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Abstract

A large-deflection elastic-plastic analysis is presented,
applicable to orthotropic axisymmetric plates and shells of
revolution subjected to monotonic and cyclic loading condi-
tions. The analysis is based on the finite-element method.
It employs a new higher order, fully compatible, doubly curved
orthotropic shell-of-revolution element using cubic Hermitian
expansions for both meridional and normal displacements. Both
perfectly plastic and strain hardening behavior are considered.
Strain hardeningAis incorporated through use of the Prager-
Ziegler kinematic hardening theory, which predicts an ideal

Bauschinger effect. Numerous sample problems involving monotonic

TThis research is partially supported by NASA/Langley Research

Center under Contract NAS 1-10087.



and cyclic loading conditions are analyzed. The monotonic
results are compared with other theoretical solutions. Ex-
perimental verification of the accuracy of the analysis is
also provided by comparison with results obtained from a

series of tests for cenfrally monotonically-loaded circular

Plates that are simply supported at their edges.
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I. Introduction

The need for a capability of determining the reserve
strength of shell structures accurately and predicting their
failure loads under a variety of realistic loading conditions
bhas stimulated substantial efforts toward developing methods
for the nonlinear analysis of these structures. For shells
of revolution, effects resulting from both geometric [1-3]
and material nonlinearities [4-6] have been considered sepa-
rately, and in several instances the simultaneous effects of
both types of noﬁlinearity have been treated [7-9]. In

general, these studies have been concerned solely with
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monotonic loading conditions, and the effect of material
nonlinearity is accounted for stérting at a load level cor-
responding to the elastic limit and up to a maximum speci-
fied load, or until structural failure occurs. Only in rare
instances have unloading and reversed loading been considered
[10,11].

In the present paper, a large-~deflection, elastic-plastic
analysis is presented, applicable to orthotropic axisymmetric
plates and shells of revolution subjected to monotonic and
cyclic loading conditions. The theoretical work is based on
the stiffness method of finite-element analysis in conjunc-
tion with the concept of initial strains, material nonlin-
earity being introduced by interpreting plastic strains as
initial strains. Large-deflection effects are included via
an incremental Eulerian approach, and the results are valid
for moderate rotations and small strains. Both strain harden-
ing and perfectly plastic material behavior are considered.
Strain hardening is represented by using the Prager-Ziegler
[12,13] kinematic hardening theory, so that the Bauschinger
effect is accounted for.

A new higher order, fully compatible, doubly curved,

orthotropic shell-of-revolution element [1l4] employing cubic



Hermitian expansions for both meridional and normal displace-
ments has been developed and used to obtain the results pre-
sented. Verification of the accuracy of the analysis has
been accomplished by comparison with previously obtained nu-
merical results.

An experimental program was initiated to gain further
insight into the complex response associated with both types
of nonlinearities and to provide further verification of the
numerical solutions. Toward these ends, a series of experi-
ments were perfofmed on centrally loaded; simply supported,
circular plates. Agreement-between data obtained from these
experiments and thg present analysis ranges from good to ex-

cellent for cases thus far restricted to monotonic loading.

II. Development of Governing Matrix Equations

The method employed in the present paper uses an incre-
mental formulation for the large-deflection, elasto-plastic
problem and is based on a variational principle presented in
Ref. 15. The approach used here is identical in concept to
that outlined in Ref.'é, with the exception that plasticity
is treated by means of the initial strain concept [16,17]
in the present work, whereas the tangent modulus method [18]

is used in Ref. 8.



As the initial step towards the development of the
governing mé#rix equation, we choose a reference state, Tg»
in the body, for which the statesof stress, strain, and de-
formation are known. We now choose the next state to be in-
crementally adjacent to the initial state with all quantities
referred to the reference state, i.e., x; = Xi + Aui, where
x; are the new coordinates of an arbitrary point, Xi are
the original coordinates in the local coordinate system, and
Aui are the incremental deflections of the point in going
from the reference state to the current state [15].

At the start of a load.increment, let the stresses, sur-
face tractions, and body forces acting on the structure be

denoted by Si Tio), and Féo), These quantities are re-

j?
ferred to a unit of "undeformed" area, i.e., before the addi-
tion of the current load increment. They take into account
the effects of any previous initial strains present in the
body. The application of an incremental load to the body,
expressed in terms of ATi and AFi, result in additional
stresses Aoij’ displacements Aui, plastic (initial) strains
Aez., and the distortion of the body to its new configuration
given by X, .

The total stresses, surface tractions, and body forces,

referred to the unit undeformed area and in the new coordinate

directions X;, are



UiJ = Sij + AolJ
_ =(0)

F; =F; ' + OF; (1)
_ (0)

T Ti + ATi

The development of the governing matrix equation may be
approached by one of several alternative procedures. The
authors choose here the principle of virtual work, which,

for an incremental method, may be written as [15]:

- ;(0)
(Sij + Aoij)ﬁ(Aeij)dV = . (Ti + ATi)ﬁ(Aui)dS
Y, _ S
(2)
: (0)
+ (Fi + AFi)a(Aui)dV
\'4
Here Aeij is Green's strain tensor that refers to the
original or "undeformed" volume of the element
Ae,. = Ne,. + I (3)

ij ij ij
In this expression Aeij are the terms that yield a linear
strain-displacement relationship, while Anij are those

associated with the nonlinear terms in the strain~displace-

ment relationship. The incremental constitutive equations

are taken to be in the following form



Ao, . (4)

_ W
15 = Bygrr(Beg - Aey) s

where Aeil are the initial or plastic strains developed in
the current increment based upon the '"undeformed" geometry.
These are assumed to be small and independent of the total
strains. The terms, Eijkl’ are the linearly elastic mate=-
rial properties.
Substituting the stress-strain relations, Eqs. (4) and
(3) into Eq. (2) yields
_ '| _
[AeijEijkla(Aekl) TICYSIEE

\Y

ATiB(Aui)dS + AFiS(Aui)dV

S \Y

o

p
1 oAeys Bisia

\ \Y (5)

E(Aekl)dV - SijG(Aeij)dV

- Tio)a(Aui)dS - Féo)a(Aui)dV

[

S \'

6 (e, ;)dv + Aoy ; 5(sn,.)d

Mn15815k1 1]

\' \




We now have an equation that is similar in form to that
presented in Ref. 8, with the exception of those terms asso-
ciated with initial strains. As in Ref. 8, it is assumed
that, although total strains may be large, incremental
strains are small, and thus the last two terms of Eq. (5)
(which are cubic and quartic in displacement increments)
may be neglected when compared to terms that are quadratic
in displacement increments. These terms that are neglected
lead to the matrices [Nl]vand [N2] of Ref. 19 and must be
retained in a total Lagrangian formulation. An additional
matrix due to the presence of initial strains is also gen-
erated from the iast term of Eq. (5), but since it contrib-
utes terms of the same order of magnitude as the other term
neglected, it too need not be retained.

We then have



{sija(anij) + Beyq Eijkla(Aeij)]dv =

AT;6(Au,)dS + | - AF,6(u,)dv

S \'
(6)
P
+ Aeij Eijkla(Aekl)dV
\"
(0 (0) .
+ Ti S(Aui)dS + ‘ Fi 6(Aui)dV Sija(Aeith
S A A
If the initial stress state, Sij’ Tio), and Fio), is in

equilibrium at the start of the incremental step, then the
last three terms of Eq. (6) vanish and we get the standard
incremental initial -strain large-deflection formulation:

[ lav =

lSijﬁ(Anij) + AekiEijklﬁ(Aeij)JdV = ATiG(Aui)dS

v S
(7)

p
+ AFiB(Aui)dV + Ne

1351 3k10 (Aey) AV

\' \'/

The first term of this equation yields the initial stress

stiffness matrix after the rotations (or other nonlinear terms)

10



bhave been expressed in terms of nodal degrees of freedom. The
second term leads to thé conventional stiffness matrix. The
first two terms on the right side lead to the consistent load
vectors for surface tractions and body forces, respectively.
The last term on the right side leads to the initial-strain
stiffness matrix which is multiplied by a vector of plastic
(initial) strains to be used as an "effective" plastic load
vector.

Because we use a predictor procedure, however, the ini-
tial stress state may not be in equilibrium before the cur-
rent load step. The results for the next step may be ad-
justed or corrected for this imbalance by introducing a

residual force given by [8]

- 0) (0) -
R, = Ti B(Aui)dS+ Fi S(Aui)dV Sijﬁ(AeiJ.)dV

S \' \' (8)

Any discrepancies due to the neglec; of the change in
direction of the load are also accounted for in Eq. (8),
since the total load is applied to the structure in its cur-
rent configuration. The total stresses Gij obtained at the
end of load increment N become the initial stresses for
step (N + 1). These must now be related to the new deformed

area (which is the undeformed area for step N + 1). The

11



transformation that accomplishes this is presented in Ref. 8

and written here as

sij = (1- Aekk)cij +(Aejk+ A‘”jk)"ik"' (Aeik-l-wik)ojk R (9)

where the Awik are the incremental rotations. Similaf
transformations must be carried out for the surface tractionms,
body forces, and initial strains.

We will, at this point, mention that the last two terms
of Eq. (5) need not be neglected and can be included without
the formation of any additional stiffness matrices besideé
the required initial stress stiffmness matrix andvinitial-
strain stiffness matrix. These terms may be retained in a
predictor process in which values for Aoij and Anij ob-
tained from the previous step (appropriately extrapolated)
are used in the formulation of the appropriate stiffness
matrices for the next incremental step. This should permit
the use of larger step sizes in the current formulation. This

latter concept was not used to obtain the results presented

here.

III. Final Matrix Equations and Solution Procedures
The final form of the incremental equations used in the

finite-element formulation is obtained from Eq. (6). The

12



displacements {Au}, 1linear total strains {Aeij}, and
rotations [Awij} are related to the nodal generalized dis~

placements {Au;} via the following matrix relations:
{au} = [N]{Au,}
[Aeij} = [(W]{ou, ) (10)
{m%j]=[nﬂmﬁ}

We then have

((k(o)] + [k(l)])(Aui} = (APi} + fAQi] + {Ri} (11)

where

k(9] { (w1t (E]1[Wldv

\'

| 1), _ T
[k*7] = [ (] [Sij][Q]dV

\'

&

N1 T ar(®) y4s

It

(ap, )
°s

(aq) = | WI'El(acPIav

v

13



Ry} = | T rPyas - | wiTesy e

)
S v
and body force terms have been neglected, since they are not
considered in this paper. Here [k(o)] is the conventional
stiffness matrix, [k(l)] is the "initial stress" or geo-
metric stiffﬁess matrix, [APi] is the vector of applied
loads, {AQi] is the effective plastic load vector, and
{Ri] is the vector of residual forces due to the existence
of any equilibrium imbalance that may exist because of the
predicter nature of the numerical solution procedure.

The specific forms of the matrices used in the present
analysis for the shell element are presented in the Appendix.
For the small-deflection amalysis the procedure followed is
to calculate the value of the load at which plastic deforma-
tion first occurs and is based upon an elastic analysis and
application of a yield criterion. From this point, the load
is then incremented to a maximum value, with new increments
of displacement, plastic strain, and stress calculated at
each step and total values obtained by summing incremental
values. The plastic strain increments used in the plastic

load vector are those calculated from the previous step.

Since this is a small~-deflection analysis, the stiffness

14



matrix need never be reformed. The residual force vector was
not used in any of the small-deflection problems. At the
maximum load, a new critical load for which yielding begins
in the reverse direction is calculated, based upon elastic
unloading to this point. Procedures for determining this
load are presented in Refs. 20,21. This critical load may
occur before all the load is removed from the structure be-
cause of the presence of residual stress and the existence
of the Bauschinger effect. At this new critical value, the
load is then incremented to the new specified maximum (mini-
mum) value, and then this brocedure is repeated for as many
half cycles as desired.

For the large-deflection elastic-plastic analysis, the
load is applied in small increments from the initial unloaded
state. At the end of each increment, new increments of de-
flection, stress, strain, and plastic strain are calculated.
Total quantities? such as the initial stresses Sij’ are cal-
culated by using appropriate transformations, and the geometry
of the structure is updated. Again the plastic strain incre-
mentsused are those calculated in the previous step. The
total stiffness matrix is reformed at every increment, to-

gether with the incremental load vector, plastic load vector,

15



and residual load vector. The element contributions are
then assembled and the system of linear incremental equa-
tions is again solved and the process repeated until the
maximum specified load is reached or structural failure oc-
curs. If the response to cyclic loads is desired, the load
increment is reversed at the maximum load, and the incre-
mental process is repeated until the new maximum (minimum)
load is reached. This procedure is then repeated for as
many load cycles as desired.

For the large-deflection problem the most time-consuming
feature is the reassembly 6f the stiffness matrix and solu-
tion of the linear incremental equations. It becomes con-
venient, therefore, to consider the possibility of treating
the large~-deflection terms as well as the plasticity effects
as effective loads. This may be done by rewriting Eq. (11)

as

N-1
) = -1k 1tau) 4 (ap,) + (ag,) + (R, (12)

where now the product of the initial-stress stiffness matrix
and the vector of displacement increments of the previous
step is treated as an "effective geometric load." The stiff-

ness matrix [k(o)] may be re-formed every M steps (M > 1),
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with the possibility of saving a considerable amount of time.
However, it is conjectured that the use of this solution pro-
cedure may lead to numerical instabilities, although none
were observed in the limited number of problems solved by
the authors. The use of the geometric terms as effective
loads is not new, and has been used in many Lagrangian formu-

lations with great success [22].

IV. Plasticity Relations

Appropriate plasticity relations to determine values of
stress and plastic strain developed during each increment are
now considered. Hill's yield criterion [23] for an ortho-
tropic material, which reduces to the Von Mises yield condi-
tion for isotropic materials, is used to predict initial yield
and to obtain the flow rules of plasticity. The capability of
handling both strain hardening and ideally plastic behavior is'
included in the analysis. While orthotropic behavior is in-
cluded in the case of ideal plasticity, only isotropic be-
havior is now allowed when the material strain hardens. There
are several theories to treat the plastic behavior of strain
hardening orthotropic materials, but the acceptance of a
suitable one awaits further experimental verification.

We may write the increment of total strain as the sum of

elastic and plastic strain increments:

17



{ae} = (A€} + (aePy . (13)
.The increment of elastic strain is related to the increment

of stress through the matrix [E]-l,

(ae®) = [E]"}A0) . (14)

For ‘an elastic strain hardening material the plastic strain
increments may be linearly related to the stress increments

through a matrix [C], as follows

(aeP) = [C1{a0) . (15)

The elements of this matrix are determined by cﬂoosing
an appropriate hardening tﬁeory. The kinematic hardening
theory is used for all problems pfesented in this paper. The
elements of the matrix [C] for plane sfress, obtained by
using Drucker's postulate [24] in conjunction with the Prager-
Ziegler kinematic hardening theory [12,13], are presented in
Refs. 20 and 21. Both linear and nonlinear hardening behavior
can be represented. For the nonlinear behavior, a Ramberg-
Osgood representation [25] of the stress=-strain law is employed.

Using the expressions for frc®) and (AP} in Egqs. (14)
and (15) leads to the desired relationship between increments

of stress and total strain,

{Ao) = [R]'1(Ae] (16)

18



where

[R] = [E]"} + [C]

To obtain {Ae}, the linear relationship between strains
and displacements may be used [15].

Relationships similar to Eq. (16) are aQailable, relating
plastic strain increments and stress increments to total
strain increments for elastic-ideally plastic behaviof. They
are presented in Refs. 20 and 21, where the conditions that
must be satisfied for ideally plastic behavior are:

i the stress increment vector must be tangential

to the loading surface during continued plastic |
flow, and

. the strain increment vector must remain normal

to the loading surface.

V. Experimental Verification

Background

~ After developing an analytic method to treat the non~
linear behavior of structural components, comparisons must
be made with existing test data to determine the accuracy
of the predictions and thereby verify that the theoretical
basis of the analysis is valid. For this purpose, a few

tests are usually sufficient for each major type of structure

19



or material behavior, but these tests should be sufficiently
detailed to provide data on the distribution of strain com-
ponents as well as deflections. This is Because the deflec~
tions reflect the behavior of all points in the structure
through a weighted intégration, and the transverse motion of
any local point is therefore a somewhat gross measure of the
structurél response. The local strains, however, are much
more dependent on purely local behavior, and thus the examina-
tion of the strain distribution over the structure can provide
more information on the variation of the structural behavior
from point to point.

While there has been a moderate amount of test data re-
ported to verify various élastic-plastic analysis methods
[10,11, and 26 through 42], most reports show only deflec-
tions and do not report strain distributions. The notable
exceptions are the tests by Ohashi and Murakami [27,28],
Ohashi and Kawashima [10]}, and May [27] for the moderate
thickness range of mild steel plates. Some earlier documents
[30,31] by Ramberg, McPherson, and Levy reported strain data
on very thin flat plates of large diameter-to-thickness
ratios (D/h greater than 50), for which membrane behavior
dominated. Of additional interest are the tests on shallow

conical shells reported by Gerstle et al. [32], and the flow

20



patterns reported by Lance and Onat [33]. Recently, Wang
and Roberts [42] have reported defofmations and strains for
centrally loaded spherical aluminum domes during symmetric
plastic buckling.

The reports of data from cyclic tests are few. In-
terestingly, the early works by Ramberg et al. were on very
thin aluminum plates under multiple cycles of loading in
only one direction (loadiné and unloading with no reversals),
with increasing peak loads,.in which they reported residual
deflections after each cycle. Haythornthwaite and Onat [11]
tested a moderately thick '(D/h = 40) mild steel plate, and
presented central deflection versus load data for two fully
reversed 1oading‘cyc1es with large peak deflections (up to
3 times the thickness). Ohashi and Kawashima [10] reported
a test on a thick mild steel plate (D/h = 20) in which they
measured the residual deflections and strains after a single
cycle of loading in one direction for comparison with their
theoretical prediction.

In summary, the existing test data available in the
literature are inadequaﬁe for the purpose of verifying the
theoretical work covering the behavior of plates of strain-
hardening material in bending with large deflections, under

monotonic or cyclic loads. Most of the literature is
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concerned with mild steel,'which allows the use of elastic-
perfectly plastic analyses, except for Refs. 30 and 31, con~
cerned with membrane behavior, and Ref. 42, concerned with
buckling.

To verify the results of the present analysis, a small
test program was performed on flat circular 2024-0 aluminum
alloy plates with D/h = 20.0 and 40.6. The measured data
were in the form of transverse deflections and radial and
circumferential strain distributions on the upper and lower
surfaces. Bending and membrgne strains were calculated from
the measured surface‘straiﬁs. These tests were specifically
designed to provide the desired information to compare with
the theoretical predictions, in that the material chosen had
a low elastic liﬁit stress and pronounced strain hardening
behavior in the plastic range. Furthermore, a concentrated
central loading was chosen because it would produce large
strain gradients over the plate as compared with a distrib-
uted load, and would therefore provide a more stringent

check on the analysis.

Procedure
Tests were performed on two simply supported flat plates

of 2024-0 aluminum alloy, loaded by a hardened steel central
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rod, as shown in Fig. 1. Both plates were 5.35 in. in
diameter and had thickness of 0.1286 and 0.2615 in., while
the supported diameter»was' 5.22 in. The loading was pro-
vided by an Instron 20,000 1b controlled deformation~-rate
testing machine, which élsa measured the load and the dis-
placement of the loading rod. Transverse deflections were
measured at points along a radial line, nominally at O, 1,
and 2 inches from the center, by three LVDT (linearly vary-
ing differential transformer) transducers. Strains were mea~-
sured along another radial line at five points, nominally at
0, 3, 1, 12, 22 in. from tBe center. Circumferential and
radial strains were measured by strain gauges on both faces,
except at the center, where only the face opposite the load-
ing rod was instrumented.  Over-all symmetry of behavior was
checked by additional strain measurements at- 120° intervals
around the circumference at the 1l-inch radius. The 21
strain gauges were of the bonded foil type (BLH Electronics,
types FAET-12D-12S13ET and FAE-125-12S13ET lot A-271)of %~-in.
sensing length using epoxy adhesive (Micro-Measurements type
M-Bond GA-2) cured 1 hour at 150°F. |

The tests were conducted by moving the loading rod down-
ward against the plate at a constant nominal rate of 0.20 in./

min, while the load, strains, and deflections were continuously
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recorded. Since the quantity of data taken during a single
test was quite large, the data reduction was performed by a
time-shared digital computer with specially developed pro-
grams to transform the raw data into the desired form and
providing rapid data selection for parametric studies. A
cathode-ray-tube computer-graphics remote terminal, connected
to the time-shared computer, was used for rapid curve plot-
ting. Bending and membrane strains were calculated from the
measured upper and lower surface strains.

Proper comparison of theory with data requires that ac-
curate material properties aata be entered into the analysis.
These material properties, in thé form of trué stress~-strain
curves, were measured by means of extensive coupon tests on
the same plate stock from which the circular plate specimens
were cut. These coupons were taken from regions immediately
adjacent to the plate specimens, and were oriented both paral-
lel and transverse to the plate rolling axis. Extensive check-
out of the strain-gauge performance was made to insure that
the plastic strain data from the plates would be accurate.
Each of the tension coupons had two sets of bonded strain
gauges of the same type and lot as those used in the plate
tests, as well as a 1l-in. clip~on extensometer for compari-

son. The foil strain-gauges had accuracies of better than
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t5 percent up to 3% percent strains, when checked against
the clip-on extensometer. The averaged stress-strain curves
for the 0.1286 and 0.2615 plate material are shown in
Figs. 2a and 2b, along with faired curves for three-parameter
(Ramberg-0sgood) formulas which were used in the theoretical
analysis. Most data were for tension coupons, but a few tests
for compression data showed stress-strain curves of nearly
the same shape as for tension. The low elastic 1limit (about
5,000 psi stress and 0.0005 strain) of the material used
was an aid in the plate tests, in that plasticity was de-
veloped at low strain 1eveis, thereby increasing the useful-
ness of the strain gauges. These coupon data showed that the

plate material was essentially isotropic and homogeneous.

VI. Theoretical Results and Comparison of

Theoretical and Experimental Data

Plastic Analysis

To demonstrate the accuracy of the analysis for mono-
tonic loading conditions, application of the plastic analysis
alone was made to several sample structures. In addition,
the behavior of these structures was investigated when they
are subjected to one full cycle of loading in which the load

is fully reversed. 1In Fig. 3 the load versus apex deflection
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for a torispherical shell under uniform internal pressure is
presented for various load increments, and a.comparison is
made with the results obtained by Khojasteh-Bakht [4].
Elastic-perfectly plastic behavior was assumed. The mate-
rial properties presentéd in Ref. 4 were used. Khojasteh-
Bakht's results were obtained by using load increments of

1.5 psi. These results are virtually identical with those

of the present analysis, where a load increment of 0.4 psi
was used. As seen in the figpre, halving this load increment
produces a significant change in the results only at a load
above the theoretical collabse I;ad predicted by limit analy-
sis [43]. The use of the iqitial straih method, wherein the
plastic behavior is accounted for by an veffec;ive plastic
load" vector, requires smaller load in¢fements fhan a tangent
modulus method [21]. However, increment size alone is not
the sole criterion governing the efficiency of one method ver-
sus another. The increase in computing time associated with
the use of smaller increments in the initial strain method is
offset by the fact that the stiffness matrix need never be re-
formed after the first step. Additional evidence that indi-
cates that the initial strain procedure is competitive from
the standpoint of computer time requirements is presented in

Ref. 44.
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Figure 4 shows the load versus apex deflection curve for
the same shell for one full cycle of loading. The load is
varied between amplitudes of +80 psi and back to zero. It
is interesting to note that the deflections, moments, etc.,
obtained by unloading from the maximum load and subsequent
loading to ~80 psi are virtually the same as those that
would be obtained simply by loading monotonically to -80 psi
from the initial state. _it is conjectured that this occurs
as a combined result of assuming elastic-perfectly plastic
behavior, neglecting the effects of geometric nonlinearity,
and the fact that the sameuﬁaterial properties were assumed
to exist in reversed loading. Moreover, the values of re-
sidual stress, strain, and deflection obtained at the end of
one full cycle are virtually the negativeé of those values
obtained by unloading to zero load from tﬁe maximum 1dad.

To investigate the generality of these results, a dif-
ferent structure, a simply supported circular plate subjected
to a uniform pressure applied centrally over a circular area
with radius 0.0718 of the plate radius,was cycled through
various load ranges. Again, elastic-perfectly plastic behavior
was considered. The material properties assumed were E =
10.5 x 10° psi, v = 0.33, o_ = 4000 psi. The radius of the

plate was 2.61 in. and the thickness was 0.2615 in. The
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load ranges considered were ‘t2000, +3000, #3500, and
4000 psi. The results are presented in Fig. 5. 1In all
cases except the last, the‘displacements, moments, etc., at
the maximum negative load obtained by unloading from the
maximum positive load are the same as would be obtained
merely by loading monotonically to the maximum negative load
from the virgin state. For the last case (4000 psi Lload
range) the load increments_used‘auring reversed loading are
too large from the standpoint of accuracy, and consequently
the plastic strains computed are smaller than those that
actualiy occur‘ (4000 psi 1s near the theoretical collapse
load of 4280 psi for this structure). These cases tend

to corroborate the hypothesis that for elastic-ideally
plastic materials one need oﬁli‘consider one-half cycle of
loading to obtain information concerninglfull cycle behavior
when the effects of geometric nonlineaéity are ignored.

A strain hardening problem is considered next. A uni-
formly loaded clamped circular plate was cycled between
560 psi. The same problem was considered for monotonic
loading up to 560 psi by Popov et al. [45], and the re-
sults for this range are compared. Excellent agreement up
to the maximum load was achieved (see Fig. 6). The dis~

crepancies at this load may be attributed to the use of
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different plasticity theories (kinematic versus isotropic
bardening) and the difficulty in reproducing the stress-
strain data from Ref. 45. Furthermore, the load~deflection
curve does exhibit all of the characteristics of strain
hardening behavior. The absolute magnitude of the center
deflection at the maximum negative load is larger than that
developed at the maximum positive load, and the full cycle
residual deflections are triple those of the half cycle.

Results for a uniformly loaded shallow spherical shell
with a stiffened circular hole at the apex are presented
next. This problem demonsérates the beneficial effects of
a stiffening ring on the elastic-plastic behavior of a shell,
although for this particular problem it is seen that large-
deflection terms are also important and should be included.
The pertinent geometric and material parameters defining the
problem are shown in Figs. 7 and 8. The ratio of the hole
radius to shell base plane radius (b/a) is 0.1, and
elastic perfectly-plastic material behavior was assumed-
for the shell.

Figure 7a shows the normal displacement versus the ap-
plied pressure at the ring hole interface and at an interior
point approximately halfway between the hole and outer edge

boundary (r = 2.5) for an unstiffened hole and one with a
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stiff ring. As seen from Fig. 7a there is a substantial
difference between the displacement at the hole boundary for
the case of an unstiffened and for that of a stiffened hole.
In fact, at the collapse load the displacement for the stif-
fened hole changes sign and is in the direction opposite to
that of the applied uniform pressure. In effect, the region
in the vicinity of the hole moves as a rigid body as the dis-
placements in the interior become unbounded. This is due to
the restraining effect of the ring in preventing the hole cir-
cumference from contréctihg. Since the effect of the hole is
localized, the displacgmenés in the interior (Fig. 7b) for
thé stiffened and unstiffened case are indistinguishable. As
indicated, sudden collapse of the shell is evidenced at
qa4/Et4 ¥ 15000. This occurs when the entire cross section
in a substantial portion of the interibr is plastic for both
cases considered. However, since the ring carries a portion
of the load, there is a wholly elastic section between the
hole boundary and completely plastic interior cross section
at collapse. This contrasts with the unstiffened case, for
which the wholly plastic cross sections begin at the hole
boundary and propagate towards the interior with increasing

load.
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Figures 8a and b show the distribution of circumferen-
tial stress resultant at the yield load and at an intermediate
load in the plastic range. As expected (Fig. 8a), the peak
value for the unstiffened hole is at the hole boundary. As
the region of plasticity expands, this peak value moves to-
ward the interior and is located approximately at the elastic-
plastic boundary. Figure & shows results at the same two
loads for the stiffenmed hole. It can be seen that the stiff
ring substantially reduces the stress resultant at the hole

boundary.

Geometric Nonlinearity

The accuracy of the procedure for geometric nonlinearity
in the case of purely elastic behavior is considered next.
Figures 9 and 10 show a comparison of results obtained from
the present analysis with those obtained by Way [26] for a
clamped, uniformly loaded, elastic circular plate. Poisson's
ratio was chosen to be 0.3. Figure 9 is a plot of central
deflection versus load, and Fig. 10 is a plot of bending and
membrane stresses at the center and edge versus deflection.
For the increment size chosen, excellent agreement was ob-
tained between Way's theoretical and our numerical results.

In the present investigation, results for this problem

were obtained by using both the "tangent modulus'" method and
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the "effective" load method for the same increment size.
For the latter case, the stiffness matrix was re-formed
every five increments. No equilibrium correction term was
included for either method for this problem. The deflec-
tions and bending stresses in both cases were identical,
while slightly smaller membrane stresses were predicted by
the effective load me;hod. Of most significance was the
reduction in CPU time from 386.28 seconds for the tan-
gent modulus method to 202.08 seconds for the effective
load method, and approximately 47 percent time savings
at no appreciable loss in aécuracy. Similar time savings
of from 40 to 50 percent wefe noted for other problems.
Figure 11 illustrates the need for the equilibrium
correction term in problems involving a high degree of non-
linearity. An exact load-deflection curve obtained from
Ref. 22, based upon results presented in Ref. 46, is shown
for an elastic, claﬁped spherical cap loaded by a central
concentrated load. Also shown are results obtained from the
current analysis using a straight incremental approach with
1/8 1b increments and an incremental-plus=-equilibrium cor-
rection solution using 1 1b increments. The results ob-

tained in the current analysis are virtually identical (for
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both incremental and incremental-with~equilibrium correction

solutions) to the numerical results given in Ref. 22,

Combined Material and Geometric Nonlinearity

Figure 12 shows a load vefsus central deflection plot
for a centrally loaded, simply=-supported plate with a
diameter~-to~thickness ratio of 40.6. The numerical re-
sults are compared with test data obtained from the ex-
perimental program described in Section V. Shown are the
linear elastic, nonlinear elastic, elastic~plastic and com-
bined nonlinear predictions using the tangent modulus ap-
proach with the incremental and incremental-with~equilibrium
correction solution procedures. Although for these combined
problems the equilibrium correction affords a considerable
improvement over the incremental approach, without equilib-
rium correction, a more extensive iteratibn scheme is prob-
ably needed to close the theoretical-experimental gap. 1In
Figs. 13 and 14 the radial distribution of circumfer ential
strain at the lower and upper surfaces, respectively, for
this plate is illustrated for several load levels and com-
pared with theory. Despite the only fair-to~good correla-
tion of the displacement data at high loads, excellent cor-

relation with experiment for the strains is noted, except,
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as might be anticipated, directly under the loading rod for
highef loads. The discrepancy at this point might be the
result of local shear and penetration effects.

The next two figures, Figs. 15 and 16, present load~
deflection and strain data for a thicker plate with a
diameter-to-thickness ratio of 20.0. Figure 15 is a plot
of the deflections at the center and one inch from the center
versus load, and Fig. 16 presents the circumferential strain
distributions at the upper and lower surfaces. Again, the
equilibrium correction leads to much more accurate predic-
tions, and at high loads tﬁere is better strain correlation
than deflection correlation.

Wilkinson and Fulton [47] have presented results for
the elasto-plastic buckling of uniformly loaded shallow
spherical caps with both simple and clamped support at the
edges. Several comparison test cases were chosen to verify
their results and determine the present program's ability
to predict buckling loads of such structures. The cases
run were for a = 0.1, B = 0.002, and A =4 and 5.5 for
the clamped cap, and A = 4 for the simply supported cap.
Here a 1is the ratio of tangent modulus to Young's modulus,
B 1is the ratio of yield stress to Young's modglus, and A

¥ 1
is the geometric shell parameter 2[3(1l - vz)] (H/h)2, with
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v being Poisson's ratio, H the maximum shell rise, and h
the shell thickness. As can be seen from Fig. 17, excellent
agreement for these cases was obtained. The buckling pres-
sures were about 3 percent higher than those predicted by
Wilkinson and Fulton. Their results are probably more accu-
rate, since the present analysis makes no attempt to refine
the load increment size in the vicinity of the critical load.
The tangent modulus method was used for the large-deflection
effects.

Results in the form of load versus central deflection
pf a simply supported, cenﬁrally loaded mild steel circular
plate are shown in Fig. 18. These results involve a history
of loading to a maximum load in the plastic range and then
the removal ofthe load. A comparison with the experimental
data presented in Ref. 11 indicates that the finite-element
results predict larger displacements than those obtained ex-
perimentally. This may be partially explained by the fact
that no information (except the yield stress) was available
in Ref. 11 concerning the strain hardening properties of the
material used in the experiment. The finite-element analysis
was performed by assuming elastic-ideally plastic behavior,

which is a good representation of the stress=-strain behavior
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for mild steel as long as the strains are smaller than about
2 percent. The larger displacement prediction from analysis
is consistent with this assumption. When the strains in the
plate become larger than 2 percent, mild steel experiences
strain hardening. Indeed at loads above 15,000 1b the
theoretically predicted strains exceed 2 percent in a con-
siderable region of the plate, and divergence of the results
occurs. As a consequence of the overprediction of the maxi-
mum displacement, the residual displacement predicted by the
analysis is considerably greater thaﬁ that experimentally
observed. However, the geﬁerél.shape of the load-deflection
curve upon unloading parallels‘the experimental curve.

In the next figure, Fig. 19, a simply-supported, cen-
trally~-loaded circular plate with the same dimensions and
material properties as the plate used in the experimental
program wés loaded through a half cycle to evaluate the
strain hardening cyclic loading feature of the program.
Geometric nonlinearity was included. The load was increased
from zero to 1600 psi, which is well into the plastic
range for this specimen, and back to zero to obtain residual
stresses, strains, and displacements.

No strain hardening experimental data are yet available

for the unloading portion of the load regime. However, the
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1600 psi maximum load (177 1b total load) 1is not suffi-
ciently large to introduce appreciable geometric nonlineari-
ties (see Fig. 12). The results have been compared with our
small strain, small-deflection, elasto-plastic results, and
the correlation is seen to be excellent. This correlation
verified that the procedural aspects of the large-deflection

cyclic analysis are correct.

VI. Conclusions
A large~deflection elastic=-plastic analysis using an

incremental finite-element approach has been developed to
predict the behavior of shells of revolution under cyclic
loading conditions. Good agreement with both theoretical
and experimental predictions has been obtained for problems
involving monotonic loading. In the case of cyclic loading
with load reversal, limited test data are available for the
unloading and reversed loading segments of the load cycle.
The qualitative agreement in these regions is good, and a
more detailed quantitative evaluation will be made when the
anticipated test data from a planned series of experiments
become available. It is also desirable fo incorporate into
the analysis the capability for traversing unstable portions

of the load-deflection curve (e.g., through displacement
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control). This capability is important for predicting post-
buckling behavior and plastically-induced instabilities en-
countered during reversed loading situations [l11l]. Various
methods for large~deflection elastic’and elasto-plastic
problems have been proposed [48,49]. Adaptation and evalua-
tion of these methods for the combined.nonlinear problem is

a desirable, and has recently become an attainable, goal.
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Appendix
Shell Element

The geometry of the element is presented in Fig. 20.
The approach employed is basically an extension of the work
presented by Khojasteh-Bakht [4] to include cubic poly-
nomials in the representation of the meridional displace-
ment. It differs from other similar formulations [50,51]
in that Hermitian instead of Lagrangian interpolation is
used for the meridional displacement. The additional degree
of freedom required at each node, the linear meridional mem-
brane strain, eg, ensures compatibility of all membrane
strains. In Refs. 50 and 51, where Lagrangian interpolation
is employed for the meridional displacement, the "inter~
mediate" displacements are statically condensed out, reducing
the over-all size of the stiffness matrixﬁ This leads to
smaller solution times at the expense of_accuracy in the mem-
brane strain predictions. |

In the element derivation, Sanders'  nonlinear shell
theory [52] (modified to include orthotropic shell proper-
ties) for small strains and moderate rotations is used as
the basis of the analysis. Thus we have for the strain~

displacement relations,
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where { is the distance from the shell middle surface in
the direction normal to the shell. Here €5 €4 are the
total strains in the meridional and circumferential direc-

tions, respectively. Furthermore,

o_du_ w , .2
€s ds + R1 + 32X

(A-2)

o 1 .
€g = I (u cos 9 + w sin 9)

are the middle surface strains, and the curvatures are given

by

(A-3)

The meridional rotation x 1is
u
X=3 "R, (a-4)

The stress-strain relations for an orthotropic axisym-
metric body with principal axes in the meridional and cir-

cumferential directions are:
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0s Css Cse €s
= e
Og Cos Cos €o
(A-5)
= [E](®)

The vector {ee] is the vector of elastic strains. In terms
of Young's modulus E and Poisson's ratio v, the elements

of the material properties matrix [E] are:

C - Es ) c - Esvée
ss 1l - Vos¥so ' s6 1l - VosVs6
(A-6)
c. - EgVos o - Eg
6s 1 Vos'so 06 1l - VosVso
From energy considerations, Cse = Ces. We may represent the
local Cartesian shell displacements up,u, as
2
u, = 2‘ H(l)(ﬁ)u + H(l)(ﬁ)u g o= 1,2
' i=1
or (A-7)

(u} = [Nl{u,}

where Héi)(&) and H{%)(ﬁ) are cubic Hermitian interpola-
tion polynomials, and [uc] is the vector of Cartesian

generalized displacements.
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The strain-displacement relations may now be written in
terms of the rectilinear displacements up,u, with the in-
dependent variable changed from arc length s to normalized
chord variable £ (see Fig. 20). The differential relation-

ship between s and £ 1is

gt
ds = S== 5 (A-8)

where £ 1is the element chord length, B 1is the angle be-
tween the tangent to the substitute curve 7 = n(€) and the
¢ axis, i.e.,

%% = tan B . (A-9)

We obtain the following matrix relations for the linear
strains
(e} = (e} + &) = [[W,1 + ¢l 1] (u )
(A-10)
= [W](u)
Here {e} 1is the vector of linear strains and {eg} is the
linear contribution to the membrane strainé.

The Cartesian displacements and their derivations with
respect to the normalized chord variable £ (see Fig. 20)
may be related to the tangential and normal displacements,
the rotation X, and the linear meridional membrane strain

through the transformation,
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F YU [ cos B =-sin B 0 0 J(u 'y
u, sin B cos B 0 0 w
* ul,& 0 0 -§ tan B £ X
0 0 ¢ ¢ tan gl | &
L Y2,8 J 1 \%s J
or (A-11)

(u,) = [T]lu,)

Using these relationships in Eq. (A-10) and Eq. (A-7), re-

spectively, we obtain

le) = [Wilu ) = [WI[TI(u]) = [Wl{u,} (a-12)
and

(u} = [N][T}(u} = [Nl{u]} . | (a-13)

The geometry of the curved element, 1 = n(€), may be
represented by various interpolation polynomials as well.
Cubic and fifth order Hermitian interpdlation or third order
Lagrangian interpolation is available in the program. From
Eqs. (A~5) and (A-12), the final form of the element stiff-

ness matrix is [see Eq. (11)]:

k71 = | wTElW]Iav
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Details of the formulation of the element stiffness matrix,
including the elements of the [W] and [N] matrices, are
presented in Ref. 14, along with a group of sample problems
illustrating the accuracy of the elements for linear elastic
ﬁroblems.

Tﬁe consistent load vector for the applied surface trac-
tions is obtained from Eq. (11). The applied pressures are

allowed to vary linearly from node to node, i.e.,

or@y = pra - o+ i L @i

We then have for the consistent load vector

(B, ) = N Tear(® jaa . (A-15)

A

For the small~strain, moderate-rotation problems con-
sidered here, i.e., for the strain-displacement relations
presented in Eqs. (A~1l) through (A-4), the initial-stress

stiffness matrix may be written as

M= | s te1fralav (A-16)
\Y
where [Q] is the matrix relating the rotations X to the

nodal degrees of freedom, i.e.,
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(x} = (@l{u) . (a-17)

Normally, Ss is assumed to be constant throughout the
element and is evaluated at the centroid of the element. 1In
the present analysis, Ss was assumed to vary linearly from
node to node so that nodal values could be used, since stress

computations were carried out at these locations. This leads

to:
h/2
My - st - &) + sdelraiTrala aa
A "-h/2 . .
or (A-18)
kP an | eTera - eaa+ x| 21%aleas
i il
A A

where h 1is the shell thickness.
We must now evaluate the initial-strain matrix (effec-

tive plastic load vector), given by Eq. (1l1) to be

(aQ) = | [WIT[EI{acPIav . C(a-19)
\Y
We assume that the incremental initial (plastic) strains
vary linearly from node to node, while at the nodes the varia-
tion of the plastic strains through the thickness is arbitrary.

This may be expressed as:
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(acP(e,0)) = (2eP(0,80)3 1 - &) + (aP(1,0)18 . (a-20)

Substituting Eq. (A-20) into Eq. (A-19), we get

h/2

(aQ,}= J J W1 ]| (8P 0,01 L - &)
AY-n/2
+ (2eP(1,0) )¢ (At dA
or since
(Wl = [w 1+ &[w ]
[ b/2
(2Q;)= [ (1 - &)W 1T (E]dA J (aeP (0,34t
“A ~h/2
h/2
+ [ ¢[w_1"(E]da J (aeP(1,8))at
“A -h/2
h/2 ezb
+ J 1 - &)W, 1" (E]da J taeP(0,¢))at
A -h/2
h/2
+ J ¢[w, 1 [E]da J t1aeP(1,2)}de
A -h/2

The evaluation of the "effective plastic" moments and forces

through the thickness was carried out by using Simpson's rule
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with 11 or 21 integration points. All area integrations
(actually integrations with respect to £) were performed

by using a Gauss-Legendre integration scheme of sixth order.
Although a sixth order scheme was probably excessive,a con-
vergence study for the stiffness properties showed it always

gave good results.

Thin Ring Stiffener Element

For many structural designs, local stiffeners are needed
for added strength in regions of high stress intensity. To
be able to analyze the effects such stiffeners have on the
development of plastic regions, a ring stiffener element was
included in the analysis. The ring used is identical to the
one proposed by Cohen [53] (except for the fact that it may

be attached with arbitrary eccentricity).
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Fig. 1 A Plate Specimen in Fixture
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ALUMINUM PLATES

57



TRUE STRESS, @, PS|

20, 000}

= 100( 9950 +9.634 x 107145397 )

1 TEnsion
TEST DATA ~ AVG. OF
7 COUPONS

\: MAX. DEVIATION~

10, 000

MODULUS 3.5%
YIELD STRENGTH 2.5%

ANISOTROPY ~

LESS THAN 1%

'UNIAXIAL STRESS-STRAIN
DATA 2040-0 ALUMINUM |
1/4" PLATE A

|

0! | .010

.020

STRAIN, ¢
(b) 14" PLATE

J
.030

FIG. 2 UNIAXIAL STRESS -STRAIN DATA FOR 2024-0 ALUMINUM PLATES
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~~—— Limit Load, Ref. 43 |
Khojasteh-Bakht, Ref 4
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a
=
g
2 .60
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FIG. 3 PRESSURE VERSUS NORMAL DISPLACEMENT, W, AT APEX (# =0°)
FOR DIFFERENT LOAD INCREMENTS - TORISPHERICAL SHELL
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SQUARE RING STIFFENER
| E=1.0x 10 PS|

A = 030625 4

71, 7 1368x 10
R = 20in. |
O
=.0175 in.
£=1.0x10
v=1/3
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O
O

O - UNSTIFFENED HOLE

26 ELEMENTS © A
o - STIFFENED HOLE
105 D. O.F. o
oO
aabBALLLLL 4
1 L 1 1l 1 | Al 1 }
2 4 6 8 10 12 14 16 18 20
4
_qa_4_x 10 3
t

(a) NORMAL DISPLACEMENT AT THE HOLE BOUNDARY

FI1G.7 LOAD-DEFLECTION CURVES FOR RING -STIFFENED
SPHERICAL SHELL UNDER EXTERNAL PRESSURE
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~  O- UNSTIFFENED HOLE
i AND STIFFENED HOLE
L (@)
i o)
~ o
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4
a -
iA—X 103
Et

(b) NORMAL DISPLACEMENT AT r=2.5

FIG.7 LOAD-DEFLECTION CURVES FOR RING-STIFFENED

SPHERICAL SHELL UNDER EXTERNAL PRESSURE

64



J4NSSId d TWNY3LXT ¥3ANN TI13HS TWI1YIHS AINILILS-INIY 8 914

J10H G3IN3H1LS 404 INVIINSIY SSIYLS TVIINIEIIWNIU1D 40 NOILNgIdLSIq @

b € ¢ 1 0
0L8L .

@@400 K Qm%@ 11-

9900 00000 ooooc<< { A
v 44 ¢- 0

Ve vvyv vevV 49N

- .MI

000 ‘0L
1p-

TI0H QIN441LSNN ¥O4 INVIINSIY SSIULS T¥IINIYIIWNIAIO 40 NOLLNa1dLSIa (@) |
.q .m ¢ 1 0

A | -

|
Aﬁw@o QE-J I-

L

00000 ooooooon~~u {z- Nm
<<<4<<<<<<< yON
44 (o) {¢-
4

| ¥
S AN -
000 ‘0L = _VS |

65



7

2.0

L6f

1.2

0.8¢

0.4t

— S. WAY, REF. 11 -
O SOLUTION USING TANGENT MODULUS METHOD

A SOLUTION USING EFFECTIVE LOAD METHOD

p
1\ \l\ ' \l R
} |
o h __a—.l
¢
20 ELEMENTS
79 DEGREES QF FREEDOM
Ap a )
(—E) ('ﬁ) = 0.1
v=10.3
0 2 4 6 B 10 2
pat
End

FIG. 9 CENTRAL DEFLECTION VERSUS LOAD FOR A UNIFORMLY
LOADED CLAMPED CIRCULAR PLATE
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— S. WAY, REF. 11
© SOLUTION USING TANGENT MODULUS METHOD BENDING
A SOLUTION USING EFFECTIVE LOAD METHOD STRESS AT

LINEAR BENDING /=  EDGE
STRESS AT EDGE 4

LA SN
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apy/a\” LINEAR BENDING
<_ >(__> - 0.1 : STRESS AT CENTER
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FIG. 10.STRESS VERSUS CENTRAL DEFLECTION FOR A
UNIFORMLY LOADED CLAMPED CIRCULAR PLATE
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= A=6
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< 30r
= 2 1/4 1/2
= A=2 [3(1-1/ )] (H/h)
g 21 elements

20 I 83 degrees of freedom

—— EXACT, REF. NO. 22
101 O AP =18Ib. |
: o AP =11b. WITH EQUILIBRIUM CORRECTION.

0 o 08 N7, 6 20
CENTRAL AXIAL DEFLECTI ON (IN)

FIG. 11 LOAD VERSUS CENTRAL DEFLECTION FOR A
CENTRALLY LOADED CLAMPED SPHERICAL CAP ( = 6)
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- 2a -
1007 [2a/h =40.6 ]
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cla = .0718
% 05 10 15 20 75

CENTRAL DEFLECTION W INCHES

FIG. 12 LOAD VERSUS CENTER DEFLECTION FOR A SIMPLY
SUPPORTED CIRCULAR PLATE (2a/h =40.6)
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P = 508 LBS LOWER SURFACE DATA

o]

o GRUMMAN TEST DATA

20,000
’ " —THEORY
(GEOM. NONLINEARITY)
18,000 |\ AP = 2.21
v i —— - THEORY (EQUIL. CORRECT.)
= 16’000 AU AP = 2.21
=< 398\, |
~ P
% 1000k} | h
Q ’ 1\ 2¢C n
= ! ‘~—2a——l—r
= 12,000} ‘\ | GAGE
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‘.f" 14 elements
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0 — ==
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RADIAL LOCATION R, INCHES

FIG. 13 CIRCUMFERENTIAL STRAIN DISTRIBUTION AT LOWER SURFACE
FOR A SIMPLY SUPPORTED CIRCULAR PLATE (2a/h = 40.6)
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FIG. 14 CIRCUMFERENTIAL STRAIN DISTRIBUTION AT UPPER SURFACE
FOR A SIMPLY SUPPORTED CIRCULAR PLATE (2a/h = 40. 6)
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€ MICROSTRAIN

o \.TO 50,000
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LOWER SURFACE D
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/ —— THEORY (GEOM. NONLIN.)’
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2é09 v 1223
|/ O 1712
/ | © 2200 . L
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FIG. 16 CIRCUMFERENTIAL STRAIN DISTRIBUTION AT
UPPER AND LOWER SURFACES FOR A SIMPLY
SUPPORTED CIRCULAR PLATE (2a/h = 19.96)
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CENTER DEFLECTION, in.

FIG. 18 LOAD VS. CENTER DEFLECTION OF A SIMPLY
SUPPORTED CIRCULAR PLATE
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400} PLASTIC ANALYSIS
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FIG. 19 HALF-CYCLE LOAD VS CENTRAL DEFLECTION FOR A SIMPLY
SUPPORTED CIRCULAR PLATE (2a/h = 40.6)
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FIG. 20 DISPLACEMENTS OF THE MIDDLE SURFACE ( SHELL ELEMENT)
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