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ABSTRACT

The perturbation method is used to analyze the pfoblem
of smell and large deflections of clamped skewed plates under
uniform pressure, The results are improved by successive approximations
to the three disrlacenent comnonents in the middle plane of the plate,
fumerical and graphicai ;esults are presented. Comparisons are made
with existing results for skgwed plates with small deflections as well
as with results for rectangular plates with small and large deflection
behaviour; good agreement is shown, The effects of skew and ;5pect
ratio on plates with large deflections are investigated. It is shown
that the centre deflection decreases with increase in skew and aspect
ratio, and that the maximum resultant stress occurs along the longer
edges of the plates and is displaced towards the obtuse corners;

Four alunirum skewed panels of.different skew angles and agpect
ratios were tested to verify the theorétical predictions. Cxperimental
results for deflections as well as maximuun edze and centre stresses
are compared with those obtained analytically. Close agreement is
found. It was also revealed from these experiments that, at large
lateral loads producing plastic permanent deformations in the plate
models, the obtuse corners are not only regions of stress concentration

but also of instability, exhitited by sudden reversal of stresses.
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. CHAPTER I
IHTRODUCTION
Skewed plates =znd slabs.are often required as component
parts of lprge scale stnuctures such as triangular dzms and bulldlng
floor systems. In the field of reinforced concrete, such plates are
also of considerable interest and practical importance, especially
in thé case of skewed slabs for highway bridges that cross rivers,
railways or other hiéhways at an oblique angle, In general, the
deflections of skewed plates or slabs used in the aforenentioned
structures are usually rather small in comparison with the thickness
of the plate so that for a proper design of such plates, only a
linear (small deflection) anzlysis is required, In contrast, the
regquirements o% skewed plates or paznels for the aircraft industry
are quite different. In the case of the design of swept wings and skin
panrels of. alrcrafts, for examrple, the weight is of rprimary 1mtortance°
for thls reason, when skewed plates are used as their component parts,
they must be thin and, as a result, their deflections =re usually
quité lJarge in comparison with plate thickness. ience, in order to
obtain design charts and formulas for stressing skewed plates
used for swept wings, skin panels and other rglated components
of the aircraft, the ﬁonlinear (large deflection) analysis must

be ‘used,

Yany diverse and indirect methods are now available for




the linear analysis of clamped square end rectangular plates
subjected to uniform normal loadings. Some of these methods are
cited by Timeshenko and woinowsgy-Krieger (1). For the solution of
a clanped uniformly lQaded rectangular plate, Timoshenko and Woinowsiy-
Krieger employ a double series which operates with two independent
¥ systems of infigite linear simultaneous ejuations., AQproximate.solutions, .
for thé nonlinear (large deflection) analysis of uniformly loaded
rectangular plates unéer similer boundary conditions have also been
examined by Way (2) using the Payleigh-Ritz technique and by Levy (3)
who substituted a doudble Foqrief series solution into the differential
eguations and evaluated the coefficients. Invariably, all the methods
enployed are extremely laborious and require consicderable corputations,
In contrast to the square and rectangular plates, shewed plates
have not received es mpph attention. This may perhaps be due to its
relatively difficult matiiematicsl model and its absence of §rthogonal
relation;hips. ?or.the clerped skewed plate under consideration,
Morley (4) has presented results for a very limited number of skew
angles and aspect ratios. Recently, due to the work of Xemnnedy (5) (6),
deflections as well as principal stresses for such plates have been
determined for various skews and aspect ratios.both enalytically and
experimentally, Howevéf, with regard to large deflection behaviour of
uniformly loaded shewed élates, no general solutions are as yet

availzble,




Tne work embodied in this thesis comprises:

(i) a2 theoretical linear (smal; dgflection) anzlysis on
the bén&ing of clamped skewved plates ;ubjected to a uniforrly
distributed load and a coiparison of the results so obtained with
those obtained earlier by fhe author and other investigators (4) (5)
(6) ana (7)

-(ii) an extension of the theoretical analysis to include
the investigation into the large deflection behaviour of uniformly
loaded skewed plates under tne szme boundary conditions,

(1ii) an exverimental investigation into the effect of varying
the skew gﬁgle, aspect ratfo and platg thickness on the small as
well as the large deflection beha§iour of uniformly loaded clamped
skeved plates and thersby verify the theoretical predictions. The
experiments pe;formed consisted of the following 2luminum plate

nodels:

2) Test Panel 1 a skewed plate with aspect ratio 1/2,

skew angle 50° and plate thickness 1/8 in.

b) Test Panel 2 --~ a skewed plate with aspect ratio 1/2,

skew angle 50° and plate thickness 1/16 in,

c) Test Panel 3 a skewed plate with aspect ratio 2/3,

skew angle 30° znd plete thickness 1/16 in.

end d) Test Panel b

~- 2 skeved plate with aspect ratio 2/3,

skew angle 30° and plate thickness 1/8 in.




With reference to the theoretical work, the perturtation
method (8) (9), tased on the smallness of the central deflection was
used to determine the lateral deflectipn, the in-plane displacements
and hence the moments and stresses of clamped skewed plates, Throughout
the theoretical analysis,‘the dimensionless ratio of the central
deflection to the thickness of the plate is used as the perturbation
parametér. Zssentially, the perturbation technique is baszed on the
principle that, if a well constructed asymplotic power series should
satisfy the differentiel equation, then each parameter should also
satisfy thé'governing ¢ifferential ecuation inderendently. Following
the perturbation vrocedure, asynptotie pover series containing a
nurber of undetermined coefficients are assumed relating first the
dimensionless load to the central deflection perturtation parameter Wo.
Power series containing unknown functions of the obligue co-ordinate axes
are also a;sumed rélating each of the disrlacement componenté u, v, and
v fn the middle plane of the plate with the szme perturbation parameter
Wo. In assuming these functions for displacements, care was taken to
ensure thét these assumed functions satisfy not only the boundary conditions
" of the plate but also the condition of polar symmetry ---- a necessary
condition for a uniformly loaded skewed plate. The assumed disnlacement
functions are next substituted in turn into the governing partial
differential eguations derived in each step in the successive
arproximation sequence. By equatiné equzl powers of the oblijue

co-ordinates'ﬁ and ", and by solving the set of simultaneous linear




equations thus odtained, all the unknown coefficients in the éisplace-

ment functiuns are evaluated. Finally, these displacement functions
with their determined pzrameters are differentiated to yieléd the
required vending and menbrane stresses anywhere within the plate
boundary.

Also included in the theoretical anzlysis is a brief discussion
of thé‘initiati;n of yield along the edge of the plate if the p}ate
material reaches its yield in a region where the Vor Zarman egquations
are valid ( w/h=2), 1In this connection, tﬁe Huber-von Mises yield
theory is used. ‘

The experiméntal inveétigation consisted of the testing of
four plate models of different skev angles, aspect ratios and plate
thicknesses. All test plates were made of 6061-Té aluminum allof.
Metal foil strain rosette gauges were installed at selected points
on the plate models and'principal stresses were calcuiated from the
strain measure :nts recorded for the different intensities of loadings.
Dial indicators were also installed at %he‘bottom of the plate to
measure the lateral deflections. In order to verify the résults of
the noniinear (large deflection) analysis, all four test panels were
loaded so that %he centre deflection of the rlate approaches twice
the plate thickness,

In order to study the behaviour and stress distribution of
sxeved plates loaded beyond the validity‘of the Von Kerman equations,

"two of the above-mentioned test panels were subjected to large loads

resulting in plastic permanent deformation of the rlate podels,




To facilitate the computation of deflections, vrincipal
bending and membrzne stresses at spec?fied roints on the skewed
plate, all computational work for both the theoretical and experimental
investigations was programmed in Fortran for the IBM 1620 1I. The

prograrmes ere included in Appendix A.




CHAPTER II
Review of Literaturé

(2) Linear Analysis of Skewed Plates

" The linear small deflection behaviour of skewed plates
gnd slabs has been investigated mainly by the method of finite
difference. Thé first.publication on skewed plates was probably
due to Brigatti (10) who obtained limited results, by meazns of
finite difference equations, for uniformly lozded rhombic vlates
simply supported and clamped.

In 1939, Anzelius (11) investigated into the small
deflection behaviour of uniforﬁly loaded skewed plates, simply
supported on iwo opposite sides and free on the other two. His
solution is'in the form of a ;eries involving hyperbolic and
trigonometric functions which yield an infinite syétem of linear
equations. Results were given qualitatively only for twisting
moments for a h5°.skewed slab.

Studies of ske@ed rlates by means of finite difference
techniques were also made by Jensen (12) in 1941, Unifofmly loaded
skeved plates simply supported on four sides and similarly loaded
skewed plates simnly supported on two opposite edges and free on
the other two sides were anslysed by use of difference eguations
developed in a form readily applicable to networks made up of lines
parallel to the sides. Throughout his work, the aspect ratio of

the plate was taken as 1/2 and Poisson's ratio was taken to be 0.2,




Since the work of Jensen in 1941, a great deal of work has
been done on ckewed plates and skewed étructures. In 1953, Dorman
(13) used the energy approacﬂ to investigate into the bending
behaviour of a clam?ed skewed plate but the function he assumed
for the iéteral deflection has the restrictive character of
sa@isfying not only the polar syrmmetry but also quadrant symmetry
----- a condition which is non-existent in a skewed plate. The
outstanding researcﬁers in skewed plates'and related structures
in the vast decade include Morley (4), Mirsky (1l4) and Jones (15).

More recently, Kennedy and the author (5) (6)have solved :
the small deflection problem of uniformly loaded skewed blates
by meens of variational techniques and the results were verified
by experimenés.

In 1964, Kennedy and Huggins (16) presented an analytical
solution for skewed stiffened plates under a uniformly distributed
load. étresses ﬂear the corners of skewed stiffened plates were
also examined by Kennedy zand Martens (i?) who have observed
expefimentally that critical stresses often occur in obtuse
corners of such skewed plates.

(b) Nonlinear Analysis of Skewed Plates

No general sélution for the nonlinear (large deflection)
enalysis of skewved pla&es is as #et available in the literature,
However, nonlinear analyses 6f rectangular, circuler and elliptical

plates are quite well known. Results for the nonlinear analyses




of such plates aré largely due to the work of Way (2), Levy (3),

~ Cnien (18), Wang (19) and Weil and Newmark (20). Large deflections

of simgly supported rectangular plates on elastic foundations

were examined by Sinha (21) in 1963 and more recently, approximate
solutions for the smell and large deflection behaviour of rectangular
rlates regting on elastic supports have also been obtained by Kennedy

and. the author (22).




CHAPTER III
THEORETICAL ANALYSIS

(a2) Assumptions

Based on the small deflection theory of elastic thin plates,
the problem of the clamped skewed plate subjected to uniform normal
loading has recehtl& been solved (4) (5) (6) by various theoretical
methods. Howe.er, in all these theoretical analyses considered, the
deflections are éonsidered to be of such magnitude that the effect
of the siretching of the middle plane of the plate on its curvature
can be neglected, When the lateral deflection of the plate is
moderately large, that is, in the neighbourhood of one helf the
plate thickness or more, the linear theory of thin pletes is no
longer applicable and the effect of the forces acting in the middle
surface must be taken into account.,

Throughout this thecoretical work of linear and nonlinear
analyses of skewed‘plates,'the following assumptions are made:

1) points which 1lie on a normal to the midplane of the
undeflected plate lie on a normal to the mid-plane of the deflected
plate,.

ii) the stresses normal %o the mid-plane of the plate,
arising from the applied loading, are negligible in comparison
with the stresses in the plane of the plate.

iii) the slope‘of the deflected plate in any direction is
small so tﬁat its square may be neglecfed in comparison with

unity.

10




Also, for the linear (small deflection) analysis, the forces
in the middle plane of the plate is neglected and this entails one
additional assumption, viz.,’

iv) the mid-plane of the plate is & neutral plane,i:e.,any-
mid-plane stresses érising from the deflection of the plate into
a non-developable surface is ignored.

(b5 Formulation of the Coverning Partial Differential Equations

The nonlinedar large deflection behaviour of thin elastie
vlates is governed by three coupled nonlinear partial differential
equations, When the boundary conditions of the plate are known, it
is often convenient té exbress these equations in terms of the
displacement components u, v, and w (parallel to the rectangular
co-ordinate axes x, y, and z respectively) of a point in the.
middle plane of the plate.

i) Equilibriﬁﬁ of the Plate Element in the x and y directions

" Consider 'the equilibrium of a small element cut out from
the middle plane of the plate with sides dx and dy as shown in
Fig. 1. Let Nx ’ Ny and ny be the in-plane forces per unit
length of the plate.

Neglecting body forces, the equilibrium of the plate

element in the x and y directions yields reépectively,

N +N =0'.'tlll"00....."0.'.....!.. -1 )
,x ¥ Vxyy (3-1)
N +N =° 3 se v e e e s v -2

Xy X Yoy (3-2)

vhere the comma notation signifies differentiation,

11




e

] Nyx+Nyx ydy
ax
Ny ‘
Nx +Nyx,x dx
Nxy Nxy Nxyx 9%
'—‘————.
| Nyx I
|
I Ty, |
0 ! l e X
(o] I ' S X
| |
| I
Nx |
~ | .
} .
\ Nx"'Nx'x dx
Y
y 4

Fiz. 1. In-plane Torces on Plate [lement
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ii) Equilibrium of the plate element in the 2 direction

Forces in the z direction due to the in-plane forces:

From Figare 1 it is easily seen that the net contri-
bution of the downward force by'Nx in the plate element is-

'Nx W,xd_‘ﬂ- (wa’;x dy), x dx

or (mx LA Nx,x w)x) dx dy Cerereeeaees ....(3-3)

Similarly, the net downward contribution of N, on the plate
element is

+N d d' e e s 00 LIy °)+‘
.('Ny w’yy Y,y w’y) X ay (3-4)

The net downward contribution of ny on the plate element

is

) dx

Wy Yoy @Y+ Moy Wy dy o+ (N oy 5y) x

or ( N + N Viy ) dx dy yesssesesssa(3-5)

w)
Xy Xy Xy,X
Similarly, the net downward contribution of Nyx is

( ny W, N L Ydxdy ....ieeeven...(3-6)

+
Xy XYY
Hence, the net dovnward contribution of all the in-plane
forces can be obtained by adding Egs. (3-3) through (3-6), viz.,
( N Vot 2N LI N, W,y ) dx dy...... (3-7)

Forces in the z dlrection due to lateral loads:

Let Q, Qy be the shear forces per unit length (Fig. 2).
Also shown on the same figure are the direction of the bending and

twisting moments acting per unit length.

13




Equilibrium in the downward direction (along the z axis)

gives:

Also, by taking moments about an axis parzllel to the

% axis and ignoring terms of lower order of magnitude gives:

dx dy - M
nyy

dy dx + M
Yo¥ - Xy

% dx dy = 0

2

or Moy My x - =0 Cereeaeees (3-9)

Similarly, by taking moments about an axis parallel to

the y axis, we have,

Putting the well -known expressions for moments and

curvature relationships (1), viz.,

=
i

-D ( w:xx +4 w)yy )

=
1

-D ( w,&y R ALTI

M. =D (1-9) w,

Xy Xy

into expression (3-9) and (3-10), we get
Q

X

D (W, * Vi yy ) IR (18 & § |

Q

y = D (w,

R 15 =)

vy TV ryxx )
Substituting Egs. (3-11) and (3-12) into Eq. (3-8) gives,

w’xxxx 4+ 2 w,xxyy 4 w" = Q/D .....---.-(3’13)

If we now add to this equilibrium equation 1ln the vertical
direction dug to the lateral loads the effect due to the in-~-plane

forces Eq. (3-7), we finally arrive at the equilibrium equation

14




in the vertical difection due to the combined action of the
lateral and membrane forces,
D (w, + 2w, .+w’yyyy)=q+wa’xx

+2N . +N w LI R AR R I A N ) "1)"
xy.W’X)' y Vyy | (3-14)

In terms of stresses, Egs. (3-1), (3-2) and (3-14) can be

written as

Tx,x * fxy,y -

i

o
~
W

1)

i

O\
~

+ =
oy,y = Txy,x
and

2 2- . .
Dv v w=q+h(a—xw"xx+0§w’yy+2z-xyw’xy)

e (3-17)

But, from the elementary theory of elasticity (23), the equations

of plane strain are:

5/ 17 (€, De, )

il

orx

Oy

Txy = B/209)

and, the equations of compatibility are:
2

B %) (e, e, ) vvr.(3-18)

€ u:x + 1/2 (W)x)

X

€y

v, + 1/2 (w,yia eerrennnerennn.(3-19)

J’xy =, VLt W, w,y

Substituting equations (3-18) and (3-19) into Egs. (3-15),

(3-16) and (3-17), the three general differential equations in

15
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Fig. 3. The Rectangular and Skeved Co-ordinate Systems.
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rectangular carteéign co-ordinates governing the large deflection

of thin elastic plates are obtained:

u +w oW + v(v + )

1
v W 4 = (1-v)(u + v +w w
2 XX sX XX 2 XY )Y ,xy) 2 ( )( 44

,xy yx yyy

) =0 ’ esseesssss e sl (3—20)

+ v(u + w

+w oW w ) s+ L (1-v)v + u + w
»YY )Y Yy »XY »X ,XY 2 2 XX

w
I Xy 2y XX

tw w ) =0 - . setesbescss st Il (3"21)

1
3 (w’y)Z] }w,xx

. 1 2
2) { u"x + 5 (w,x) +.v [v,y +

1 2 1 2
{ + = + + = }
v 2 v y) v [u,x 2 (w,x) ] w,yy

4

Gy 5y TV TV Yy Yy ) e (322

where ¥ is the Laptacian operator, v being Poisson's ratio,

D, the flexural rigidity, E, the modulus of elasticity of the
plate material, q, the intensity of uniformly distributed load,
and h is the thickness of the plate. The comma notation siinifies

differentiation,

(c) The Oblique Co-ordinate System

In investigating the small and large deflection problem
of skewed plates, it is often advantageous to adopt a co-ordinate
system parallel to the edges of the plate, namely the obtlique

co-ordinate system g and 3 as shown in Fig. 3.
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By the transformation

X = (¢ cos 8

it

"

y=8+asin@
in which @ is the skew angle, the following relationships between
the rectangular and oblique co-ordinate systems hold:

u, =u’a sec 0 -u,Btane

2

4 =u’0q sec 0 -2u’aﬁ sece“!:anei-u,Bﬁ tan” @

xy - Yap sec 6 - u,, . tan @

BB

4, =W

y B

Yryy™ Yopg

’x.::v’a sec 0 - Vig tan 0

v’xy = v’aB sec 9 - V’BB tan @
2 2
Vigx = Vo 5C 0 -2 v’aB sec 6 tan 0 +V’BB tan” 6
Viy = Vg
v v
vy = ’p8
Wye = Wy SEC e - w,B tan 0
w’x;y = w’ozB sec. 6 - w,B‘3 tan 6
Voex = w,w sec2 e -2 w’aﬁ sec 6 tan 6 + w,BB tan‘2 8
Ny .
VxS WO sec’ @ - h w, . sec3 @ tan 6
v 2 2 .
+ 6w s ~ 9 -
roopp 58¢ € %807 0 - b Wimes sec g tand 6
+ W, 3, 4
Q sec 8 tan™ @ + w tan
PP . 'pgpp *20 O
Yo xxyy = w’OOBB sec” @ - 2 w’GBBB sec 6 tan @
* Y1588 tan® 0

i

Yivvyy = Yeees
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Using these transformation relationships and, by defining

further the dimensionless quentities

R=2 H ‘z-a.
a

-e

b

va w bh

V= e W=z~ H Q:S——
h

Eqs. (3-20), (3-21) and (3-22) can be re-written into the

oblique dimensionless form as:

2R% 4 - e sc U+ R(zes,2<:+(1-v)c5 Ju + R(1+v) c (RV en” sV
' N 4]

+ L 2 Cn s NN
k20 (RW - sW )+ RE {-LURsW +W [bs® 4+ (1+v) 1)
PN 44 PR 4 'n ' Ln ' L N
2 2
+ W (RW (1 +8 -y“)-2sWwW ] =0
,nn ,,C . ) ,n se0 00 (3"21‘)

B1+c2-vsd) v  -2R%(1-v)sV  + R(1y)V + (1+v)(R%c U - Rsc U )
» TN » 58 » TN

y NN y N

cW (20 -R(1+v)sW ]+ RE [(-3+v)s W+ R(1wwW 1+ REW (0-vW ]
sMn - s N . 1 g s &n . N " s C ’R44 o N
= 0 .
S 000 B0 O NS RERTRNOEREROSTOSTOS (3-25)
L 3 2 2
R W - Ws(R' W + R W + 2R 1+2s W + W =
» LCLL ( 444! P C"I"\l') ( ) , Zgnn , nANN

4 2 1 2 2 1 2
¢ +12{(R°c U - Rsc U +=(RW _-sgW + vi[Re“ VvV _+ ~(cW ]
Q {( )‘ s )’) 2( )c s !n) Vlc }n E( )n) }

2 2 2 2 1 2 2 2
R™ W - 2Rs W + W + 12 v + = c (W + R“cU -RscU
(ROW e ,Tn o . e Re"V 03 (,v? vi(R7eU o ,n)

1 2 .
+ -— RW - W w - - “ - w w
5 ( Z s , n) 1} ,nn+ 12(1 v)[(l?‘:v’c Rscv, n)+(R° Iy se W n) n

)

2

+R C U,n] (Rc “’;n- 8C w’n'\) S 9P e nsP VGO RIOEROES (3"'26)

19




where, for brevity, s = sin @ and ¢ = cos 6, 8 being the skew
angle, 2a and 2b are the oblique dimensions offhe plate.
Hence, the problem of large deflections of skewed plates

js reduced to finding a solution to Egs. (3-24), (3-25) and (3-26).

(&) Method of Solution

The small parameter perturbation method is now used to
obtain approximate solutiéns to Eqs. (3-24), (3-25) and (3-26)
for clamped skewed plates subjected to lateral uniform pressure.
This method requires the expansion of the displacement components
and the dimensionless load quentity in a power cseries of ascending
powers of the dimensionless centre deflection parameter WB . Thus

weylet,

o ., -5
Q - 71w°+ 73w0 * 75w0 + e 8080800000 T OBRIBNTSEETSS (3“27)

Wew( o, MU +us(c, n) "2 ‘g (g, n) wz + ot uu. (3-28)
Uss, (6, m W v g (2, n) W o+ i eeeeeeennns (3-20)
v=t2(c ,ﬂ)w:_ + tl"( ;)“) "g + e saeserses 0t IAS (3‘30)

where a' 1° J}, J% vee.. are the undetermined parameters relating
the dimensionless centre deflection Wo to the dimensionless load
Q, sy, Spoceees t2, th""’ and wl’ w3,w,5,2.

the dimensionless oblique co-ordinates T and M, relating the

.., are functions of

in-plane and lateral displacements to the same perturbation

parameter wo .
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From the series for W, Eg. (3-2%) , it is evident that,
in order that the centre deflection be Wo as defined, it is
necessery to require

W, (0,0) =1  and Vg (0,0) ="vg (0,0) = 0 ...(3-31)

The prescribed boundary conditions for the clamped edges

are:

=
i
<
Q
a
(2]
]
£
i}
o

aty = + 1
ceeeenes.(3-32)

and W, _ =u=w=0 at = + 1

Solution to the Linear Small Deflection Problem

(EirsterderrApproximation)

Substituting Egs. (3-27) and.(3-28) into Eq. (3-26) and
equating coefficients of the terms containing wo s Yield the following
differential equation governing the linear (small deflection)
behaviour of skewed plates:

+ 2R% (1+28%) w

L, qegp 1, zzgn 1, znnn 1, zgnn

+ W :I 71 c . .oohooo-oocuotno.cohoot!no. (3"33)

The associated boundary conditions for this first order

approximation are:

at n=+ 1

and

vevneeennn(3-34)
1,x 1 at =+ 1




It can be readily verified that conditions (3-34) are
identically =zatisfied when -

, 2 2
- 2 2 2
wy= (1-07) (1-F) (1-8n)(14C n"+c g 2+05 nhf Cy8 hf s 52 02y .. (3-35)

where C1 ceee C5 are undeterminéd coefficients., It is perhapé
worth noting that the deflection function assumed, Eq. (3-35) not
only meets the conditions. set out in (3-31) but also satisfies

the inherent condition of polar symmetry, l.e.,

“'1(('") = wl(-C? -n) , and wl(-C,ﬂ) = w-l(r, -n)

------~ & necessary condition for a uniformly loaded skewed

Substituting expression (3-35) into Eq. (3-33) and equating
correspénding powe¥s of‘ﬂandzg we obtain six linear algebraic
equations for the six undetermined ccefficients, )&!... Cl,...,C5.
The solution of this matrix equation defines uniquely the value
of the small lateral displacement (deflection) of gge plate anywhere

within the plate boundary.

Solution to the Nonlinear Large Deflection Problem (Higher Order

Approximations)

Making use of Egs. (3-28) through (3-30) in Egs. (3-24) and
(3-25) and collecting coefficients of ng terms, result in two
differential equstions governing the in-plane displacement components

of the plate:




2 RBc s, -4 Resc s + R 252 +{1- 5 + 2.2
2, ¢t 2,zn ( c+(1-v)e )sz:nn (1+V) Re t2,(n

-R(1+v) sc2t + 2 R3w1 - 2'Ras w -4 Ras w

w ,
2,nn 288 1,¢ 1,00 1,n ,cnl, z

2 2 2 2
+R[4s“+(1+v)cJw w + R(1+s%- - _
1,zn'1,n ( ve )wl,nﬁwl,; 2s wl’ndwl’n.. 0,... (3=36)

2 2 2 3
R(l+c -vs )t - 2R - -
( vs~) 2, o (l-v)s ta oo R (1 v):z’“+ R(1+y) ¢ s

2,zn
-R(1+v)sc s + 2w w. - R(1+ -
2,nn l,nn'1,n ( v)s wl)nawl)c ¥ R(v 3)s wl:CAwl,n
2 2
+ R(1+v) w + R7(1- .o 3=37)
) I,anl,g ( v) wlyccwl)ﬂ ° tetet (

The boundary conditions for the in-plane displacements

require
s2 = t2 cos 8 =0
at =v-i: l and =-ﬁ+ 1 ' 00..0‘."""0"".' (3-38)

which are satisfied if we take,

2 2 2. 2
s, = (1 ¢ )(l.-n (D, £+ D, n+ D, ;5+ Dy n o+ D§ gn * Dogm

+pg e ep ey et ireenenenees (3239)

t, = (1-52)(1-n2)(E2 n+ E3 L+ Ey n>s ES c3+ Eg ;2n + E7 Cn2

23 4+ E c3 n2 ) (3-40)

+ E8 L n 9

Employing expression (3-36) , (3-39) and (3-40) as
dictated by Eqs. (3-36) and (3-37) and equating powers of x and y,
yield sufficient linear equations to determine the twelve undetermined

coefficients D2""'? D9, Ea,....,E9, and hence the in-plane displace-

ment components,
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Collecting the coefficients of W°3 terms in equation (3-26),
the differential equation governing the first nonlinear term of

the lateral displacement expression is obtained, namely,

. +w
Sszren 3s¢nnn

N 2 2 2
R w - 4 Rs(R® w )+2R(1+25% )w +w
3,ceey - ( ) 3,ztnn 3,nnnn

4 b 3 2.2
y.C +12~{[R cs, W -~ 2R7gc 8 w +R"s“cs -R>
3 2,g 1,¢¢ 2, ¢ 1,zn 2,£'1,nn

cSs w
2,nl,cc
2R7s’ ¢ 5, w - Rs?c 8, w + == |R
2,n 1l,zn 2,n lmn] 2 [ VI)CC(WI:C)

3 2 22 2
2R s w w + R
I:Cﬂ( I:C) s wlmn(w )

+

-2 R’s w

\
l,g l,zz'1,¢ wl: n

22 3 22 2
+ R"s“ w w, w - 2Rs w + R
l,zn l,g1,n wlmn I:Cwlpn s wl)CC(wl )

2 4

- 2Rs3 w ¥+ s w (w1 )2] + v[R3c2 w t

m I’CC 2, n '
)2
m

w
l,en Lyn L,nn

- 2R25c2 w, t "+ Rs2E w t + L2l (wl

[244] 2,n Y,nn 2,n 2 I:CC
2 2,1 22 a‘} _ Rt v e
Rse wl,cn(wlyn) - wl:nn(wl:n) U B Rl WP
4
2°¢ Y1,

1
2
1
2

+

(v, n)2’+ v (%3 - Rsc?
L4

Y1,m%, ¢ Y1, %2, n

2
CHRMRI

+

2, ,2 2 2
c“[R (wl,c) (wl,nn) - 2 Rs w, w + 85wy

w
,an 1,z 1, NN

+

23 >
1-v)[R"c” w s - Rsc” w s 2
12 (1-v)1 1gn 2,0 Lin *2im R gty

2_2 2_2 22 22

t - R w t + Rs ¢ w t + R°cw, w, Ww
wlmn 2, ¢t se l,n 2, n lan 2, n 1,n ly; l,gn

- Rsc? w {w )2 + sac2 w

v w (wy 21 (3)
loan 1n 1,z l,n Linn m
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The boundary conditions to be met here are:

w3’n =w3 =0 at”n =

and w =W

3,x 3

1+

1

R o 1T-)
0 atf=+ 1 (3

AR

vwhich are identically satisfied by the following expression:

2

w, = (1 2).(1 22( 2 2 L 4 2 2
3= (1n YV (1-27) (1-en )(F) n™F, 0 5P P, 07 P g% 0 %) (3-43)

Substituting Eq. (3-43) into expreséion (3-41) and again
equating powers_of"l and f, the undetermined coefficients 3,3' Fl,' cense
F5 are evaluated by solving the resulting set of simultaneous
equatibns.

Repeating the same procedure, i.e., now collecting coefficients’
of Woh , equations governing the next approximation for the in-plane
displacements can be written as:

‘2R3c sl;.,ff“ b B sc 5), + R(2 5% + (1-1})::3

sTN ) Sh’ M

22 Va2 3 .
+ (1) R%e th;;,’- (149 )Re"e th,'m + 2R ("l,i"'B,,‘S*,’ . w3,§wl,ﬁg)

2
S B e V3 ge)- W% Gy g b Vs

2 2 '
FR(NT ¢ (190 ) Gy oy W30y V3, ) + (1T )

g T V3 L) -2 ey +w3ﬂ]"1;y'))’=o
B ¢ 2 1)

164942

UNIVERSITY ©F Viiuun raonntl
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P.(l+c2- se)t‘ R -2(1—1))Rest "2 +(l-1))R3 t ,pe+(1+7) R2c R
N ) L 4°¢7
-(149) R ¢ s sh”"7+2(wl"7‘”'3”7'l+"'3"7"71’.')")-R(l”))s(wl’;w3"l'l+w3’§w1"7'7)
+2(=3+79)s(w) w3 ’;7+1«3,nw1,$q)+R2 (1+9) (w3 ¥y sgp* 'wl,;w3 ,g,])
+ B2 (1-9) () syvpueetvnayiingg) = 0 teiviiinniniiiinniens (3-45)
The associated boundary conditions for this approximation

are:

sy =ty cos 86=0
at ¥ =+ 1and%= # 1 siieevncernrracnserssssnssanaeses (3-46)

Eq.(3-46) are satisfied by assuming the following forms for the
in-plane displacements:

S, —(1-1: ) (1-77) (1-57) (c£+q nwf ‘“’5’7 + f,’q +G é W +G ﬁvy +"§» 7)
...........................................................(3-h7)

th=(l-“§2) (1-772) (1=87) (H2‘§+}i37+ﬁhﬁ3+ﬁ573.+E6§»72+H71,"7 +:~Ig‘§3 '724-
1191;?»73)....................................................(3-h8)

The undetermind coefficients G2""‘*G6"”"H6 are again evaluated
by substituting Eo:s (3-47) and (3-48) into Eqs. (3-Lk) 'ana (3-L5).

As a last app.okimation in this analysis, we pu-t Egs.(3-27)
through (3-30) into Eq. (3-26) and collect coefficients Wos. This
yields the differential equation:

Rl ’;,ggg_uvs(p VSI;;;,)W "Eyn ) +2m (l 25%)w ’§§'7'7 5,00,77 ]c
{[R clwys ¢ S £ +V3 3re€ S2 g)-2R3sc (wl,;,,sh,;+x,3,g7 52 g )+R2cs (w 127
S),,€ +3anp 52,;)-3 cs(‘«r3,;; Spap Pees Su'v)*23 cs (“1’97 Sy H3rep

3 L
Sssy)-Res (wl"M Sh,,7+w3,,7,7 o0y y1+1/2[R (2wl,;; Viag Varg +W3’;§ -
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(v 'f) %)-ens(e 1787 V108 Fyag Migagy (W 't) RC 1°77 Vot Wae +ug,

(wl'ﬁ’ 2)-22s(nyspg v 108 Y30y PYpagg ¥ 3'1: 10y P3aer Vg 1 y )
+a?s (“1'7;"7 1°€ V3» '7*“1’?'7 V3 Woon PWgagy Viag Viay )-2s 3(w 1°79
V108 V30 P1agn V3op wl’ M3y 1’ﬁ 1’7 }+r%s (2W 'fﬁ Wl*vy 3
HR0gE Way g )RS By vy 30y T3rgy & 1oy 2des (2 "
Visy ¥3.p W3ayp (Way ) 21491R3e3(w 1EL Lyon * Vaagg tosy)-R 2¢¢2

(nggq h '7 9;,7 ) +'?s c (*T "7’) 1& i "'; ’)79 ta’y] )

/e & (2 ’t;éww V3o TV ’ﬁf;’ ("1 by )

-QRs(Zwl,gv '1a W30y FV3eEy (vyam )2 )+s (2149 W1ay W3em *3any

(wl”7 ) ))] +12{?C (Wl,v,) t'-b"’ +w3,,77 t2’7)+l/ac (zwlnyr) Wl’_’? 3917
97)/] (wl

+W3,y", S %N )“‘l/c[R c (2W ,;77‘ ,g 3,; +w ,r’v (W ,;) )—ZPsc (w 1°77

)2)+49[R2c3('wl,n,) S 08 *V3,pp 520 g )-3sc3(w ez 5h,7

T Vgon ey ¥ 3’§ T3 TV Vg Yy 1+e22(20 gy ¥ 0y Voo
V309 V1om V1w 1j +12(1-1>){R & 1767 51273089 52"))““5"3
Copomy Suip*igeng Spon V500t g+, ‘g ey
tyg agn Toig ) - e’ (Wl’$'7 w V3'En b '7

¢ 5% Cpanm Byon gy tamn )+ KO (Vagy oy

W30 PagyV3eg V15 Pyagy Yoy yag )RS W gy Way Hag B sy
3;'1 Virg M3y Yoy Vg )‘”5"2(2" 1787 320 Vo T¥gy (ry o))
+s ¢ (“’1”7'7 V) an Vasy HW ey Vaa Wiy +w3'7'7(“1 7) )........(3-’*9)

The boundary conditions for this last approximation ere:
ws,n=w5=0 atn=+ 1

and PR RO BCIC R R (3-50)

ws’x = ws =0 atﬁ: i. 1
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which are met if we choose:
vy = (1222 1) (18m) (2p° +T2g2+T317h+Th-§h 1 85 )
. cecesisoesnnsa(3-51)

Using this expression in Eq. (3-49) and equating powers of
fand v, provide si..x linear simultaneous equations from which the
undetermined coefficients,dé5, Ti,....,T5 are found.

The above perturbation procedure has provided a means of
determining uniquely the coelficients in all the dimensionless
load and displacement functions represented by Egs. (3-27) through

‘ Eq. (3-30). From these displacement functions, the principal bending
end membrane stresses at any point within the plate boundary |

can be obtained,

(e) Displacement and Stress Relationships

It is well known that, in the theory of thin flat plates, the .
bending and membrane stresses can be expressed in terms of the dis-
1 .
placements, In terms of rectangular coordinates x and y , these

displacements and stress relationships are given by:

o = :—g-l-)- (W +tvw )
X h P XX 1YY
Oy = :—gg (w' + vw )
h ,yy ’xx LI N B N R N I T ) (3-52)
"
T = -6—2- (I-V) w
Xy h Xy




o = E { u +-1-(w Y + v iv +"(W)]}
X (l-v2) ’x 2 I3 }J 2
' 2 2
1
] Lk +-1-(w ) +v[ux+—(wx) 1}
y (1"\’2 ’y 2 ’y ’ 2 ? see s o (3"53)
’
=G 4 v +w W )
T Xy (u,Y ’X X Y
”" " .- "
o a T the extreme-fibre bending and
where x? y and Xy are |
' ' ' !
shearing stresses, Oy 2 oy and txy are the membrance.stresses

in the middle surface of the plate, and G is the shear modulus.

By means of the transformation-Eqs. (4) and, by adding further
the following dimensionless ratios for stress, viz.,

the nondimensional bending stresses: "

" ox ba( l‘va) n o ba 2 " tx b2
s’ - — s, s X (1B s - X

x Eh® y En® xy Gh?
and, the nondimensional membrane stresses: .

. 0; b2 - 2' , 0' bZ - 2 ] . t; b2 s (5-5!4)
S = —(1-v7) 3 S8 = L (1-v5); S =

X Ep? oy En2 ooy Gh2

Eqs. (25) can be readily expressed in terms of

the dimensionless oblique co-ordinates as follows:

s = -+ [Rasec:ae"\Y - 2RsecOtand W + (tanee +v) W ]

x 2 F44 . 2 Cn an

s = -1 [(1+vtan%)-w + v(Rasecza W - 2RsecOtand W_ )] ceees (3-55)
y 2 nn s CC £n

”
S = R secO W - tan B8 W

Xy » &N » NN
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2 . 2
S = R'sec@ U - R tanf U + R v + L rr2cec2
» & s N PRI [Rsec e(w,c)
2 2 .
+ (v + tan®g) (w ) -2RsecOftan6 W W ]
s N 2L, 0N

] - 2
S, =Rv._+L(14y eane)(
n 2( v’ tan 6)(w,n)

2
y *V{RSGCGUC-RtanGU
2

» N (3-56)

2 2

+ l'[(R ) 6 R
W sec? g -
> )z ¢ 2Ryw cw nsece tand] }

S =Ry +R28’869\"-Rtanev + W
xy s 1 ,z o n ’n(RsecaW’[-tanew )

From these dimensionless bending and membrane stresses, -

the dimensionless principal stresses can be calculated in the

usual manner:

" ’ - 1" " " nw e " . 2
s — 1/2 (8" + s, ) + 1/2 '(sx -8, )<+ h(sxy)
. . - 5 > (3-5T)
- ] 1 [ ] 1 1
8ax = 1/2 (8. + s, ) + 1/2J (s, -8, )<+ l&(Sxy )
min

The solution to the problem was programmed in Fortran

for an IBM 1620 . To guard ageinst round-off errors, all computations

were carried to 16 significant figures.
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(f) Observation and -Discussion of Theoretical Results

Deflections (Lateral Displacements): -

Results for the small &éflection problem, obtained from the
first order approximaﬁion, are shown in Table 1 for various skew
angles and aspect ratios. It can be observed that the results are
in close agreement with those obtained by “forley () =and ZXennedy (5).
The results were also compared with experimental values obtained
recently by the autho;s (6); the agreement was found to be good with
the theoretical results being on the conservative side.

Results for the large deflection problem are shown graphically
in Figures 4, 5, and 6, for aspect ratio R = 1/2, 2/3, and.l
respectively. To exhibit the difference between the linear and non-
linear behaviour, results based on the small deflection theory are
shown plotted in the above-mentioned figures.

Yor a given aspect ratio R, each of the Tigures L, 5, or 6
shows that the maximum deflection at the centre of the plate decreases
with an increase in the skew angle, A similar observation can be made
regarding deflections governed by the small deflection tﬁeory. (See
also Teble 1). This is due mainly to the increased rigidity of the
obtuse corners with increase in skew, thus reducing the central
deflection.,

Furthermore, comgarison of results for different aspect
. ratios R, indicates that the effect of skew on the central deflection
decreases with decreasing Rj this is expected since the influence of

the plate corners on the central deflection diminish yith decreasing R.
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Results from the present method of solution are compared to
those obtained by Way (2) for rectangular plates with small and
large deflections, Figures U, 5; and 6. Fxcellent agreement is
shown for the small deflection results for all the aspect ratios
considered, énd for the large deflection results for aspeét ratio
R = 1/2; whereas for R = 2/3 and R = 1, the agreement is not as
close, the difference not exceeding 5% for R = 1 and a dimensionless
uniformly dis@ributed'load of 200. This discrepancy can be explained
by the fact that the exrressions assumed here for the displacement
components, u, v, and w provide polar symmetry only in contrast to -
the rectangular plate where quadrant symmetry is required. The effect
of this difference in symmetry on the behaviour of the plate under
load seems to iAcrease with increase in the aspect ratio R.

Figures b, 5, and 6 also indicate that results ottained from
small deflection and large deflection theorieé are sensibly the same
when the Eentral déflection is small compared to the thickness of the
plate. However, the ratio, w .. /h at which the results from the
two theories begin to deviate significantly is influenced by the
aspect ratio, R = b/a. For example, Figure 4 (R = 1/2) shows that
a distinct deviation between the small and large deflection results
oceurs when wp .. /h exceeds 2 ;alue of approximately O0.4; whereas
Figure 5 (R = 2/3) and Vigure 6 (R = 1) show such deviations .

occurring at ratios Viax /h approximately egual to 0.35 and 0,22

respectively. Thus we may conclude that the ratio wmax/h » at which
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marked deviations of.rgsults from the two theories occur, decreases
with increasing'aspect ratio, R. it'may be added also that the above
Vnax /h ratios do not appear to be sensitive to changes in the
skew angle, In‘general, as the load on the plate is increased, the
effect of the membrane forces on the deflection of the plate also
increases, thus substantially reducing the lateral deflection as
observed from Figures &, 5, and 6,

The influence of the nonlinear terms on the deflection appears
to diminish with increase in skew, Thus, for any given aspect ratio,

the large deflection curves tend to become increasingly linear for

large angles of skew.

Bending and Membrane Stresses:

Variations of the maximum principal bending and membrane
stresses, gt the edge and Eentre of the plate, with maximum centre
deflection are shown in Figures T through 12 for several aspect ratios
ana skew angles. For the limiting case of zero skew ( 8 = O° ) and
all the aspect ratios.considered, the edge bending stresses are in
close agreement with those obtained by Way (2). llowever, the
corresponding membrane edge stresses reported by Way are approiimately
30% higher. This discrepancy is probably due partly to the approximations
in Way's energy solution, noted also by Timoshenko (1), and partly to
the difference in symnetry existing between the skew and rectangular

plate problems.
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DIMENSIONLESS BENDING AND MEMBRANE EDGE STRESSES
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Inspéction of Figures T through 12 indicates that the
maximum resultant or total stress occurs along the ionger edge of
the plate. The location of this resultant stress is invariably
displaced towards the obtuse corners, and increasingly so with higher
skew, It can also be observed from the abvove figures that, for a
particular lateral displaqement at centre, both the maximum edge and
centre stresses increase with increasing skew; this is to be expected
since more load is required to produce the same lateral centre
displacement in a plate'with a large skew than one with a small
skew,

Tor different values of skew and aspect ratio considered, the
curves representing the bending and membrane stresses are sensibly
linear up to a point where the ratio W,,x /h is between 0.35 and 0.40.
This observation confirms the generally accepted criterion as to
the limit of applicapbility of the.small deflection theory.

Although the maximum membrane stresses along thé edge and
at the centre 66 increase with skew, they are relatively insensitive
to changes in the aspect ratio, R, Tor any particular plate geometry
the membrane stresses at the centre are invariably larger than
those a2long the edge. lowever, for the entire combinations of
independent variables considered, the magnitude of the membrane
stresses is quite small when compared with tﬁe maximum resultant

stresses along the longer edge of the plate,
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(g)

Convergencé of the Results:

Although the convergence of tbe perturvation method has not
been fully and rigorously clarified (25) (26), the method has
been used successfully in solving many practical rroblens., Invariably,
when the method was emploved in solving plate problems, approximations
beyond the third were not considered, mainly because of the formidable
computational labour entaiiéd. liowever, due to the resirictive
symmetry of the problem treated herein, approximations up.tq and
including the Sth were considered to obtain the results r~eported,
It should_be mentioned that in some cases with skew angles as high
2s 60° s the 5th order arproximations were discarded, since with
their inclusion the results began to diverge. The convergence and
divergence of series 'solutions used in perturbation methods are
fully discussed by Van Dyke (28). To illustrate the convergence,

typical values for }, in Eqﬁation (3-27), are given below:

For ) )
R=1/2,0=15° : }; =2T.654, J3 = 25.2Th, 5 = 0.792
R=1,8=1L5 ) =181.1k9, J'3 = 38.745, ¥ = 15.253
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(h) Plastic Analysis

As a result of foregoing theoretical analysis, it has
been found that the maximum principal stress of a clamped skewed
plate occurs along the longer edge of the plate and is displaced to-
wards the obtuse corners (Figures 7, 9, and 11.) This maximum
principal stress acts perpendicular to the edge of the plate and in-
creases with increasing lateral centre deflection. When the yielding
stress of the plate material is reached, the bending strength at the
eage would break gradually.

The condition of yielding along the edge can be computed
most simply by following the assumptions of the von-mises-Hencky
theory of plastic failure. If o’y GJZ, and o, are the principal stresses

in the three perpendicular directions, the yielding condition is (23):

2 2
(01 .02)°4(02-03)" 4+ (05-0D2 =..0ovvvvn.... (3-58)
Where E  is the yielding stress in simple tension.
At the edge of the plate, we may identify oy the maximum

principal stress perpendicular to the edge of the plate as o, and

alz, the principal stress paralled to the edge of the plate as O’Y;
and, du'e to the assumption of plane stress (assumption 2), 03 in the

von Mises equation is neglected and Equation (3-58) is




X X ' (3 5 )
o' (o) Gy G’y 0 sssc00esscenons "9

Using equations (3-18) and (3-19) and recalling that the

boundary conditions at the longer edge of the plate are:

w,x=w,n=w,y ='V,y= Oat. =t l '00000(3_60)
we have,
E
<Ti = U,y
(1-92) .
G'y = _._..:EL._-_']? u,x
(1 -42)
or ) O‘Y='vo’x .'IOQ.;...C..O...I.'.l.lvtu300000(3—61)

Putting Equation (3-61) into Equation (3-50) and, after
simplification, the yield condition at the edge of the plate on

the convex side is obtained:

Bo 02 (1 -92) = (19 +D?) (80, +51, )...(3-62)

E h2

This equation for the yield condition is plotted for
aspect ratios R = 1/2, R = 2/3, and R = 1 respectively for various

skev angles in Figures 13, 1b, and 15.
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From these figures, it can be seen that, apart from the
elastic and plastic properties of the plate material, the initiation
of the yield condition in a clemped skewed plate depends largely
on the angle of skew and is rather insensitive to changes in the
aspect ratio R of the plate, ¥or skewed plates with a given plate
material, aspect ratio and.oblique dimensions, the yielding occurs
at a much lower dimensionless centre deflection ratio wp,y / h
for large skew angles than it is with small skews. This is to be
expected since, for a given aspect ratio R, the maximum stress of the
plate increases with tre éngle of skew for a particular dimensionless
centre deflection w/h (Figures T, 9, and 11). Due to the assumptions
on which the large deflection eguations (3-20),(3-21),(3-22) are
based, the results from this analysis are applicable only to
those skewed panels where the plate material has a very low yield
strength so that yielding occurs in a region where the von Karman

. . . Z
equations are ?F}ll valid ( Voax / h € 2).
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CHAPTER IV

EXPERIMERTAL ANALYSIS

(a) Materials and Apparatus

| Four aluminum alloy (2L) 6061-T6 skewed panels were tested.
The aspect ratio, skéw angle, thickness and dimensions of these
test panels are given in Table 2. A total of 18 metal-foil strain
rosette gauges were installed on each panel, equally divided between
the top anéd bottom surfaces of each test plate. All these rosette
gauges are of the 3-gauge L45° rectangular type, having a gauge .
factor of 2.05.and a resistance of 120 ohms. Since the stress gradient
near the edges of the plate is expected to be high, all the osette
gauges installed near éhe edge of the plate have a gauge length of
1/16 in.‘For'gaugés installed near the centre portion of the plate,
gauges of gauge length 1/8 in were used. Terminal strips (type T-50)
wvere used to connect the lead wires to the gauge tabs., All the lead
wires are sixteen feet long, made of Jo. 26 stranded copper wire and
with vinyl insulation. To provide mechanical protection and water-
proofing, all gauges after iﬁstallation were covered with gauge coat
No. 1 (synthetic resin compound), gauge coat Ho. 2 (nitrite rﬁbber)
and gauge coat No. 5 ( a two-component rubber epoxy resin )

A skewed frame left over from a previous experiment (7)

on skewved plates was re-used as the supporting structure. The
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Table 2, Geometries of test plates

Panel 1 Panel 2 . Penel 3 Panel 4
2v, in, 26 26 20 20
2a, in, 52 52 30 30
6, degree 50 50 39 30
h, in. 0.125 0. 0625 0.0625 0.125

Table 3. Location of rosette gsuges in inches

Panels 1 and 2 Panels 3 and b
roint g

o< i o /8
A. -11.0 1206 -5.25 0.6
B 0.0 12.6 0.0 9.6
C 0.0. 0,0 0.0 0.0
D ~25.0 12.6 14,0 0.k
E -13,0 0.0 ~Te5 0.0
F =25.0 1.5 =1k, 0 8.5
G -25,0 12,6 -1k.0 9.6
H -2L.,0 12 ¢ -13.0 0,€
I 11.0 -12.6 5.25 -9,6

51




frame was made from'four standard steel channels twelve inches deep
and weighing 20.7 pounds per foot. To increase the rigidity of the
.skew frame, 1/L in, thick vertical stiffeners were welded to the
channels and were spaced approximately six inches apart. The plate
and channel assembly was then seated on steel angles which were in
turn bolted to heavy structural posts,

To assirmulate the built-in condition, the aluminum test
plate was sandwiched between the flange of the channels end a 1 in.
thick cold-rolled éteel cover plate, 3 inches wide, The tesg panels
were all cut in such a way so as to provide a clemping edge of three
inches while the flange width of the channel was 8lso three inches.
deavy structural erection clamps were used to clamp down the edges
of the plate..These clamps are spaced approximately three inches
apart centre to centre,

éor tests within the elastic limit, the 1/16 in, thick
plate models 2 and 3 reguired relatively low pressures and hence,
for these two models, the uniformly distributed load was provided
hydrostatically. In this connection, for eagh plate model, a one-foot
tall wooden tank having the same dimensions and skew as the plate
model was made and a waterproof sheet of polyethylene material lined
the inside of the wooden tank and test plate,

Plate models 1 and b are relatively thick and hence to
exhibit large deflection behaviour, a high intensity of lateral

uniform pressure was required. For each of these plate models,
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a 1/4 in. thick plafe.was used together with leather gaskets to
form an airtight connection. Air presser was used to provide the
uniformly distributed load, this presser being regulated and
recorded by means of two pressure gauges, one placed at the
entrance to the test plate, the other in the vicinity of the

centre of the plate, Similar experimental set-ups using air as a °*
loading medium were also used for yield tests on plate models 3 and
b,

During the test , tﬁe strains were measured by means of
three switch and balancing units(model C-10T and =10 LTC, Budd
Instrument Division), a digitél strain indicator and an automatie
print out unit (photograph A) which can print out strains in micro-
inches per inch at all gauge locations for the different intensities
of loadings. Dial indicators which permitted the measurement of
lateral deflections in one-thousandth of an inch were insteslled at
the bottom of the plate to measure thé deflection of the centre aﬁd
quarter points of eacp test plate, To clarify the description of
the aforementioned apparatus and the general set-up of the
experiments, photographs were taken and are included on pages 57

and 59 .
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(v) Procedures and Results

For each of the four plate models, the plate was first cut to
.the required dimensions and skew, leaving three inches all around for
c¢lamping purposes. The p}ate was then cleaned with acetone and the
locétions for both the top and bottom surface gauges laid with
reference to the oblique co~ordinates £ 2and 4 (%ig. 3). In order
to ascertain the magnituﬁe of the membrane stresses, care was taken
to ensure that all the top gauges are in proper alignment with the
correspon@ing gauges at the bottom of the test plate, The co-ordinates
of the gauée locations are giéen in Teble 3. ?ge installation of these
rosette gauges followed a set procedure. The spot where the rosette
was to be placed was first wiped clean with acetone and then sanded
with a metal conditioner using silicon carbide paper. The exact
location of the gauge was then marked and then cleaned in turn first with
a metal conditioner and then with a neutralizer. With the rosette
and the terminal strip properly lined Eastman 910 cement was applied
to cement the assembiy onto the plate. The gauge and terminal were
then left to dry for approximately one minute during which time
pressure was applied to the gauge by means of the thumb, The .
installation of both ends of the lead wires was next stripped and
the bare copper strands twisted. Each lead wire consisted of three
copper strands, one strand was soldered to one tab of the terminal
strip wﬁile the other twa strands were twisted together and soldered

to the other tab of the terminal. The tabs of the teminal strip

5h




were then connected in turn with the tabs of the gauges by means

of thin copper Jumper wires, After the lead wires were soldered into

-position, the gauge is then covered with gauge coats for waterproof

and mechanical protection. Photographs B and D show a clear picture
of some of the gauges completely installed on the plate models,

The skewed supporting structure was next prepared by first
cutting the standard steel channels to the required dimensions and skew
as the test plate and then welded 2nd seated onto four heavy structural
posts (photograph f). Each test plate with all the rosette gauges
installed on both the top and bottom surfaces was then placed on top
of the skewed suppor@ing frame with the edges of the plate sandwiched
between the flanges of the steel channels and a one inch thick cold
rolled steel cover plate. A 1/4 in, thick plate cut into the same
skew and dimensions as the plate model was in turn laid on top of the
cold-rolléd steel cover plate and the{entire edge assembly was then
clamped by closely spaced special structural clamps; allowance was
made here to have clamps placed closer together near the corners
of the plate. All four edges of the plate ﬁodel were made airtight
by inserting thin leather gaskets both immediately above and below
the edges of the test plate, Compressed air, regulated and measured
by means of two Bourdon type gauges was used to provide the uniform
lateral pressure (photograph C).For plate models 1 and h with plate
thickness equal to 1/16 in., a relatively low pressure was required

to produce the desired centre deflection and hence for these two
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medels, hydrostatic pfessure was used to provide the uniformly
distributed load |

Jext, gauge lead wires from the rosette gauges were soldered
to ten S5-channel receptacies especially provided for the three
switch and balance units. Unit strains for different intensities of
loadings weré automatically recorded by a precise digital strain
indicator and printer.

To allow a direct measurement of the lateral deflections,
four dial indicators graduated in one thousandth of an inch were
installed for each rlate model in locations previousiy marked on the
bottom of the plate. The locations of these dial indicators in terms of
the oblique co-ordinate axes o and @ are tabulated in Table k.

Three independent tests were performed on each of the four
plate models loadgd withiﬁ the elastic limit with test data obtained
for both loading and unloading. All eiperimental results for deflection
and principal stresses reported herein represent an average value of
these tests., To avoid:the tedious task of copying the experimental
results , strain readings from the digital indicaﬁors vere
photographically reduced and ere included in Appendix B. Test.dgta
for experimental lateral deflections of each plate model recorded
by means of the dial indicators are also reported in the same

Appendix,
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Table U4, Toecation of Dizl Indicators (in.)

Dial Panels 1 and 2 Panels 3 =znd L

feuge < 8 ‘aL 3
1 0.0 0.0 0.0 0.0
2 13.0 '<6.5 5.0 -T.5
3 =13V 6.5 =5.0 Te5
N 13.0 6.5 5.0 TeS

Fhotograph A, Digital Strain Indicator and Automatic
Print-out Device




s

Photograph B, Test Plate Permanently Deformed after Yield Test.

i
H
e
i

iiiFi63Eedy s

o

Photograph C. Photograph showing air-tight Chamber
and ¢ .pporting OStructure.




Photograph D.

Bottom View of Test Plate showing
Indicators in position
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From the values of unit strains €, Sps and e, obtained

from each rosette gauge, the principal stresses can be obtained in

the usual manner:

e + e 1
2| a - e 2
=-§( c 4 4/2(88' - eb) + 2 (ep- eg) ) vesess (1)

(1-v) 1+¢
e, + eq 1l [’ ‘ 2 A
2 [ - 2(e, =) + 2 ( e -e 5%5
e Tl o e (1-8)

To facilitate the computation of principal stresses from
the unit strains, a small programme in Fortran was written and is

included in Appexdix A.
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(¢) Comparison and Discussion of Experimental and Theoretical

Pesults
. Deflections (Lateral displacements)
Experimental and theoretical results for the centre deflections
of the four test panels are plotted in Wigure 16, From this figure,
it is noted that, for low intensities of the uniformly distributed
lateral pressure, the'agreanent between the theoretical and
experimental values is excellent, However, as the lateral pressure
increases and the.centre deflection exceeds the thickness of the
test plate, the measured experimental centre deflection starts to
deviate from the theoretical values. This deviation may be due to
a slight slippage of the test plate taking place at the edges of the
test model, Vith the result that the experimental deflections range
from 4-8 % higher than those predicted analytically. Since the ideal
theoretiéal clambing conditions assumed in the analytical solution
can never be realized in practice, this discrepancy tetween the
experimental and theoretical values in the lateral displacement of
ciamped plates will always exist and must be taken into account in
the design of such plates, .
The variation of the plate thickness does not seem to affect
apyreciably the deflection pattern of the plate models as deflection
measurements 1.-om test plates 1 and 2 (or test plates 3 and L) do

not differ significantly.
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Total Principal Stresses

Figures 17 and 18 sh&w comparisons between the theoretical
and experimental maximum totai principal edge and centre stresses
for panels 1 and 2 a@d 3 and 4, respectively, The agreement is quité
good, with.the theoretical rredictions invariably on the conservative
side, Here the degree of skew does affect the closeness of the results .
since with a high skew of 50° (Pigure 17) the results from the 1/16
inch élate js shown £o be closer to theory than those from a panel
with the same thickness but with a moderate skew of 30° (%igure 18).
Analytical results based on the linear theory zre shown for
comparison,

Typical experimental and the corresponding theoretical .
variations of khe bending and membrane edge and centre stresses with
the centre deflection are given in Figure 19, It can be observed that
the results compare quite well generally, with the exception of the
theoretical and e#perimental membrane stresses for test plate 3. This
discrepancy may be due to a slight relaxation of the test panel along
the clamped edges, resulting in an appreciable relief in the membrane
stresses, Such discrepancies are of no great significance since,
within the range of the centre deflections copsidered in the analytical
solution (w/h<2), the membrane stress accounted for a relatively
small percentage of thebtotal stress; hence, despite the apparent
discrepancy bhetween the theoretical and experimental membrane stresses,
the agreement between the total stresses remains close (Figures

17 and 18),
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To exhibit thé relative magnitude of the maximum total
principal stresses at critical locations on the test panels, such
stresses are shown plotted versus the applied pressure in Figures 20-23.
Examination of these figures shows that for low intensities of
pressure, fhe princi#al stress increases linearly with the applied
pressure, producing a centre deflection not exceeding helf thne plate
thickness and vith insignificant membrane forces., However, with higher
intensities of load (producing large deflections), the menbrane forces
becone more.pronounced, effecting a decrease in the slope of the
stress~-pressure curves shown. The total principal stresses at different
locations will now be disc&ssed:

As predicted by the analytical solution the experimental maximum
total stress éccurs along the longer edge of the plate and is displaced
towards the obtuse corpers, point A. [Compare with theoretical
investigations of clamfed rectangular plates (2) (3) where such stress
occurs ét the middle of the longer edge). The éotal stress at the
middle of the longer edge, point 3, is about 85% of that at point A
for test panels 1 and 2 with a skew of 50°, This percentage increases to
approximately 907 for test panels 3 and 4 where the skew is 30°.
Variations in the thickness of the plates do not seem to affect
this percentage, .

The variations of the experimental total stress at thé panel
centre (point C) with load are shown in Figures 20-23, It can be
observed that for the entire range of loading considered, the total

stresses at the centre of the test panels are approiimately 35 to
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452 of the. corresponding maximum total edge stresses., This:
observation seems to indicate that the ratio of total stress at centre
to maximum total edge stress is sensibly unaffected by changes in
skew, aspect ratio, or plate thickness.

Resulté from the experimental study have revealed, as expected,
severe conéentration of §tress in the vicinity of the obtuse corners,
[Theoretically, stresses at the corners are zero, due to the nature
of the mathematical model of the problem.] Figures 20-23 ghow that
for low intensities of loading the total stress at the obtuge corners
is of the same order of magnitude as the stress at centre of panel,
With incr;ased loading, the magnitudg of the total stress at the
obtuse corners can exceed that aé the centre by approximately 10% for
plates 1 and 4 (with 1/8 inch yhickness) and by as much as 20% for
plates 2 and 3 (with 1/16 inch thickness). Therefore, it may be surmised
that the stress concentration at the obtuse corners, relative to the
stress at the centre of the plate, is more affécted by the plate
thickness than by cﬁanges in skew or aspe;t ratio. |

In contrast to the high level of stress in the vicinity of the
obtuse corners, only nominal stresses were recorded in the vicinitonf
the acute corners, The experimental res;lts ohtained indicate that the
total stress at such corners remains insignificant until parts of the
edges yield due to excessive lableral loading. 'This will be expounded

on in the next section.
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Yield Tests:

In order to study the behaviour of clamped skewed plates beyond
the validity of the Von Karman equations (9), where the centre de-
flection should not exceed 2 to 2.5 times the panel thickness, plates 3
and 4 were loaded until plastic regions were formed. The results of
such tests are shown in Figures 24—26.

The variation of the total principal strain at the plate centre with
applied pressure is shown in Figure 24, It is interesting to observe
that when these plates were loaded excessively the strain in the middle
plan of the plé.te increased to such a level that it nullified the compres-

~ sive strain at the top of the panel at centre. This is not surprising
since it was shown in Fighre 15 that the magnitude of the membrane
stress at centre increases rapidly with increase in centre deflection.

Figure 25 exhibits the behaviour and the distribution of principal
strain in the vicinity of the obtuse corner when the panels are loaded
beyond the elastic region. A sudden reversal in strain at these corners
is noted ‘when a certain critical load on the plate is reached. Such in-
stability is‘ preceded by progressive yielding of the panel edges towards
the obtuse corners. (The variation of the maximum principal strain

_ along the longer edge with lateral load is given in Figure 26) Ideally,
one would have expected the curves from the top and bottom gauges to
ycross the horiéontal axis at the same load. However, this was not the

case and the discrepancy seems to be more pronounced for
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plate 4 (1/8 inch thick) than plate 3 (1/16 inch thick). This can be
attributed mainly to experimental errors such as those incurred in
gauge alignment, support conditions, etc. It may be mentioned that
results from a bottom gauge located less than 1 inch away, at point F,
do indicatg the expected reversal in strain.

Variation of the total principal strain at the maximum point along
the longer edgés of plates 3 and 4 with load are shown in Figure 12.
It can be observed that after the yield stress of the material is reached
the total strain decreases with further increase in strain in the vicinity
of the acute corners after the edges have yeilded; reversal of strain is
also possible ét such corners as evidenced from the results obtained,
although the observed instability here is not as proncunced as was

found for the obtuse corners.
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CHAPTER V

COHCLUSIONS
As a result of this theoretical and experimental investigation
on the small and laﬁgé deflection behaviour of clarpped skewed
plates, the following conclusions may be drawn:

l.. TFor the limiting case where the skew angle is reduced to
zero, the perturbation method yields results which are in
good agreement with those obtained for rectangular plates,
analysed by more laborious methods,

2., The small deflection results for clamped skewed plates are.in
close agreement with those obtained by experiﬁents and by
other analytical methods.

3. For a given aspect ratio and a given uniformly distributed load,
the maximum deflection at the centre of skewed plates
decreases with increase in skew.

4, The effecﬁ of skew on the centre deflection decreases with
decreasing aspect ratio R, where R<1,

Se The ratios Vnax /h , at which results from the linear and
nonlinear theoriesvbegin to deviate significantly from
each other are influenced by the aspect rafio, R; the ratio
Winax /h decreasing with increasing R. Thus the deflection
value, at which the influence of the in-plane forces begins

to be effective, can bhe assessed,
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10,

Analytical noniinear (larze ceflection) results have been
substantiated by model tests. lotwithstanding the experimental
errors inherent in such tests, the agreement between theory
and experiment-is.found to be guite close,

Nonlineer defléction of clamped skewed plates tend to become
increasingly linear with increase in skew,

The maximun resultant stress occurs along the longer edge

of the plate and is displaced towards the obtuse corners.

Suech étless inéreases with skew for any srecified gspect ratio
and centre deflection.

Invariably ﬁembr;ne étresses are relatively insignificant in
megnitude when compared to the maximum resultant edge stresses,
Experiméntal results obtained for very large loads, producing
plastic regions, and outside the range of applicability of
the analytical ;5lution of the Von Kaiman equations have
indicated that:

(a) The obtuse corners of clamped skewed plates are not only

regions of severe stress concentrations, but also of instability,

giving rise to sudden reversel of stresses,

(b) The stress in the vicinity of the acute corners are

relatively insignificant; however, wvhen the edges have yielded,

the stresses in such corners increase sharply with possible stress

reversal at very large loads.

79




APPENDIX A

FORTRAN PROGRAMS ¥OR THEORETICAL AUD EXPZRIMENTAL

ARALYSIS
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THETA
ANU

CALL
SUBROUTIN
CINV77(A, N)

N=16

BM (L, J)
J=1,16
1=1,16

R

BV(J)
J=1,16

CALL
SUBROUTINE
CINV77(A, N

[

D2, D3, D4,
D5, D6, D7
D8, D9

CALL
SUBROUTINE
CINVT7(A, N)

WRE RN T SR e

SEviy

F1,F2,F3
F4,F5
ALPHA3

CALL
SUBROUTIN]
CINV77(A, N

183]

G2,G3,G4
G5, G6, G7
G8, G9

4

H2,H3, H4,
H5, H6, H7
HS8, H9

FETR ' S




i CALCULATE

T1, T2, T3 woY

ClL, L4, Uo
C4,C5
T4, T5 W3y
N=6 - W5Y
sM(I, J)
J=1,N
I1=1.N |
‘ CALCULATE
’ CALCULATE gi§
Mt ) W1X, W3X
J=1,N P(48) )
i |
EZ,E3, B4 _
Y E5, E6, ET, CALCULATE CALCULATE
CALL ES, E9 W1XX T2y
SUBROUTINE WIYY 1Y, W3Y
CINV77(A, N WoX
’ { Y
F1,F2,F3 Y e
F4,F5 CALCULAT
mosx
WYy WO04Y
w3X
Y
CALGULATE WwoY
W5XX W3Y
W5YY Ww5Y
W5X

H2,H3, H4
H5,H6,H
H8,H9
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52

Pact 2

i;\l('/)=-(2o=::(:)o:;:i::/.::‘(?.o 'C/-I o) l/."“a

{202l ) )+ (N a=il Y
la.\(;:‘.;g:".l;:g( /?o*C?._lro )'l'( 2' Cl"'lno) PR '/) )

V(o) E=(Reu{ [ ZenlP=bia)n{ =20, t/4l2 ".4)F(“‘.*C2+4.*C4+4.)42.~ﬁ?
T2 wF 2 (=20 o Q2+ L2 e n0A+ 120 ) H (=R e w P 2R P4 0 (2o wC2=ba ) )i L

d—AhU)*(l&.*CZ-&.)*(*4.*F1—4.%F?+2.*F5)+7.*Fl*(~n.*ﬁ7+4.*ﬂ/+4.)
SA(2eU lmb g )W (=B T2 b g MF L) F{ =d g ()=l ¢ G242 o CHF2 )Y G52 ))
AV ) =={2en{{ 2% C;—@.)k(-@.*Fl—4.*F2+7.*F5)+(—4.*Cl-4.*C2+2.*CU
l‘z.)-a. 202 dMEZ2N (=l g C L=l g k0242 e RC T RV F (=l gt L=t g if- 242 a7 L)

{230 A2=be ) ) FR2H (L e AN ) 5 ( (=8 ewClm8 ¢ FC244 o8+ 1o )2 a2 Zen( ]
5—4.)*(-8.*Fl~8.*F2+4.*F5))+Rz*(1.-AMU)*((2.*C2—4.)*(-z4.*31
Gl wFES) b =g RO 1=t e (242440 B+ s ) %2 4F1))

SV ) =DV G = {AR2% (Lo =ANU) 2 { g o % F2% (=24 ,5%C L+ 2 %03 +] 20} (=4 %F ]
1=4  nF 242 %F5 )% (2¢%Cl=4e)))

CALL LINK(KJEART)

WLDISKKJEART .

BY(L0 )Y == (2% ({2e%C2=44 )% {30 ,%F2= 60.:?4)+(— o M0 2+l JHCh+ G )i (=24
1%F 2412 e %F4) +{b6e%(2=12 % C»)< WHF2+2 4 F2% (30 e 2=604%C4L) +( =50 c2
24 GRFL& ) (=24 w024+ 12470 4+1 2. )+(6. cF2- 1z.aF4) (2e%C2=4 o ) V4wl
S=ANUYN((2e5C2=b 4 ) (2 e ¥F1lH+B e iF2mb o 5iFbomtb g iFE ) 4 (=8 o RKC2+4 ¢ ¥Ch -t o}
L3 (b gt b g F 242 o Fb)+(6.“C2~12.*CA)'?.*Fl))

nV(lO)=BV(10)—(+R2*(1.-AHU)'(+?.' R 2eWC 148 oL 24 ¢ 40 h =4 g 52C 58
Il ) F (=G o244 ¢ NF 4 ) (=4 g (l=4, C2+2.'CD*L.)T(6. F2 =12 %R )

2% 2ewCl=ba)))

BY{Li)==(2e%{(2e%C2=bo )t (B RFE 142 RF 2=l uF3=b B3 ) +{ =4 5T 1=4 032C2
l+2.*C5+a.)*(—4.*F1-4.*F2+2.:F5)+(8.-C1+2..CZ G o0 3=l g h=b, )
202 uF 22 o238 a L2800 2mb o003 o308 =4 o)k (=4 o0 L=ty g3 F 242 %F5 )
B =l g0 L=l %024 2¢%C 548 4) +(BeWF1l42e%uF2~ A..Fa-f.rFS)*(z.*Cz-é.))
G20 LatAMU) ({32 ¢ RCL4+R o #C2=164%C03=16.%C5=164 )2 4%F1))

SVILIL) =8V L1 ) ~(+h2F(LetAMUY R (4 (=B kF 144 0 FE3 )N (=8 oaxCl=b el 2+4 63 (C5
14106 )+ {2e%0 1=t ) {324%F1l4+RB¥F2=16,3F3~ 16..F5)+(—a. C L4 e w#C344 . )
"(-6.4Fl BeF2dbeF5) ) +R2%{ La=ANU) R ((2e%C2=4a )3 {20 e F1=00¢*F D3+
F{ =l 50 l=4 02205 +8, )5 (-£4.-F1+ld.rr3)+2.*F1*(8.*Cl+2.*62—4.*63
G=d o b)~4.)+2.~r2 {30 4%C1=60.%C3)))

BY(11)=3V({1ll)={+R2%(1la=ANU)R(+(=bgifFl=t, F2+2.u S5)u(=gs (1

l+120 L;.)'*].?-)'*'(boxr.l"‘?o r2 [i'o ':FS_ZZ‘Q*FS)*(ZQ lo.)))
oV{12)==(2e%{ (2% C2=ba )k (124% Fl+48.*F2‘24.*F4—24.*F5)“(*r.¥CZ+
lln (:" ‘/o) (-‘/“O>Fl"zlc F2+?o FS)“X('—Q‘.*CI. ll'.:C"'r?."C:'H%‘.) ("('[ Witz

241203 F 4 ) 4 {4 a0l 60026 a0 C4=8 .40 5=B, ) %2 W F2+2 oW F 230 (L 2enCLlabt o502
B=24 oW b4m24 (0 0=2ba ) ¥ (=B e wFE2H44 uFL ) (=l gL l=tr e #0242 HCO+E o )+ (=t o
GEL=d e F 22 e wFB )R =2b ok C2+12e% 04+ 2e)))
BVILZ)YsoV{12) = ({2 (+{ e Flel0enF2=BewFbaR )i (202 =y ) ) +RE*
I{LadntiU) (2o 1a{8a%Cl+32%CU8=10e%C4=10 4508106 )+ { =l o5F Lot a®F 2
gt 2B )0 (=0 e M0 lmU e W24 e %054 16 ) (2 Clmdi o)W (B aF L1432 e % 2=10.54F4
=10 FE )4 (= o l=4 #0242 W05+ 8a ) H (=R HKFL=8 R F2+4 ¢ %F5) )+ 2% (1la=
LSAPU) R {Z2e% 0240 ) { Gl o F L+ 120 %F2=24 ,%F3=24 ,%F5)))
SY{12)=V{12)={+R2%{ Le=ANU) {4+ (=8¢ %0244 ¢ Cht b g )it { =24 (P 1+12e%55)
Lt (=l ol L=t o L/+Z.-CJ+8.)’(—4. F L=l o RF242 ¢ FD )+ (4o R0 141645020404
2=C ¢ R 0H=B )2 wF 1 2e%F2u (48 C1l+L2.:0C 2~ 24. 03244505 =24 4 )+ (=Gl 2
3rbewlg)u(-24, Cl+12-”C3+lZ.)*(-4.-kl—: ME2+2 4 MFE ) (=l o WL 1= %2
4424305403 Y4 (4o ¥ F L4 L0 oW F2=8e ¥ Fo=Be%kF5)%(24%Cl=44s)))
e 1y H=l,lZ
DO Lo 1737
15 bll(4l1lo)" l ( N
eQUIVALENCE ( S)
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PAGE 29

n=127
PURCH 30, AT J yd=lyM)yI=1,0)

PULGH 36,(%3‘.’(\])7\):111\3)

36 Funn AT/ OHKy4E1648))

Calbh AIDVTT (A,M)

Du 1o I=1.0
ANS(I)=0. ‘
DG 1o JEleM ;

13 ARS(L)I=ANS(I)+A(T J)%BVJ) ?

Gl=AnNS(1) ‘
G2=ANS(2)

Ga=ANS{3)

Gh=namS(4)

LH=ANS (D)

GO=ANS(6)

Hl=ans(7)

He=ANS(o)

H3=ANS(Y)

Hae=ANS(10)

Ho=4MS(11)

He=Ain85(12)

PUNCH 3646136296346 44G5,6G69HLyH29H3yH4,,H54HE
DO 14 I=1,.12
BV(I)=0.

DO 14 Jd=1,12

14 cV(L)=av(I)+BH(I,JYRANS(J)
PUNCH 3649(BVI(I)y1I=1,12)
38 FIRAAT (4K Gl=Bl6.844H G2Z=El6e834H G2=E16.8/4H G4=Fl6.8,340 G5=E10e8
Lidhk G6=£16.8/4H H1=El6.ty4H HZ=E1l6.8y4H H3=E£16.8/4H H4=E16.5,
24H MY =ELlS.894H H6=E16,.8)
CaLL LINK(KJEARS)
cND
(i 9
#LOTSKdEArs

UlL)=n2%R2%((Z2amClmd e ) kG142, F1DL) FANUR(RZHRR ({2 a0 1=4 o }H1
1420 5F LREL) VARM(HLIN (260 2=b o )+ 2o #F2HEL ) +ANUR(RZ%(G L% (2% (244 )
dtzeFrnD1) ) ’

U{L)=U{1l)*12.

J{2)=mngnld 20 { (2% 01=b o )5 {=3e%GL+3e%G2) 4 { =24 (11202 +1 2, )00 1
lhzewFE 1% { =31 +34%D2) D1 (=24 % F1+12a%F3) ) +0 5% (R2%R2% (245 (24%C1
2=l g V2 g wF Ll (240 l=d o )+ 2emF LR (2eMCLl=ta )2 ¢xCl=ba) ) AU 2 (|
5200 L=l YR (=HL+H3) +HL (=24 % Cl+12e%C3+12 ¢ ) +2 e Lt {=EL+E3) +E 15
Lm0 w1126 %F2) ) )

U{2)=0({2)+R=%((24%02=b o) {=H1+H3) (=l aCl=b s C2+2 « ¥ G+ o ) Wn 1
L2, 5%F 2% (=Z1+E3) +{~b o P L=b o F 2+ 24 %F5 ) HEL) +ANUR(RZH (G (=44%C1
ol g il P42 %0 +0 o )4 (2 C2=bo ) (=3¢ 0BL 43 emB2)+2%F2% (=3 42D kna%t12)
Dbl gl L e WP 242 ¢ REB YD1 F0 S (R (20 (2a% (2=l V2 ¢ HF 15 (245 (1]

Gmlo g Vb2 a2 (2 e MO Ll=f e )R { 2% (1=Aa))))

Ulz)y=ulet®lide

U5 )=k 25i 28 { (2% 0l=de ) (=0Llr03)+ (=40 l=% o C2+2 e OO+ I H0GL
1425 F L =NL+D3)+DLn (= ¢ kP Ll=b o F 242, %F5) ) +AMUNR(R2%R%(( 2ol 1i=44)

23 (=B el 13 H2) (b g i Clmb o MC2+2 %0 B+E  )kHLA2awF Lo (=3 g5m L +Z a5z 2)
D=l gt =g F 22 %FD)EL) F0 o 3% (R2M (2% { 2% C1lmde ) (2 ,5002=b )2 45F2
4 Z g wF 1% (2e%C2mbo )W (20%C2=40a))) )
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enliz=b ) {~3,
JeWud )+ (=vh %
: 0P e Rl WAL g (=t
»";‘("\JJ.‘*l‘H:‘) (=24 o071 L2004+ 124 )% G142
Guinl))

U5 =0L(h)%12.
SN ED AN S
It l+o .
2FLd e 3)
3C1=ae ) (2 L=Ge ) =8 ¢wF Lo F3) + (-
/+'3"%.:-‘Cl'i‘1:‘ C3+lia)w{2enCl=ba)w2a5F1
U(')=L(‘)*O.a-(K?'&Z*(+2.*Fl*2.*(2.*

--r—
—
~ o U
-—
H
o
[
e~
—~
'v
2
)
e~

((/.' Cl"/'i‘o )’:‘("‘,5-3:‘6?.'?'5.*(5/!
+(3 UL =00 (3 )G+ 21w
(

.

J’\.'\‘)

1'\;

-( “HZ RS )+ (=24 %014+ 12 %C3+12e ) ( =1+
F2o¥ L =5 +ED) (=24 e F LT 12 s 0FD ) R (=0
”(4)—u(ﬁ)+h*((2.*C2-4.)*(-H3+H5)+(—4

1.**'27 ) "'(

.) (/.'-*C/T [1

HOL43HN2) +{F0 e FL=H0en =3 1) FU o { 2wty s

T (=25 P i+t 120%F3 )% 24%CLl=b o )5 (250~ ) ) ) +ANUSR(22 (‘
w0

PRSP SO N AN ST R R
F()OJ (‘/.c"(/.'{,""’ol}“';’.

)!’ PR ('f‘((/.o':":"“/o;

R SRR e B RO

1)+
.)
sl -

)+(—2/:'0’::C].+ ).:”..‘;:(:_")‘i' J:/o )'( ~Je
(=5 ol rb ol ) +{ =0l

P ,1+[ro “LJ""!.)’ /_o"'i'l)
))
Cl=Go){=t an CH/

M2) (20 .5 01-60
1+E3 )+(;“.-r1-uh.¥F3)*?l))
cHG1=b 202+ 2 HCE+

l+(\’.‘«'o:;'(; l+2.*CZ"‘#-’-‘C3-/+.*C5"4. )*!A].'*‘?..;Z:FZ.’:‘(-EE "(.‘ .)J'(-'lro W l (. . :‘ ~

S Lo EFS ) (=ELVED) 4 (W HF 142 %F 2=t o ¥F 3
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Table 5. Latersl Deflection

(‘inches)

Pesults for

Plete 1, Test 1.

PeS.i, th /on Loading Unloading | Average w/h
0.375 | 46.79 0,042 n.0kb 0.043 0.3L44
0.5 €2,40 0.057 - 0.057 n.L56
0.€25 | T8.00 0.067 0,006 0.066 0.532
1 o.750 | 93.6 0.08k 0.090 0.067 0.6096
2 1.000 | 124.8 0.102 0.107 0.10k 0,336
gﬁ 1.250 | 156.0 0,117 0.121 0.119 0.952
&| 1,500 | 1€7.2 0,145 0. 145 0,155 1.169
= _1.750 218.L 0.159 0.160 0.1560 1.276
Al 2.000 | 25.0 0.17k 0.179 0.177 1.412
2.250 | 280.¢ 0.10k 0.191 0.103 1.5kq
oy 0375 | k6,79 0,035 0,036 1.035 0.28
3 0,500 | 62,4 0.049 - 0,049 0.392
=
(o]
. 0.750 | 93.6 . 0.07h 0.076 0,075 0.600
147]
2 1.000 | 124.8 0.099 0.093 0.091 0.732
51 1.250| 156.0 0.103 0.105 0.10k 0.832
§' 1.500 | 187.3 0.116 n0,120° 0.118 0.0hk
[t
=1 2,000 | 245.0 0,182 0.143 0.1k42 1.1h0
2,250 | 280.8 0.156 0.154 0.155 1.240
2.500 | 312.0 0.169 - 0.169 1.352
0.375 | 46.79 0,021 0,025 0.023 0.184°
0.500 | 62.% 0,029 - 0.029 0.232
Phe
o 0.625 | 78.0 0.035 0.038 0.036 0,292
W 0750 93.6 0.046 0.051 0.049 0.388
o
@ 1,000 | 124,8 0,056 0.060 0,058 0. k54
tg 1.250 | 156.0 0.065 0.072 0.058 0.548
<
P 1.500 | 187.2 0,075 n.078 0,077 0.612
1.759 | 218.b 0,083 0.087 0,085 n.6&0
2.000 | 24s,0 n, 092 0.097 0.095 0.756
2.250 | 260.8 0.101 0.101 0,171 0.808
2.500 | 312.0 0,111 - 0,111 0,888
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Table 6. lateral Deflection Results for Plate 1, Test 2.

(inches)
pes.i. @'/t | Losding |Unloacing |Average w/h
0.375 L&, 79 0,045 0,048 0.047 0.372
0.500] 62.k - - - - -
0,625 78.0 0.064 0.011 0.067 5.5k
| o 93.6 0.0gy 0.080 0.085 0.69
Sl 1,000 128.8 0.101 0.107 0.104 0.832
of _1.250 156.0 0.119 . |4 121 0.120 0.96
3| 1.500| 187.2 0,141 0.157 0. 155G To1so
S| 1.150] 28k 0.157 0. 161 0.159 1.272
=l 2.000] 2bs5.0 0.177 0.171 0.177 1.416
2.250] 280.6 0.193 0.103 0.193 1,544
2.500] 312.0 0.206 - 0.206 1,648
0.375 L6.79 0,037 0.039 0.038 0,30k
o 0.500 62.4 - - - -
g1 o.625 78.0 0.055 0,059 0.057 .456
« | o.50]  93.6 0:073 0,075 0. 0Tk 0.502
é 1.000 124,8 0.089 0,001 0.090 0.720
= 1,250 156.0 0.104 0.106 0,105 0.8k0
g | 1.500 187.2 0.116 0.120 0,118 0,94k
§' 1,750 218.4 0.129 0.131 0.130 1,0h0
~ 2,000 24k5,0° 0.143 0.143 0.143 1,144
a] 2.250 280.8 0.155 0.155 0.155 1.2%0
2,500 312.0 0.165 - 0.165 1.320
0.375 ) 0,023 0.026 0,024 0,196
0.500 62.4 - - - -
=] 0,625 78.0 0.035 0.036 0.036 0.28k
S| o750 93.6 0.0L6 0,048 0.0LT 0.376
'; 1,000 124,38 0.056 0,061 0,059 0.466
3] 1,250 156.0 '0.066 0.072 9,069 0.552
“l 1,500 187.2 0.076 0.081 0,079 0.628
:g 1,750 218,k 0.08k 0,085 0. 086 0.688
“l 2.000 245,0 0.002 0.096 0.09%4 0.752
2,250 260.8 1 0,102 0.102 0.102 0.816
2.500 312.0 0,109 - 0.100 0.872
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Table 7., Lateral Deflection Pesults for Plate 1, Test 3.

(inches)
PeS.i. th /Dh loading Unloéding Lverage w/h
| o.625 78,0 0.065 0.079 0.072 0.576
ol 1.000 | 12L.8 0.101 0.104 0.102 0.82
&| 1.500 | 187.3 0.153 0.145 0. 154 1.152
<] 2.000 | 2k5.0 0.169 0.170 0,169 1.352
A| 2.500 | 312.0 0. 204 - 0,20k 1.632
cel 0.625 7.0 0.056 0.057 0.057 0.452
59 1,000 | 124.8 9.089 0.089 0.039 0.712
IC 4 1.500 | 1e7.2 0,117 0.117 0,117 0.036
=5 2,000 | 2u5.0 0.143 0.1L0 0.1h2 1.132
2.500 | 312.0 0.16k 0,162 n.163 1.304

[0)

&) 1,000 | 12k.8 0.055 0.059 0.057 0.456
&l 1.500 | 187.2 0.075 0. 080 7.078 0.620

< .
‘@l 2.000 | 24s.0 0,092 0.095 0.00k 0.748
=1 2.s00 | 312.0 0.108 0,107 n.108 0.560
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Table f, lateral Teflection Recults for Plate 2, Test 1.

(inches)
Height N .
of gb  /Ph | loading Unloeading | Average w/h
water
{ine)
1.0 72,10 0.036 0,039 0.038 0,69
1 1.5 108.15 0.050 0.051 0,050 0.808
2l 2.0 1Lk, 20 0.060 0.064 0.062 0.992
§4 2.5 180.25 0.070 0.073 0.071 1.1
3 3.5 252.35 0.090 0.09k% 0,092 1,47
& 4,0 288,41 0.096 0.099 0,98 1.56
M1 0,5 36.05 0.013 0.013 n,013 0.208
[fe "
51 1.0 72,10 0.021 0.022 r. 021 0.344
a9l 1.5 108,15 0,032 0.033 0,032 0,520
- Lk 2
=l 2.0 145 0,036 0.039 0,038 0.608
vl
% 2.5 180.25 -| 0.0L42 0,045 0.0Lk 0.696
&l_3.0 | 216.3 0.0k} 0,051 | 0.048 0.760
| <L_3.5 252,35 0.052 .1 0,058 0.055 0,880
2l 4.0 288,L1 0.055 0.057 5.056 3.596
. 0.5 3€.05 0.006 1,005 0,006 0.088
. 1.0 72.10 0,01k 0,013 0.01k 0.216
. 1.5 108,15 0.020 0.021 0.020 0.328
2| 2.0 | 1hk.20 7,025 0.027 0,026 RY;
@
§ 2,3 189,25 . 0.029 0. 03k 0.032 n,50k4
2] 3.5 252.35 0,0L2 0.0b1 0,041 0,66k
=l 1.0 288,41 0.0k - n.0Lk 0.70%




Table ©, Teteral Deflection Results for Plate 2, Test 2.

{inches)
Height cb /Th Loading Unloading Averaze .w/h
wa$£r (in
0.5 36.05 0,919 0,021 0.020 0,320
1,00 72,10 0.029 0,035 0.032 0.512
1.5 108,15 0.0L6 0.0ko 0.0ub 0.736
2.0 14h,20 0,061 0.062 0.062 0.954
2.5 169,24 n,069 0,070 0.070 1,112
3.0 216.30 0.982 0.08k 0.0€3 1.328
3.5 252,35 0,085 0,090 C.0RE 1.00¢8
L.0 288,41 0.026 0.102 0.099 1.584
My 0.5 36.05 0.01k 0.010 0.012 D). 154
é 1.0 72.10 0.025 0.021 0.023 0,368
R 1.5 103.15 0.030 0.032 0.n31 n. k95
é 2,0 1kk,20 0,038 0,038 0.238 0.698
6l 2.5 1£0.25 .0h3 0.045 0. 0Lk 0,704
§ 3.0 216.30 0. 050. 0,047 0,049 0.776
N N 252.35 | 0.058 5.956 02057 5.012
8 4,0 288,41 0.05¢ 0.060 0.059 n,9Lk
0.5 3€.05 0.005 0. 006 0,005 0,088
1.0 72.10 0.011 0.013 0.012 7.192
RS 108.15 0,01t Vedld 0.019 0.296
E 2.0 144,20 0.023 0.023 0.023 0.368
Bl 2.5 180.24 ] 0.02¢ 0.032 0,930 0. 480,
El 3.0 | 216.30 0.031 0.033 0.032 0.512
3 3.5 252.35 0.030 0.040 0.039 5.6k
1 a0 ogg, k1 | 0.0u1 0,042 0.042 0,664
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Table 10, Leteral Deflection

Fesults for Flate 2, Test 3,

130

(inches)
Height.of th/ Dh loading Imloading Average w/n
water{in.)
0.5 36.05 0.018 0.019 0.018 0.296
1,00 72,10 0.033 0,03k 0.034 0,536
~] 1.50 108,12 9.045 0.0L6 0.0L6 0,728
ol 2.00 144,20 0.061. | 0.062 0.n62 0.984
o] 2.50 180.25 0.063 0.066 0.066 1.506
E 3.0 216.30 0,075 0.076 0.076 1.208
=] 3.5 252.35 0.087 0.088 0.087 1.k00
al u.0 288,141 0.096 0,097 0.097 1,54k
] 0.5 36.0 0.013 0.01k 0.01k 0,216
'§ 1,00 72,10 0.022 0.022 0.022 0.352
] 1.50 10815 0.030 0,031 0.031 0.488
ol 2.00 141,20 0.037 0,038 0.038 0.600
el 2,50 180,25 0,04k - 0,0Lk 0. 0k 0,70k
% 3.00 216,30 0.046 0,049 0,047 0.760
“] 3.59 252.:35 0,053 0,057 0.055 0,880
S| b.00 286,41 0.059 0,059 0,050 0.2kl
0.5 36.05 0.005 0.007 0.026 0.096
1.0 72.10 . 0.013 0.013 0.01
- 1.5 108,15 0,017 0.019 o.01z Z:igg
:% 2.0 144,20 0.025 0,025 0,025 9,400
%‘ 2.5 180.25 0,030 0.032 0.031 0. Lok
o BN 216,30 0.03k 0.033 0,03k 0.536
;E 3.5 252.35 0.0b1 0.0k0 0.040 0,648
4.0 228,41 0,043 0. 0Lk 0,0k 0,696




Table 11, Leteral Deflection Pesults for Plate 3, Test 1,

(inches)

Ileight of ) :
water (in) qbq / Dh | Loading U'nloading | Average w/h
1.0 25.2h 0,030 0.032 0.031 0,496
2.0 50.49 0.051 0.051 0.051 0,816
-
.| 3.0 75.73 0.066 0. 060 0. 067 L.072
=] 4,0 | 100.98 0.079 0.080 0.079 1,260
% 5.0 126.22 0.099 0.00k 0.0%2 1,472
&1 6.0 151.46 0.099 0.101 0.100 1,600
f§ 7.0 176.71 0.106 0.108 0.107 1.712
“1 &0 201.95 0.112 - 0.112 1.792
o] 1.0 25:2h 0.018 0.022 n.020 0.320
| 2.0 | so.u0 0.030 0.03k 0,032 0.512
“f 3.0 | 75.73 0. 040 5. 0%z 0,041 0.656
2| 4,0 | 100.98 0.048 0. 0k9 0.0kE 0.768
9| 5.0 126,22 0.056 0.058 0,057 0.012
§ 6.0 151,46 0.060 0.061 0.061 0,976
=] 1.0 176,71 0,065 0.066 0.066. 1.056
21 8,0 | 201.95 0.069 - 0.069 1.104
1.0 25.24 0.012 0.012 0.012 0.192
. 2.0 50,49 0.019 0,021 0,020 0.320
3.0 75.73 0.02L 0.027 0.026 0.516
1 u.0 | 100.98 0.029 n.031 0.030 0,480
% 5.0 126,22 0.03b 0.034 0.03k 0.5hY -
Sl 6.0 | 151,16 0.038 0.038 0.038 0.608
§ 7.0 176.71 0.0k0 0. 040 0,040 0.640_
£.0 201,95 0.0k2 - 0.0k2 0.673
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Teble 12, Lateral Deflection Pesults for Plate 3, Test 2.

(inches)
Heipght of L .
water (in.] g¢b~ / Dh | Loading Unloading | Average w/h
41 2.0 50. 49 0.0LT 0.050 0.049 0.78
s| 3.0 75.73 0.062 0.066 0.06k 1.02k
“1 .o 100.98 0.075 0.079 0.077 1.232
gl 5.0 126.22 0.089 0.089 0.069 1,528
[o]
el 6.0 151.46 0.095 0,037 0.096 1.536
@l 7.0 176.71 0.103 2.106 0.10k 1.66L
[end
8.0 201.95 0.109 - 0.109 1.7hk
1.0 25,24 | o0.018 - 0,022 0.020 0.032
2,0 50, k49 0.032 7,031 0.031 0.496
N
.l 3.0 75.73 0.038 0,042 0.0LO 0.6Lko
’f k.0 100.95 0.0k5 n.051 0.048 0.768
el 5.0 126,22 0.05k4 0.060 0.057 0.912
El 6.0 151,46 0.059 0.061 0. 060 9.960
f§ 7.0 176.71 0.065 0.065 0,065 1.0L0
=l 8.0 - 201,95 0,068 - 0,068 1,008
1.0 25.2h 0.019 0.022 0.020 0.320
e 50.49 0.020 0.031 0.030 0,460
= 3
oo 100.9 0,045 0,048 0,047 0.752
5] 5.0 126, 22 0.052 0.05k 0.053 0,818
&l 6.0 151.46 0.056 0,050 0.058 0.028
‘.--‘
Al 1.0 176,71 0.062 0.063 0,062 0.992
8.0 201.95 0.065 - 0.065 . 1.,0ko




Table 13, lateral Deflection Fesults for late 3, Test 3.

(inches)
Height of] L .

water{in){ qb /Th Loading Unloading Mverage w/h
110 25.24 0.028 0,033 0.030 0.48
~{_2,0 50.k49 0.0bs5 0.050 0.048 0.768
EE 75.73 0.059 0.063 > 061 5.976
I u.o | 200.98 0.075 - 0.077 0.076 1216
5| 5.0 126.22 0.008 0.090 0.0E9 1.L2h
% 6.0 151.46 0.093 0.098 0.095 1.520
Al 7.0 176.71 0.100 5.103 0,102 .63
2,0 201.95 0,109 - 0.109 1.7kb

of 1.0 25.2k 0.018 0.022 0.020 0.320

al 2.0 50.49 0.028 0.033. 2,030 0.4c0
[ 30 | 5.3 0.039 5.0L0 5.039 5.62h
ol 4.0 100,98 0.0k6 9.053 0.0L49 0.784
al 5.0 126.22 0,05k 70,059 0.056 0. 596
“l 6.0 | 151.46 0.059 0.061 0. 060 0.960
A 1.0 176.71 0.063 0.065 0. 0Bk T.02%
8.0 201.95 0,068 - 0,068 1,088

1.0 25.2k4 . 0.009 0.013 0.011 0.176

=] 2.0 50 .49 0.018 0,020 0.019 0.30L
ol 3.0 75.73 0.022 0.027 0,02k 0.384
:és 4,0 | 100.98 0.027 0,032 5,030 R
gl_s.0 126,22 0.030 0.036 0.033 0,528
,g 6.0 151, k6L 0.034 0.03( 0.036 0.576
Al 7.0 176.71 0.038 0.040 0.039 0,62k
8.0 201,96 0.0kl - 0,0kl 0,656
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Table 1k, Lateral Deflection Results for Plzte 4, Test 1,

(inches)
£+S.i, o_bb / Th ’Loading' Unloeding | Aversge w/h
0.5 21.85 0.050 .05k 0.052 0. 016
1.0 43.69 0.086 0.091 0.0%8 5. 70k
1.5 65,54 0,115 0.119 0,117 0.936
2.0 87.3¢ 0.147 0.153 0.150. 1.200
2.5 109,23 0.162 0,167 0.165 1.320
N EEX 131.08 0.182 0.187 0,184 1,472
2 3.5 152,92 0.200 0.203 0.291 1.606
ol L., 174,77 0.208 7.21k 92,211 1.688
§ L.5 196.61 0.218 ~ 0.222 N.220 1.760
<4l 5.0 218,16 0.228 0.233 0.231 1.6L8
&l s.s 240,31 0.235 0.239 0.237 1.8396
6.0 262415 0,243 - 0.253 1.9k
0,5 21.85 0.027 0.029 0.028 0.232
1.0 | 43.%9 0.049 - 0.052 0,051 0.408
1.5 65,54 0.069 0.071 0.070 2.056
o|_2.0 | 871.3% 0.086 0.088 0. 087 0.696
9 25 | 109.23 0.099 0.102 0.100 0.809
“l_3.0 131.08 0.119 0.115 n.113 0.00%
§ 3,5 | 152,92 0.121 0.125 0.123 0,984
al k.o 17h, 77 0.131 0.133 0.131 1.0L8
5l us | 106.61 0,132 0.130 0,136 1.008
: 5.0 218,46 0,141 0.157 0. 1hk 1.152
§ 5.5 240,31 0,147 0.151 0.149 1.192
6.0 262.15 0.153 - 0.153 1,22k
0.5 21.85 0.018 0.022 n.029 0.160
1.0 43,69 0.037 0.039 0,036 0,304
1.5 65,54 0.951 0.057 0,054 0,432
2.0 87.38 0.06k 0.068 0.066 0. 528
225 109.23 0.075 2.079 0.077 0.616
Jd 30 131,0R 0.089 0.089 0.089 0.712
’f 3.5 152,92 0.100 0.104% 0.102 0.316
gl 4,0 17T 0.103 0,110 0.109 0.£72
f b5 196,61 0,11k 0.11k4 0.110 0.012
L1 5.0 218,46 0.122 0.122 0.1c2 0.970
“I 5 240,31 9,126 0.127 0.126 1.008
6.0 262,15 0.131 - 0.131 1.0LG
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Table 15, Latersl Deflection 3esults for Plate L, Test 2,

(inches)
!
ab / dh | lLoading Unloading | Average w/h
PesS.i.
0.5 | 21.85 0.0L6 0.050 o nen o 500
} 2 L OF
1.0 43,69 0,086 0.083 0,085 0. 681
1.5 | 65.5% 0.116 0.11k 0.115 0,920
2.0 | 87.38 0.1k5 0.1k49 0.147 1.1€0
1 2.5 | 109.23 0.162 0,166 0.16k 1,131
gl 39 131.08 0.180 0.185 0.182 1. 560
I3 | 152402 0,201 0.200 0.200 1.605
ol b0 | 1TRTT 0.216 0.210 0.208 1,660
2 us | 106.61 n.220 © | o0.202 0,221 1.770
“| 5.0 | e18.:6 0,230 0.231 0.230 1.€30
=l 5.5 |oau.31 0,23k 0.235 0.23k 1,870
6.0 | 262.15 0,253 - 0.2L3 1.0L0
0.5 | 21.85 0.026 0.029 0.027 9.216
1.0 | u3.60 0,046 0.052 0.0k 0.392
b 1.5 | 65.54 0,068 0.071 0.069 0.551
gl 2.0 | 87.38 0.086 0.086 0.087 0.t70
ol 2.5 | 109.23 0.098 0.093 0.098 0,78k
. 3.0 131,03 0,110 < 0,110 0,110 0.680
v
2l 3.5 | 152.92 0,119 0.123 0.121 0.969
ol "u.o [ 17RTT 0,130 0.127 0.120 1.030
g us |66 0,130 0.138 0.134 1,079
E 5.5 | 240.31 0,148 0.149 0.1L48 1,180
6.0 | 262,15 0,153 - 0.153 1,220
0.5 | 21.85 0,019 0,020 0,019 0.157
1,5 | £5.5% 0,05k 0,05k 0.5k 0,432
2.0 | 87.38 0. 065 0.067 0,066 7. 528
s 3.0 13108 0.092 0,069 €.090 0.671
5
ol 3.5 152,00 0,101 0.201 0.101 0.£10
S 4.0 | 17b.77 0,109 0.107 0,108 0.565
[
Al 4.5 l196.61 0.113 c.11k 0,11k 0,712
Al s.o | 218.k8 0.122 0.122 0.122 0977
5.5 | 240.31 0.126 0.126 0.126 1.010
6.0 | 262.15 0,131 = 0.131 1,060




Table 16. Leteral Deflection Results for Plate L, Test 3.

(inches)
L
¢b / Dh Toading Unloading | Average w/h
PeS.i,
0.5 21.85 0.0ko 0.055 0.052 0,416
1.0 43.69 0.083 0.091 0.087 0.696
1.5 €5.5k 0.113 0.123 C.1I0 o ohn
2,0 87.38 0.1%0 0,150 0.145 1.160
2.5 109.23 0.169 0.166 9.163 1.310
| 3.0 131,03 0.175 5,186 0,182 1450
2l 3.5 152,92 0.195 0.205 0,200 1.600
v L0 174,17 0.206 9,216 0,211 1,690
é 4,5 106,61 0.215 0,225 D.220 1.760
2l 5.0 216.46 0.229 0.231 0,230 1.840
=l 5.5 240,31 0.232 O.che 0.237 1.£90
6.0 262.15 0.243 - 0,243 1,040
0.5 21.85 0.02€ 0,032 0.029 .03
1.0 k3,60 0.0k 0.053 0.051 0,408
1.5 65,54 0.068 0.072 0.070 0, 560
fz 2.0 £7.38 0,085 0. 089 0.0%7 0.606
5 2.5 109.23 0.097 0.101 0.099 0.791
“T 3.0 131,08 0.117 5.11% 3,113 5,593
2] 3.5 152,02 0.120 0.126 0.123 0,933
of 1,0 17477 0.125 0.137 0.131 1,050
g5 196.61 0.133 0.139 0.136 1.090
ol 5.0 218,46 0.140 0.148 0.1kb 1,150
A 5.5 2ko,31 0,146 0.152 0.1hka 1.190
6.0 262,15 0.153 - 0.153 1,220
0.5 21.85 0.017 0.023 n,020 0.160
1.0 L3.69 0,034 0.037 0.036 0,290
1.5 65.5k4 0.050 0.05€ 0.053 0.k2k
2.0 87.38 0,063 0.069 0,066 0.527
;i 2.5 109.23 0.075 0,077 0.076 n.€15
=] 3.0 131,08 0.086 0.092 0.089 0.712
el 3.5 . 152,92 2,099 0,10k 0.101 0,608
gl .0 175,77 0.110 0.108 0.109 3.563
=l k.5 196.61 0.111 0,117 0.11h4 0.911
Al 5.0 218,46 0.120 0,124 0.122 0.975
5,5 240,31 0.17 0.128 0.126 1.010
6.0 262,15 0.231 - 0.131 1.0h0




Table 17. Lateral Deflection Results for Plate 3, Yield Test,

(inches)

Dial fauge %o. 1

th /Dh Deflection w/h

DPeSeis
1.0 699 | o.217 3.48
1.5 1047 0.235 3.76
2.0 koo C.2Ld 3.97
2.5 1750 0.275 4, 40
3.0 2100 0.285 L.57
3.5 2kso 0.292 L.67
4.0 2800 0.312 5.00
4.5 . ] 3150 0.330 5.28
5.0 3500 0.34€ 554
5.5 3850 0.365 5.84
6.0 h200 0.389 6.09
7.0 4900 0.395 6.32
T.5 5200 RS €.65
8.0 . 5600 0.4h0 7.05
9.0 6300 0,470 . T.52
" 10.0 7000 0.500 8.00
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mable 18. lateral Deflection Results for Plate &, Yield Test,
(incnes)

Dial Geuge Wo. 1

B

ab / oh Deflection w/h
DeSeis
10 h36,02 0.275 2.20
15 (55-38 0.3L5 2.76
20 £73.84 0. 412 3,20
25 1002.3 vesd 3.76
30 12£0.76 0.535 %.28
35 1690.22 0.585 L.60
ko LR g 6ls 5.16
L5 106,14 T.C70U 5.52
50 2ltd. 69 0.775 6.20
55 2402.00 0,815 6.52
60 2621,52 0.E65 €.02
65 2£39.93 0,012 <0
10 3058, Lk 0.945 7.56
15 3276.90 1.025 5.20
8 - 3k95.36 1,056 843 -
85 ] 3713.82° 1 4 085" 8,68
20 3032.25 | 1105 9.00
05 4150, Th 1.195 9,55
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EXPERIMENTAL DATA

FROM DIGITAL STRAIN INDICATOR
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