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SYNOPSIS

This thesis nresents an investiaation of the effects of end dia-
phragms on internal forces and deformations in sing]erspan, single bay
folded plate models subjected to vertical loads.

Five different end diaphragms were used to support a three plate
and a five plate model. The desians of the end diaphragms were in-
tended either to copy those commonly in experimental use and actual
nractice, or to satisfy theoretical support conditions.

The experimental results indicate that end diaphragm types have
little effect on stresses, moments, and deflections away from the sup-
ports but greatly affect these parameters at locations near the sup-
nort.

It was also seen that the longitudinal moment was much larger

than expected and may not be small enouach to nealect in desian.



INTRODUCT ION

Folded nlate structures are those orismatic shells consisting of
flat plates which are mutually supported alona their longitudinal edaqes
and sunported transversly on end diaphragms. A1l acceptable methods of
analysis for simply-supported folded plates assume that the end dia-
phragms have infinite stiffness when loaded in their planes and comnlete
flexibility when subjected to forces and moments not in their planes (1).

Various transverse diaphraqms have heen used in exnerimental work
an folded plates in an attempt to satisfy the theoretical support as-
sumntions. The most widely used diaphragm is a monolithic, transverse
sheet which is welded, bolted, or otherwise rigidly connected to the
folded nlate (2,4,6,7). Other designs employ hinges in various config-
urations in an attemnt tn releass moments in the Aianhraqms (5,%).

The ASCE Task Committee on Folded Plate Construction in their Phase
I Report on Folded Plate Construction (1) reviewed the method of analysis
and renorted that one basic assumption common to all methods is that
"sach supporting diaphragm is infinitely stiff parallel to its own plane
hut is perfectly flexible normal to its plane." Later in the report it
vas stated that this assumntion should be included in the analysis for
simnly-supported prismatic folded plates.

Very Tittle has been published concerning narticular transverse
diaphragm effects on stresses and deformations in folded plates. Sha-
hrokhizadeh {5) did an experimental study of different types of end sup-
ports on folded plate models which varied in thickness and length to

denth ratios in which he attempted to simulate the theoretical support



conditions. He concluded that plate thickness was not an important
factor when considering end diaphragm effects and that longitudinal
stresses at mid-span are not significantly influenced by the type of
end diaphragm. He also found that end effects on deflections are very
small and can ordinarily be neglected except for short span structures.

Deaufait (2) used one inch (2.54 cm.) fir pieces fastened to the
folded nlate with wood screws. The diaphragms were then bolted to pairs
of angle irons which in turn were connected to a framework. These dia-
phragms caused two-way slab action in the vicinity of the supports thus
giving a smaller transverse moment than that calculated by assuming one-
way slab action.

Scordelis (6) ran an experimental and analytical study of a folded
plate and obfained a difference hetween the experimental results and
those obtained by the elasticity method. He blamed this.difference on
an error in one or more of the assumptions made in the theoretical an-
alysis. He checked the assumed end conditions and found that some
restraint existed at the end diaphragm and thus the diaphragms were
not perfectly flexible normal to their own plane. His diaphragms were
n.190 in. (0.483 cm.) thick 2024 T3 sheet aluminum welded to one end
of the folded plate and fastened to the other by closely spaced machine
screws.

Mark (1), in a study of nhotoelastic analysis of folded nlate
structures, analyzed a five-plate structure by the method of stress
freezina. He concluded that boundary conditions along the end dia-
phragms assumed in the theoretical solutions were not perfectly satis-

fied in the model, but the perturbations thus introduced were confined



to areas adjacent to the diaphragms.

A later Scordelis experiment dealt with 0.50 in. (1.27 cm.) thick
concrete models with 1.SD in. (3.81 cm.) thick concrete end diaphraqms
(7). These were tested with cycled Toading and then loaded to failure.
"Ultimate failure occurred at four and one-half times the full design
load in both models and was caused by diagonal tension cracking in the
shell near the supports and cracking in the supporting diaphragms that
was produced by warping of the diaphragms induced by longitudinal strains
in the folded plate elements." This led Scordelis to conclude that
"special consideration should be given to reinforcing the supporting
diaphragms for bending out of their own plane.” This conclusion violates
the support condition assumption of the diaphragm heing flexible with
respect to tractions not in its plane. But in light of evidence that
supports have little effect on stresses and deflections away from the
ands and due to the practical imnossibility of achieving the ideal
support conditions, his conclusion is justifiable.

Swartz (8), in a study of buckling of folded plate structures, sug-
gests the difference between observed and theoretical 5uck1ing may be
in part due to "the practical impossibility of achieving the ideal
boundary conditions oresumed in the develonment of the usual elastic
analysis of folded pnlate structures.”

In all cases reviewed, where inconsistencies hetween theoretical
and experimental stresses at the supports existed the investigator cited
the fact that the gupports were not ideal. |

This paper presents the results of load tests run on two folded plate



models, as shown.in Fig. 1, supported by five different end diaphragm
types. These results, in the form of stresses and moments versus load,
are platted and compared with theoretical results. The method used to
obtain the thgoretica] results is presented in the Theoretical Con-
siderations section.

The Experimental Program section describes in some detail the fab-
rication of models and diaphragms, strain and dial gage locations and
equipment, the method of testing, and the reduction of strains to
stresses and moments.

The Experimental Results section discusses longitudinal stress,
shear stress, and longitudinal and transverse moments. Deflection

results are then examined.

THEORETICAL CONSIDERATIONS

The method of analysis used in this paper for obtaining theoretical
stresses and deformations in the models is that of Goldberg and Leve (3).
The theoretical model results which are used herein were given by Swartz
and Rosebrauah (9) who used a matrix approach (10) to the solution of
the Goldberg formulation of the folded plate equations. Referring to
Fig. 2 the loading is assumed to be uniform over the entire pléte sur-
face, and may be expressed as a Fourier Series in the x-direction and a
constant in the y-direction for each plate. For a given mode in the lon-
gitudinal Fourier Series, the final matrix form of the folded plate equa-

tions may be expressed as (10):

KA = Fp | ‘ [



where K is the structure stiffness matrix of order 4(np+1) X 4(np+1);
A is a column matrix of the unknown maximum displacements for the mode
along the 1onqitqdina} edges: and FF is a column matrix of the maximum
edge tractions for the mode created by the applied loads acting on the
plate surface with the Tongitudinal edqges assumed fixed; finally n, is
the number of plates in the structure. The forces and deformations
throughout the structure for a given mode of the Fourier Series may be
expressed in terms of the applied loads and maximum edge deformations (3).
The latter may be determined from

A=xT L [2]

Thus the problem hecomes nne of calculating Tl (the structure
flexibility matrix), determining FF for the given load case, and cal-
culating A for a given mode of the series. Finally the forces and de-
formations throughout the structure are calculated for each mode and
summed up.

One assumption implicit in this method is that the nlate elements
are assumed to be supported on end diaphragms which are perfectly rigid
parallel to the plane of the diaphragm and are perfectly flexible normal
to the nlane of the diaphraqm.

This method of analysis was implemented on the IBW 360-59 computer
at Kansas State University and the results given in reference (9). The
theoretical results given were ohtained using three nonzero modes of
the Fourier Series solution. The available results included deflections,
longitudinal stresses, and transverse moments, but not Tbnqitudina]
moments. Therefore no theoretical longitudinal moments are plotted.

Theoretical results are presented later along with those experimentally

ohtained.



EXPERIMENTAL PROGRAM

FABRICATION OF MODELS

The folded piate models used in this study were fabricated from a
sheet of 2024 T3 aluminum, 0.041 din. (9.104 cm.) thick, by shearing to
size and then bending in a press to the proper shape (see Fig. 1). The
length of the models were 54 in. (137 cm.) which gave a length to depth
ratio of 21 for the three-plate model and 16 for the five-plate model.
The material properties were determined as (9): Young's Modulus =
10.6 x 108 psi (7.31 x 10'7 w/m?); Poisson's Ratio = 1/3; proportional
1imit stress = 30,790 psi (20.7 x 107 N/mz); yield stress at 0.2% off-
set = 43,000 psi (2.96 x 10° N/m).

The models were loaded by the use of a whiffle tree to distribute
Toads from two low capacity 800 1b. (363 kgf.) tension rams (Tom Thumb
"IIV" series). The hydraulic pressure was measured usind a Heise pres-
sure gage. The load points on the model surface were spaced 1 11/16 in.

(4.28 cm.) longitudinally and transversly on the horizontal projection.

FARRICATION OF END DIAPHRAGMS

Type 1 end diaphragm (Figs. 3a % 3b) was a 1/2 in. {1.27 cm.) thick
plexiglas sheet, bolted to the folded plate with 1/4 in. (0.64 cm.) bolts
at two in. (5.08 cm.) intervals. This type diaphragm is the simplest to
construct and is the one used most in actual practice.

Type 2 end diaphragm was identical to type 1 except for a set of
T in. x 1 in. (2.54 cm. x 2.54 cm.) brass hinges located at mid-diaphragm

as shown in Figs. 4a & 4b.



Diaphragm type 3, shown in Figs. 5a & 5b, was identical to type 2
but was hinge-connected to the folded plate with 1 in. x 1 in. brass
hinges in an attempt to produce flexibility with respect to the moments
in the longitudinal direction at the diaphragm-folded ﬁlate interface.

It should be noted that although diaphragm types 2 and 3 were
hinged in the plane of the diaphragm, rotation about the center of
gravity of the model cross section was not permitted by this type
hinge. Type 1 diaphragm restricted all rotation.

Fiaures ha & fb show dianhragm type 4 which approximates a roller
support for the folded plate acting as a simple beam. The diaphragm
was cut from a sheet of 28 gage sheet steel (thickness of 0.0149 in.)
(0.0378 cm.) and was connected to the folded plate through 1 in. x 1 in.
brass hinges. The diaphragm was supported at the centroid of the cross-
section of the folded plate through a 1/2 in. (1.27 cm.) plexiglas
roller which in turn rested on a 1/2 in. (1.27 cm.) sheet of plexiglas
supported by two 1/4 in. (0.64 cm.) steel rollers. To limit buckling
and thus aross deformation of the sheet steel a 1 in. x 4 in. x 1/2 in.
(2.54 cm. x 10.16 cm. x 1.27 cm.) plexiglas stiffener was bolted
heneath the opening in the sheet steel.

This diaphragm deflected vertically under load therefore a dial
gage was placed at the center of the top plate at the support so
relative deflections at midspan could be calculated.

Diaphragm type 5 shown in Figs. 7a & 7b consisted of an 18 in. x
30 in. (45.7 cm. x 76.2 cm.) sheet of 28 gage sheet steel from which

the folded plate models were suspended through 1 in. x 1 in. brass



hinges. The sheet steel was supported by 1 1/2 in. x 1 1/2 in,

(3.81 cm. x 3.81 cm.) angles resting on 2 1/2 in. (6.35 cm.) pipe
columns at four corners. It was expected that this type of diaphragm
viould more closely satisfy the theoretical boundary conditions than

the others.

TESTING

The overall test setup is given in Fig. 8. The equinment used to
monitor thirty channels of strain gage output consisted of three Budd-
Datran C-10 switch and balance units, a Budd-Datran A-110 digital strain
indicator connected to a Budd E-140 printer control unit and a Victor
Digit Matic printer. An additional four channels were monitored manually
with a Budd SB1 switch and balance unit and a Budd HWI strain indicator.

The locations of strain and dial gages for the three-plate model
are shown in Fig. 9. Deflections at midspan were measured with Soil
Test LC19 dial gages which have a least reading of 0.001 in. (.00254 cm.)
and a travel of two inches (5.08 cm.). These gages were in all cases
positioned to measure directly deflections perpendfcu]ar to the plate.
Metalfilm C6-141-R2TC electrical, resistance, strain rosettes were used
to determine lonaitudinal stresses at the free edges at midspan. These
two-element strain rosettes were also used at strain gage locations
5,9,13,17,21, and 25 to give strains in both the Tongitudinal and trans-
verse directions from which longitudinal stresses and moments and trans-
verse moments were derived. Metalfilm C6-124D-R3Y three-element rosettes
were used at location 29 to give loncitudinal stress and moment, trans-

verse moment, and shear stress at the center of the inclined nlate near



the support. This location was as far from loadpoint stress concentra-
tions as was feasible. At all strain gage locations gages were placed
on both the inside and outside surfaces of the folded plate and all
stress results averaged.,

The strain gages for the five-plate model are in corresponding
locations with the exception of gages at locations 1 and 3. These are
at the free edges of the vertical plates on the five-plate model at a
distance of 25 1/2 in. from the end.

The model was exercised to remove hysteresis from the gages by
cycling the loading between 100 psi (gage) and 610 psi several times,
These hydraulic pressures correspond to 0.1396 psi (963 H/mz) and
N.840 psi (5.78 x 103 N/mz) respectively actual distributed load on
the horizontal projection. Strain and deflection readings were taken
at 50 psi (gage) increments from 150 psi to 600 psi. Each 50 psi gage
increment represented 0.0698 psi (482 H/mg) actual distributed load.

To ensure proper whiffle tree action 150 psi (gage) was taken as zero
load in all cases.

The longitudinal and transverse normal membrane stress, o, and g,

Yy
vere calculated using:

g, = E
X T e (B *EYY) [3]
1-42 X ¥
and
9,= . E_(E, +e) , [4]
Y T‘.U? y X

for stresses at the outside and inside surfaces where E is Young's

modulus; p is Poisson's Ratio; and ex and ey are measured or computed



strains on the corresponding surfaces. The stresses were then averaged
to produce the final stresses presented in the results.
The Tongitudinal and transverse moments were calculated from sur-

face stresses assuming a straiqght linear variation with depth using:

2
P = 2 . - ;.
1x (Uk inside gﬁ outside) %? [5]
and
2
. - “ A p ) t
1y (Uy inside y outside 17 [6]

where t is the plate thickness.

The strain gages at location 29, at the middle of the inclined
nlate near the support, were the only three-element rosettes used. The
gage was orientated with one element along the longitudinal x-axis,

one element at 60° to the x-axis, and one element at 1200 to the

x-axis. ‘'hen orientated in this manner the longitudinal, transverse,

and shear strains were found to be:

£ = ¢
3 no [7]
Ple  + € ) -¢€
e =  60° 12n° 0
y P [3]
and
2( € - E
T ,59)__. [9]

10
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The Tonqgitudinal stresses and longitudinal and transverse moments
were calculated as described above. The shear stress,T , at location

Xy
29 was calculated from:

T =G6Y¥
Xy Xy

where G is the modulus of rigidity.

The strain data was reduced to stresses and moments using the

IBM 1620 electronic computer.



EXPERIMENTAL RFSULTS

For the purpose of comparing exnerimental results for the different
types of end diaphragm with theoretical results, average stresses and
moments at various points on the folded plate have been plotted in

Figs. 10 throuqgh 471.

LONGITUDINAL STRESSES

Examination of results substantiates the findings of others that
end conditions have Tittle effect on longitudinal stresses away from the
supports.

Figures 10 and 11 show longitudinal stress versus applied load at
the free edges at midspan of the three-plate and five-plate models re-
spectively. Quite good agreement hetween experimental and theoretical
Tongitudinal strésses is shown.

Longitudinal stress versus load at the edge of the top plate at mid-
span is plotted in Figs. 12 and 13. Again good agreement with the theo-
retical is shown by both models.

It should be pointed out that diaphragm type 3 with the five-plate
model appeared to produce longitudinal stresses three times the theo-
retical at gage location 21 (Fig. 15). This apparent discrepancy is
due to a large zero offset and is demonstrated to lesser degrees in
other graphs. Diaphragms type three and four consistantly produced
higher lTongitudinal stresses at this Tlocation.

The longitudinal stress at gage location 25 (top plate, center

near support) is plotted in Figs. 16 and 17. It is apparent that the



longitudinal stress at this location in the five-plate model was greater
when hinge-connected diaphragms were used than when bolt-connected ones
vere employed.

The longitudinal stress at gage location 29 (inclined plate, middle
near support) showed good agreement with the theoreticaf when the models
were supported by diaphragm type 5 (Figs. 18 % 19).

The stress profile along fhe edge of the top plate in the three-
nlate model for a surface load of .279 psi (1.44 x ]03 N/mg) is plotted
in Fig. 20. A definite trend which conforms with the theoretical curve
was avident for all dianhranm tvnes, The hinned tynes nraduced con-
sistantly better results away from the ends hut poorer results near the
ends. The five-plate model results were similar to the three-plate

results.

SHEAR STRESS
The shear stress was calculated from strain data at gage location
29 (inclined nlate, middle near supnport) and is plotted in Figs. 22 and

23. A1l nlotted results aaree closely with theory in both models.

LONGITUDINAL MOMENT

The plot of longitudinal moment, Mx, at the edqge of the top plate
near the support (Fias. 24 % 25) indicates that bolt-connected dia-
phraams produced smaller moments than hinge-connected ones. This effect
was not expected in light of the normal definition of a hinge and may
have been due to localized stress concentrations created at load points

of the whiffle tree or hinge connection noints. Another possibility is

13
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that the hinge connection may have allowed agreater relative displace-
ment between the center and longitudinal edges of the top plate than
the bolt connection. This would lTead to a larger negative transverse
moment at the edge and hence a larger negative Iongitgdina] moment at
the same Tocation.

Mx results at the middle of the top and the inclined plates near
the dianhraams (aaae locatinns 25 and 29) shown in Fias. 26 throuagh 29
support the preceding theory. In all cases the bolt-connected dia-
nhragms produced negative moments whereas the hinge-connected diaphragms
produced positive'moments. |

For a distributed load of 2.209 psi (1.44 x 103 N/mz) the Mx pPro-
file along the edge of the top plate from mid-span to support is plotted
in Figs, 30 and 31. 1In both the three-plate and five-plate cases the
longitudinal moment is seen to be fairly constant with x away from the

ends.

TRANSVERSE MOMENT

Figures 34 and 35 show the variation of transverse moment with load
at the center of the top plate near the support (gage location 25). The
theoretical values for moments in both models are computed from a straignt
Tine internnlatinn hetween zero momant at the sunnort and the moment at
a point 5.4 in. (13.7 cm.) from the support. This interpolation assumes
a straiaht line variation of transverse moment between points. The data
from the hinge-connected diaphragm types on the three-plate model and all
data on the five-plate model indicate that this assumption is in error.

In fact the experimental results indicate not only a change in value but
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also a change in sign of the transverse bending moment. Similar trends
are shown in the transverse moments at the middle of the inclined plate
near the support (gage location 29 Figs. 36 and 37).

The transverse moment orofiles along the edge of the top plate for
a distributed 1pad of 0.209 psi (1.44 x 103 N/mg) are shown in Figs. 38
and 39, Although the experimental and theoretical results do not agree
in value, the experimental results showed good agreement with each other.
The variation with x is similar to that predicted by theory. At the
sunnarts the transverse moments in the madels sunnorted by hinne-con-
nected diaphragms were in qeneral larger than those in models supported
by bolt-connected diaphragms. This again was probably due to the fact
that the hinge connections allowed larger relative deflections near the
supports and therefore larger transverse moments.

Mnost folded nlate theory (1) assumes one-way slab action and thus

neqlects the effects of longitudinal moments, Wx, Figqures 40 and 41

show the MX/My variation with x. It is evident that in general Hx nas
a value of approximately one-third Hy along the edqge of the top plate

and therefore may be significant with regard to design considerations.

DEFLECTINNS

The deflections at midspan of the center of the top plate were
nlotted in Figs. A2 and 43, These indicate that the structure deflected
at midsnan in a linear manner and that this deflection was independent
of end conditions.

In neither the three-plate nor the five-plate model did the experi-

mental data show qood agreement with the theoretical solution, the actual



deflections being larger than the theoretical in both cases. That there
existed good agreement amonq the exnerimental results is encouraqging
evidence that end conditions have little effect on deflections away

from the ends.

16
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CONCLUSTONS

The results of an experimental study on folded plate models subjected
to uniform vertical loads to determine the effects of different end sup-
nort configurations on induced stresses, moments, and deformations are
nresented in this report. Five types of end diaphragm were considered
in an attempt to simulate the theoretical and nractical houndary con-
ditions at support locations.

The type 1 diaphragm used in this study was similar to those com-
monly found in practice. The other four types of diaphragm each were
desingned in some way to satisfy a part of the theoretical support con-
ditions of the diaphragm being perfectly rigid in its plane and per-
fectly flexible normal to its plane. Type 5 diaphragm, the sheet steel
support, perhaps satisfied these criteria better than the others but
the major cause of differences in stress and moment results near the
ends was the method of connection, whether bolted or hinged.

On the basis of results obtained in this investigation the following
conclusions are made:

(1) 1t is concluded that the type of end diaphranm does in fact
have little effect on stresses and deformations away from the support.
The areat differences in observed stresses all occured within 9.1 span
nf the supports with only minor differences within the middle 2.8 span.
‘o neneral advantane was found in the hinne connection over the holt
connaction of the diaohraams with respect to stresses and deformations
in this middle 0.3 lenath. Therefore if all data is to be taken within

this area the simplest diaphragm to construct produces acceptable
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results. In the author's case, the bolt-connected diaphraqgm was by
far the simplest to construct and use. ‘!lhen values of stresses and
moments near the sunport are important the support shou]d be modeled
as closely as nossible to the prototvpe and measurements made near
the support. In practice this support will generally be the bolted
tyve. |

(2) The fact that the roller support and the "fixed" support
hoth nroduced identical deflections and stresses at midspan rules out
the possibility of analyzina these tynes of folded plates as beams.
Peam theory gives different results for these deflections and stresses.

(3) In practice, Hx’ the longitudinal moment, may not be smali

enouan to be nenlected in desian.



APPENDIX I: MNOTATION

Young's medulus

Matrix of édqe tractions

Modulus of rigidity

Structure stiffness matrix

lLongitudinal moment

Transverse moment

MHumber of plates

Distributed load on horizontal projection of structure
2

1 psi (0.6395 M/cm™)

Plate thickness

Longitudinal direction

Transverse direction

Shear strain
DYisplacement matrix
Longitudinal strain
Transverse strain
Poisson's ratio

Lonqgitudinal, normal, membrane stress

Transverse, normal, membrane stress

Shear membrane stress
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Three Plate Model

five Plate Model

Figure | Model Cross-sections



Figure 2 Three Plote Model with Cordinate System
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Figure 3b Type One End Diaphragm
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Figure 4b Type Two End Diaphragm
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Figure S5b Type Three End Diaphragm
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Figure 6b Type Four End Diaphragm
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Figure 7b Type Five Fnd Diaphragm
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Figure 10 Longitudinal Membrane Stress,(x,vs Load, Free

Edge at Midspan, 3-plaote Model
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Figure 13 Longitudinal Membrane Stress,0x,vs Load, Edge
of Top Ptate at Midspan, 5-plate Model
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Figure 23 Shearing Membrane Stress, Ty, vs Load, Middle
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ARSTRACT

This thesis presents the results of an experimental study of the
affacts nf Fiya diffarent tvnag nf end dianhranms nan stresses and de-
formations on two single span, single bay, folded nlate models. The
attemnt was made in desiqning the diaphragms either to simulate those
used in practice or to satisfy theoretical support conditions of the
diaphragms being perfectly flexible normal to their planes and perfectly
riaid parallel to their nlanes.

The three-nlate and five-nlate models had a lenqth of 54 in, (137 cm.)
and were loaded through the use of a whiffle tree to produce a distri-
huted load from N to 0.629 psi (4.34 x 103 N/mz) in 0.0698 psi (482 N/mz)
increments.

Five different types of diaphragm were used. Two were rigidly con-
nected to the models by bolts. The other three were connected by hinges
in an attempt to produce flexibility at the supports.

Deflections were measured at midsnan of the folded plate. Strains
were measured across midspan, along the longitudinal edge of the top
nlate, and across the models at the supnorts.

The exnerimental results were compared with those calculated from
accepted theory. The results indicated that end sunports had little ef-
fect on stresses and deformations in the middle 0.8 length of the models
hut had great effect on stresses near the supports.

It was also found that the Tongitudinal moment may not he small
enough to neqlect in desiqgn, its experimental value heing approximately

1/3 that of the transverse moment.



