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Abstract

This paper first describes a finite element method for the large deflection analysis of axisymmetric shells
and plates on a nonlinear tensionless elastic foundation. Through the use of discrete data points, any form
of nonlinear elastic foundation behaviour can be easily modelled. The analysis is then validated by com-
parison with existing results for circular plates and beams as the only existing results for shells on tensionless
foundations are found to be in error. Following this verification, the analysis is applied to investigate the
behaviour of shallow spherical shells subject to a central concentrated load on tensionless linear elastic
foundations. A number of insightful conclusions regarding the behaviour of such structure-foundation
systems are drawn. The numerical results for shells are believed to be the first correct results, which may be
useful in benchmarking results from other sources in the future. © 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

Shells and plates on elastic foundations are found in many practical applications. A number of
different foundation models have been proposed in the past, with the simplest being the Winkler
(1867) model. In a Winkler foundation model, the foundation reactions are assumed to be a linear
function of the displacements of the supported structure. Consequently, the foundation is assumed
to react to both compression and tension in the same manner and to be always in contact with the
structure. Structures on Winkler foundations have been extensively studied by many investigators
(Vlasov and Leontev, 1966), particularly concerning their linear elastic behaviour. Some work also
exists on shells on nonlinear foundations which react in the same manner to both tension and
compression (Luo and Teng, 1998).

The simple idealization of foundation behaviour in a Winkler model is not valid for many real
supporting media, the commonest of which is the soil which is practically incapable of sustaining
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any tensile forces. The Winkler hypothesis was motivated more by the desire for mathematical
simplicity than physical reality. For structures on soils and other supporting media capable of
resisting compressive stresses only, the tensionless foundation model should be used for accurate
modelling if the possibility exists for tensile stresses to develop at the interface between the structure
and the foundation.

Analysis of a structure on a tensionless elastic foundation is difficult as separation can occur
between the structure and the foundation, and in general, the region of contact is not known a
priori. Even for a linear elastic structure on a tensionless elastic foundation which reacts linearly
to compression (referred to as a linear tensionless elastic foundation or simply linear tensionless
foundation later), the analysis needs to be performed iteratively. As a result, only a small number
of studies on structures on linear tensionless elastic foundations have been published, and even
less is known about structures on nonlinear tensionless foundations.

Tsai and Westmann (1967) considered a linear tensionless foundation and presented an iterative
scheme that gives the solution for a structure on a tensionless foundation from that for a structure
on a Winkler foundation. Weitsman (1970) studied the static behaviour of a beam resting on a
tensionless elastic foundation subjected to a concentrated load and to a uniformly distributed load.
More recently, beams on a tensionless foundation under a moving load was studied by Lin and
Adams (1988).

Some of the early attempts to analyze plates supported by a linear tensionless elastic foundation
were made by Weitsman (1970), but the results were later found to be slightly in error. Weitsman
(1972) gave some corrections to his earlier work (Weitsman, 1970). Svec (1974) employed the finite
element method to investigate the problem of plates of various shapes on tensionless foundations.
Gladwell (1976) considered a variety of plane, frictionless, unbonded contact problems and pro-
vided approximate solutions in terms of Chebyshev polynomials. The problem of transversely
loaded circular plates resting on bimodulus and tensionless foundations was addressed by Kamiya
(1977) using an approximate approach. The equilibrium configuration of a free rectangular plate
supported on a tensionless elastic foundation was studied by Villaggio (1983) and Li and Dempsey
(1988). More recently, Celep (1988a, b) addressed the behaviour of circular and rectangular plates
on tensionless elastic foundations under eccentric loading. A large deformation analysis of circular
plates on a tensionless elastic foundation has been performed by Khathlan (1994). A limited
amount of work also exists on elastic-plastic circular plates on tensionless foundations (Sokol-
Supel, 1989) and rectangular plates on tensionless elastic-plastic foundations (Lewandowski and
Switka, 1991).

Surprisingly little published information has been found on the analysis and behaviour of shells
on tensionless foundations. The only study found on shells is due to Ghosh and Paliwal (1993)
which describes a small deflection analysis for a shallow spherical shell on a tensionless foundation
under a central concentrated load. The accuracy of their results was not checked as there were no
previous results. No study on the large deflection behaviour of shells on tensionless foundations
has been found.

This paper will first describe a finite element method for the large deflection analysis of axi-
symmetric shells and plates on a nonlinear tensionless elastic foundation. This work represents a
further development of the analysis described in Luo and Teng (1998) which deals with the non-
symmetric buckling analysis of shells of revolution on nonlinear elastic foundations which react
in the same manner to both tension and compression. Through the use of discrete data points as
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was done in Luo and Teng (1998), any form of nonlinear elastic foundation behaviour can be
easily modelled. The analysis will then be validated by comparison with existing results for circular
plates and beams as the only set of results for shells on tensionless foundations are found to be in
error. Following this verification, the analysis will be applied to investigate the behaviour of shallow
spherical shells subject to a central concentrated load on tensionless linear elastic foundations.
A final example illustrates the capability of the analysis in dealing with nonlinear tensionless
foundations.

2. Finite element analysis
2.1. The doubly-curved axisymmetric shell element

The doubly-curved isoparametric axisymmetric shell element used in the finite element for-
mulation is shown in Fig. 1. The element geometry is defined in cylindrical coordinates by the
radius R, the axial coordinate Z and the element meridional curvature d¢/ds at the nodal points.
The geometry is then interpolated between the nodes using cubic Hermitian functions. The nodal
displacements are defined by u;, (du/ds);, v, (dv/ds);, w; and (dw/ds), in the global coordinate system
at each ring node at the end of the element. The displacements within the element, expressed in
the global coordinate system, u, v and w (Fig. 1) are interpolated between the nodal points in terms
of the nodal values also using cubic Hermitian functions. The global displacements u, v and w at
any point are related to the local displacements i, # and W in the curvilinear coordinates by a
transformation matrix [7] (Teng and Rotter, 1989a).

2.2. Nonlinear finite element equations

The total Lagrangian approach is adopted in which all the quantities are referred to the
undeformed configuration. The application of the principle of virtual displacements leads to a set
of nonlinear equations for the finite element model of a given structure which may be represented
by:

@@ = (F} +F)- ¥ j [BI"(Z} dV = 0 W

in which {4} is the vector of nodal displacement variables, {F} is the vector of equivalent nodal
forces due to body forces and surface tractions, {F,} is the vector of equivalent nodal forces due
to the foundation reactions, N is the number of elements employed, [B] is the incremental strain-
displacement matrix based on the nonlinear shell theory of Rotter and Jumikis (1988) for shells of
revolution which is a special case of the general nonlinear shell theory described in Teng and Hong
(1997), {Z} is the vector of stress resultants and {®(d)} represents a vector of nodal residual
forces. For each iteration, the nodal displacement increments for the structure {Ad} are obtained
by solving the linearised system of equations

{®0)} = [K:]{Ad} )



5280 T. Hong et al. | International Journal of Solids and Structures 36 (1999) 5277-5300
A /4

(a) Local and Global (b) Geometry of an Element
Displacements

W

(c) Displacements within the Element

du
U, [ —
2 (65)2

Fig. 1. Geometry and displacements of an element: (a) local and global displacements; (b) geometry of an element; (c)
displacements within an element; (d) nodal displacements.

(d)} Nodal Displacements

where [K;] is termed the global tangent stiffness matrix. The tangent stiffness matrix for each
element is given by

[KT]e = [K]e + [Ka]e + [Ks]e (3)

where [K]. is the stiffness matrix including the effect of changes in geometry, [K,]. accounts for the
effect of internal stresses and [K]. is the element tangent stiffness matrix of the elastic foundation.
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The element tangent stiffness matrices are condensed to reduce the inter-element continuity as
described by Teng and Rotter (1989a). The global tangent stiffness matrix [K;] may then be found
by assembling the condensed element tangent stiffness matrices.

2.3. A nonlinear tensionless elastic foundation model

The nonlinear tensionless foundation model to be described here is of the Winkler type and may
be viewed as nonlinear springs (Figs 1 and 2). Although Fig. 1 shows only distributed springs
normal to the shell surface, distributed springs over the whole or part of the shell surface in the
three directions of the local coordinate system are all considered. The reaction-displacement curve
of the tensionless foundation is represented by a number of discrete data points as shown in Fig.
2. These discrete points may be obtained from tests, or from a theoretical study. For simplicity of
description here, negative displacements in the local coordinates are assumed to cause compression
in the foundation, but the opposite case can also be handled easily in the formulation. The
foundation reaction pressures are assumed to be positive when acting in the negative directions of
local coordinates.

Let r be the reaction pressure of the foundation (in either of the three directions), and é be the
corresponding displacement at any point of the shell surface, then, if 6, > 0, r; = 0 (Fig. 2). If the
displacement is negative, a linear interpolation is used to find the foundation reaction for a given
value of the displacement between two discrete data points. At any stage of the loading when the
displacement is 8, which is between 06, ; and 9, the corresponding spring reaction pressure is
evaluated as

”k=”f71+5(5i_5i71) C)
where the tangent stiffness of the spring is given by

Reaction Pressure r

A
S‘k] Si SH—l
)—.
Displacement §
f ri+1
15
. .ee - . ri_l

Fig. 2. Foundation reaction pressure-displacement relationship.
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dr  ri—r,_,
=525, (s)

The secant stiffness of the spring resistance is evaluated as

S =

i

= (6)
The vector of spring reaction pressure is related to the vector of displacements through
T Sy 0 0 ](a@
{r} =<rgt =10 s 0f7
I 0 0 splw
= [K]{0} = [KWl[T1{0} = [K][TI[NI{0°} (7

where sy, 5,9 and s, are the secant stiffness of the springs in the meridional, circumferential and
normal directions, respectively, {d} is the vector of displacements at any point on the shell reference
surface in the global coordinate system, {6} is the element nodal displacement vector in global
coordinates, [N] is a matrix of shape functions and [7] a matrix transforming quantities in global
coordinates to local coordinates (Teng and Rotter, 1989a). The incremental relation between the
vector of spring reaction pressures and the vector of displacements is given by

dr(,, S¢ 0 01(da
d}"() = 0 S0 O dﬁ
dr, 0 0 s,)dw

[K.]d{d} = [K][T]d{s} = [KJITIIN] d {5} (8)
in which s, 5, and s, are the tangent stiffness of the springs in the meridional, circumferential and
normal directions, respectively. The vector of element nodal equivalent forces {F,}. due to the
spring reaction pressures is given by

{Fs}e = _J []V]T[T]T{r} d4 (9)

d{r}

Consequently, the element tangent stiffness matrix of the springs in the global coordinates is given
by

_ Qe [ e 0
(K = o) L [NI'[T] a16°) d4
=J [N'[T)7[K(T][N] d4 (10)

3. Finite element implementation and results

The tensionless elastic foundation model proposed here has been coded into the NEPAS program
(Teng and Rotter, 1989a, 1989b; Teng and Luo, 1997; Luo and Teng, 1998) for the nonlinear
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and buckling analysis of shells of revolution. Some numerical examples are presented below to
demonstrate the validity and capability of the tensionless foundation model as well as the finite
element formulation. In addition, the behaviour of shallow spherical shells will be investigated in
detail using the finite element program.

Apart from the one example at the end of the paper, all results described in the paper relate to
a linear tensionless elastic foundation represented as a special case of the nonlinear tensionless
foundation model of Fig. 2 and reacting only to displacements normal to the shell surface. As the
boundary between a contact zone and a separation zone generally lies between the two end nodes
of an element, its position is found by a simple linear interpolation of the normal displacements.
While the use of the element shape function leads to more accurate results, this simpler approach
leads to results of sufficiently high accuracy. It should also be noted that the vertical deflection w
is taken to be positive when it is upward.

4. Numerical verification
4.1. Beams on tensionless foundations

Figure 3a shows a long beam of uniform section size subjected to a self weight ¢ per unit length
and a concentrated downward load P on a tensionless elastic foundation studied by Weitsman
(1970). The behaviour of the beam was described by Weitsman using dimensionless lengths of the
contact zone and separation zone &, and &, and the dimensionless load Q*. These dimensionless
quantities are defined as

P
60251‘/0, flzﬁXla Q*:ﬂg (11)

where X is the half length of the contact zone under the load P and X is the distance between the
load and the point where the beam comes into contact with the foundation again after separation
(Fig. 3a). The parameter f8 is defined by * = k/(4EI) where k is the foundation stiffness and EI is
the bending rigidity of the beam. The relationships between the dimensionless lengths &, and
(&,—¢&,) against the dimensionless load Q* are plotted in Fig. 3b and ¢, which show that the present
results are in close agreement with those of Weitsman (1970).

4.2. Circular plates on a tensionless elastic foundation

The behaviour of circular plates on tensionless foundations has recently been studied by
Khathlan (1994) using both the small deflection theory and the large deflection theory. As shown
in Fig. 4, the plate has a radius R, a thickness ¢, and a flexural rigidity D. The Young’s modulus
of the plate material is £, and the Poisson’s ratio v = 0.3. The circular plate is subject to a
downward central load P. The results are plotted in a dimensionless manner using the dimensionless
foundation stiffness K* = kR*/D, in which k is the foundation stiffness, and the dimensionless load
P* = P/(ktR*), in which P is the central downward load and the bending rigidity
D = EF/[12(1 —v)].

Figure 5 shows comparisons between Khathlan’s (1994) and the present results for various
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Fig. 3. Beam on tensionless foundation: (a) schematic of deformed shape; (b) effect of load level on contact zone; (c)
effect of load level on separation zone.
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s O

Fig. 4. Circular plate on tensionless foundation.

parameters of interest. These comparisons show a very close match between the two sets of results,
confirming the accuracy of the present analysis. typical radial variations of the displacements are
plotted in Fig. 5a, which shows the uplighting phenomenon of the plate. A significant difference is
found between the predictions from the small deflection theory and those of the large deflection
theory. The use of a large deflection theory leads to a stiffer structure-foundation system (Fig. 5a).
The radius of contact R, (i.e. the radius of the outer edge of the central contact zone) increases
with the applied load based on the large deflection analysis, but is independent of the load level
according to the small deflection analysis (Fig. 5b). For an accurate analysis of such plates with
relatively large deflections (around w/t > 0.5 at the plate centre), the use of a large deflection
analysis is essential. The variations of displacements with loads at the plate centre and at the plate
edge predicted by large deflection analyses are shown in Fig. 5c and d, respectively.

4.3. A shallow spherical shell on a tensionless foundation

In many practical applications, thin shells are in contact with soils or other solids. As a result,
many studies have been carried out on the analysis and behaviour of shells on elastic foundations.
However, little information currently exists on the behaviour of shells on tensionless elastic
foundations. Ghosh and Paliwal (1993) appear to have presented the first and only study on the
behaviour of a shallow spherical shell resting on a tensionless foundation subject to a central
concentrated load using the small deflection theory. The accuracy of their results was not verified
due to the lack of previous results. It is therefore important to obtain more information for shells
on tensionless foundations both for a better understanding of their structural behaviour, and to
provide an independent check of the results of Ghosh and Paliwal (1993).

Figure 6 shows the geometry of a shallow spherical shell of the inverted dome type (referred to
as an inverted spherical cap later) defined by the radius R, the shell depth H and the shell thickness
t. The radius of curvature of the shell R, is related to R and H, so only two of these three parameters
need to be specified. The spherical shell considered by Ghosh and Paliwal (1993) (Fig. 6) has the
following material and geometric properties: £ =2.1x10"kgm 2 v=0.3, Ry =10m, R=2m,
t = 8 mm. The foundation stiffness k = 1.6 x 10* kg m—°. Three cases of edge conditions were
considered: clamped edge (C), simply supported edge (S) and free edge (F). This shell was also
investigated by the present analysis. Figure 7 shows a comparison between the load deflection
curves from Ghosh and Paliwal and those from the present analysis. It is clear that these two sets
of results do not match. These differences have been carefully considered with the conclusion that
the results of Ghosh and Paliwal (1993) are in error as the present analysis produces results in
agreement with others for beams and circular plates as shown above.



5286 T. Hong et al. | International Journal of Solids and Structures 36 (1999) 5277-5300

2
s b ow
I
3
§ 0 - - mbalposiion AR =TV _
s
&
5 -
g —&—  Present (large def)
[=
g -2 , —F—  Present (small def)
=
E + Khathlan (large def) (1994)
o

A Khathlan (small def.) (1994)
y I 1 1
. 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless radial coordinate r/R

(a) Radial varnations of displacement from small and large deflection analysis

08—
K* =100
g -
2]
& 06
=
2 B
= Present (large def’)
g 04
E A Khathlan (1994)
U —
- — - - Present (small def.)
02—
0.0 : | : | : | ,
0.0 0.4 0.8 1.2 1.6

. . *
Dimensionless load P,

(b) Relation between radius of contact and applied load

Fig. 5. Response of a circular plate under a point load on tensionless foundation: (a) radial variations of displacement
from small and large deflection analysis; (b) relation between radius of contact and applied load; (c) plate central
displacement against load from large deflection analysis; (d) plate edge displacement against load from large deflection
analysis.
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Fig. 5 (continued).
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Fig. 6. Shallow spherical shell on tensionless foundation.
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Fig. 7. Comparison for Ghosh and Paliwal’s shallow spherical shell.

5. Inverted spherical caps on tensionless foundations

5.1. General

As the existing results of Ghosh and Paliwal (1993) are in error, a numerical parametric study
was carried out in this study for inverted spherical caps without edge support on tensionless linear
elastic foundations which react only to displacements normal to the shell surface. Apart from other
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Fig. 8. Effect of Poisson’s ratio for inverted spherical caps.

applications, inverted spherical caps are often used as shallow shell foundations for tower-shaped
structures.

The results are presented in a dimensionless manner so that they are independent of the elastic
modulus E and are only slightly dependent on the Poisson’s ratio v. The results presented here are
for a Poisson’s ratio of 0.2, but the use of a Poisson’s ratio of another value leads to only slightly
different results (Fig. 8). The dimensionless load is given by P* = PR?/(Dt), where P is the applied
load, and D is the usual bending rigidity, and the dimensionless foundation stiffness parameter is
given by K* = kR*/D where k is the foundation stiffness. It may be noted that the dimensionless
foundation stiffness defined here reduces to that used by Khathlan (1994) for circular plates.

5.2. Effect of radius-to-thickness ratio on load deflection curves

Figure 9 shows load deflection responses for inverted spherical caps with different values of the
radius-to-thickness ratio R/t. The shells all have a depth of H/t = 10 and rest on a tensionless
foundation with a foundation stiffness K* = 10 It is clear that the dimensionless load deflection
responses are independent of the R/t ratio unless R/t becomes so small (R/t = 50) that the shell is
no longer shallow. The effect of the R/t ratio thus needs no further examination as far as shallow
shells are concerned. The load deflection curve from a corresponding linear analysis shows that
the effect of large deflections is strengthening and becomes important when the central vertical
displacement exceeds around half the plate thickness.
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Fig. 9. Effect of radius-to-thickness ratio for inverted spherical caps.

5.3. Zones of contact and separation

Vertical deflections under different load levels of a spherical shell with H/t = 10 and K* = 10*
are shown in Fig. 10. Only results from the large deflection analysis are given. Although separation
occurs around the middle between the centre and the edge of the shell, the upward deflections are
very small compared with the downward deflections. The vast majority of the load applied on the
shell is taken by the supporting medium under the central contact zone. Figure 11 shows the
variation of the radial widths of the central contact zone (R/R) and the separation zone
[(R,— R.)/R] with the applied load. It is seen that as the load increases, the central zone of contact
expands and the separation zone shrinks until separation completely disappears at a dimensionless
load of around 350.

It should be noted that results from the small deflection analysis indicate that the zones of
contact and separation do not depend on load levels (Fig. 11), as was noticed for circular plates.
Therefore, a single chart (Fig. 12) can be developed from numerical results for the contact radius
of the central contact zone for shells of different depths H/¢. As long as deflections are below half
the shell thickness, this chart can be used to determine the contact area of the shell with the
supporting medium easily. It should be noted that for H/t = 5, 10 and 20, there is a sudden jump
in the variation of the contact radius R./R with the dimensionless foundation stiffness K*. For
example, when H/t = 5, the contact radius R./R changes from around R.,/R = 0.54 to 1 (full
contact) for a value of K* around 3500. The finite element results plotted in Fig. 12 are only for
cases where separation does occur. This chart provides useful information in a compact form for
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Fig. 10. Vertical deflections of an inverted spherical cap on tensionless foundation.

designers of shallow shells on a tensionless foundation supporting a concentrated load. Noting
that the vertical reaction pressures are simply the vertical displacements in the central contact zone
times the stiffness of the supporting medium, and the fact that the displacements vary almost
linearly from the centre to the edge of the central contact zone, this chart may be used to estimate
the soil pressures on a shallow shell foundation.

The above results on contact and separation zones for inverted spherical caps were obtained
using a Poisson’s ratio of 0.2 and R/f value of 200, but the results as presented in the dimensionless
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Table 1
Effect of Poisson’s ratio on contact radius of inverted spherical caps

R./R R/t =50 R/t =100 R/t =200 R/t = 500 R/t =750 R/t = 1000
v=0.1 0.3826 0.3856 0.3862 0.3863 0.3863 0.3863
v=20.2 0.3814 0.3844 0.3850 0.3851 0.3851 0.3852
v=0.3 0.3792 0.3825 0.3831 0.3833 0.3833 0.3833
v=04 0.3760 0.3798 0.3804 0.3806 0.3806 0.3806
Table 2

Effect of Poisson’s ratio on separation radius of inverted spherical caps

R./R R/t =50 R/t = 100 R/t = 200 R/t = 500 R/t =750 R/t = 1000
v=0.1 0.5624 0.5545 0.5524 0.5518 0.5517 0.5517
y=0.2 0.5690 0.5611 0.5591 0.5585 0.5584 0.5584
v=03 0.5805 0.5726 0.5707 0.5700 0.5700 0.5699
v=104 0.5982 0.5903 0.5883 0.5877 0.5876 0.5876

manner have been taken to be valid for other values of R/t and Poisson’s ratio as these two
parameters have previously been shown to have little influence on the dimensionless results. Tables
1 and 2 confirm that similar to the situation for load-deflections curves, the effects of different R/t
ratios and different values for the Poisson’s ratio on the dimensionless contact and separation radii
are small.

6. Spherical caps on tensionless foundations
6.1. General

Having examined the behaviour of inverted spherical caps, it was decided to consider the
opposite case, dome type shallow spherical shells (referred to simply as spherical caps), to achieve
a desirable degree of completeness of our knowledge on the interaction between shallow spherical
shells and tensionless foundations. The geometry of spherical caps is defined by the same parameters
as those used for inverted caps. The results are also presented in the same dimensionless manner
for a Poisson’s ratio of 0.2. Again, the use of a Poisson’s ratio of another value leads to only
slightly different results (Fig. 13).

6.2. Effect of radius-to-thickness ratio on load deflection curves

Figure 14 shows load deflection responses for spherical caps of different radius-to-thickness
(R/t) ratios. These dimensionless plots confirm that they are independent of the R/t ratio. The
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Fig. 14. Effect of radius-to-thickness ratio for spherical caps.
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results here are found to be even less sensitive to R/ than those for inverted caps, as the deviation
of the load-deflection curve for R/t = 50 from other cases is less than that for inverted caps. The
effect of large deflections is initially weakening as the concentrated load leads to local high
compression, but becomes strengthening when the deflections are large enough to deform the
central part of the shell into an inverted cap.

6.3. Zones of contact and separation

The dimensionless results discussed here on contact and separation zones were again obtained
assuming a Poisson’s ratio of 0.2 and an R/t ratio of 200. The results are taken to be valid for
other values of these two parameters as they have been shown to have little influence on these
dimensionless results.

Vertical deflections under different load levels of a spherical shell with H/t = 10 and K* = 10*
are shown in Fig. 15. Only results from the large deflection analysis are given. Again separation
initially occurs around the middle between the centre and the edge of the shell and the upward
deflections are very small compared with the downward deflections. The behaviour of contact and
separation zones under increasing loads of these caps is significantly different from that of inverted
caps. For these caps, the central contact radius changes slightly at low loading and then shows
little variation with load, so full contact can never be achieved (Fig. 16). On the other hand, the
zone of separation grows with loading until the whole shell outside the central contact area loses
contact with the foundation (Fig. 15).

The small deflection theory again predicts no changes in the contact and separation zone sizes
as the load increases. A chart of the central contact radii based on the small deflection theory was
developed, but it was found to be almost indistinguishable from the chart shown in Fig. 12 for
inverted caps. Therefore, Fig. 12 can be used for both types of caps to determine the central contact
zones at small deflections.

7. Nonlinear tensionless foundation

All the above results are for structures on linear tensionless foundations. To demonstrate the
capability of the present analysis in dealing with nonlinear tensionless foundations, and to produce
numerical results which may be useful for benchmarking purposes in the future, an inverted
spherical cap (Fig. 6) with a Poisson’s ratio of 0.2 and an R/t ratio of 200 on a nonlinear tensionless
foundation was analyzed. The variation of the foundation reaction pressure normal to the shell
surface with the normal displacement of the cap is given by

r=ro(l—e ") (12)

ro is the limit pressure of the foundation, and A is the dimensionless initial tangent stiffness of the
nonlinear foundation [i.e. A = d(r/ry)/0(w/t) at w/t = 0]. Such kind of foundation has been used
by other researchers in modelling nonlinear soil behaviour (Calladine, 1996). The shell was
analysed for two different foundations: (a) a nonlinear tensionless foundation with 1 =5 and
ro/ E = 1.805x 107" where E is the elastic modulus of the shell and (b) a linear tensionless foun-
dation with a stiffness equal to the initial tangent stiffness of the nonlinear foundation. The shape
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of the reaction-normal displacement curve for the nonlinear foundation is shown in Fig. 17 together
with that of the corresponding linear tensionless foundation. In the finite element analysis, the
nonlinear foundation reaction-displacement curve was represented by a large number of discrete
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data points so that the curve could be very accurately modelled. Figure 18 shows the two load
deflection responses. The effect of foundation nonlinearity is clearly demonstrated by comparing
these two load deflection curves.

8. Conclusions

A finite element method for the large deflection analysis of axisymmetric shells and plates on a
nonlinear tensionless elastic foundation has been presented, verified and then applied to investigate
the behaviour of shallow spherical shells of both the dome type (i.e. spherical caps) and the inverted
dome type (i.e. inverted spherical caps) subject to a central concentrated load on tensionless linear
elastic foundations. An example of a shallow spherical shell on a nonlinear tensionless foundation
has also been discussed. The following are the main conclusions:

(a) If the small deflection theory is used, then the contact area between a shallow spherical shell
or a circular plate under a central concentrated load supported on a tensionless foundation is
independent of load levels. A contact radius chart for shallow spherical shells under a central
concentrated load has been developed. The chart provides useful information to designers of
shallow shells on tensionless foundations.

(b) If the effect of geometric nonlinearity is included, the contact area changes with load levels.
This effect for inverted spherical caps differs from that for spherical caps. For inverted spherical
caps, the central contact area expands with loading, and full contact can be eventually achieved.
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For spherical caps, the central contact area is relatively stable but the separation zone expands
as the load increases. Consequently, shallow spherical shells of the inverted dome type is more
appropriate as shell foundations since the contact area expands as load increases.

(c) The only existing results for the small deflection behaviour of shallow spherical shells on
tensionless foundations have been found to be in error. The new results presented here are
believed to be the first correct results for small and large deflection behaviour of shells on
tensionless foundations. These results should be useful in benchmarking results form other
sources in the future.
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