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NONLINEAR DEFORMATION OF DISCRETELY INHOMOGENEOUS SHALLOW SHELLS
BASED ON THE GENERALIZED METHOD OF FINITE INTEGRAL TRANSFORMS*

O. L. Bespalova

A numerical analytical approach to the study of the nonlinear deformation of shallow shells under
subcritical loads is proposed. The approach rationally combines the generalized method of finite integral
transforms and the Newton—Kantorovich—Raphson linearization method. The static stiffness and
load—deflection relationship of flexible shallow shells with various boundary conditions in a wide range
of changes in their Gaussian curvature and the presence of discrete inclusions are analyzed. It is shown
that the dependence of the upper critical values of external pressure on the location of discrete inclusions
is nonmonotonic, which makes it possible to determine their optimal location in terms of the static
stability and bearing capacity of the shells.

Keywords: shallow shells, discrete inclusions, static stability, generalized method of finite integral
transforms, quasilinearization method, analysis

Introduction. Shallow shells cover a wide class of thin-walled objects used as structural members in mechanical
engineering, construction, aerospace, and marine engineering, etc., and are described by certain features of their mechanical
behavior. The analysis of their stationary strain, including the stress—strain state, vibrations, and stability under various types of
static loads is an important condition for assessing the functional suitability of these shells in real operating condition.

Studying the nonlinear deformation of shallow shells in its various aspects, including static stability, is still of interest
[15, 17, 24].

Scientific and technical projects focused on solving specific practical problems and are in demand in terms of
architectural evaluation of modern design have become widespread. Thus, the project [19] solved the problem of geometrically
nonlinear behavior of shells using, as an example, a real gymnasium roof in Halstenbek (Weimar, Germany) that collapsed twice
by losing stability during construction. The steel and glass roof was designed as a shallow shell with an oval planform, the critical
values of wind load and external pressure were determined, the effect of supports, joints, etc. was determined using the
finite-element method (FEM, ANSYYS).

The use of shallow panels in traditional and mechanized mining methods, the determination of maximum safe spans,
rational orientation of connecting elements in dome structures are addressed in [21, 24].

Fundamental research on this topic covers inhomogeneous shells of complex structure across thickness: multilayer
(discretely inhomogeneous) shells and shells made of functional gradient (continuously inhomogeneous) materials [8, 9, 14, 15,
18, 23]. As a means of increasing the bearing capacity of elastic objects, isotropic and orthotropic shallow shells of variable
thickness in one [1] and two [17] coordinate directions were considered.
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The stability of shells in static fields of various nature, including a thermal medium, external pressure and wind,
concentrated mechanical compression and localized thermal loads, etc. was analyzed in [6, 13, 14, 18-20, 22, 23, 25].

Studies of the nonlinear deformation of shallow shells and plates made of nanomaterials, as a relevant field of
development of solid mechanics intensify [15].

The stability of shallow shells and panels is often analyzed for are hinged, clamped, and combined boundary conditions
[6, 9, 25] and quite rarely analyzed for free sections of the unloaded boundary [20], although this type of boundary conditions is
quite common in construction.

The mathematical apparatus for solving relevant (non)linear boundary-value problems is represented in most cases by
various FEM schemes, the Ritz variational method, the Galerkin projection method in combination with modern refinements of
linear and nonlinear algebra [1, 6, 14, 15, 17-19]. Note that nontraditional approaches can be applied to linear problems such as
the method of discrete Fourier series [16], the method of complete systems [12].

A separate group of so-called discretely inhomogeneous shells should be distinguished. In such shells, various types of
reinforcing elements (ribs, pads, bandages, elastic supports) are used to increase their stiffness and stability. According to
technological requirements, they can also have different types of cuts and holes. It is naturally necessary to choose rational
geometrical parameters of shells, stiffness characteristics of discrete inclusions, their optimal placement, etc.

This article proposes a new solution to the nonlinear two-dimensional boundary-value problem for determining the
stress—strain state (SSS) of shell elements during subcritical deformation based on a combination of the generalized method of
finite integral transforms and the Newton—Kantorovich-Raphson linearization method. The developed approach is used to
analyze the SSS of flexible shallow panels over a wide range of change in their Gaussian curvature and to analyze the effect of the
location of discrete inclusions on the stability of these shells.

1. Problem Statement. Consider a shallow shell of constant thickness 4. Its midsurface occupies a rectangular domain
QuUoQ=1ix, y:x €[xy,x; ],y €[y, y; ]} in the projections onto the Cartesian coordinate system x, y, has curvatures &,k v along
the coordinate axes and the Gaussian curvature K =k _k 3 The shell is located on an elastic Winkler foundation with coefficient
K » =K » (x,»), and in the domain Q. It is under a vector of distributed loads ¢ =1{g,q 324y }, where n is the normal to its
midsurface. No restrictions, except their physical incompatibility, are imposed on the boundary conditions, so that the forces and
moments, displacements or their combinations can be specified at each point of the boundary Q. The shell material is assumed
to be isotropic and linearly elastic in the entire range of operating loads up to their critical values.

This class of thin-walled objects includes: rectangular plates (k, =0, k y = 0, K =0), cylindrical panels (k, =0,k y 7 0,
K =0), elements of spherical (k, >0, k y> 0, K > 0) and saddle-shaped (k. >0,k y < 0, K <0) shells.

The mechanical-mathematical model of the deformation of such shells under subcritical loads is based on the
geometrically nonlinear theory of medium bending of second order according to the Donnell-Mushtari—Vlasov theory and is
described by a nonlinear two-dimensional boundary-value problem that can be represented in the following vector-matrix form

(see [4]):

DU)=LU+g+ f=0, (x,y)eQ, (1)

GXP(U)szpU+sxp+(pxp=0, x=x, (p=0,1), 2)

G, (0)=R ,U+5,+p, =0  y=y, (p=01, 3)

where D(U )and pr (0 ), G W (U ) are nonlinear matrix differential operators given in the domain Q and on its boundary 0Q;

U = {u(x, y),v(x, y),w(x, y)}is an unknown vector function whose components are the displacement u, v, walong the coordinate
axes Ox, Oy and along the normal to them; L= {lij} (1,j=123) g=1{g,;(x,y)} (i=13) and f={f,(x,y)} (i=13)

(f; (x,¥)=—q; (x, y)) are a matrix linear differential operator, a vector function of nonlinear terms, and the free term defined in

the domain Q; R, , = {rl.](.xP)} (i=13 j=14), S = {77 (x, )} (i=1,4) and by =10, (4, 1)} (i=1,4) are a matrix linear

differential or algebraic operator, the vector function of nonlinear terms, and the free term in the boundary conditions at the edge

x=x, (p =0, 1); the operator and vector functions with the index y » for the boundary conditions at y=y D (p=01 have a
similar sense.
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The expressions for the elements of these operators and components of vector functions are obtained using the standard
differentiation method.

2. Numerical Analytical Approach to Solving Nonlinear Two-Dimensional Problems (General Scheme). We
propose a numerical analytical approach based on the generalized method of finite integral transforms and the
Newton—Kantorovich—Raphson linearization method (quasilinearization method) to solve the nonlinear two-dimensional
boundary-value problem (1)—(3).

The quasilinearization method [2] has some advantages over the other linearization methods. This is, in particular, the
application domain that coincides with the domain of convexity of the operator of the problem and, as shown in [3], with the
subcritical stage of deformation of the shell, quadratic convergence and algorithmicity of the iterative process, ease of selection
of the initial approximation, etc.

The generalized method of finite integral transforms (MFIT*) is focused on solving N-dimensional (N > 2) problems
with inseparable variables. For linear problems, its main provisions are stated in [ 10] (two-dimensional problems of the statics of
inhomogeneous plates) and in [11] (three-dimensional problems of the theory of elasticity of anisotropic prisms). The essence of
this method in the two-dimensional case is to develop two integral transforms with respect to different domain variables, so that
the kernel functions of one transform are transform functions of the other one and vice versa. The unknown kernel functions of
the developed transforms are determined from the coupled system of two one-dimensional problems, which is solved by an
iterative method analogous to the Liebmann—Gauss—Seidel process in linear algebra. The unknown solution of the original
problem is determined using the inverse integral transform found from the kernel functions.

According to the developed approach, the solution of the nonlinear two-dimensional boundary-value problem consists
of the following stages.

Reduction of the nonlinear problem to an iterative sequence of linearized boundary-value problems using the
quasilinearization method.

Solution of each linearized problem by the MFIT* using two integral transforms with respect to different domain
variables.

Development of a joint iterative process that includes the linearization of the original problem and the determination of
the kernel functions from the system of two integral transforms.

Stage 1. Application of the quasilinearization method to the original nonlinear problem (1)—(3) reduces it to an iterative
sequence of linearized two-dimensional boundary-value problems of the following form (n=1,2 ... is the linearization
parameter):

DOW, G0N Y= LTG0 4, @O GOy, @050
2 2 ’U ’U,_x )x 7x

7 () _gj (n=1) 7 (m) g7 (n=1) 7 () g (n=1)
+J,0 U,V -Uu )+J,0,y (U,y —U,y )+J,0’xy o, U )+...

X XX Xy Xy
=7 (n=1) 77 (n—1 p
+g0 D, 0,0 L+ f=0, (v,y)eQ, “4)

G0 Ge-D yZp g 700 (=D 7.0 g7 (=)
Gy, @, 000, =R, UM +1,. @ -0 D)e1,. @000

T _g-Dyi5 = = =
+170,y (Uay _U’y )+(Pxp _07 x_xp (p_()’l)! (5)

G, 0", "D =R T +T, O™ gDy T.o ©,"m-g,=1)

+Ty @ US)46,, =0 y=y, (p=0.1) (©)

where DO, U"D |, G, @™, g, G, @™, 0"y are differential or algebraic operators of the

linearized problem containing the unknown functions of two successive approximations U and U""~" and defined,
respectively, in the given domain and on its boundary;
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Stage 2. The solution of a linearized problem from sequence (4)—(6) at each step of the quasilinearization (n = fixed)
iteration using the MFIT*.

2.1. According to the main principles of this method [10], the original problem (4)—(6) is subject to the two integral
transforms I and II with respect to different domain variables.

The integral transform I with respect to the variable y €[y, y; ] with kernel functions Q(”) = {q%) (»)}, which are still

unknown, is formulated in terms of transform functions
g = {ré(")(x)= [ ») ¢ ()b}
Yo
D =y 0y (k=12 K,

and has the form

N
O™ 0D g (ndy=0 xelrgx),
Yo

N
[G, @™, 00D, W (»dy=0 x=x, (p=01. @)

Yo

When integrating Eq. (4) by parts, as in the classical method of finite integral transforms, the boundary conditions (6)
for the integration variable y are taken into account.

The unknown solution of problem (4)—(6), which is the components of the displacement vector function
U™ =450 e, ) (7 =™ [y (D) i approximately determined using the inverse integral transform, which is a finite
sum of the form

ran=FP = 3 AP ) ®)
i=1,2,.K

Similarly, we obtain the integral transform II with respect to the variable x €[x,x;] with kernel functions

P = { pfz) (x)}, which, as in the transform I, are unknown. It is formulated in terms of the transform functions
1
O =4 ()= [ r 2l ey (<00 =™ V0 Wy k=12, K
Yo

and has the following form:
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X
[D@™, G0, p@ (x)de=0 ye(yy. 1)

X0

X
[G, @™, 0" HpPnde=0 y=y, (p=01. ©)

%o
The boundary conditions (5) for the transform variable x are taken into account.
The unknown solution of problem (4)—(6), which is U = (x, )} (*® =u™ v (1)) is approximately
determined using the inverse integral transform
—g(m o (n) (n)
r @ y)=s = Y AP e (2 (10)
i=1,2,.K

2.2. The kernels Q(”) = {qﬁz) (y)}and P = { pﬁl’z) (x)} of the integral transforms I and II in the generalized method of

finite integral transforms are fundamentally different from their classical variant [5, 7].

In the classical method of finite integral transforms (MFIT), the kernels are the eigenfunctions of the Sturm—Liouville
problem. To find them, the operators of the original problem must meet the variable separation requirements, which significantly
reduces the range of problems to which MFIT can be applied. The development of kernel functions of integral transforms that
does not impose any additional restrictions on the statement of the problem is the major difference of the proposed generalization
of these methods.

Thus, the MFIT* assumes that the kernel functions 0" = {qfl’z) ()} of the integral transform I are the transform
functions U g}") = {r;?) ()} of the transform II, and the kernel functions P = {pgg) (x)} of the transform II are the transform

functions U)g") = {ré(") (x)} of the transform I, i.e.:
0 N=rPon P @=r" @)
M =Dy Gy (=12, K, (11)

Under this condition, the expressions for the inverse transforms (8) and (10) are identical (Fr(lg) =S ;}?) and the

unknown functions of problem (4)—(6) are defined as follows:

rMen=FP = Y @A ) (12)
i=1,2,...K

Thus, with such a choice of kernel functions of integral transforms I and II, the solution of problems (4)—(6) is reduced
to finding the functions U)E”) = {ri(") (x)}and U g}”) = {r)(;') (y)} from system (7), (9), which, taking into account (11), (12), and

notation F ) = {F r(lg) =S 51’? Yo = 0 (1) can be represented in the following form (arrows show the result of the

corresponding integral transform):

N ~ = =
J.D(F(”), F("_l),...)r;Z)(y)dy=0—>LE;’)_1)U)(C”) +f((x”) D=0, xe(ry.x)
Yo

N

—1 5 (n=1) y3 ~(n-1 .
[G,(F™, F ),...)r)()’]?(y)dyzo —>R§;(x))U§">+(p§;(x))=o, x=x, (p=0,1; (13)
Yo
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This new structure is a system of two integral transforms of the linearized problem (4)—(6), which corresponds to two
conditionally one-dimensional problems (13) and (14) for different domain variables (expressions after arrows —).

Thus, problem (13) (expressions after arrows —) is stated with respect to the functions U (n) ={r(”)(x)}

(r(”) =u () ) )of the variable x, “~ denotes the linear operators of the linearized problem LE”) D ,R R~ ( 1)) and the vector

functions of its free terms f (” D and (p(” o 1)) the superscript (n —1)means that they depend on the functions U)S”_l) = {ré” - (x)}

of the previous step of llnearlzation, the subscript in parentheses (x) indicates that the operators and vectors are obtained

according to the integral transform I and, due to (12), contain unknown functions U (y”) = {’”)(;;l) (y)}ofthe variable yin the form of

functional constants.

Similarly, problem (14) (expressions after arrows —) is stated with respect to the functions U (n) ={r(’.’)( »)}

(r =y M (1) Y of the variable y, “~” also denotes the linear operators of the linearized problem Lg'; ) D R (y’; (ly)) and the

vector functions of its free terms 7((;’; D and (p( o )) the superscript (n—1) means that they depend on the functions
U g}”‘l) = {r;’l?_l) (y)}of the previous linearization step, the subscript in parentheses ( y) means that the operators and vectors are
obtained according to the integral transform II and, due to (12), contain unknown functions U }E") = {r&(’n ) (x)} of the variable x in

the form of functional constants.
To solve the system of one-dimensional problems (13), (14) to find the kernel functions U)E") :{ré”)(x)} and

U g}”) = {r)(;' ) ()}, the Liebmann—Gauss—Seidel process is used as an analogue of the method of successive substitutions in linear

algebra. Its iteration scheme is as follows (iteration parameter ;):

Zg:)—l)(j—l)(j)gn)(j) +2(x”)‘1)(f‘1) =0, xelxy,x )

R}E;(x]))(l I)U(”)(J)_,_(T)("(l)(] V=0 x=x, (p=01 (15)
Zgr;;l)(j)(j(yn)(j) + 7((;1)—1)(1) =0, ye(yy» 7%
R (=D (M) 4 Gn=DU) - = -
Ryp(y) vy TPy 0 r=y, P=0D (1

(the superscripts in parentheses indicate the parameters of two different iterative processes: linearization (n) and the
Liebmann—Gauss—Seidel (y)).
Thus, the kernel functions U )(C”)(j ) U g}" )J) of two integral transforms with respect to different domain variables are

determined in two iterative processes: the external process of linearization (parameter 7) and the internal Liebman—Gauss—Seidel
process of solving the system of one-dimensional problems (parameter j).

Stage 3. To solve the nonlinear problem (4)—(6) in this class of problems of the theory of shells, it is possible to develop
a joint iterative process that combines both of the above types of iterations: linearization of the original problem (parameter 7)
and the Liebmann—Gauss—Seidel solution of the system of one-dimensional problems (parameter j):
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LEJT) I)U)(fm)+ ((xm V=0 x € (xg,xp )

R UM +000) =0 =, (p=01; (17)
- g e f(m D=0 ye(yy.n)

RS0 (m)+¢(yr2<;§_0’ y=y, (p=01 (18)

(m=1,2 ... is the joint process parameter).

The initial approximation for this joint iteration can be chosen as follows: the zero vector U )EO) = {’%(0) (x}= 0is chosen
as the vector functionU )(CO) , and any linearly independent (in 7) functions (trigonometric, power, polynomial, etc.) are chosen for
the components of the vector function U g}O) = {r;?) (»)}. Then the one-dimensional problem (17) in the first approximation

corresponds to the linear statement of the original problem.
Further, the system of one-dimensional problems (17)—(18) of finding the kernel functions U}E’”), U (ym) at the

intermediate mth step of the approximation is solved as follows:
— calculation of the coefficients of operators and vector functions of free terms of problem (17), using the values of the

vector function U)Em_l) andU (ym_l) from the previous (m—1) step of the joint process;

— finding of the solution U)(Cm) of the one-dimensional problem (17) using the orthogonal sweep method;

— calculation of the coefficients of the operators and vector functions of free terms of problem (18), using the solution
U ;m) and the vector U (ymfl) known from the previous approximation;

— finding of the solution U g}m) of the one-dimensional problem (18) using the orthogonal sweep method;

— checking of the accuracy of the kernel functions U )E’"), U g}m ) against the chosen criterion; if the specified accuracy is

achieved, finding of the unknown displacement vector um using the inverse integral transform (12), or, otherwise, moving to
the next (m+ 1)-approximation.

The iterative process of solving system (17), (18) with a fixed number K of terms in (12) is terminated if the following
well-known criterion of applied mathematics is met:

v
(m 1)

wherey (") = max {y('(""B) 3 (gt =) ) ypmy y(m) is the maximum or root mean square value of the function Fr(I’(n) in the
q

inverse transform (12); ¢, is the specified accuracy of the kernel functions U )(Cm N g}m ),

The accuracy ¢, of the final solution of problem (4)—(6) is achieved by keeping a larger number K of terms in (12). It is
controlled using a similar criterion:

(K)
Y
‘ Ssz.

y(&=D)

3. Practical Substantiation of the Developed Approach. Unfortunately, the numerical analytical approach to solving
nonlinear boundary-value problems based on the generalized method of finite integral transforms and the quasilinearization
method does not have a strictly theoretical substantiation. Therefore, as in the linear case [10, 11], we use only individual
examples of its practical substantiation, which is important for applied research. Such substantiation is carried out inductively, in
particular by comparing with the results obtained by other methods.
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TABLE 1

C=wy
m
y K [41;
1 2 3 &%
1 3.115 1.933 2.003
2 2.512 2.014 1.948
3 2.407 1.975 1.975
1.94; 1.8%
4 2.268 1.975 1.975
5 1.807
6 1.807
TABLE 2
K
’f [4], &%
1 2 3 4
1 1.433 1.452 1.480 1.486
2 2.071 1.509 1.482 1.473
3 1.825 1.510 1.517 1.518 1.50
4 1.551 1.518 1.518 1.518
5 1.474 1.518 1.518 1.2%
6 1.462 1.518
7 1.462

Based on the developed approach, the following procedures are to be tested:

— the convergence of the joint process of solving the system of integral transforms to determine a fixed number K of
unknown kernel functions, which combines the Newton—Kantorovich—Raphson linearization and the Liebmann—Gauss—Seidel

solution of a separate linearized problem (process (17), (18), K = fixed);

— convergence of the final solution of the problem with a greater number K of kernel functions kept in the inverse

integral transform (12) K =1,2, ..., (K +1).

Examples from [4, 20] are included to demonstrate the satisfaction of these conditions.

Problem 1. Consider a shallow isotropic panel of constant thickness % that occupies a domain ax b in plan and has
curvatures k _and k y along the coordinate axes Ox and Oy, respectively. The shell is hinged along the entire edge and is under a
uniformly distributed normal load of intensity g, (x, y) = ¢, which is directed toward the center of curvature. The curvature of the
panel and the effective load are described, as in [4], by dimensionless parameters k; = kxb2 / h, k; =k ybz / h,

q* = qb4 / (Eh4 ) (E is Young’s modulus).
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TABLE 3

"; 1 [3< 4 . B
15.92 0.491 0.490 0.490 0.490 0.0
23.95 0.993 1.010 1.010 1.00 1.0
4451 1.971 2.011 2.011 1.99 1.00
70.56 2.481 2.530 2.530 2.48 2.02
115.6 2.950 3.060 3.060 2.95 3.72

TABLE 4

k. K, q q q, €ld .4, ] [4] (&%)

0; 20 44.75 44.76 [44.75; 44.76] 44.81(0.13)

15; 15 97.99 98.00 [97.99; 98.00] 105.70 (7.3)

25,25 377.55 377.56 [377.55;377.56] |  395.53 (4.5)

Using this shell as an example, we show the convergence of the joint iteration (17), (18) depending on the iteration step
m for different number K of kernel functions of the inverse transform (12). These data for the dimensionless maximum deflection
C=W, . /  are given in Table 1 for cylindrical panel with a rectangular planform with ratio of side lengths A=b/a=2/3,
curvature k; =10when ¢ Y= 25,53, in Table 2 for the spherical panel with a square planform with curvatures k; = k; =6and

q * =31.17, and in Table 3 depending on the number K of kernel functions in (12) for the same spherical panel. The last columns

of the tables contain the data from [4] obtained by the Ritz variation method in three approximations, and the relative difference
between the results & = (| §[4] —C(appr) |/C[4] )-100.

The input data: A=b/a=1,2/3,b=0.1m, =107 m, E=981-10'"" N/m?, n =0.3.

The data (Tables 1, 2, 3) shows that the joint iterative process of solving the original nonlinear problem converges quite
quickly (m = 5-7) for the given values of K in the inverse transform (12) and has a constant value when K =2or when K =3. The
difference of results (last columns in Table 1-3) is within 3—4%.

Let us determine the critical load g . under which the panel “snaps” (snap-through buckling).

Note that the quasilinearization method automatically reduces the domain of its application to subcritical deformation,
so that the joint iterative process (17), (18) converges only in this domain. This fact, as shown in [3], can be used to
approximately determine the upper critical load ¢ .. according to the following criterion: g, €[g_, g, ), where g _ is the load
under which the iterative procedure (17), (18) still converges, and g is the load under which this process diverges. Thus, g_ and
g, are the computational limits of the unknown critical load. These data for shells of different curvatures and for different load
values are given in Table 4 and compared with the results of [4].

The table shows that the difference between the critical values obtained by the developed approach and in [4] is within
8%.

Problem 2. Consider an isotropic cylindrical panel ax a with a square planform of constant thickness / with rise f
under uniform external pressure g. The arc edges of the panel are free from loads (y=0, a:7, =S =0, =M, =0), and the
straight edges are rigidly hinged (x=0, a:u =v=w=M, =0) [20].
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According to the computational criterion outlined in the last example of the previous problem (¢ . €[g_, ¢, ), where
q_,q, arethe values of the loads under which the iterative process (17), (18) converges and diverges, respectively), the critical
pressure g, under which the panel snaps through is determined.

The results are presented for the following input data [20]:

a=2m, fx:O.lm, h=0.02m, E=210GPa, pn=0.3.

The calculated values are g =0.5683 N/mm?, q, =0.5684 N/mm?. Thus the unknown critical value is within the
following boundaries: 0.5683 <g . <0.5684 [N/mmz].

In [20], this problem was solved using the FEM (ANSYS application) and it was found that g ,. =0.576 N/mm?.

Thus, the difference between the critical pressure values obtained using the FEM and the proposed approach does not
exceed 1.5%.

The above examples improve the reliability of the approach for the class of nonlinear problems of the theory of shallow
shells.

4. Nonlinear Deformation of Shells. Let us analyze the dependence of the nonlinear strain of the shallow shell (panels)
described above on the following factors:

— Gaussian curvature of different signs over a wide range of changes in its values;

— combinations of clamped and free edges of the panel;

— discrete inclusions with different locations.

Consider an isotropic (£, p) panel of constant thickness 4 with square planform (ax @) and curvatures £,k ¥ along the

coordinate axes Ox and 0y under a uniform external load of intensity g, (x, ) = ¢, . As before, we will describe the deflection of
the panel, its curvature, load intensity, and axis coordinates using the following dimensionless parameters: ¢=w,__ /h;

ki =k.a®/h k; =k a* Ik K" :k;‘k;; g =(qea*)/ (En* X =x/a5=yla.

In the first part, we analyze the effect of the load ¢~ on the static stiffness of the panel in the vicinity of its largest
deflection ss=(dg~ / dg)/ ss(0)and on the traditional load—deflection relationship ¢ =c(¢” ) (ss(0) s the stiffness of the shell
without load). Figure 1 shows these data for ss= ss(q* ) (left column) and for g = g(q* ) (right column) for constant curvature

k; =20and different values of curvature k; €[20,—30], so that the Gaussian curvature covers a wide range of positive, negative,

and zero values K~ [400, —600] (Fig. 1 shows the dependences for K Y =400,K" =0,K" = —600).
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In the considered range of curvatures K * €[400, —600], the dependences ss :ss(q* )and ¢ :g(q* ) have obvious
qualitative differences of which three types are characteristic:
(a) panels of positive Gaussian curvature k v =20, K =400 g =275 (Fig. 1a): during nonlinear deformation

(notation N in the figure), ss=ss(¢ ) monotonically decreases to zero under critical load g . =275and so does ¢=¢g(¢q ), and

the snap-through buckling of the panel can be expected;
(b) panels of zero curvature k; =0,K" =0 (Fig. 1b); it is hard to predict their behavior with increasing load and their

static stiffness in the nonlinear case is represented by a nonmonotonic function ss = ss(q* ) with minimum point q* =150 at
which the behavior of this curve changes; the curve ¢ =¢(g * )has an inflection at this point;

(c) panels of negative Gaussian curvature k; =-30, K" =—-600 (Fig. lc): their static stiffness ss:ss(q* )is a

monotonically increasing function for all subcritical load values from the considered range; the curve ¢ =¢(g * )is located below

its linear case (L) and such shells are not prone to snap-through buckling with increasing load.

It is quite natural that for all types of curvatures the static stiffness does not change in the linear case (L).

Thus, the analysis for the simple example of a square panel clamped along the edge illustrates the ambiguous effect of
the Gaussian curvature of shells on their stability.

In the second part, we consider various boundary conditions for flexible shells undergoing nonlinear deformation.

Note that the analysis of the stability of shallow panels was and is usually restricted to combinations of hinged and
clamped edges [6, 9, 25]. When constructing various buildings such as industrial facilities, railway stations, hangars, etc.,
individual sections of shallow roof or floor panels must be free from any restrictions according to architectural requirements
(corner ledges, rectangular ledges with one free edge, canopies, etc.). This necessitates studying all aspects of stationary
deformation (SSS, vibrations, stability) for a combination of different boundary conditions, including a free edge. There are few
works on the stability of shallow shells (for example, [20]).

Since further studies are related to the analysis of the stability of a shallow panel with clamped and free edges.

Consider a spherical panel with curvatures k: = k; =20depending on the parameter & = [f'/ Il (ratio of the length of the

unloaded section of the boundary (If) to the length of the entire boundary (//)). The following four cases of boundary conditions
are considered:

n=1§=0(all edges of the panel are clamped);

n=2&=1/4 (one edge is free, the others are clamped);

n=3:§=1/2(two adjacent edges are free, the other two are clamped);

n=4:§=3/4 (three edges are free, one is clamped (console)).

In the cases n =1+ 4, the free edge certainly affects the behavior of static stiffness ss = ss(g : )and the load—deflection

relationship ¢ =¢(g * ), but there are no qualitatively new cases compared with those in Fig. 1. By their nature, the relationships

forn=1land n=2(£=0, E=1/4) correspond to those in Fig. 1a, that is, the panel can snap with increasing load. The other two
cases n = 3and n =4, where the free edge is larger (§ =1/ 2, £ =3/ 4), are characterized by an increase in static stiffness, and these
panels are not expected to snap with increasing pressure (similar cases are presented in Fig. 1¢).

In the third part, the two previous problems are somewhat complicated. The complication is, in particular, due to the fact
that broad aspects of the application of shallow shells assumed the use of reinforcing ribs, pads, elastic (rigid) supports, etc.
These features introduce structural inhomogeneity into the model, which greatly complicates the determination of the critical
load and the assessment of the bearing capacity of the object. Thus, there is a need for rational selection of discrete inclusions:
arrangement, stiffness, localization on the panel, etc. This mainly applies to panels with a part of the edge free from load. Such
shells are used as an example to analyze the critical normal pressure depending on the arrangement of discrete inclusions.

A discrete inclusion is described using the Winkler foundation model with Winkler coefficient

C()a (x’y)EQ()a

K, (x’y):{o, (x,»)2Q),
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where ¢, is the stiffness of the inclusion; Q, = {x, y:[x—x( <7, |y =y, [< ry} is a rectangular domain with area 27, x 2r
centered at the point O with coordinates x =x,,, y = y,. The localization of the inclusion in the domain Q is described by the
dimensionless parameter n =Q , /Q; its relative stiffness ¢ =c, / (9.8 10° ), the location of the inclusion is determined by the

position of its center " (x; , yg )()cf)k =xy/a, y; =yy/a)

For a square spherical panel with curvatures k: = k; =20and one free edge X =1(§=1/4) and three clamped edges
(X=0,y=0, y=1), we study the effect of the position of a discrete inclusion on the stability of the panel in the form of the
function q:’, = q:r (0* ).

We consider the case where the support inclusion is placed in the cross-section y, =a/2 ( yg =0.5) (the panel is
symmetric about the coordinate y), and its position is determined by the coordinate xg € (0, 0.95] only. The dependence of the
critical external pressure q:r = q:r (x; )is presented in Fig. 2 forn =0.01. This curve, contrary to expectations, is nonmonotonic
with the highest critical load when the support is in the vicinity of the point x; ~(.7. For the range x; € (0,0.4], the inclusion has
a weak effect on the critical value q:r: here the clamping of the edges X =0, y =0, y = 1plays a decisive role, which practically

negates the effect of the support. In terms of panel stability, the position of the support in the immediate vicinity of the boundary
of the domain x; =~ (.95 turned out not to be optimal. When the support is in this position, the critical pressure q:', is less by 25%

than its maximum value at xS ~0.7.

Figure 3 demonstrates the effect of the position of the discrete inclusion on the pattern of deflections of the panel
midsurface. The figure shows the distribution of displacements ¢ =¢(X) over the central cross-section y = 0.5 for different
locations of the inclusion xg ~(0,0.4,0.7,0.95 under load ¢ * close to the critical one: q * =120 (x; =0, xg =0.4);q * =330 (x:; =

0.7); ¢ =254 (x; =0.95) (Fig. 3a).
Figure 3b shows the distribution of displacements ¢ = ¢(v) over the cross-section X =0.5 for the same locations of the

. . * S
inclusion x, under the same loads g .

This study of the nonlinear deformation of shallow panels demonstrated the dependence of their stability on the values
and signs of Gaussian curvatures, various combinations of clamped and load-free sections of the boundary, and the location of
discrete inclusions.

Conclusions. We have proposed a numerical analytical approach to the study of the nonlinear deformation of shallow
shells under subcritical loads, based on a rational combination of the generalized method of finite integral transforms and the
Newton—Kantorovich—Raphson linearization method.

We have considered some examples of practical substantiation of the developed approach that improve the reliability of
the results obtained in the class of nonlinear problems of the theory of shallow shells.
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We have analyzed the static stiffness and the load—deflection relationship of discretely inhomogeneous flexible shallow

shells over a wide range of change in their Gaussian curvature under various boundary conditions, including the presence of a

free edge.

For a clamped shell, three ranges of Gaussian curvature values for which the panel under an external load: (a) can

undergo snap-through buckling; (b) displays ambiguous behavior with increasing load; (c) is not prone to buckling.

The effect of the location of a solid inclusion on the stability of the panel with three clamped sections of the edge and one

free section has been studied. It has been shown that the dependence of the critical external pressure on the location of inclusions

is usually a nonmonotonic function. This makes it possible to determine their optimal location in terms of panel stability and

bearing capacity.
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