. Splice bars are not present in this case so that only two

moments of inertia are involved.

I, 2,60l (10)=61n .k

10, 937(10)~81n, 1

Ip
The portion of the frame from the exterior support to the top of the
interior column is divided into thirty seven equal divisions 0,569 in.
long and one division 0,198 in. long.

The analysis proceeds in the same manner as that presented in
the preceding section, except, in this case, there are two redundants,
The vertical and horizontal reaction components at the exterior support
are chosen as the redundants, The total strain energy due to bending
absorbed by the portion of the frame from the exterior support to the

top of the interior column is:

-

38 MEAsé

t

v = 2ET &
0
’

M = M <Hy+ Vx

The support conditions at the point of application of H and V are
such that there is no horizontal or vertical displacement at that

point, This permits the following two equations to be written,



4 = "3H Z ET : T Z BT
QU 38 o As 38 s 38, s
LA ALRAIP AL S VEL* 2 Wi

The statically determinate moments, M', are computed assuming the
frame to act as a cantilever supported at the top of the interior
column and loaded with the resultants F1, Fp, F3, and F). The
resultants are applied in the sense opposite to that shown as
positive in the analysis of the folded plate.

The surmations over the As divisions 0 through 38 are obtained
from Table III and Table IV and substituted into the above equations.
Solving the equations for H and V yields the following:

H = - 0.006497U8Fy + 0.0232971F, + 0.0105323F3 + 0.00063306LF),

V =+ 1.017h28F; + 0.L47285F, + 0.129160F3 + 0,00741825R),

Following the computatipn for the moment at the center of the
As divisions, the displaéements are computed as shown in Table V. The
procedure is the same as that demonstrated in the preceding section,
except that in this case there are four F quantities.

The final values for the S displacements are as follows:

(100683 = + 0.3865w, - 0.9629Fp - 0.L115F3 - 0.02472F),

(10)°8, = + 2.564F, - 13.00F, - 23.179F3 - 1.3949R,

(10)653 = + 0.959F - 22,15F, - 1L.231F3 - 0.8502F),
.}

c§1J = 0 N
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TABLE III
s STPANALYSIS OF TWO BAY FRAME

= + 237,093 in.~1

= + 52,181 in.~!

As x y xy x2 y2
I- + [ + L]
+ 00,8535 + 0.7285 |
+ 1,225 + 2,0235
I + 1,9915 + 33,9061 |
Y + 2.5600 ~ . + 6.5562 |
+ 3.6905 + 13,8789
o] + E.?E?S + 13.2115
9 + 1, 0360 + 23.3917 |
10 + 5,055 + 29,210, |
p b + 5.9145 + 35,6956
) ¥ + 6.5035 + 12,8170 |
+ 71125 + 50.5877 |
1Y + 1.0815 + 55,0050 |
15 + 8,2505 + 68,0708 |
15 =0, + 8,819 - 0,.730L9 + 00,0007 + T1.7830 |
Sy 30683 + 9.3885 - . + . + Bsomjg
moUBBB + 9.95:5 -UM + ™ + ;;.BIB
% =0, +10,5205 - 3 + 00,0069 +110,8072 |
20 +0 1507 +10,9639 + 1.7180 + 0,020L6 +120.2071 |
2T *0,6366 | +TT. 2696 |+ Y.17L2 | * O.LO%S — +127.0039 |
2 +1, 1155 +11, 0753 +12,9238 + 1,266 | +133.9876 |
>3 +1.590L +11,.8810 +1m68 + 2.0485 | +1L1.1582
pan +2. i, 2 + 1,310 +1,8.5157
+2.5562 +12.592]; H‘?Ei“‘s "+ 60340 +156,0501
25 +3.009 +12,8LL5 +35.,0829 + O 0637 | +150.883L
27 +3,0599 | +12.0LL5 +06.27T76 | +13.3949 | +189.
28 +1;.2289 +12 0415 +53.L723 | +17.8836 | +180.
29 +5.7979 +12 64,5 +60,6670 | +23.0158 +159,.803]
30 +5.3659 +12, +57. — +28.8038 +155.883]
[ 3T 5?9’3?9 YLe.oLL> 1 +75.0565 | +35.2340 | +159.583;
32 + +w.83§3 +41,.3687 +156,0601
| +6 3505 +12.1867 +8L, 7037 | +L8.300% +1,8. 5157
30 +7 11300 +11 . B8I0 +88,2806 | +55,2108 | +ILT.IB87
35 +7. +11.5753 —+OL.TELY | +52.5720 +133.9876 |
38| +9, —_+10.7579 | +98.9017 +3L, 5186 +115,
38 2
OZ xX<As = 4 27,5‘41 in.'l
38 &

[=]-]
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TABLE IV
ANATYSIS OF TWO BAY FRAME

(10)3 M'x (10)3 M'y

Fl Fo ' F3 F)-l Fl F2 ) F3
0 0 0 0 0 0 0

3
o

W

+ 2 -

e N - oLl

+ -

+ 3] - 1,

p L = 2 - 3, - O

- Selj] - 23 - 9 - 401
- L% - 5 - 15,094 - 608
= 2,8L8| = %10 - 2L, 190[ - i
- = 266 -‘31;“?71;"'1- 302

9
]
J

*
ON

.CE
[N
&1
gég
O
&
1101
“Nl
(o)
o
INERERERE]
ON
A

l\:1l
& [

:‘\AL
Y\
H!—l

9 )
=13, 082| =11, 299 = 1,%563.0| ~120.L2

;
EEELE
o

b 24 ) .m 03 - o - gy -;;,!E - 6"858.?
~56, &0L | =2L, OBL] -3 =390 .07[ = 90,508 =38, 510] =10, 318.5
NSRRI LA R R + %&gg TR R
B AN DR R N ER A BT S e

BN

f%‘
i
;

=85, L2 L7 715]

y -325’ 867 -7h, 81‘9.3

L
5
(o]
3

-515,207-196, 897 -51, 390.2|-2955.73




152

TABLE V
ANALYSIS OF TWO BAY FRAME
Edx EJ%
as Fp Fp | Py F), Fy Fs Fy Fl,
+ ) - » - e - . 0- o U 6
? + 3,.:3 - o - 83026 - ®
I + 620I2- -ng‘ov '“IS" ;'042 - 3 6
L [+ 85.36]=5L02.4]=180.77 =
5 1+I07.00[-507.5| =239.53 =1L.5L02
6 | +125,55|-605.2] =285.93-17.
6’ +m3.5; -693.: -328023 - *
+IS:-5£ -: :I.E -335.:6 - »
9 m "83, -2 -392 056 - °
10 [+Y7.93]=888.7] -L23.10| =25.
11 +12 I 025 "gz‘il- -hlll35 "2605&
12 + PS -953.]: -ESE 020 - o
:E: +IE.9I - 08 -h5h026 -m
+E§om -g!Io’ "m; .GI - )
IF +33069 -B;BOS "E!go:I -zs.m
16 [+107,29] -BIX. L =L0Y.6Y[=2L. 151+ 3.8852 = 9.820(= L.II5-"0,2L72
I’ + BE.BI -,3,.6 -EIGOEE - . + 3.8652 - 9.8” - » - 0.2‘7_2
18 [+ 60.2L[=655.1 =336,00|=20.212|+ 3.8852(= O, - L. - 0.20472
19 [+ L0.80[-565.3=298, 16| -I7.OhX [+ 3.8652| = 9.829[= L.II5 = O.2L75
20|+ 28.58[-189.8[=266.30]-16,030| = 2.8390[F 3L, + 13,366]+ 0,8018
el |+ 21,851 -L33.7]-2L2.52 =11, 60| =13 ,5102] +119.551]+ 50,699+ 3.0L36
22 |+ 156,76]=377.5/-218.18][-13.135|<21.L05T +207,029]+ 88,92+ 5,356
23 |+ I3.15[=32L 1| <19, 16| -11.583| <2 7.0825 + 291,681, +125. 528+ 7.6238
2h + 10:81} -27605 "1710h-h -10-o301 - - OOLJ. +36-6.355 +162.291 + 9.79h1
2> [+ 9.68]-237.8/=150.9L[= 9.0LY =32 5175] +L27.08L +19L. 563 ~TL.T72L
20 |+ 9.59]=22L 51 =12 .31 - 8.502[=32.8235| “073.937 +22l, (04| +13,6692
e [+ 9.551-224 51 =112, 31 - 8,502 | =31.6253] 599,399 +2L9. 71| +15. 250
28 |+ 9.55[=22L 5 -T7 3T - 8,502 -29.1970] +501,985|+265.63 | +16.2558
29 1+ 5.501-22L 51-1L2.3T = 8.502|=~25.8319] +L53.208] +270.870| * 1557}
-36.. F‘+ 9.59 -22&. -m - [J - [ 39 +mc58h +—26m +IE.O: ;6
31 + ﬁ59 -221‘05 :m20§I - (P m_}' o +21203§3 + P9
32 T+ BLII-20L 8 -132. LT[~ 7.832[-13.3105| +318. +207.999| +12.2802
33 + 615 -158- ;105058 - 60111‘3-" 901568m + * + °
_331‘; + 1,07 -Tg'."lji:' - . -4, - 0, +171.759 + 118,393+ &8.7712L
+ 2032 - ® - ESOIE - 20581 - Bozsm + e 3+ ™ + .
36 + . - Booh - 20l“8 - loizs - I.E?B! + . + 3_20185 + I¢75
37 |+ 12/~ 0.3~ 3.10/-"0.158]- 0,307+ 6.71B[+ 5.385[+ 0.2500
38 0 - 1.,6/- 0.02[-0,009[- 0,052 0 + 0,004 0
38.5 o] 0 0 0 0 0 0
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3. Tabulations Ace Example 5,1

Sample detailed computations which are part of the solution

of Example 5,1 are presented in the following tables, Table VI
presents tabulated computations for the © displacements of the
gimple folded plate loaded with the 800 1b. test load,

The O displacements obtained neglecting relative edge
displacement are tabulated in each row headed with the symbol a.

The numbers shown are the series constants computed on pages 97 and
98. The influence of edge displacements is tabulated in rows headed
by the symbols b', b", and b,

The series vwhich represent the contribution to the §
displacements by the relative edge displacements appear on page 102
and are written in terms of br.v b;;, and bg' which are expressed in
terms of the series constants Anp'as presented on page 104, The
values of by, by, and by are substituted into the series for S -
Table VI presents the calculations which includes the sumation of
the & displacements computed neglecting edge displacement and those
caused by edge displacement. This sumation yields the final
displacements & m for each value of n considered. For example, the
computation for the contribution to & 1 by Ay for the first term in
the series would involve the following product:

-2,793l x 61,618 x (10)=5
= -« 0,17212
(1)4 !
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Table VII presents the tabulated computations for the
displacement of the multiple folded plate at the midspan section;
the load producing the displacement is the 800 1b. test load. The
rows in the tabulation headed by the symbol L contains the series
constants for the & displacement of the simple folded plate, The
rows headed by p and T represent the terms contributed by the
redundants p, and Te. The series for the & displacements produced
by pe and Tg are presented on pages 113 and 115. The series are
written in terms of constants a, and b, for the redundants Pe and Tg
respectively which are presented on page 123, Substituting the
constants aj, and b, into the series coefficients presented on pages
113 and 115 permits the calculation of the & contribution of Pe and Te,

The computation for the displacement & 1 forn=1 is as

follows:
Load: + 11,170(10)=, coefficient for the first term

of the series, page 106.

Pe ¢ @y =+ 7.0647, page 123.
(+7.06L7) (-L75.44) (10)<C = - 3,359, page 113.

Te ¢+ by =+ 62,049, page 123,
(+62.0L49) (-41.507) (10)~® = - 2,575, page 115.

] L
The first term for the series representing & 1 at x = 5 becomes:

+ (+#11,170 -3,359 -2,575) (10)=6 sin %} = + 5,236(10)~6in.



156

602T'T- | Q05N | ge'sur- 0ES°oT+ | € o(on)
602T° T+ 8O = 1| Qe*4TT+ S 14 T
£alleg- SIE 1T+ £R°182- hﬁwamw..r L

1= | _069°gT+ | oz'ojes 2006z-1 d 5@ (on)
699L°6 LIS LE- L8l + Q22+ 1

|.9°418°g + 8iog 0+ 69°0- | goo’o- Eee -~ | <qr'fmo - £ 9(0T)
| aNog" 0 L&.Mmumm.o- 12Q9° 0+ ...Mﬁh.lml. g9 v z
—— Q32T+ | §e10°27 TURqI- 1
| 9T 202~ d Te (o)
AR AT 1
208°9§ -~ # o(0T)
20R°99 + 2
l3°22 + A
OTZ* Tl + d te (o1)
0220°T + T6002E = [ 0070 =1 o 9

9° 210 11~ Lozt 2= ao&.T TEEH 6+ SOL° T+ 20° 192+ awn ol I A1Gi9)
.N+ o [ ] + * - ® + o. - N - N
MR 1&!:&!@&! L lmﬂ%wlinwpk el il .
+ mwnmobl- DMD.H + qmob + + % OH
8MT°E~ | T127e1r | J27aia- =] 1 9

L°206° + 9£9R° 2+ 8L99° - 9929° fi= LS LT~ T3°50€= 9€2°S + ® o(01)

_9r9ne- 8499°1~ | cozotHy LeE° T~ T9°60€+ 2% +| 2
— _TLN0°0- | ¢200° 0~ 8990°0+ 911’0 - 28T - A
IoI'o- LT 0= NOOT O+ | Tge°0 - 26°€2 - 696c -] d T £4(010)
_1269° 2~ : 606¢ " hi- £96E° 1+ 098° 91~ T AL 0L+ 1
T- T+ 1- T+ 1- T+ % uts
TR30L Ia: 6 L S € T u N\

@QvoT Ol ana m =X IV ¥V @04 TUIITN 40 LNINTOV ST
ITA TEV]




157

Table VIII presents the tabulated computations for the plate
moments in the miltiple folded plate at x = ?.2188 L due to the 800 1b,
test load. The nature of the computations is almost identical with
those presented in Table VII, except in this instance the computations

are for moment rather than displacement and the value of x is 0.2188 L

rather than —]2:'-, “

The computation for the first term of the series for the plate

moment, My, at x = 0.2188 I due to load is accomplished as follows:

» Load: select the series constant + 361.7
from the first term of the series

for M;, page 106.

Pg a-_,_ = + 7.0647, page 123,

(+7.0647) (-5.2782) = -37.3, page 113.
e ¢ by =+ 62.049, page 123.

(+62.0L9) (-0.26077) = -16.2, page 116.

The first term in the series representing the plate moment, My, at

X = 0,2188 L due to load becomes:
(+361.7 -37.3 -16.2) sin 0.2188n = + 195.52 in, 1b.

The moment contributed by the redundants, F» is alsc computed,
yielding the total moments tabulated on page 127.
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