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Abstract

The present study involves analysis and design optimisation of lattice composite
structures using symbolic computation. The concept of a homogenised model is used
to represent heterogeneous composite isogrid structure as a homogeneous structure
with the stiffness equivalent to the original grid structure. A new homogenisation
technique is developed and used in the present study.

The configuration of a unit cell and the geometrical parameters of the ribs of a
composite isogrid cylinder are optimised subject to a strength criterion in order to
maximise externally applied loading to provide maximum strength and stiffness of the
structure as a whole. The effects of tension and torsion on the optimum design are
investigated.

Special purpose computation routines are developed using the symbolic computation
package Mathematica for the calculation of equivalent stiffness of a structure, failure
analysis and calculation of optimum design parameters. The equivalent stiffness
homogenisation approach, in conjunction with optimum search routines, is used to
determine the optimal values of the design variables. The numerical approach
employed in the present study was necessitated by the computational inefficiency and
conventional difficulties of linking the optimiser and the FEM analysis package for
calculating the stress resultants used in the optimisation process. These drawbacks
were successfully overcome by developing special purpose symbolic computation
routines to compute stress resultants directly in the program using a new
homogenisation approach for the model with equivalent stiffness.

In the design optimisation of cylindrical isogrids the computational efficiency of the
optimisation algorithm is improved and good accuracy of the results has been
achieved. The investigation on the basis of failure analysis shows that the difference
in the value of the maximum load applied to the optimal and non-optimal isogrid
structure can be quite substantial, emphasising the importance of optimisation for the
composite isogrid structures. The computational efficiency of optimisation algorithms
is critical and therefore special purpose symbolic computation routines are developed
for its improvement.

A number of optimal design problems for isogrid structures are solved for the case of

maximum applied load design.
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Nomenclature

Equivalent Stiffness Model

XYz Co-ordinate directions.

U U, U, Components of displacement in the x, y, and z directions.

u’, uﬁ, u’ Components of displacement of a midsurface.

B By Rotations of a midsurface about x and y axes.

Eres Eyys By Strain components.

&, 8, 8 Midsurface (or membrane) strains.

ke k. k, Curvatures of a shell.

N NN, Shell resultant forces.

M, M, M, Shell resultant moments.

0., 0, Shell transverse shear forces.

N.,O,S Axial, transverse shear (in the normal direction and
tangential to a median surface) forces in the ribs.

M ,G' H Bending, transverse shear (in the plane normal and

O > 0-»,, axyy Oe» O'yx

4
B,

D,

4,

i
N;,M]

Ch'

K,, K,

Ty By By

tangential to a median surface) and torsion moments in the
ribs.

Stress components.

Extensional stiffness components.

Extensional-bending coupling stiffness components.
Bending stiffness components.

Transverse shear stiffness.

Transverse shear strains on a midsurface.

Resultant thermal forces and moments.

Non-reduced stiffness of a material.
Shear correction coefficients.

Coefficients of thermal expansion.
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Change in temperature from the stress-free state.

Shell resultant thermal coefficients.

Mass per unit area.

Density of the material.

Rotary inertia per unit area.

In-plane stress resultant vector, bending moment resultant
vector and out-of-plane shear resultant vector.

In-plane strain vector and curvature vector.

Extension, coupling, flexural and transverse shear stiffness
matrices.

Longitudinal and shear module.

Spacing for each set of ribs.

Torsion constant, area and second moment of inertia of the
ribs.

Shear correction factor.

Poison’s ratio and shear modulus.
Stiffness matrix members.

Tensile and compressive strength of a composite in the first
material direction.

Tensile and compressive strength of a composite in the
second material direction.

Shear strength of a composite.

Developed Homogenised Model

a f
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X, ¥, Z

Curvilinear orthogonal co-ordinates of the points on a
median surface.

Outer normal to the surface of a shell.

Components of deformation of the median surface.

Projections of the vector of load intensity to the directions
of the unit co-ordinate vectors and the outer normal to a
median surface of a shell.
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Intensities of the distributed moments.

Coefficients of the first quadratic form for a median
surface.

Curvatures of the normal sections of a median surface
along the co-ordinate lines.

Torsion of the co-ordinate lines.

Components of tangential and bending deformation of a
median surface of a shell.

Number of the families ribs.

Area, main central moments of inertia and torsion moment
of inertia of the rib’s cross-section.

Young’s and shear moduli of the ribs.

Distance between the axes of the ribs that belong to the i-
th family.

Notation in the case when a, =a, .

Parameters which show the relationship between the
corresponding stiffness characteristics of the ribs and the
distance between their axes.

Notation in the case when K, =K, .

Additional bending moments acting in the plane tangential
to a median surface.

Angle between the axes @ and an axes of the first family
of ribs.

Notation in the case when ¢, = ¢,.

Function of rigidity of an elastic constraint.

Angles of rotation about the normal to a median surface of
the axes of two adjacent members of two different
families of ribs.

Operator that denotes differentiation towards the tangent
to the axis of a rib, which belongs to the i-th family.

Linear differential operators.

Radius of inertia of the rib's cross-section for the case of
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in-plane bending of a grid plate.

Angles of rotation of the normal to a median surface of a
plate in the planes x=const, y=const.

Non-dimensional section radius of inertia of a rib, which
belongs to the i-th family.

Load components.

Surface loading components.

Resolving function.

Main radii of curvature of the surface of a shell.
Equation of the median surface of a shell.

Angle between the normal to a median surface of a
cylindrical shell and it axis of revolution.

Radius of a median surface of a cylindrical shell.
Distributed surface load.

Components of the vector of unknown functions.
Vector of loading conditions.

Components of the square matrix of the stiffness

properties and geometric characteristics of a shell.
Rectangular matrices of boundary conditions.

Rigid body displacement of a shell in the direction of an

outer normal to the median surface.

Optimum Search Algorithm

Vector of design variables.

Initial vector of design variables.

Search vector.

Value that yields the optimal design in the direction
defined by S .

Set of constraints.



Objective function.

Active constraint.s.

Iteration number.

Scalar move parameter.

Low and upper side constraints.
Lagrange multipliers.

Positive definite identity matrix.

Pseudo-objective function.

Maximum Applied Load Design

ql‘ﬂ L4 qlor

Maximum applied load.

Tension and torsion components of a load.

Width and height of a rectangular cross-section of a rib.
Load scaling factor.

Critical load.

Normal and shear stresses components.

Axial force in the rib in the /-th direction.
Cross-sectional area.

Shear forces.
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Main Project Objectives

The objective of the project is to develop an efficient and inexpensive technique for
design and analysis of composite lattice structures. The technique must be capable of
predicting the optimum lattice parameters and cell configuration for the particular

type of load/constraint combination.
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1 Introduction

1.1 Overview

In this chapter different types of grid structures used in a wide variety of applications,
primarily in the aerospace and civil engineering fields, are being surveyed. A variety
techniques of manufacturing of grid structures is also briefly covered. The chapter
concludes with a review of the methods and techniques used in the analysis of lattice

structures.

Structures for different engineering applications must satisfy a variety of functional
parameters and properties depending on their usage. Composite isogrid structures
(Figure 1.1) provide a great potential to replace conventional metal structures by
offering a higher strength to weight ratio, flexibility in design, custom tailoring of

desired properties and the ability to sustain different environments.

e

Figure 1.1 Isogrid structure
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Figure 1.2 Isogrid tanks

Shells supported by a grid lattice of the stiffeners have been considered as a possible
replacement to monocoque, skin-stringer, and honeycomb sandwich structures [52],
[88]. The concept of isogrid represents the lattice of interconnected ribs made from
continuous very strong, stiff and tough fibres. The ribs that comprise the structure are

arranged in three families in a way that creates a repetitive pattern of a triangular cells

(Figure 1.3).

Figure 1.3 Isogrid cylindrical structure

A unidirectional arrangement of the ribs possesses good impact damage tolerance,
resistance to delamination and crack propagation across the grid. The first generation
of isogrid structures were metal isogrids, which were essentially the integral
equilateral triangular stiffening ribs machined onto a metallic skin surface.
Manufacturing of such metal isogrids was very laborious task and subsequently
required up to two years of lead time. Besides it was an expensive procedure and

obtained components came out excessively heavy. Significant reduction of weight and
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subsequently manufacturing costs was achieved by replacing the aluminium shrouds

structure with those made of composite materials.

Composite materials gained their popularity and became widely used in various areas
such as aerospace industry, civil engineering, sporting goods, etc. relatively recently.
This is due to a number of advantages these materials possess. A composite is a
material having two or more distinct constituents which are usually referred as fibre
reinforcement and matrix. Unlike conventional isotropic materials, fibre-matrix
composites exhibit very high specific strength and stiffness in the direction of fibre
reinforcement. With incorporation of this phenomenon arises a great opportunity to
create a material with the custom tailored properties by combining several composite
layers with certain mutual orientations to provide strength and stiffness in many
directions. Incorporation of composite materials provides structures with a lighter

weight, dimensional stability, increased stiffness, minimum outgassing and low cost.

However, composite structures, which are traditionally made from multidimensional
laminates, suffer from a major deficiency: they are predisposed to microcracking and
delimitation due to material mismatch between the layers which limits their
performance. In contrast to the laminates, grid structures posses multidirectional
stiffness by running the ribs in several directions, which can avoid material mismatch
associated with laminates. The lack of material mismatch provides composite grid
structures with much better resistance to delamination, crack propagation and superior
impact damage tolerance (the latter is usually occurs at the interface between different

material layers in laminates).

The ribs comprising a grid structure are usually loaded in their axial direction so that
in a composite grid structure fibres are usually oriented along the rib’s axial direction
to provide their maximum axial strength and stiffness. As long as the composite ribs
are orthotropic their transverse stiffness is much less than the axial. In order to
compensate for the loss of transverse (bending) stiffness the ribs are usually of a high
~aspect ratio in that direction (from 3 to 5). Inplane stiffness of grid structures can also
be altered subject to the number of families of ribs incorporated and their mutual
orientation which will subsequently define a repetitive cell pattern. There are several

cell patterns conventionally used in grid structures (Figure 1.4).

20



b c
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b - Orthogrid
¢ - Isogrid

Figure 1.4 Cell configurations

The use of one or other pattern usually depends on the way the structure is loaded.

The behaviour of different types of grid structures has been analysed by S.
Huybrechts [36]. This analysis shows that:

Grid structures with diagonal ribs (Figure 1.4) have much higher strength when the
applied in-plane biaxial load has the same sign (either tension or compression) than
when loads of both signs presented.

Adding extra circumferential family of ribs to the tri-directional structure (isogrid)
reduces the first failure strength of a grid structure. Failure in this case is a material
failure.

The major contribution to the grid structure’s shear strength comes from the
diagonal families of ribs. The steeper diagonal ribs go - the higher shear strength
the structure obtains.

Based on these conclusions and series of test performed the general comparison of

three major types of grid structures can be made:

1.

Anglegrid (Figure 1.4 (a)) exhibits high shear strength, but low axial strength
because of the lack of axial ribs.

. Orthogrid (Figure 1.4 (b)) in contrast to the anglegrid shows much higher axial

strength, but tremendous decrease in the shear strength. With the angle ribs

removed the interaction between the orthogonal ribs becomes much smaller. This
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explains the reduced shear strength of the structure due to the absence of coupling
between orthogonal families of ribs.

3. Isogrid (Figure 1.4 (c)) exhibits high strength for both normal and shear loading.
However, despite its name, the isogrid is not isotropic and shows much higher
strength in the direction coincident with axial ribs than in the direction transverse
to it. When the aspect ratio of the rib’s cross-section increases (they become taller
and thinner) and the buckling of the ribs becomes an important factor, isogrid
structures exhibit significantly higher strength to tensile loads than to compressive
loads. Isogrids are often become weaker and tend to buckling of the axial rib when
subjected to the combined load: compressive along the axial ribs and tensile
transverse to the axial ribs. A composite isogrid significantly outperforms an
aluminium one due to the ability to run composite fibres exclusively axially along

the nibs, which tremendously increases their strength.

The technology of fabrication of stiffened composite structural members was
developed in late seventies in the US by the McDonnell Douglas Corporation [39]. In
this method a composite isogrid structure with an outer skin was produced by
moulding a stiffened member with an equilateral triangular cell arrangement of ribs
made of carbon fibre/polymer based composition to a partially cured condition. A
suitable elastomer was then injected into the open spaces of the isogrid rib stiffener to
stabilise partially cured composite for subsequent forming and curing operations. The
resulting stiffening member was heat-formed to the required contour. Cylindrical
structure for instance was manufactured by assembling four initial contours shaped as
90 degrees arch-shaped isogrid panels. The outer skin which represented a composite
laminate was manufactured separately by laying up a plurality of layers of
preimpregnated tape within a mould (cylindrical mould for a cylindrical structure).
The assembly process was performed by installing four heat formed isogrid stiffeners
into the interior of the skin to form the final shape of the structure. Isogrid stiffeners
and the skins were then co-cured to achieve their unity and the final isogrid shell
structure was obtained by removing the mould and subsequent removing elastomer

from the spaces between the isogrid rib stiffeners.

Many distinct areas of application for composite isogrid structures have emerged.

These are payload shrouds, solar array substrates and civil engineering structures.
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This structural concept also has a great potential for automation of the manufacturing
process including continuous filament winding and resin transfer moulding. Only
recently the concept of the grid made of unidirectional continuous fibres was

introduced and it is predominantly applied in the aerospace industry [71], [75], [72].

The advanced grid structures have been manufactured in several countries. In the
United States a number of companies and research institution were involved in the
development of advanced grid structures: Boeing Company, US Air Force Research |
Lab, McDonnell-Douglas, Alliant Tech Systems, Stanford University, and others. In
the early 1990s, the Air Force Phillips Laboratory was involved in an effort that
finally achieved high quality, light weight composite isogrid structures [37], [38].
These structures were manufactured using tooling made of silicon rubber and proved
to have extremely high strength-weight ratios. Advanced composite grid structures
have been manufactured also in the leading Russian Composite Centre, the Central
Research Institute of Special Machine Building (CRISMB) [106]. High-performance
lattice structures from carbon and aramid epoxy composites were manufactured using
continuous filament winding. These structural elements are used in aeroplane frames

and space launch vehicles (Figure 1.6, Figure 1.7).

Companies such as Chemgrate, Inc were able to fabricate large quantities of low cost,
low fibre content grid structures for use as non-corrosive flooring for commercial
property and factories. Significant research at Stanford University, Ohio State
University and Georgia Tech has lead to several new analysis techniques [73], [51]
and [47] that were verified using the grid structure floor grating.

Presently composite grid structures are extensively used by the aerospace industry.
The US Air Force MightySat I satellite, launched off the US space shuttle in
December, 1998, had a grid structure for its upper payload deck, fabricated using the
SnapSat™ concept developed by Composite Optics International. Delta II interstage
replacement was built using Russian manufacturing process. The Boeing Company is
developing a grid stiffened fairing for the Minotaur Launch Vehicle, expected to fly in
the year 2000.

Another advantage of grid structures that they have significantly higher damage

tolerance than their main competitor, the honeycomb sandwich. Grid structures also
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have an ability to limit spread of damage and subsequently resistant to catastrophic
failures. This phenomenon is due to limiting delamination resulting from the impact
damage to the area within the cell. Composite grid structures have also higher in-
plane (but lower out-of-plane) stiffness than the equivalent honeycomb structures
which defines the area of their application. The other advantage of the isogrid
compared to the honeycomb sandwich is resistance to water absorption which can
further lead to the degradation of the core.

Composite grid structures are also attractive because of the low cost of the
manufacturing which can be significantly automated. This feature is particularly

beneficial for grid structures of revolution.
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1.2 Manufacturing Methods for Grid Structures

The following manufacturing methods of grid structures are presently known:

Manufacturing techniques developed in the former Soviet Union [106]:

1;
2.

Wet Winding Around Pins.

Free Winding. Free forming of the ribs using the traditional filament winding
process. The tows are placed with the offset from each other on the top of the tows
of the previous layer. This process results in the ribs of poor quality, but is the
cheapest of all.

Winding into a light weight core. This technology includes: winding of the inner
skin; machining of the core sprayed on the mandrel surface; machining the
grooves in the core; winding the ribs into the grooves; winding the outer skin.
Winding into the grooves formed in an elastic coating. The coating is then pulled
out of the lattice.

Winding into the grooves formed in the metal liner. This process is used for
manufacturing tanks and pressure vessels and yields a hybrid metal-composite

structure.

Manufacturing techniques developed in United States:

1.

= B NS

9.

Wet winding in hard tooling with e-beam cure. This technology was developed at
Boeing Co.

Nodal spreading. Developed at Stanford University.

Winding into solid rubber tooling. Developed at Phillips Lab.

The hybrid tooling method. Developed at Air Force Research Laboratory [54].
Fibre placement with hybrid tooling. Developed at Boeing Co.

Fibre placement with expansion inserts. Developed at Alliant Tech Systems.

The located expansion tooling method. Developed at Air Force Research
Laboratory and Boeing Co.

Wet winding. The Brute Force approach.

The SnapSat method. Developed at Composite Optics, Inc.

10. The TRIG Method. Developed at Stanford University.
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Figure 1.5 Aluminum Isogrid.

Figure 1.6 Lattice composite spacecraft attachment fitting-adapter.
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Figure 1.8 Open isogrid structure
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1.3 Survey of Analysis Techniques

Grid stiffened structures have been studied quite extensively for the last two decades.

The following techniques are currently known to be used for their modelling and

analysis:

1.

In the US early analytical analysis for grid structures was developed by L. W.
Rahfield [73] and at the Air Force Phillips Lab. A relatively simple set of
equations was developed to predict rib buckling. Grid structures that were
fabricated had tall, thin ribs, and the buckling of the ribs was a major failure factor
for the structures at a time.

Significant analytical work was done on grid structures in the former Soviet Union
by Tarnopol'skii [91], [92]. Structural behaviour was analysed on the basis of
‘smearing’ stiffeners.

The analysis of lattice structures with a regular and dense system of ribs was
performed by the research group of the Central Research Institute of Special
Machine Building [106] on the basis of continuum models with ribs smeared over
the structure surface. Constitutive equations of the continuum model were used to
construct a structural stiffness matrix for the finite element analysis, which was
subsequently used for the investigation of structural behaviour and stress
concentration in the vicinity of structural discontinuities (doors, joints, etc.). The
constitutive equations were also used to solve the problem of local buckling
induced by local stresses. The discrete models were used to analyse grid structures
without skins due to the possible local buckling of the ribs. The finite element
method was used to overcome the complexity of high order general equations of
shell theory. The ribs of the FEM structure were modelled with beam elements
working in tension, compression, bending and torsion.

The equivalent stiffness approach was developed by H. Chen [13] for analysis of
grid stiffened structures on the basis of ‘smeared’ grid stiffeners to a solid plate of
equivalent properties.

S. Huybrechts [36] were developed failure envelope analysis and made a series of
finite element derivations for grid structures with discontinuities.

Rib buckling predictions developed at Ohio State University and the Air Force
Research Lab [53].
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7. The general homogenisation approach was used by A. Kalamkarov [42], [43], [44]
for analysis of composite and reinforced systems of irregular structure. The
modelling is based on the calculation of effective stiffness and strength and
solutions for the effective module and local stresses in composites are obtained by

means of homogenisation.

29



2 Modelling on the Basis of Equivalent Stiffness

2.1 Abstract

In this chapter the Equivalent Stiffness technique is used for modelling and analysis of
lattice structures. The approach taken to crate the Equivalent Stiffness Model (ESM)
is described in details. The advantages and disadvantages of ESM are discussed.
Verification of the analysis on the basis of the ESM and the finite element method is

also presented.

2.2 Homogenisation Approach

2.2.1 Preface

In this section the term "exact" modelling refers to the modelling based on finite element
method. The term "exact model" is used as an opposite to "homogenised (or continuous)
model". The latter has only the smeared stiffness equivalent to the real structure, but the
structural members (ribs and skins) are not "exactly” presented in the model.

Exact modelling and the subsequent analysis of composite grid structures using the
finite element method is quite laborious. Lattice structure models that use beam
elements to represent interconnected shrouds require finite element mesh to coincide
with the actual geometry of the structure to adequately describe the given cell pattern.
This will result in an excessively large model, which will subsequently require more
effort for performing calculations. Moreover, recreation of the model on each
optimisation iteration will be complicated if the geometry is to be represented exactly.
One of the solutions will be to incorporate a rather simplified model with the stiffness
equivalent to the original. The transition from the exact model to the equivalent

stiffness model is shown in Figure 2.1:
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Exact Model Equivalent Stiffness Model
Figure 2.1 Transition from exact model to equivalent stiffness model

Several attempts were made to represent the complex non-uniform structure as a
uniform homogeneous structure with the same stiffness properties as the original one.
Some of the approaches that were undertaken for the creation of the Equivalent
Stiffness Model (ESM) used specially designed "stiffened elements" [19], [57], [62],
[70], [71], [75], [72], special macroelements that have the combined stiffness of the
rib and both outer and inner skins. ESM was created for orthogrid structures by
incorporating the additional stiffness of the shell elements in the direction of the
diagonal families of ribs in [19], [57], [62]. The above mentioned methods of
“smearing” the grid were suitable for the particular applications, i.e. certain types of
loading conditions, orientation of ribs, etc. In these models assumptions were made
regarding stress distribution and in some models in-plane bending and shear of ribs
are not taken into account. The most complete transition from the exact model to the
equivalent stiffness model has been performed by H. Chen and S. Tsai [13] for an
arbitrary rib configuration that can be unsymmetrical, subjected to general loads and
multiple failure mechanisms. In this approach an integrated equivalent stiffness model
is developed to describe a grid structure with or without laminated skins. The model
includes all the important effects such as torsion, in-plane bending and shear of ribs
and has the form of a Mindlin plate. The model also gives an opportunity to perform
refined stress analysis incorporating exact FEM modelling in certain regions of ESM

where high accuracy is required or stress concentration occurs [36].
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2.3 Lamination Theory
The finite element analysis package MSC/NASTRAN, which was chosen for modelling

an isogrid structure, uses the assumptions of classical lamination theory in
formulating shell behaviour for non-uniform and composite laminate element
properties [56]. The CQUAD4, CQUADS8, CTRIA3 and CTRIA6 elements are
available the modelling composite and non-uniform materials. This approach allows
one to model plates with coupled membrane and bending elastic behaviour. This
behaviour can be simulated directly by inputting membrane, bending, membrane-
bending coupling and transverse shear constitutive relationships.

The following assumptions regarding the behaviour of the laminae are made in
classical lamination theory [14]:

e The laminae are perfectly bonded together.

e The bonds are infinitesimally thin and no lamina can slip relative to another.

e A linear variation of strain through the laminate thickness is assumed.

The displacement of a shell can be described by the displacement and rotation of its
midsurface, the straining of a shell can be described by the straining and curvature
changes of its midsurface, and the equilibrium of a shell can be described by the
equilibrium of stresses integrated through the thickness of the shell.

The figure below shows a flat rectangular shell, the edges of which are aligned with
the X and Y axes of a Cartesian co-ordinate system. The XY plane of this co-ordinate
system is halfway between the top and bottom surfaces of the shell; that is, the
midsurface of the shell is at z=0. The shell has thickness t, so that the top surface is at

z=t/2 and the bottom surface is at z=-#/2, as the following figure illustrates:

f
¢4 top surface
[ 4
' 4

C i | // “id surface

IL—.-‘-‘ -------- i T — ) bottom
T T surface
v '42

Figure 2.2 Rectangular shell element
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As mentioned above, it is assumed that the displacement of any point (x, y, z) in a
shell can be expressed in terms of the displacement and rotation of the point (x, y, 0)
on the midsurface of the shell. The deformation in the X-Y plane of the shell at any

point at a distance z in the normal direction to plate middle surface is

u (x,y,2)=ul(x,y)+2p,(x,y)
uy(x:y:z)zu;(x:y)_zﬂr(x’y)’ (21)
u,(x,,2)=u(x,),

where u_, u,, u, are the components of displacement in the x, y, and z directions,

x2» %y

respectively; u),u°, 4’ are the components of displacement of the midsurface;

x? ¥yar ¥y
B., B, are the (small) rotations of the midsurface about the x and y axes,
respectively.
Similarly, the strain components &, ¢, and &, of any point (x, y, z) can be

expressed in terms of the midsurface (or membrane) strains &7, &, &7, and curvature

xxs ©Cyys

changes k_, k,, k,, as:

x> Tyys

&, (x, ¥, z) = .5':’== (x, y) - zkn(x, y),
&,(x,y.2) = &, (x,y) + 2k, (x,y), (2.2
£5(x,,2) = &5, (x,y) + zk(x,).

For flat shells, the tensor shear strain components are:

== x > (2.3)

2.4
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The shell resultant forces (Nm Ny ny), the shell resultant moments
(Mn, M, MW), and the shell transverse shear forces (Qx, Qy) are obtained by

integrating the stress components (crn, Bys O s Oans 0‘},) through the thickness of

the shell. The shell resultant forces are given by:

N ulle.
N, = [{0, & (2.5)
Nl “(%

M.| (o
M, = [{o, ted. (2.6)
M,| *os

The shell transverse shear forces are given by:

P
ot-1{or)e

The following figure illustrates the sign conventions employed for the resultant forces

and moments, and transverse shear forces. Note that a positive moment, M_, induces
positive strain, £_,, in the top half of the shell (z > 0) and negative strain in the bottom
half of the shell (z < 0).
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Figure 2.3 Sign conventions for the stress resultants

The relationship between the shell resultants, and the midsurface strains and curvature

changes from the classical shell theory [59] are given as:
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4 see L= aes ive i AT “en O T o (28)
M, B, B, B : D, D, Dg|| k. M.::
M, B. By By D, D, Dy||k, M f;,
‘_M 2 | By By B D¢ Dy D | Zk;y kM LJ
3 A 1282
© =[A55 4’} ] (2.9)
o, Ay Ay |26,

In equation (2.8), the quantities 4, (where i, j = 1, 2, 6) are the shell extensional
stiffnesses, the quantities D, are the bending stiffnesses, the quantities B, are the
extensional-bending coupling stiffnesses, and the quantities 4,, (where k7 = 4,5) are
the transverse shear stiffnesses. The quantities £, and &), are the transverse shear
strains on the midsurface. The quantities &V, and M are the resultant thermal forces

and moments respectively.
The shell stiffness and thermal resultants introduced in equations (2.8) and (2.9) are
defined by integrating the matenial properties of the shell through the thickness of a

shell. The extensional, bending, and extensional-bending stiffnesses are given by:

4, = fo;dz i,j =12,6. (2.10)
-h
%

B, = [Q,zdz i,j=12,6. (2.11)
%

D, = TQ,..z"dz i,j=126. (2.12)

-l

where O, are the reduced stiffness of the material.

The transverse shear stiffness is given by:

4, =K.k, ]iC,,,dz k=45, (2.13)
%
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where: C,, is (non-reduced) is the stiffness of the material, and K, K are the shear

correction coefficients, which for a homogeneous shell are often taken to be

K,=K;=,/5/6 [59].
If the material of a shell is distributed symmetrically about the midsurface, then the
integral in equation (2.11) vanishes and the extensional-bending coupling stiffnesses

B, are identically equal to zero.

The resultant thermal forces and moments are given by:

N :r A Qll le Q‘IG a,
N;" =_I Q12 QZZ Q!.G a}y Asza (2.}4)
Ny | #06 O Oull2a,

M.:r J4 Qn le Qns a.
M| %O, Ox 0Qu)|22,

where @, a,,, @, are the coefficients of thermal expansion of the material, and AT

is the change in temperature from the stress-free state.

If the change in temperature is uniform through the thickness of the shell, then
equations (2.14) and (2.15) may be removed from the integral, resulting in equations
(2.16) and (2.17):

(NT] [N

{N,, ¢ ={ N, +AT, (2.16)

NL| |N,

M| (M

<M, b =4M, AT, (2.17)
o L]

M| M,

where N_, N, , N_, M_, M, M, are the shell resultant thermal coefficients,

which are given by:

N:x O Q. Ol 2
N;.v =—]S Qn On Qs (9, 4, (2.18)
Ny Qe Qx Ou)|2a,
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M; Y% On On Q|| 2a
My t=-[10; On Qxf @, (2 (2.19)
M, "4 O O Os]|20,

The mass properties for the shells are also obtained by integrating the material

property through the thickness of a shell. The mass per unit area, p,, is given by:

%
po= | Pz, (2.20)
%
where p is the density of the material.
The rotary inertia per unit area, p,, is given by:
%
p= | prdz. 2.21)

%
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2.4 Equivalent Stiffness Matrices

In the present approach the ESM is described using Mindlin theory [59]:

[V]=[4Ke}+ Bk},
[r]=[Ble}+[DNx}, (2:22)
Vl=[71y}

where [N], [M] and [V] are the in-plane stress resultant vector, the bending moment
resultant vector and the out-of-plane shear resultant vector respectively. {g} and {k}

are the in-plane strain and curvature vectors respectively. [4], [B], [D] and [H] are

the extension, coupling, flexural and transverse shear stiffness matrices of the

structure respectively and are given as:

[4]=[a}™" +[4]",
[B]=[B]"" +[B]",
[D]=[D}*" +[D}",
[#]=[}"+[H]".

Notations with indices skin and rib are the stiffness matrices corresponding separately

(2.23)

to the ribs and outer skins respectively.

2.4.1 Equivalent Stiffness of the Ribs

For the isogrid structure subjected to in-plane loading, axial forces will dominate in
the ribs. In this case the bending and shear effect of the ribs tangential to midplane can
be neglected. The total stiffness of the ribs can be obtained by summing the stiffness
of each unidirectional set of parallel ribs using the principle of superposition, so that

the stiffness matrices for the ribs can be expressed as:
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0 0
@ opp o
[DY* =|D® D o |
0 0 D;;b
o _ : i
(2] = il G
0 gy
dy, d,
D]r:b = El, i 2§§£§_m4 +2Ex‘]9 mznz,
d, d, d,
D;b — Exfgo +2E31€ m" +2EIJ9 mznz,
dy, d, d,
D;;b = D;b — 2%’"2"2 _Z‘Ex‘js mznz,
e 8
DE = 2—E"J‘9 m’n® + EJy + EJs 4 EJq (mz
d, 4d, 4d,, 2d,
m=cosé, n=sin @,

2 x 8m2n2

nZ

-n*Yf,

(2.24)

(2.25)

(2.26)

where subscripts 0, 90 and @ indicate differently oriented sets of ribs; £ and E_ are

the longitudinal and shear module respectively; d is the spacing for each set of ribs;

J’s, A’s and I are the torsion constant, area and second moment of inertia of the

ribs respectively; 7 is the shear correction factor. For the rectangular cross-section of

the ribs these values are calculated from [95]:

3 3 3
LB (16 b
12 12 16 { 3 h
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2.4.2 Stiffness of Composite Skins

Calculations for the skin’s stiffness matrices are performed as for a regular laminate

(Figure 2.4) [59] and are given by:

(4] = [[eke,
[£]* = [[Qe
(o1 = [[oke,

: C. '
H skin = 55 45 F.
BT = 2] [Cﬁ oA

(2.28)

’ - {2)
x ol Xfmt
et

AEN . -

[

Three-Ply X

Figure 2.4 Laminae arranged to form a laminate

The stiffness matrices for each layer in the laminate are calculated using the formulae

of the theory of laminates [41]:

En VzlEn 0
I-vpvy  1-v,vy
Q - VZIEH En 0 (229)
1“’12"21 1_V12V21
0 0 _—
L GIZ _

where E,,, E,, are Young’s module of the orthotropic material in the first and second

material directions; v,,, v,, are Poisson’s ratios; G,, is shear modulus. For the layers
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rotated with the respect to the global material axes of the composite laminate, the

members of the stiffness matrix Q are:

0, =0,m"* +2(0,, +20,, *m* +Q,,n",

0y, =Qyn’* +2(Q12 "‘2Q33)”2m2 +0y,m*,

0,0 = (0 +0n ~ 40, 'm” + 0, (m* +1),

0,y =(04 +0n ~20, ~20, °'m* + 0y, (m* +1*)
0, =(0, -0, -20,, )”'"3 +(0, — 0, +20,, J°m,
Oy = (Qu -0, —20; )”3m+(Qu =0y +20;, )"ma-

Stiffness matrices for the skins were calculated using PROMAL software for

(2.30)

composites [55].
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2.5 \Verification of the Model

For the verification of the model presented, comparative analysis has been undertaken
for ESM and the exact model using two different FEM packages. The structure under
consideration is a circular cylinder (Figure 2.5) which is fixed on at one end and
loaded at the other with a distributed load of 10° N/m. The core of the cylinder is a
grid with equilateral triangular cell (Figure 2.5) representing a repetitive structural
unit of the isogrid. The outer skin that covers the grid core of the structure (Figure
2.6) is a symmetrical laminate (0/90);. General dimensions of the structure are

presented on the Figure 2.5 and numerical values are given in the Table 2.1:

H D o i b

7.56 m 544 m 60° 0.02m 0.00667 m

Table 2.1 Dimensions of the structure

k|lLl
.
LS

E

Figure 2.5 Considered structure and cell pattern
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Figure 2.6 A unit cell

2.5.1 Equivalent Stiffness Model

The equivalent stiffness model (Figure 2.7) has been developed on the basis of
homogenised stiffness matrices (2.23). A computer routine for the calculation of
equivalent homogenised properties from given original grid properties (Appendix 1)
has been written using the symbolic computation package Mathematica [117]. These
properties were subsequently used as input parameters for the ESM FEM model. The
FEM code used for the creation of ESM was Pro/Mechanica [21]. This particular
FEM package was chosen because it allows input of the element’s non-homogeneous
material properties by means of inputting extension, coupling, flexural and transverse

shear stiffness matrices. Rectangular shell p-elements were used.

Figure 2.7 Equivalent stiffness model
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2.5.2 Exact FEM Model

The exact FEM model (Figure 2.8) was created using the FEM package

MSC/NASTRAN.

AVAYAYAVAVAVAVAVAVAVAYAVAY
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\J
4.7‘ ATAY LY AV AN AN AN VA
o,

S95

2 T T T T

Figure 2.8 Exact FEM model

First, the unit cell of the structure (Figure 2.9) was developed. The unit cell of the

considered structure can be modelled in a way that is usually used for modelling

stiffened plates (Figure 2.10). A number of approaches were used previously [19],

[62], ‘[70]. One of them is to use plate elements to model the stiffener. The resulting
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model turns out to be excessively stiff and does not transfer loads properly. The
stiffener portion of the component resists a load by bending action, which requires a
cubic displacement function to model, while the plate elements in membrane action
are capable of representing only a linear displacement. Therefore, using a single plate
as a stiffener almost always results in a model that is too stiff for most applications.
Normally the most preferred approach for the modelling of similar structures is the
one where offset beam elements (Figure 2.11) are used to model the stiffener. This is

the recommended method for modelling a stiffened plate.

3

Figure 2.9 A unit cell

Al

Figure 2.10 Stiffened plate
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Figure 2.11 3D Offset BEAM element

In the exact FEM analysis, the rib to skin ratio was taken as 3.5 as is recommended in
the “Isogrid Design Hand Book” [39]. This ratio was kept constant through the
analysis whereas the aspect ratio of the rib’s cross-section varied. The extra
dimensions of the unit cell and its components that have not been listed above are:
Ribs: b=0.007 m; h=0.02 m; dgg=0.262 m; dg=0.302 m;
Skin thickness: hg=5.714e-3 m; Lay-up: (0/90);
Angle of isogrid rib’s orientation: 6=60°.

=7.56 m; D=5.44 m; ¢=60°, a=0.302 m; h=0.02 m; b=0.00666667 m;

The skin section of the isogrid was taken as a (0/90), laminate with four identical
layers. Carbon/Epoxy composite was used as the material for the isogrid structure.
The material properties used for the structure are taken from [12] and given in Table
2.2. Triangular laminate composite shell finite elements that take into account

transverse shear stress were used in the model.
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Material T300/5208
Stiffness Pareameters
E;, Pa E,, Pa V12 Gy, Pa
1.81 10" 1.03 10" 0.28 717 10°
Strength Pareameters, MPa
Tensile Compressive Shear
X Y, X, Y, S
1500 57 1340 212 68

Table 2.2 Material properties of the ribs

At the second stage of the model development the unit cell was revolved around and
translated along the global axis of the cylinder to represent the complete cylindrical
structure. The final model had 23000 elements.

2.5.3 Comparison of the Results

In order to verify the results, normal and shear components of the strains obtained
from linear static analysis of the ESM must be recalculated back to strain components

acting in the ribs and skin using the following formulae:

g = g2 + k2, e =€) +k,z yor =yL vk 2. (2.31)
There superscript skin denotes strains acting in the skin; &), &), y, are normal and

shear midsurface strains; and &, , &

0 .
, » ¥, are curvature changes of the midsurface

of the homogenised shell.
For the ribs, axial strains are calculated as:

rib

eP =gm’ +&n’ +y . mn,

(2.32)

m = cosf, n=sinf.

Strains in the vertical and diagonal families of the ribs and also skin are plotted versus
the vertical co-ordinate z (Figure 2.12 - Figure 2.29)
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Figure 2.12 Beam axial stress for the diagonal families of ribs
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Figure 2.13 Beam axial stress for the vertical families of ribs
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Figure 2.15 Normal X stress for the ply 1
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Figure 2.19 Strain X in ESM
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Figure 2.21 Von Mises strain (exact model)
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54




0.003

0.0025

0.002

0.0015 F

0.001

0.0005 |

-0.0005

-0.001

0.0002

-0.0002

-0.0004

-0.0006

-0.0008

-0.001

-0.0012

-0.0014

o Exact FEM Model
Strain X

Height of the cylindrical structure, m

Figure 2.25 Strain Y in the composite skin (top)
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The results presented in Figure 2.22 - Figure 2.26 and Figure 2.29 show good
correlation. The discrepancy does not exceed 10% for most of the elements of the
model except for those elements subjected to the local effects. Considerable
differences in the results can be seen in the vicinity of the constrained contour and the
loaded edge of the cylinder. This inconsistency can be overcome by taking into
account boundary effects: by combining exact beam and shell elements with
equivalent stiffness shell elements in the regions where there are boundary effects.
However, this is not considered in this thesis since it was not set as a goal of this
research. In the following comparison of the obtained results, the primary focus is
made on middle section of the structure which is not subjected to the edge effects.

Error estimation is given in Table 2.1 and Table 2.2 for the elements in the middle
section of the structure in order to minimise the influence of the boundary effects on
the results.

The results of this part of the research were summarised in [81].
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FEM M

Avial srain | Displacement, m |~ Avial train | Displacement m | Difference, %

By / By / By /
Vertical family of ribs LSSIT84E-3 | TSSMES | ISGO3I43E3 | 691125E3 | 0SS 849
Diagonal family of ribs 3510564E4 | TSAIZE3 | 03512564E4 | 6.92331E 99 831

Table 2.1 Comparison of strains and displacements of the ribs
FEM ESM
Strain component Strain component Difference, %
By By Yy By gy Yy B By Ty
|SSIT84E-3 |-1330556E-4| 0 [LS6O3143E-3 | -0.001204E4 | 0 0.57 16 0

Table 2.2 Comparison of strains components for the skin elements
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2.5.4 Conclusions

The verification of the ESM has been undertaken by comparing it with the exact FEM
model. The general verification of the homogenisation concept has been made and the
estimation of the accuracy of the results has been performed. The comparison of the
strains (both normal and shear) and displacements of the elements in two models
shows that the difference in the results obtained from the analysis of the exact and
equivalent stiffness models does not exceed 10%. The inconsistency in the stress
resultants is localised in the boundary areas where the load and constraints are
applied. At this stage the developed homogenised model fails to predict stress
resultants with the reasonable accuracy in the vicinity of the areas where boundary
effect is taking place. However, the homogenisation approach presented shows the
possibility of replacing complex and extensive stress analysis on the basis of an exact
FEM model by analysis based on an equivalent stiffness model of reasonable

accuracy.
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3 Proposed Homogenisation Approach

3.1 Introduction

Composite isogrid structures can offer a wide variety of properties for different
sequences of geometric parameters (rib’s cross-section, skin thickness, configuration
of a unit cell) and skin lay-ups. All these advantages in the design can only be utilised
by incorporating the optimisation methods.

During the optimisation process the design responses of a structure are usually
calculated from the stress resultants in structural members. Calculation of the stress
resultants themselves in the isogrid using the finite element method can be simplified
by means of incorporating a homogenised model to replace the exact model [13], [36].
The finite element method (FEM) has proven to work reasonably well for calculating
structural responses and characteristics [16]. Usually the geometry of the FEM models
of lattice structures is highly dependent on rib stiffener spacing and angle, making
these models very difficult to modify to accommodate small changes in rib pattern.
This disadvantage limits the usefulness of the application of the FEM method for
design/optimisation purposes.

Transition from the exact model to a ESM was shown in detail in the previous
chapter. The optimisation requires a great number of finite element analyses to be
performed for the constantly iteratively changing optimisation variables (usually the
geometric characteristics of the unit cell). The complexity arises when equivalent

stiffness matrices [4], [B], [D] and [H] have to be recalculated each time to update

the stiffness characteristics of the finite element model. Calculation of equivalent
stiffness matrices (2.23) for the isogrid is not a part of the FEM code so they should
be calculated manually and subsequently the FEM model must be manually updated.
Considering the amount of optimisation iterations required for obtaining the final
optimum design with the reasonable convergence tolerance [10] this task will
obviously be extremely intensive. The number and type of design variables that can
be possibly assigned in commercially available FEM packages [21], [5], [17] is
limited. That is why the optimisation of the isogrid structures must be performed
using an optimisation routine that is not based on the FEM calculation of the design

responses.
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The above-mentioned inefficiency of the FEM method for the purpose of
design/optimisation (though quite accurate for static structural analysis), makes it
impossible to adopt for the solution of the design/optimisation problem stipulated for
this research work. The further study will be focused on developing different
homogenisation representations of equivalent stiffness of a lattice structure, which is
not based on FEM, but rather on static equations and equations of motion, geometric

equations and constitutive equations of a shells.
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3.2 Basic Approach

The proposed approach deals with the elastic shell as a continuous system, i.e.
external loads and the stress-strain states are described by the functions. This
approach allows the effective implementation of the methods of solid mechanics [14]
in the analysis of an isogrid shell.
Most of the grid shells represent complex spatial frames comprising elastic members.
The axes of the structural members (the ribs) are assumed to form families of curves
on the median surface of a shell. These families are further referred to as “families of
ribs”. There are three families for the isogrid structure and two for both the orthogrid
and the anglegrid structures (Figure 1.4). The median surface of a continuous model is
assumed to be coincident with the one of the exact model. Axes of the ribs that belong
to any particular family do not intersect. The high accuracy of the calculations on the
basis of the proposed homogenisation technique can be achieved for the parts of the
model that are not situated in the immediate vicinity of the constraints or the applied
load. For these regions the boundary effects must be taken into account or analysis
should be performed on the basis of the exact model.
In the approach developed, three groups of equations are used:
1. Static equations and equations of motion written in terms of forces and moments
[97]
2. Geometric equations that link the displacements to the deformations [6]

3. Constitutive equations of the shell [6].
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3.3 Basic Equations of the Theory of Anisotropic Shells

Consider a median surface of a shell in the curvilinear co-ordinate system «, £ The
projections of the displacement vector of the point on the median surface of a shell to
the directions of the unit co-ordinate vectors @, £ and the outer normal to the

considered surface (Figure 3.1) are denoted as u, v, w.

Figure 3.1 Median surface of a shell in curvilinear co-ordinates
&, &, @, X, ¥, and 7 are the components of the deformation of the median

surface of the shell (Figure 3.1).

3.3.1 Static Equations
Positive directions of the distributed forces and moments are shown on the Figure 3.2.
Positive directions correspond to the moments causing clockwise rotation when

viewed from the positive side of the corresponding vector.
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Figure 3.2 Direction of the forces and ‘moments acting in the shell

Forces and moments S,, O,, M,, H, (j=1,2) must satisfy the following six

equations [6]:

= jf; ‘aﬂ 2‘2 0k +0k; + X')=0

&ég +$&S‘+S o N‘?ﬂ"'AB(szz*Q'k'”r):
%9+%‘43(le5 + N + Sk, + S5k, = Z°) =0, 3.1)
B g W G B )

ag; ?‘+H Z MI%—AB( 2~ ;’)z ’

S, =S, + Hk, + Hyk; + kjp,(M, — M,)=0.
In (3.1) the superscript * shows that this term corresponds to the median surface in
deformed state: X', ¥', Z' are projections of the vector of load intensity in the

directions of the unit co-ordinate vectors and outer normal to the median surface;

and m; are the intensities of distributed moments. 4 and B are coefficients of the first
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quadratic form for the median surface; k;, k> are curvatures of the normal sections of
the median surface along co-ordinate lines; &;; is the torsion of the co-ordinate lines:

1 X 1

k. =— k. = k. =—

R s %
k; =k + 7, kz. =k, + 1, .=k, +7, (3.2)
A" =(1+¢g)A4, B'=(1+¢,)B.

3.3.2 Geometric Equations

Tangential (&,, &,, @) and bending (7,, %,, 7) components of strain tensor for

median surface of a shell must satisfy the following three equations of continuity [6]:

a 1{«352 g:‘?i_l(a“"w,ﬁ)}

G| e 'da 2\ B B

G252 ks
%‘%‘Z’%_’%+(’"”‘{“’%_‘4‘%}' (3.3)
+ (e, +7 2waﬂ+3%] +(k, +z,{‘$“’-2(s, 2)——Aa;;}
Zh% z,%—r—%+(k +2, m%—s";}r

(ku+1‘(2(o +Ba(aﬂ£2)] +(k +x,{ -2, - 1)‘3 i;} 0

3.3.2.1 Small Deformations
In the case of small deformations it is assumed that angles of rotation are small
compared to a unit. Components of the strain tensor (¢,, &,, @, z,, ¥, and 7) can

be found from the components of the displacement vector », v and w using the
following transformations [58].

£ =e,, £, =€y, W =€, +ey,;

0 =ke —k,&, —%%——%%,

1. =ke —k,8,~ ; Z; — ;}; ?; } 64
T=k,& — k&, ; CZ; + ;E; g;,



In (3.4) the following notations are used:

lar v A 1 u B
1 » ", 2 = kyw,
Ada AB P BB 4B o
1 & u A late v B
;2:ZE+EE+ICHW, ensz'?'ABaa"'kuw, (35)
1 v 1 aw

There are several methods which can be used to determine the bending components of
the strain tensor [26], [115]. This is due to the fact that the right hand sides of the
expressions for these components have additional terms containing product of the

tangential component of a strain tensor and a curvature of the median surface of a
shell.

If summand k,@/2 is added to the right hand side of the formulae (3.4) in the
expressions for z, and 7,, and also the term 2k.e,, + k,,(&, — &,) in the expressions

for r we have:

lah v A w l1& u B
£ = 4 +—, = ——t———t—,
Ada AB&B R B & b
=£ﬁ( )+££[1)__
Ba\4) A&\B) R,

10"( l1dv u v] ldi( 1dv v u]
= +—- + +———+
Aox\ Aéa R R,) AB@\ BB R, R,

1

" 24BR, (%(A")_%(Bv)]’

=lé’[_la’lv+L_u] la'B( 1 & i_LJ
"B\ BP R R,

"ABaz\ dax R R,
1 (o 3
" 24BR, [E(Bv) : E;F(A")J’
15 1av v u). 1 A
[Béﬁ R, &J+ \

+__[l_€‘“__ v B _ "’) 1 (1 u B “’) (3.6)
R\B3g 4Ba R,

In this case k,, =—-1/R,
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The angle of in-plane rotation of a midplane surface about the normal to the median

surface according to [60] is:

—26 +(e,, +e,, )cos2¢p + (e,, +e,, )sin 29

t — 37
¥ 2(1+e,, cos® p+ey,sin @)+ (e, +ey, )sin 29 G.7)
where
- | (4u)- e (Bv)|. (3.8)
24B| 3p da

3.3.3 Constitutive Equations for Anisotropic Shells

If the material of a shell has a plane of elastic symmetry that is parallel to the tangent

surface of the median surface, the constitutive equations take the following form [6]:

N, =C, &, +C,¢, + Cy0,

N, =C, & +Cyhe, +C,cm,

S =Cie¢, +Cye, + Cyem,
H=D,¢e, +D,e, + Dy,

M, = _(Dn.-?ﬁ +Dy, 2, +D167)s
Mz = _(Dlzz‘l +Dzz;(2 +D267)-

(3.9)

In the case of an orthotropic material with main axes of elastic symmetry coincident
with the direction of the co-ordinate lines, equation (3.9) simplifies, and the following

terms vanish:

Ces=C,=Ds=D,=0. (3.10)

For the case of an isotropic material, equation (3.9) simplifies even further by
satisfying conditions (3.11) as well as conditions (3.10).

C. =Cy, =C,/v=2C,/(1- v) = Eh/(1- *),

3.11
Dy, =Dy, =D, [v=Dy/[(1-v)=En’ 12(1—v’), i

where E and v are Young's modulus and Poisson's ratio, respectively for the material
of the shell.
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3.4 Constitutive Equations of the Grid Shell Theory.

In this section constitutive equations are developed, which represent forces and
moments acting in a homogenised model of a lattice shell as functions of the strain
components of the median surface of the lattice shell. These constitutive equations
will allow for the first stage of analysis: homogenisation of the actual grid structure
and calculation of stress resultants in the homogenised model.

In the next section the second stage of lattice structure analysis will be shown: the
reverse calculation of stress components in the ribs of the actual grid from the
"homogenised" stress components. In a general form, the algorithm for the analysis of

lattice structures is shown in Figure 3.3

Homogenisation of the actual lattice structure

Formulation and application of loads and constraints

Calculation of strain components of the

midsurface of the homogenised model

Calculation of forces and moments acti

ng in homogenised (continuous) model

Reverse calculation of forces and moments in the ribs (for each family)

Optimisation of geometric (or other) parameters of the lattice structure

Figure 3.3 The algorithm for the a

nalysis of lattice structures

3.4.1 Deformation of the Ribs in a Lattice Shell.

Assuming that the deformation of an axis of any particular rib is equal to the
deformation of a line coincident with the axis of this rib and fix one (i-th, 1<i<n) of

the presented » rib families in a shell. The orientation of a rib's axes on the median

surface of a shell is characterised by the angle ¢,
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Using transformation formulae of the theory of elasticity for the components of a
strain tensor [97] and also their linear distribution in the direction normal to the
median surface, expressions for the deformations of an axis of a rib that belong to the

i-th family of a grid shell can be derived as follows:

& =gc] +&,5 +asc,,
2 =6l + 1,5! +rsin(29,), (3.12)
7, = (12 4 )s,.c,. + 7305(2%)

Here the following notations have been used:

¥ = Si.tl(ﬁ),.),

¢, =cos(g,) .

The change in the curvature of a rib’s axis in the plane tangential to the median
surface of a shell can be calculated as:

Z?=_V5Wia

& o .85 8 (3.14)
Vl, = + ~

Ada B3s

The value of y, is calculated using (3.15) depending on the considered problem
v =0.5(-28 + wcos2¢ + (&, — & )sin 2¢). (3.15)

3.4.2 Forces and Moments Acting in the Ribs of a Grid Shell

Constitutive equations for the ribs in the lattice shell are developed in this subsection.
Consider that one of the main central axes of rib’s cross-section is coincident with the

direction normal to the median surface of a shell.

Positive directions of forces and moments, acting in the cross-section of a nb that

belong to i-th family are shown in Figure 3.4.
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Figure 3.4 Positive directions of forces and moments in the cross-section of a rib

The relationship between the forces and moments and components of a strain tensor

takes the following form:
N; =EFg, M =-EJ,zi, G =-EJx, (3.16)
‘Hf‘ = G’,-J:“-T:, Qa'. = "Vrm: S:" T "'ViG:'.- -

Where F,, J,., J,, J, are the area inertia of the cross-section, main central and
torsional moment of inertia of the rib’s cross-section respectively; E,, G, - the

Young’s and shear module of the ribs.

Formulae (3.16) allow the evaluation of the forces and moments acting in the ribs

when the load is applied to the grid nodes. In the case of load application “out-of-
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node” it is necessary to assess the deformation of a rib from the locally applied loads,

distributed along the axes of the ribs.

3.4.3 Continuous Model.

A continuous model of a lattice shell is considered. A set of constitutive equations is
developed for the equivalent homogenised model which allows the calculation of the
stress resultants in the equivalent model from the strain components of its median

surface.

3.4.3.1 Calculation of the Deformations from the Forces and Moments in the
Ribs.

Let us assume that the forces N, O, S and moments M, , G, H, (Figure 3.4)

acting in the ribs are distributed continuously along the cross-section of the equivalent

model.

Linear forces and moments (Figure 3.2) acting in the model of a shell that consists of

n families of ribs are:

N, = i(N,'cf -S'cs, )f a, N, Z(N st +S, c,s,)
=1 i=1
8, =3 (Nc,s,+5c)a,, A =Z(N‘ ¢s,+5's)a,
=l i=|
=>.0'c /a, 0,=30's/a,

= - (3.17)
M, =Z(M:cf +H,.'c,.si)fa,., M, = Z(A/I:sf -H,.'c,.s,.)fa

i=l

=_Z(A/I,cs +Hc! ) ——Z(M cs,+Hs, ) )

=1

M, =YGlc/a, M, =-YGis,/a,,
f=1

i=l

where a, is spacing between the ribs that belong to the i-th family.

3.4.3.2 Constitutive Equations of Continuous Model

o General case.
Substituting (3.16) into (3.17), and taking into consideration (3.12), the following
constitutive equations for a model of a grid shell can be obtained:
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N, =C, ¢ +Cye, +Cl§a,'—zsr‘ C Xi

i=1

N, =C, ¢ +Cye, +C26a)+zsf C; Xis

i=1

! (3.18)
S =Cat +Cos, +C“(0+ZC,-2;(:,
i=1

S, =Cq&, +Cqé, +Css("_zsle;,

i=1

M, = _[(Du "'Ku)ll +(D12 +K, )Zz +(2D16 "'Kls}’l

M, = '[(Dzi +K, )2.'1 * (Dn +Kyp, )Zz +(2Dzs + Ky )rl

H,=(D, +KO )y, +(Dg + K9z, +(2Dy + kL), (3.19)
H, = (Do + Kt +(De + K, + 2Dg + kL),

MIJ =_ZII'DC:' Zio’ MZJ :—ZI‘OS!- x:"
i=]

i=l

The following notations are used above:

Cy = iKic:s Cp=Cg= iKisizcjz’ Cis = iK:Si cis
=1 i=] i=1
Uy = zn:K,.s,.‘, G = iK,sfc,. , Cy =0y,
- o= (3.20)
D, = il]ic;" Dy, =‘£)2;£= _an]fsrchzs D = glisi ¢
Dy =3I, Dy =S Isk,, D, =D,.
i=1 i=l
K,=Kp=K,=K, = icisizcc‘z!' Ké:s} = ic‘scﬁ2 cos2¢;,
=] i=1
Kie=Ku=YCsoc 00020,  KD=ED=3Csk,
=] i=1
KY =g =iCis,. e, K® =z":C,.sf cos2¢,, (3.21)
i=l i=l
o By A )
a, a

K, =KY=Kk3.

Where
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(3.22)

Parameters K|, ,, I, C, show the relationship between the corresponding stiffness

1

characteristics of the ribs and the distance between their axes.

In contrast to the conventional continuous shell in the case when J,, # 0 additional
bending moments A, and M,  acting in the plane tangential to the median surface

(Figure 3.2) must also be taken into account.

3.4.3.3 Some Particular Cases

In this subsection some particular cases are considered. Constitutive equations are

derived for some of the most common patterns of a lattice.

In practical calculations we can assume J,, =0 provided it does not turn the model
into an imperfect frame. There is a similarity with the analysis of a frame where the
rigid joints of its members are assumed to be hinges. Bending stresses of the ribs
acting in the plane tangential to the median surface are found using deformations of
the median surface. In further calculations the value of J,, is assumed to be equal to
zero. This assumption essentially simplifies some of the constitutive equations (3.18).

Tangential forces in this case are:

N, =C, +Cy6, +Cea,
N, =C,,6+C;&; +C0, (3.23)
S =C4,8 +Cqé; +Cyo.

The last equation in (3.18) also shows that

M, =M,, =0. (3.24)

Now constitutive equations for homogenised model will be written for several

particular cases of the grid arrangement. The above mentioned assumption J,, =0 is

used in each of the considered cases.

1. The torsion stiffness of the ribs equals zero (J;, = 0). The constitutive equations

take the following form:
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N, =Cy&, + (e, +Cs0,

N, =Cy6,4+Cpt, +Cp,

S =C 48, +Cx6, +Csm,

H =D +D,.6, +Dgz,

M, = "(DnZl +D, %, "'Dusf):
M, = _(DIIZI +D,, %, +Dzsr)‘

(3.25)

For a particular grid pattern equations (3.25) will be the same as the constitutive
equation for anisotropic shells, the material of which has a plane of elastic symmetry
parallel to the plane that is tangential to the median surface. If these constitutive

equations also satisfy the following equality:

Cis =C;;, =D,s =D, =0, (3.26)

then they transform into constitutive equations for an orthotropic shell, where the co-
ordinate axes @, f, and the normal to the median surface are the principal elasticity

axes:

N, =C, & +Cyé,, N, =C, 8 +Cye,, S = Ce,

(3.27)
M, = *(Dull +Dy, 2, )) M, = “(Dm;{, + Ko 0 ), H =Dz

Let us consider some possible grid arrangements where conditions (3.27) are satisfied.
In this case it is enough to consider only the first two of these conditions because the
last two may be obtained from the first, substituting X, with 7, according to (3.20)
and (3.21).

If the number of families of ribs, n, is two (orthogrid and anglegrid, see Figure 3.5)

there are only two possible cases:

1. ¢, =—¢,, K, =K, (((3.22) because a, = g, for this geometry) ( Figure 3.5(a))

2. 9,=0, o, =%, K,, K, are arbitrary (Figure 3.5 (b))
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(a) (b)

Figure 3.5 Isogrid and orthogrid unit cells

For n=3 (Isogrid), the constitutive equations (3.27) can be used for the following

grid patterns: ¢, =—¢,, K, =K, ¢, =0 or ¢, =% for any value of K;

¥ sin2¢, sin(% - ¢2)sin(¢3 + Q’z)K
17 : i g
sin2¢, sm(% a 9’1)5"1(% + 9’1) (3.28)
- sin2¢, sin(@, — ¢, )sin(p, + ¢,) |
2 Sil’l2¢g sin(qu — Q)I)Sin(Qz + qyl) 3

The range of values for ¢, is determined by the condition X, > 0.

3. The grid pattern is rhombic (7=2) (Figure 3.5). Ribs that belong to each family

are assumed to be the same and we have @, =a,=a, ¢, =¢,=¢, K, =K, =K.

For the considered rhombic grid pattern, the constitutive equations can be written as:
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N, = N,ctg’p = 2Kc? (6‘26'1 +5¢, ),

M, =-2c* ((102 +Cs? )2.’1 +(Z —C)sz;(z),
M, = —2.5‘2((1-!-(:')62;(I -!-(Is2 —Ccz);gz),
H, =2¢* (2Is2 +C0052(p)r,

(3.29)

H, =2s" (Z,i’c2 -C cosZ(a)r,

S =2Ks’c’w.
It can be seen that forces N, and N, are linked. A similar link will occur between
bending moments M, and M, when the torsion stiffness is equal to zero. This shows

the significant difference of these equations in comparison with those used in the

conventional solid shell theory [59].
4. A grid pattern consisting of four families of ribs (n=4) (Figure 1.4). Ribs
comprising families 1 and 2 are assumed to be the same:
a=a,=a, Q=—0,=0, K =K,=K. (3.30)

Using the relations for rib spacing a =2a,s=2a,c the constitutive equations are

given as:
N, =2C, &, +C&,, N,=0C,&6+Cuhe&;, H= B¢, S =C,m, (331)
M, =82+ PBuxs My =821+ PBnias H, = B,*.
where:
Cy=2Ke*+ X,
s =C =2K5°0°,
O, = 2K +K,,
By, =—(2Ic* + 1, +2Cs*c?),
1 ( 4 ) (332)

B, =-2s*c*(I1-C),

B = —(21.5'4 +1,+ 2Cszcz),

B, = Isin® 29 +2Cc? cos2¢ +C,,
Ba = Isin’ 29 -2Cs? cos2¢ +C,;.
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3.5 Calculation of the Deformations and Forces in the Ribs from the
Forces and Moments in Homogenised Model

The constitutive equations that were obtained above represent forces and moments
acting in the homogenised model of a grid shell as functions of the strain components
of its median surface. In this section the question of finding the reverse dependencies

(strain components as functions of acting forces and moments) is considered.

In this section the deformations, forces and moments acting on the ribs are calculated

for lattice structures with:
e two families of ribs
e more than two families of ribs.

The solutions are derived for the cases of statically determinate and statically

indeterminate lattice shells.

3.5.1 Tangential Strain Components
Let us consider the tangential strain components &,, &,, @ in the equations of

equilibrium (3.23) as unknowns. The determinant of this system of algebraic
equations is:
D= Y KK ij(cfsfcf.s: +2s7¢ls cisjc, —c'sle, s, — sielselspcl — .s;cfsic_fs:). (3.33)

L |
i,j.k=1

In order to simplify the expression, let us fix three arbitrary integer numbers u, m,
v. Each of these numbers is greater than zero and smaller than n+1. According to
further permutations of these numbers, the indices in equation (3.33) change their

value in the following way:

i=pu, j=m k=v,i=u, j=v, k=m,
i=m, j=pk=v,i=m, j=v, k=, (3.34)
i=v, j=uk=mi=v, j=m k=p.

The final sum of all six members mentioned above, after certain trigonometric

transformations, is:
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%K,JK..KV kin2(p, -9, )+sin2(p, - @,,)+sin 2(p, -9, )f- (3.35)

Consequently (3.33) will be:

D= -lg Zn: KﬂK,,K,[sin 2p, -9, )+sin 2(% -9, )+sin2(p, - o, )]2 (3.36)

pom =l

A prime next to the sum symbol means that there is only one member that
corresponds to each sequence of indices x, m, v (the total number of these indices is
Six).

The value of the considered determinant does not depend on the choice of the co-

ordinate axis of the median surface because (3.36) includes only the differences in

angles.

3.5.1.1 The Number of Families of Ribs Is More Than Two

For all indices that satisfy the condition:

HEm, H#EV, m#yv, (3.37)

the expression (3.36) in the square brackets is non zero. Consequently, D >0 for

n> 2, because the number of combinations of indices u, m, v, which satisfy the
conditions in (3.37), in this case n(n—1)(n—2)/6, and the system of algebraic
equations (3.23) for unknowns &,, &,, @ always has a unique solution (D > 0). This
result is unique because for »>2 families a grid shell consists of the system of ribs,

which is stiff in the plane tangential to the median surface: the system of

homogeneous equations (3.21) should have only a trivial solution.

The solution of this system is:

& =ayN, +a,N, +a,;S,
& =a,N,+a,N,+a,S, (3.38)
o=ayN, +a, N, +a;Ss,

where:
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a, = ZDE:IKK sts2sin®(p, - 9,).
UZIKK sic.s,¢;sin* (g, — 9,),
a, = 2D§KK 5,5, sin(p, +9,)sin*(¢, - @,).
a, = ﬁ.-;f’ K, clc?sin(p, - 9,). (3.39)
ay = _ﬁzm sin(p, +¢,)sin*(p, - ¢, ),
@y =—— E_:K K,c,c,sin’(p, + ¢, )sin’(p, - 0,),
i, =dy,

3.5.1.2 The Number of Families of Ribs is Two
Formula (3.36) shows that if at least one of three conditions: g=m, u=v, u=v,is
satisfied, then the corresponding sum equals zero. Therefore D =0 for n=2, since

the combination of indices (3.37) in this case is excluded. Consequently, the system of
equations (3.23) for N, = N, =8 =0 has also a nontrivial solution. That means that

the model is not fully constrained and represents an imperfect frame.

In the considered case the tangential forces »,, N,, S are related in the following

way:

N,s,s, + N,c,c, —Ssin(p, +9,)=0, (3.40)

which represents the condition of compatibility for the inhomogeneous system of

equations (3.23) for ¢,, ¢,, @.

If @, + ¢, # 0 , then the solution of this system of equations is

5,5, CauN; —CyuN;
&, @ + 2 2
" sin(p,-9;) KK, sin (9’1"'?’2)31“ (0, —0,) 3.41)
GCy CyN, -Cy, N, '
52 == @+ . 2 . 2 E)
sm(?’l +¢2) KK, sin (@1 ""?’z)sm (&'Pl _Q’z)

where @ has an arbitrary value.
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The condition ¢, + ¢, = 0 results in (p, = -9, ):

CGGNI = CIGS o= CuS = CIGNI .
K K,c*sin’2¢’ K, K,c"sin’ 2¢

£ =-&,1g°p+

(3.42)

Here &, is arbitrary.

This leads to the conclusion that this model of a grid shell is unconstrained on its sides
and therefore will represent an imperfect frame since its median surface can deform

without any applied load.

3.5.2 Calculation of the Bending Components of a Strain Tensor
Let us derive bending components y,, z,, 7 of a strain tensor from the following

system of equations:

M, = —[(D,, + K )2, +(Dyy + Ky )22 + (2D, +K15)-:],
M, = _[(D21 +K, )2.’1 +(Dzz +Ky )Zz +(2D25 + K“)'r],
(1) (1) ) (3.43)
H = (Dfsl + K, )1, -t-(D62 +K¢& )Zz +(2D66 + K¢ )r,
H, =(Dg + k)2, +(De + K2) 12 + (2D + KE)r,
which represents a part of the equations (3.19).

When EJ, >>G,J, the torsional stiffness of ribs need not be taken into

consideration if this assumption does not lead to the transformation of an analysis
model into an imperfect frame (geometrically unstable model). Then the torque

moments acting in the ribs of a grid shell are found from

W =002, (3.44)
where the values of 7, are calculated using equations (3.12).

Considering J;; = 0 from (3.43) we obtain:

M, = "(DuZl +Dy 2, + ZDIGT)’
M, =_(D212.’1 +Dyp 2, +2D267):
H=Dgy, +Dgy, +2Dgt.
H=H =H,.

(3.45)
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Comparing systems of equations (3.23) (for ¢,, &,, @) to (3.45) (fory,, z,, 7) we
can conclude that one may be transformed into the other when substituting
&8s 835 ®; Ny, Niy S5 F (3.46)

for

Xi» X2, 27, —-M,,-M,, H, J,. (3.47)

It is also true for the system of equations (3.45), and in particular equations (3.36)
(3.38) remain true (for arbitrary ), (3.40) (for n> 2), (3.40) and (3.42) (for n=2)
when substituting (3.46) with (3.47).

In the case when torsional stiffness of ribs can not be neglected (.Iy # 0) , parameters

Z\» X», T are calculated from the system of equations (3.43).

The system of equations (3.43) has only a trivial solution for

M, =M,=H, = H,=0. Bending and torque moments are related so that system

(3.43) has a unique solution.

3.5.3 Forces and Moments Acting in the Ribs of a Cylindrical Shell

3.5.3.1 Statically Determinate Cases

If the reverse dependencies of (3.17) are single-valued, then they can be used for the
calculation of forces and moments in the ribs of a grid shell from known strain-stress

distributions (for statically determinate cases). Lets consider some of these cases.

For the grid pattern that has three families of ribs (7=3), the solution of the first

three equations from (3.17) is:

DN, = [Niszsa sin((o3 = ¢2)+ N,c,c, sin((o, - (02)+ S(Caz -c; )lql’
DN, = [NIS,.S'; Sin(?’l - 9’3)"‘ N,e e, Sin(Q’l = 9’3)"‘ S(cl2 _c:)}’h (3.48)
DN:: = [lelsz Si“(?’z _¢’1)+Nzclcz Si‘“(?’z = ¢1)+S(c§ - Cl2 )}73=

where S, =S, = § because S, =0 and

D =ce,sin(p, +¢,)+cc;sin(p, — @,)+ e sin(p, — 9,). (3.49)
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In this case the value of D is not equal to zero if the axes of ribs which belong to the
same family do not have a common tangent with the axes that belong to the different

families. When subjected to the following conditions:

P=¢=-p,,a=a =a,, (350)

these formulae simplify to:

D,N; = l— N,ss, sin(@+ @, )+ N,cc, sin(p -, )+ S(cf —cz)}z,
DyN; = [N,ss, sin(p—p,)+ Nyec, sin(p—0,)+ S(c* -2 ), (3.51)
N; =a3(N132 —N;».CZXC? _02)4’

where

D, = (¢ - ¢*)sin2¢. (3.52)
It follows from the equations (3.17), formulae for the bending moments can be
obtained from (3.51) by substituting Ny, N,, § with M, M,, — H , respectively for
(i =123 j=), 2). Torsional stiffness of the ribs in this case is neglected. After the

substitution we have:

DM, = [—Mlss3 sin(@ + @,) + M,ce, sin(p— @,) + H(Cf - cz)]a,
DoM; =[Miss,sin(p ~ 9,) + Mycessin(p - ;) + H(e* &} ) a, (3.53)
M; =“3(M52 _ Mzcz)(cg —Cz)_l_

Let us consider the case when n=2, and all stiffness characteristics of the ribs

(including J,,) are non zero. Then the number of unknowns in the equations for

unknown forces and moments acting in the ribs of a grid are equal to the number of

equations for each of the separate systems appearing in (3.17).

Solutions for these systems can be written as:
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Nl. =aq (CISZNI — 5,6, N, — 5,5, 8, —c‘czSz)sin_'(gvz —Q’;l
N, =a,(s,e,N, —¢;5,N, - 55,8 _clczsz)sm—l(‘pl ~2)
S; =aq, (S1SZN: — 6,6, N, —¢,5,8, — 56,85, )Sin_l@’l _(02)’

S, =a2(slsth —¢C,N, — 56,8, —c,s,_,Sz)sin" (¢’2 _‘?’1)» (3.54)
G = (Sz]".!u +52M2:)a1 ' G = (SIM{:; +cthh2 ’
sm(¢?2 il ¢1) . sin(g, — 902)
O = (SZ:QI +¢,0,)a, , 0= (SI-QI +¢,0,)a, _
sin(p, —¢,) © sinlg, -9,)

If consider ¢ = ¢, = —¢,, a = a, = a, these formulae transform into:

Ny, =05a[N, + N, +(S, tgp+ S, ctgp)],
Sy, =054[S, +S, (N, tg+ N, ctgg)),
O = O.Sa(Q,c“ +Q,s™ ),

Gy, =05a(M,,c™ + M, s™").

(3.55)

On the basis of (3.17) the conclusion can be made that the formulae for bending and

twist moments acting on the ribs of a considered grid can be obtained from (3.55),

when the strain-stress distribution is known and N, S, N,, S, are replaced by

M, -H, M, - H, (i=1, 2) respectively. Then we can write:

M;, = O.Sa[M1 +M,¥(H tgp+H, ctg;v)], 3:56)
Hy, = 05a[H, + H, +(M, tgp+ M, ctgp)|

For the case of a grid pattern that consists of two families of ribs, and assuming that

J,=0(S; =0), the linear loads of a model N,, N,, S are related through (3.40).

This relationship represents the compatibility conditions for the first three equations

of (3.17) that have two unknown forces in ribs N;and N,. Solution of these

equations for @, + ¢, # 0 is:

N,s? = N,c2 N,s? = N,c}
. (12 22)": N.=(11 21}'2' (3.57)

’ 2
¢l —c; c2 —cf

L —

1

When ¢, + ¢, = 0 we have (p, =—¢,) and
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Ny =[ﬂ+§]ﬂ, N; =[ﬂ+§]5’—2—. (3.58)
e $J32¢ ¢ 3)2c

If the torsional stiffness of the ribs are neglected (J = 0), then H; = 0. The formulae
for the bending moments in the ribs of a shell are obtained from (3.57), (3.58) after
replacing N, N,, S with M, M,—H (i=1,2). This leads to the following

formulae for the bending moments:

M"’ = (‘MISZIZ—MchZ}JI X Mz. _ (A/II‘S'I2 I_Mzclz }12 (359)

2 2

for the case when ¢, + ¢, # 0 and

M =[ﬂ+ﬁja—‘, M =(ﬁ+§]“_2 (3.60)
c st'2¢ c st 2e

for the case ¢ = ¢, = -0, .

3.5.3.2 Statically Indeterminate Cases

If a grid pattern of a shell is such that the number of equations (3.17) is less than the
number of unknowns, we are faced with the statically indeterminate problem for
calculation of unknown forces and moments in the ribs from the known stress-strain

distribution in the shell.

Nevertheless, this problem can be solved relatively easily: first the strain components
of a median surface can be obtained from a given stress distribution in the model
(3.33), (3.35); and then formulae (3.12) and (3.16) can be incorporated.

We now calculate the forces and moments acting on the ribs of a grid (Figure 3.4) for

a known stress distribution. Ribs of the first two families (i =1 2) are considered to

be the same. Index i (i = l) is skipped for all notations which correspond to the first

family of ribs excluding those for the forces and moments.
Constitutive equations for the considered grid pattern are given by (3.17).

Equations for tangential strain components can be found after applying relations
(3.38) as:
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De, = [2N1 (2Ks* +K;) - KN, sin? 2¢>]Ks2c2,
De, = [—KN, sin® 29+ 2N, (2Kc* + K, )]Ks’c’, (3.61)
Do = (2KK3c“ +2KK,s* +K,K, )S,

where according to (3.35)

D= [(K3c‘ +K,s*)K + KK, /2]1( sin? 2¢. (3.62)

Now formulae (3.12) and (3.16) allow the unknown axial forces in the ribs to be

found for any of the four families:

N, =[N + K N,s?)K° + SK(sin20) | EF,
N, = [(ZKc“ +K 4)N2 —2KN,s*c? ]K°E3F3, (3.63)
N; =|ks* + K, )N, —2KN,s*c* K °E, F,,

where

K =[2K(Kic* +Kos*)+ KK, ] (3.64)

The sign before the second summand in the expression for N, is negative for the
second family and positive for the first family.

The expressions for the bending and twisting moments of the median surface of a

shell are found by expressing the components of bending deformation y,, z,, 7 in
terms of distributed moments M,, M,, H,, using constitutive equations (3.18). Then

after applying (3.12) and (3.16), the final expressions for bending and twisting

moments of the median surface are found as:

M, = {[( Ic + zcszcz)Ml + (Ls2 + ZC.S'zcz)M’2 ]Io *
FH (Isin2¢ +2Cc* ctg2¢ + C, sin™ 2?)_1 VET,,

M; =[(20c* +1, +2C5°C)M, —~2M S (I - C) L Ess,
= [(ZIS“ +1, +2Cs’c? )A/f, —-2M,sc* (I - C)]I oEadras

—

(3.65)

X

H,= l;t[([s’ +1,)M, - (21* + 14)M2]I° +2H, 6 cos2¢] GJ;,
H;: = "2G3J33H1ﬂ;]1: H: = _2G4J34Hlﬁ;119
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where

I, =pr(r,c* +1,5*)+ L1, + 20522 @1 + I, + 1) (3.66)

The term f,, is calculated using (3.32).

87



3.6 Boundary Conditions

In this section the boundary conditions imposed on the considered structure are
discussed.

If the stiffness of the members of a grid structure in the plane tangent to the median
surface of a shell is neglected (3.67)

=0, (i=1,n), (3.67)

then the order of the system of differential equations of the stress-strain state for both
grid and solid shells are the same. In this case the boundary conditions are the same
for the both shells.

When the stiffness of the ribs J,, is not neglected, the order of the system of
differential equations increases from the eighth to the twelfth order. In this case six
boundary conditions are required to be specified instead of four. Consider the form of
these two extra boundary conditions required for a grid shell in the case of non-zero

bending stiffness of the ribs (J,, #0). Practically there is only one case when the

bending stiffness of the ribs in the plane tangential to a median surface should be

taken into account. This is the case of a grid comprised of two families of ribs (7=2).

The additional boundary conditions are formulated along the contour of a shell, which

is coincident with the co-ordinate line £ = £, .

The most typical boundary conditions are:

1. The members of a grid structure are joined along the contour of a shell by means
of a hinged connection, which allows free rotation of the members of each family
about the normal to the median surface of a shell (Figure 3.6a).
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Figure 3.6 Types of a constraint contour
In this case, according to (3.20) and (3.21), the two additional boundary conditions

along the contour G, =G, = 0 are:
M, =M, =0 for f=p, (3.68)

2. The members of a grid structure are rigidly connected to each other (Figure 3.6b)
along the contour of a shell: the rotational angles about the normal to the median
surface of a shell of two adjacent members that belong to different families are
equal. Additionally, the value of a linear bending moment in the plane tangential
to the median surface of a shell is given.

In this case one of the two additional boundary conditions is:

M, =M, (a)=0 for B=p,, (3.69)

where M;, (a) is a given function.

The second additional boundary condition is obtained by equating the angles of
rotation of two adjacent members about the normal to the median surface of a shell
(3.15):
o(cos2p, — cos2¢,) + (&, — & )sin2p, —sin2¢p,) = 0. (3.70)
3. The members of a grid structure are rigidly connected to each other along the
contour of a shell. No rotation about the normal to the median surface of a shell is
allowed (Figure 3.6c).
Two additional boundary conditions, according to (3.15), are:
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~28 +wcos2¢, +(g, — & )sin2¢, =0 for B=p,. (3.71)
For the case of ¢ = ¢, = ¢,, boundary conditions (3.70) and (3.71) become:
&—-&=0 for pB=p,, (3.72)
& —& =wcos2p—-26=0 for p=p,. (3.73)
4. The members of a grid structure are rigidly connected to each other, but the
connection with the contour of a shell is linear elastic with the respect to the angle
about the normal to the median surface of a shell.

In this case one of the two additional boundary conditions must be taken in the form
of (3.70) and the other as (3.74):

M,, = k(a)y, = k(@)y, for  B=p,, (3.74)
where k(a) is a function of the rigidity of the elastic constraint, ¥, and y, are

angles of rotation about the normal to a median surface of the axes of two adjacent
members of two different families. These angles are found from the formulae (3.15)
depending on the type of the considered boundary problem. In later formulae the
members ¥ and ¢ must be substituted with v, and ¢, .
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3.7 Analysis of the Lattice Plates

In this section the problem of a rectangular plate with rhombic and rectangular types
of grid patterns is considered. The forces and moment resultants are calculated.

3.7.1 A Plate with the Number of Families of Ribs More than Two

Lets consider the median surface of a plate in the Cartesian co-ordinate system x, y.

The differential equations of equilibrium in this case are given as:

ﬁ.;.é.p‘)(:o, a, +ﬁ+]’: 0. (3.75)
& & &
The components of strain tensor in this case are given as:
£ =Q, & =Q, a)=-a—‘-+2. (3.76)
& &y &y &

The constitutive equations (3.23) can be written in the following form:

N, = Z”“chv,. (c,.u + .s‘,.v), N,= iK.-S.zV.-(CW " s,.v),
. : - (3.77)
g= ZKisfc:V:'(ciu * s;'v):

i=1
where the operator V, denotes differentiation towards the tangent to the axis of a rib,
which belongs to /-th family. This operator is given as:
17

o
V=g ta (3.78)

The member cu + s;v represents the displacement of the point of the median surface

in the direction of a tangent to the axis of a rib, which belongs to i-th family.
Incorporating the obtained constitutive equations and (3.75), the following system of

differential equations is found in the displacement form:
L,(v)+L,(v)+X=0, L,(u)+ L,(v)+Y =0, (3.79)

where L are linear differential operators:
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& ;o7 5
I'll_c” &2+2C16&é,+ 12 @2+Co CO@)
. T
Ly =Cegr + 20z +Cugr+ G5+ G, (3.80)
o & J A A,
I?ZHCIZ&2+2CZG&@+CZI@Z+C.2 &+C4aé}

The notations used in (3.80) are given in (3.20) and (3.21), and the following

additional notations are used:

0-Bn K o Fon, Ko
sl * & (3.81)
Co=d:“16+£l2 C°=x26+x22
3 ] 4 .
& 3 &

If the geometric and material parameters are the same for all the families of ribs, the
differential operators of the system of equations (3.79) can be simplified and are given
as:

=YKEV:,  L=YK$Vi, L= KesVi (82

i=1

Let us consider a grid plate which consists of three families of ribs. The grid
parameters as well as the properties of the ribs are considered to be constant:

This grid can be obtained from the one shown in Figure 1.4 (c) if the third family of
ribs is absent. The subscript 7 for the first family of ribs in the further derivations is
omitted.

In this case the equations of equilibrium of a grid plate are transformed into the

formulae for N, N,, § from the formulae (3.27) with the following notations:
C=2Kc* + K, Cy=Cy=2Ky¢, C,=2Ks" (3.84)
For the considered type of grid, the differential operators (3.82) of the system of

equations (3.79) become
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52 52
=(2¢*K +K +2c’s’K—,
L, (C 3)? c's P

T I o? 2 o?
Ln =288 K E-z—-l- tg 2{!?? : (385)
y o?
= Ksin® 2 ;
L, =Ksin® 20—
where
u=~a/EF)L,@),  v=(a/EF)L,(®) (3.86)
The system of equations (3.79) can be reduced to a single equation
[K“ 0’: K f‘ +K; a‘](b X, (3.87)
& &'y’ 3"
where
K =ana,, K =aya, K =a,a,-3a,, (3.88)
a, =6, +¢, a,=%¢, a, =stgp, ©6,=F/F.
Lets consider particular case where the boundary conditions are given as:
u=8=0 for x=0,1, (3.89)

where / is the dimension of a plate in the x direction. In this case the solution of the

differential equation (3.87) is found by expansion into a series
e p mn
O(x, )= ¢, (y)sind,x, (lm = T) (3.90)
m=1

The solution for the function q;rm(y) corresponds to the solution of the homogeneous

equation (3.87) for X' =0 and can be reduced to the solution of the characteristic
equation

4
An_g

m
2
1

f-22 4%

1

/K" ' K" (3.92)
0

K

(3.91)

where

The forces in the members of each of the families are obtained from the known stress-

strain state using the following equations:
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(Mae8)2 (M Hg)a
Ny, = ( - N;= £1%. (3.93)

R} [

which were obtained from (3.51), for the case of ¢, =0, a =2ca,.

3.7.2 A Plate with Two Families of Ribs

Consider a problem that takes into account the in-plane stiffness of the ribs. On the
basis of equations (3.7), (3.8), (3.15) and (3.76), the angle of twist of the axis of a rib
that belongs to the /-th family about the normal to the median surface of a shell is

a »
Vi = [cf & S; gj(qv_ su) (3.94)

The changes in the in-plane curvature of the axis of a rib, that belongs to the same
family, according to (3.14) is
2

2 2
2’ = {cf %uin 29, ; = T ;2 J(c,.v— su)  (3.95)

The constitutive equations of the grid plate can be written using formulae (3.18),

considering the number of the families of ribs: n=2.
The stress-strain state of a model allows the calculation of the forces and moments in

the members of a grid using the formulae in Section 3.5.3.

3.7.2.1 A Plate With a Rectangular Grid

Consider the case when the co-ordinate axes are coincident with the grid families, so

that @, =0, @, = z/2. Then the formulae for the forces and moments can be obtained

from the relationships (3.18), (3.76) and (3.95).

au & v
N, = Kld_ N22K25> S=-L'— 2
Pu Fv Fu S
S:—Ioé)s, M "IO&Z,M _10@2,
where
= Iif" (i=12) (3.97)
The equations of equilibrium
Y Bp=n T, By (3.98)
& %% g &

can be reduced to the following form
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du LA 7% __x E Zv_pdv__y (3.99)

& @ @2 1 &4

The above system of equations for a plate with considered grid pattern is written in

Ki—=

terms of displacements.

3.7.2.2 A Plate With a Rhombic Grid
Let us consider the diagonals of a grid to be coincident with the co-ordinate lines of
the median surface of a plate (¢ = ¢, =—¢,). The ribs are considered to have equal

length and to have the same cross-section.
The constitutive equations (3.100) for a plate with a rhombic grid are obtained using
formulae (3.18), (3.76) and (3.95):

N, = N _ N{Z), N, = N(‘]tgch-!- N(Z)’

S, =8 +5@), S, =80 - g,
0
M, = [—[4(;4 ‘?2_24_ is n*2¢ -2 & sin 2<p) (3.100)
2\ a7 T g7 &%
0
M,, =I_[4 ‘i+§_2-sm 20—-2—— v sin22(0],
2\ B & &5

where

O =£Si£;ﬁ'i[g_ctgz¢+%]’ S0 =M(ﬁ+é}

, Pu & a , &V
NG = ( ?&—H 52 da;z —3¢? &2; @J!osm 20, (3.101)
Fu Fu Fv Sy
@) _ 2 2 _e"
S (s’ 5 +3c a5 -3¢ 257 & &

JI %sin’2¢.

The forces and moments in the members of a grid are calculated using (3.55) for the
known stress-strain state of the model of a grid shell.
The following system of equations in terms of displacements (3.102) is obtained by
substituting (3.100) into the equations of equilibrium (3.98):

L (u)+ L,(v)+ ——

Ksm ng (3.102)

L,(u)+ L,(v)+ ———

£l

Ksm 2;0

where
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L,=L-p;T,
L, = Lig*p—- piTcig’p,

L =25—2+4p3 #F O (3.103)
4 4 4 4
T:C2 24 +6.$'2 é:f@?' +S_2;,4,
c
2 52
L=ctg2¢90’k2+é}2.

Here p; =J,/F; p is a radius of inertia of the rib's cross-section for the case of in-

plane bending of a grid plate.
Taking ¥ = 0 and also considering

s L, (tI)) vl (CI)) (3.104)
the system of equations (3.102) is reduced to the following differential equation

expressed in terms of the function @ :

7 7 ZA &
{mg2¢’ &4 _2&2@2 +tgz¢} @4 _p§[62(1+tg4¢)?§+
c? (16 +7tg’p+ 7ctg2¢) dcf;z + 51(16+ Tig’p + ‘?ctgzq)) 75 +
(3.105
+sz(1+t4)i+‘(‘ctzéﬂ 4c? 6ctst—2 422 )
8 0) o5 |FANC A Y A SO g gt

+s‘tg"¢9-i;] D= #
& Ksin®2¢

As can be seen from the above equation, consideration of the in-plane bending
stiffness of the ribs (,‘c:v2 # 0) increases the order of the equation from four to eight.
This fact points towards the necessity of the formulation of additional boundary
conditions.

Additional boundary conditions (3.71) that restrict the rotation of the axes of the ribs
of both families about the normal to the median surface of a plate can be used.
Substituting equations (3.8) and (3.76) into (3.71), these additional boundary

conditions are written in the following form:
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czé—fé=é—i=0 for y=y,. (3.106)
& ¢ & g
In the analysis of the plates with two families of ribs, the decision of whether to take
into account in-plane bending deformation of the ribs depends on the particular
formulation of the problem.
As can be observed, for X=Y=J, =0 and ¢, =const (i=1,2) the axial force in

any of the members of a grid plate must remain constant. This can be shown by the
following solution of the equations of equilibrium.
Co-ordinate axes are chosen in such a way that they satisfy the following conditions

@ = @, = —¢, . Then from the equations (3.40) we obtain

N, = N,tg’p, (3.107)
and the equations (3.75) are written as
N, & aN, D
14— =0, —Ltglp—=0. 3.108
& & 5 i

The solution of this system of equations is given as:

N, =y, (y +xtgp) + v, (y — xtgp),

S =[-w.(y + xtgo) + v, (y - xt29)|tgp, R
where y, and y, are arbitrary functions.
In this case the forces in the ribs (3.111) are obtained incorporating formulae (3.110)
for the case of o=@, =—¢, as

2N, =(N,c? £28sin™ 2p)a, (3.110)

N, =ac’*y (y - xtgp), N; =ac’y,(y + xtgo). (3.111)
The axial forces N, and N, do not change if the following conditions are satisfied
y — xtg = const, y + xtg@ = const. (3.112)

The conditions (3.112) are the equations of the axes of the first and the second

families of ribs.
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3.8 Bending of the Grid Plates

This section presents analysis of bending and shear deformation of the lattice plates

with two, three and four families of ribs.

3.8.1 Differential Equations of Bending of the Plates

The equations of equilibrium for an element of a plate in the Cartesian co-ordinate

System are:
2.0, ,_,
a ’
1 ¢ 2
—L =) =0 3113
al, aM,
-5 =0
> a @)

The expressions for the linear shear forces (3.115) are obtained from the last two
equations (3.113) taking into account the constitutive equations (3.17) and the
conditions (3.114):

Fw Fw Fw

),’1:“?, Iz=‘?, ?=——&@. (3.114)
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é )N &
Ql = _{(Dn + Kzl)?}:' ¥ (3D61 - K+ Kﬁl ))&T; +

+(D62 - Kgf})% +

2

Sw
HDy + D, — K,y +KG)) -

+_£ D, +K,)+ (D +K{2))j| Cﬁ: +
| & 7.4
+__(2D61 K:s)"'i(D +K‘{s§))—%+
[ 5 o 2\ | &
e —(2D12 il Kn) + 5(1)62 % Ke{n))_ ?‘:}:
Q {(Dﬂ +Kg}) ac (Dss +D12 _Ku "'K(als}) ;‘; +
H(3D + Ko+ KLY) 22 5+ (0s +Kn)
+_§(D61 == -Kg:)) + E‘(Du a KII)}_&;
Jrg(aﬁ6 +K%)) +2 (2D, + Kls)]%+ (3.115)
A 2(0a k) + 200+ 5|22}

Coefficients D, and K are defined in (3.20) and (3.21).

The differential equation of the bending of a grid plate, taking into account the values
from the first equation of equilibrium (3.113), can then be written in a form of
Lw)-Z =0, (3.116)

where linear differential operator L(w), is defined as
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L(w)= (DH+K,1) +2(2Da+xzﬁ) @

+(3D Ko) aﬁ; +2(2D52 Ksl) @ (D22+KII)

+ 2~6j&_-—(D11 -—KH)+5(3D6] +K, ]E‘-:-+

32D, -K)+ 5(3Dﬁ+x,°)} ézw +
| & @y a& oy

+| 2 (3D, + K?) 432D, +Km)}‘i"!+
| & @y &y

7 74 Vi
+ —~(2D62 —K15)+2—(D22 +Kn)}—‘;+

V74 &
(Dn +K11)+ (2D61 +K1s)+ @ (Dl2 _Ku) 63: +
c?
+|:E(2D61 + ‘K:lﬁ) +“——5(2D66 + &0) +

%(21) éq D, - Ktl)+§_;(2Dsz +K15) 3 (3.117)

The following additional notations were used in the above equation (3.117):
K,":i(l—esfcf)q, Kf:iq cos’ 2. (3.118)
=1 i=1
The equations for the moments are given as:

M, = Z”:civi(‘[icfvi + Cf'sr'Ai)wa
i=1

M, = sV,(I,sV, - CcA)w,

- (3.119)
H = _Zcivi(fisivi _Cicr'ﬁi)ws

i=1

H, = _i sV, (I:'civi +CsA, )wa
i=1

where the differentiation is introduced in the direction orthogonal to the tangent to the
axis of the i-th family in addition to (3.14):
A =s0l&-¢cdld. (3.120)

Equations (3.115) for the shear forces of a grid plate are written in the form:
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0, =3 V(IeV, +CsAw,
i=1 ’

: (3.121)
Q= _ZV?(L"S}V:‘ . C'.CI.A'.)W.
i=1
The differential operator (3.117) in the (3.116) is transformed into
L(w)= Y VH(IV} +CA)w. (3.122)

i=1

3.8.2 A Plate With a Rhombic Grid

The type of grid considered is the same as the one analysed in the section 3.7.2.2: the
diagonals of rhombic grid are coincident with the co-ordinate lines of the median
surface of a plate: ¢ =¢, =—¢,, a=a, =a,. The cross-sections of the ribs which
belong to both families are considered to be the same. From the above considerations
and using equations (3.119) we obtain the expressions for the bending moments as:
M, =2¢* [(Inc2 +Csz)é’2w/ a’ +(I-C)s* w/3’ ],
M, =25 [(I -C)e* Fwla + (1.92 + Ccz)a"’w/ &’ ],

(3.123)
H =-2¢ (2}'32 + CcosZgy)Ew/ &,
H= ZSZ(C cos2p — ZIc’)é“w/dré}.
The formulae (3.121) for the shear forces are simplified considerably:
0 = —202][02 éa‘: +3s° ngj ~25°C| & iia-‘;+(1 - 3c=)i“’2],
- i - S (3.124)
0, = -2521[3& W ot ‘93":'] . 202C(.s2 e, (1-35) & J
&y G ¥ &'

After the update of the differential operator (3.122) for the rhombic grid pattern, the
differential equation of bending of a grid plate (3.116) transforms into the following

equation:
Fw 'w dw Z
D, > + D, PXPE + D, 3 =7 (3.125)

The coefficients in (3.125) are given as:

D = 2(::'4 + 7::0)

D, =2(s* +a,) (3.126)

D, =12a, +2y(1-6a,),
where
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&, a, =sc. (3.127)
The bending and twisting moments and also shear forces acting directly on the

members of a grid plate are calculated using (3.55), (3.56).

3.8.3 A Plate With More Than Two Families of Ribs

In this section the transverse bending of the grid plates with three and four families of

ribs is discussed.

3.8.3.1 Three Families of Ribs
Let us consider a rectangular plate with three families of ribs. The solution for this
case can be obtained from the generalised case (Figure 1.4, with four families), where
the family number 3 is absent. In order to utilise already derived equations for the
plate with four families of ribs, the family number four will be referred as number
three. The members which belong to the first and the second families are considered
to have the same cross-sections. For the considered grid pattern the length of the ribs
which belong to the first two families is

a=2ca,. (3.128)
Constitutive equations for this model of plate are obtained from (3.27), if the

coefficients f; in the formulae for linear bending and torque moments are substituted
with
By = —(2Ic* + I, + 2Cs’c?),
Bu= —2.5':'(17132 + Cc’),
B, =-25c*(1-C), (3.129)
By, = Isin? 29 +2Cc* cos2¢ +C,,
B, = Isin® 29— 2Cs’ cos2¢.
The shear forces acting in the grid plate are obtained from the equations (3.121) with

an adjustment to the current grid pattern:

EJ,
o =_a_3{ &@2},
g N (3.130)
) = ——L 3s” 1 357 + &)=
0. 2. { +c[ +y +e) > @}

where
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DI =c? +d3+}szc, Dz =(Stg¢+)6)52,
—_—_/ o O 4 _EJys (.131)
EJL’ g GJ, "’ ’ EJ,

The equations of bending of a plate (3.132) are obtained from the formulae (3.116)
and (3.122)

4 4 4
D, < :V"‘Ds 52W2 +D, £ :v == Z, (3.132)
& aa e B
where
D, =6s’c+ (c“' - 65°c+ 93)7. (3.133)

If the torsion stiffness of the ribs can be neglected, the bending moments acting on the
ribs are obtained using formulae (3.53), where ¢, =0, a = 2ca;:
N = (&xﬁj & M= (!‘_’& . _Mzc]ﬂ_ (3.134)
' s ¢/2s c 72

Otherwise, formulae for bending and twist moments are obtained from (3.65). In order
to do that, all the quantities which correspond to the third family must be taken as
equal to zero and the quantities which correspond to the fourth family must be
considered as third family. After these changes we obtain

M= l[ZCs’czM, + (1'332 - 2C.s‘2c2)JM2 }ID e
FH, (I sin2¢ +2Cc’ctg2p + C,sin”™ 249)“1 }E}, ,
M = [(215* +2C5°C* )M, - 2M,s°c*(I - C)IOE3J13],

(3.135)
H,, = {[215°M, - (21" + L)M, 1, +
+2H,5;, cosng}GJ;,
H; =2G,J H,p;,
where
1,=[211,s + 208 @I+ L)[ (3.136)

B, = Isin® 290 +2Cc? cos2@ + C,.
For the rectangular grid plate, which is pinned at its opposite ends (x = const), the

solution of the equation (3.132) is found using an ordinary trigonometric series:

w(x,y)= i]wm ()sin A,x [ﬂ.w = %EJ (3.137)

The characteristic equation, which corresponds to (3.132) is
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a """ o
3.138
Q= % 2a, = % : ( )
1

3.8.3.2 Four Families of Ribs

Lets consider a plate with four families of ribs (n = 4). The cross-sections of the ribs
of the first two families are considered to be the same and ¢@=¢, =-¢,,
a=a, = a, = 2sa, = 2ca, (See Figure 1.4 (c)).

The constitutive equations for this model are written in the form of expressions for
linear bending and twist moments (3.27).

For the considered case of a plate with four families of ribs, the expressions for shear

forces (3.139) are obtained from the formulae (3.121) and are written as a function of

deflections
5 3
0, =_£]_ Dla—‘:+[3szc +r(ﬂg¢?-3szc+estg¢’)]a—wz ’
a, ox oxdy
3 3 (3.139)
0, =-Zip, T¥ 1 pstc+yle-357c +e, 2L,
a, oy Ox"0y
where
— s 2 — - 7
D, =c’+d,+p’c, D,=s’tgp+dtgp+ys’e, (3.140)

e, =G.J, /GJ;, d,=EJ, /EJ, (i=3,4)
The subscript 7 is omitted when its value is equal to zero.
The differential equation for the deflection of a grid shell comprised of four families
of ribs is found by means of substituting (3.122) into (3.116):

4

4 4
B T gy OW B (3.141)
ox ox"oy " EJ,
where
b= 6.!.'2c-i-;f(r:“1 —6.s‘zc+e3tg¢9+e4) (3.142)

For the case of isogrid plate this differential equation changes into (3.27). In this case
the third family of ribs considered to be absent, and the fourth family is notated as a
third.
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In order to obtain an equation for deflection of a plate with rhombic grid (3.125), the
coefficients which correspond to the third and the fourth family in the equation
(3.141) must be taken as equal to zero. For the known stress-strain state of a plate, the
values of bending moments acting in each of the four members of a grid are calculated

using the formulae (3.65).

3.8.4 Shear Deformation

The classical theory of shells, based on the Kirchhoff-Love hypothesis [86] allows the
analysis of a wide variety of problems with an accuracy that is often sufficient for
practical applications.

However, in many engineering applications some refined theories should be used.
Higher-order theories of laminated plates and shells, which take into account
transverse shear and normal deformation were developed by V. E. Verijenko ef. al
[64], [107] for the solution of the dynamic problems. These theories are capable of
treating plates and shells with arbitrary numbers and sequences of layers which may
differ significantly in their physical and mechanical properties. The use of the refined
higher-order theories can be very beneficial especially for shells made of composite
materials where the matrix has a relatively low stiffness. In the present chapter the
transverse shear of the ribs comprising a lattice shell is taken into consideration by

applying the well known principle of Timoshenko [97].

3.8.4.1 The System of Differential Equations for the Deflection of a Plate
Let us denote the angles of rotation of the normal to a median surface of a plate in the
planes x=const, y=const as &, and &,. The corresponding angles of transverse shear

for the considered model of a grid shell are
ow ow

B =—a;-+91, B =5+92. (3.143)
Shear forces and bending moments for the members of i-th family of the ribs are

O =k’GEp , M =-EJV.6", (3.144)
where

8, =0c, +6,s,, B’ =P, +pb,s,. (3.145)

The torsional stiffness of the ribs is neglected. The value of &’ depends on the shape

of the cross-section of the ribs.
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Substituting (3.143)-(3.145) into the corresponding equations (3.17) and after some
simplifications we obtain the expressions for the shear forces, bending and twist
moments of the plate as:
Ql = ZciKi‘(Viw-l-ciel +Si92)1
i=1

0, :zﬂ:Sin.(V.'w"‘cfgl +si92),

i=1

M, =3 ¢’IV, (8¢, +0,5,), (3.146)
i=1

M, =-35’1.Y,(6,c,+6,5,)

i=1

H= zn:s,.c,.l,.V,.(Glci +9‘Zsl')’

i=1
where
K, =k*’GF,/a,. (3.147)

Differential equations for the deflection of a plate (3.116) can be reduced to the
system of differential equations in terms of the functions w, #, and 6, using
formulae (3.146):

Ly (w)+ L, 6,)+ Ly (6,)= Z,

L,w)+L,(6)+L,(6,)=0, (3.148)

L,(w)+L,(6)+L,(6,)=0,
where

L, = iK,.‘Vf, Ly = Z";c,K,‘V,.,
i=1 i=1

LIS =isiKi‘Vi’ Lzz =ici2(Ki. -I,.V'.zl
i=1

i=1

(3.149)

-

L, =isfci(Ki. _Iivr'zl L, =isi2(K: vaiz)
i=1 i=1

3.8.4.2 A Plate With a Rhombic Grid

Let us consider the case when the directions of the families of ribs coincide with the
co-ordinate axes, and when all members to be the same. In this case the system of

differential equations (3.149) can be written as:

106



, 0w ,0*w ,068, ,00, VA
¢t —+s +c +s =—",
ox? oy’ Ox o 2K
2 2 2
& _ I, 025 92‘ +5° 0 6:‘ +2$26 %, +6, =0
&x K Ox oy Oxdy
2 2 2

M T al0, a0l 500 +6, =0.

& K’ Oxdy ox? oy?
Formulae (3.146) for the calculation of forces and moments are simplified to

0, = 2K°c'{%+6ﬂ], 0, = zx'ﬁ[%wz],

(3.150)

M, = M, ctgp = -2Ic? c2%+s2% , (3.151)
ox o)

H = ZIszcz[% + %]

ox
For the particular case of a square grid (¢ = 7/4), the equations (3.150) take the

following form:
o*w 62w % 06, 66 Z
o ay2 & y K
ow I [529, %6, aza,}L & =%

T (3.152)
2 2 2

w1 (,56,00,,00) , ,

v 28"y oy

The forces and moments acting in the square grid can be obtained from equation

(3.151), considering ¢ = 7/4:

N _ oW
Ql =K [a"'gl]a Qz =K [ay +92}
1( 26, , o6, 1(26, , 06, G0

The solutions of the boundary value problem for the grid plates with the rhombic and
square grid pattern can be linked. In order to do this the following substitution of the

variables is introduced:
x = éetgo, 0, =6,"tgp. (3.154)

The formulae (3.151) then can be written as:
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0, =K' sin 2({%4-.9,“], 0, =2K's2[%+92),

06, %J (3.155)

M, =M,cigp = _213262(__+

o5 oy
H = 2[s3{£ + -@—]
&y 05

and the system of differential equations (3.150) becomes
’w o'w 06, 06, Z
LT + = s .37
oc” oy 0f o 2Ks

2( 4290 290 2
ow Is [a 91 691 +26 92].}.910:0, (3156)

2% K02 o - oky
2 20 2 2
& (0828 26)0 0
o2&y | o o

» K
It can be observed that the system of equations (3.152) for the plate with a square grid
is the same as (3.156). The following substitution of variables is made:
v@. K. Z with £48°.K,Z, (3.157)
where
K, =K [2s*. Z.=Z/4". (3.158)
Comparing the linear forces and moments for the models of a plate with the rhombic

and square grids calculated using formulae (3.155) and (3.153), it is found that for the

case of rhombic grid we have:

Q1 = Q!' sin 2¢: Qz = 25292-:

. o5 (3.159)
H=4s"cH,, M, =M, ctgp =4s"c"M,,

where the quantities denoted with the index * are calculated using the formulae
(3.153) for the case of the square grid after the substitution of x and &, with £ and
6, correspondingly.

The last formulae are obtained satisfying the condition that X~ for the rhombic and
square grids are equal. For the case of substitution of variables in (3.145), where K"
is substituted with X~ / 2s* , formulae (3.159) must be modified to the following form:

Q] = 4530Q1-a Qz = 4S¢Q2"

(3.160
H=4s’cH,, M, =M,ctgp=4s’c’M.. )
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These transformations allow substitution of the problem of analysis of a plate with a
rhombic grid with the solution of a certain boundary value problem for a square grid.
This can be done by following the proposed scheme:

1. The side dimension / of a plate with a rhombic grid pattern in the direction x is

substituted with /tge in accordance with (3.154).
2. The given value of K is substituted with K = K"/2s? .
3. Transverse load Z is considered to be equal Z = Z*/4s* .

4. The values on the outer boundary of the functions with * superscript and also 8°

are found using second formula of (3.154) and (3.160).
This substitution will result in a boundary value problem for the system of equations
(3.156), where 0 <& </tgge. The solution of this problem is actually the solution for
the plate with a square grid with the set of altered (substituted) parameters, shown
above.
After completing the analysis of such a lattice plate, the reverse transition from the
obtained functions with * superscript and 6 is performed using (3.154) and (3.160)

considering also that £ = xtge.
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3.9 Circular Cylindrical Shells

In the previous sections (3.1-3.8) a technique was developed for the analysis of
various types of lattice plates. The solutions obtained for lattice plates will be used for
the development of a similar analysis technique for lattice structures of revolution.
This technique is based on the same homogenisation principles. In the present section

the analysis of a circular cylindrical shell with several grid patterns is considered.

3.9.1 System of Differential Equations

Let us take the expressions for the components of deformation of the median surface

of a shell in the following form:

1 u 1 (a» J 1 (a: a‘vJ
& =—; &y =—|—+Ww]|, @=——+—|,
R da R\ 3B R\3B o (3.161)
1 &w 1 &w 1 Fw '
Wi Ea TR YT Ram
Then the constitutive equations (3.18) can be transformed and written as:
1S 1S
N, =—>dc’ N,==>ds’ S=—) dgs,
1 R; :Cx$ 2 R; ] 2 R; :crsa
s P 1<
M, =22 (pei +a6s) M=z 2 (P’ +gas) (3.162)
1 < 1 &
H, = FZ}:(‘I.C}Z +Pr'cf5})s H, = -Fh! (qis}z +Pfcisi):
where J,, =0 and the following notations were used:
d =k cfi-l-sf[ﬂ-z-wj +s,.c,.[i+éij !
oa ap P o
p= Il.[cf ép“z’ +sfz¥-+ sin2¢iﬂ], (3.163)
o p aadp

p.=C [ﬂ— ﬁ] s,c, — cos2¢, ﬁ
S - S o A ' adp |

Let us write the differential equations of equilibrium for the element of cylindrical
shell [59]:
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@.‘_.5.@: _RZ,

ﬂ+§=—RX, éy—z+§=—RY, -N, +
da p aQp e b (3.164)
&I,+é\/.fz:_ RO a, av!}:_RQ' '
da P Y PB ‘
The terms K, 7, C;, ¢, in the further derivations are considered to be constant but may
have different values for different indices 7. From the last two equations of the
(3.164), taking into account formulae (3.162), obtain
1 & & 9 aSw a.’nw 3 3W
=——>» ¢c¢;1.| c; —+3tgo, +3tg° @,
Ql 3 . 1{ i rl: ¥ é,ag, g(D, ap,azaﬂ g ¢’l &Iﬁﬁ g Q’: ﬁ
3 3 3
+C,| els? é’ 1: +c,s, (35,.2 —l) ézw +5} (1—3cf) il ~sc,
oo oa*ap oadp’ a"ﬂ’ (3.165)
n 3 3 3 ’
—%Z O 7| L el YL R P . —+1g’9, oy
R 5 oo’ oa’ é’ﬂ oadp? .

3 3 3 5
—C,ctgo, C.?sz —“"—5 ‘: +¢;S; (3-5',-2 — l)a—zw+si2 (1—30,.2) 4 wq _S?ca' i ? .
o da’* P adp? P

Substituting the values of terms (3.162) and (3.165) into the first three equations of
system (3.164), obtain the following system of differential equations of equilibrium in

terms of displacements:
Ly )+ L, (v)+ L; (w) = -R*X,
(3.166)

L, (") + Ly (v)-i- Ly (w) =—R%Y,
L3l (u) + L32 (v)+ L33 (w) = _-RZZ’

where differential operators L;; are given:

Ly =ZC.'4K.'L.': ZS (o5 KL
i=1
0 0

= R

T
2 2 3 o) 0
ZES:‘ ¢,’K.L, Ly =ZS;‘ K| —+tgo, — |
4 4 5 6.4 2

d
6tg’p, + 4t .

2 o4 0
L.=Y KAr.c'| —+41go, +
3 g I{ 0 i (aaq g@", 6(2365
4)+si112qp,-(2.s'

4 4 2 2
+ e ‘1) £ . ol ez
oadp|\ 0a® P

64
+t34¢’i aﬂ4}+r3izlisich2(aad op
i| si4} (Lr‘k = Lh'):

+ (1 - 6.;,.201.2)6'9‘26)82 +

where
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L. = & +2tgo, i +tgzp_i3.z__
' oa’ ' 0adp 'op*’ (3.168)

rh.2 =Ju/R2F‘, ?'3,-2 =G.-J3.-/R2EiF;-

The term 7,, is a non-dimensional section radius of inertia of a rib, that belong to the i-

th family. The final system of differential equations (3.166) is symmetric. For a grid
plate this system splits into two independent systems which correspond to the plane
and bending problems (in this case the following values must be taken: x=Ra,
y=RB, R— ).

3.9.2 Cylindrical Shell with Rhombic Grid

Let us consider a cylindrical shell with a rhombic grid (»=2) comprised of the same
rib members. Let us take one of the diagonals of a rhombic unit cell to be coincident
with the generating line of the median surface of a shell (¢, = ¢, @,=-¢). The
torsional stiffness of the ribs comprising the grid is neglected: J;, =0 (i=1, 2). In this
case from the formulae (3.162), (3.165) we obtain

2
N, =N,ctg’p= L [czﬁ+s2[§—v-+wjj|,

R oa op
_2Ks'c’ (o v
R |88 oaS
4Is*c? 0w
Fut—2 %
= g (3.169)
2Ic?( , &*w . , 0w '
M, =M,ctg’p= ?[cz =t s aﬂ’}
2 3 3
Q,:—ZI‘; c’—a]".:+3.s'2 awz
R\ da dadp
2 3 3
Qz _ 21c3 302 6:9 +sz a “:’
R oa’op = op

The system of differential equations (3.166) now transforms into
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o’u 62u+ o*v  ow 2R*X

ctg’p + 2 t—=- ,

oa” © % op* “oanp oa Ksn’2g

Pu v v, . w_, 2R*Y
2 b i P P,

oadf Oa® Of op Ksin*2¢ (3.170)

4 4 4 .
g+2tg2¢:’+ awctg’gp+6 82w2+6‘:tg2¢3 r? +
oa  of o’ oa’op®  op
+wtglp = 2R 4
Ksin® 2¢

The solution of the problem in the case of a rhombic grid shell (arbitrary angle ¢ of a
unit cell) can also be applied to the case of a shell with a square unit cell (¢g=77/4), for

a certain reduced length of the shell and dummy surface loading. Some

transformations must be carried out to allow this.

The following notations are used in the further derivations:

¢ =atgo, u, = uctgo,

3.171
X=45'cX,, Y=45'%, Z=45"Z. ¢ )
Substituting the notations (3.171) into the system (3.170) obtain:

o’u, 0’u. o'v. ow _ 2R*X,

g +—== %
o0& op okop o& K

2 2 2 2

o‘u, O°v Ov ow _2R Y. (3.172)

2 + + +—= 5
okop oE* op* op K
ou. ov (3w J*w o*w) . IR*Z.,
+—+ =Re———=F——1" #W= >
o op \o&" oc'opT op K

It is important to mention that functions »,, v, w are linked to co-ordinates & £
(subjected to the load components X,, Y., Z,) by the same differential relations as u,
v, w to the co-ordinates a, A (subjected to the load components X, ¥, Z) for the
case of a square unit cell. This can be clearly seen if the system of differential
equations (3.172) for the shell with a rhombic cell are compared to the system of
differential equations for the shell with a square cell. The latter is obtained from
equation (3.170) for g=n/4,
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o’u  'u v ow 2R*X
s} D +—=- :

oa op dadf Oa K
o’u o’v 8v  ow 2R*Y

Z 5 3 + 2 +—=- ’
dadf oOa® Op° Of K

ou ov (o'w d'w  d'w) 2 2R*Z

—+—+ = F G , tw=

da 0Of |oa oa’op® op* K

(3.173)

The formulae (3.169) for the cylindrical shell with a square grid (¢=n/4) are

transformed into:

R? 8adpf’ (3.174)

I (&'w . &w I1(, &w  &w
= an? 3 +3 2 Q2 = 3 TV R
2R*\8a®  ~ dadp 2R 0a’0p  op

O,

The formulae (3.171) for the shell with a rhombic unit cell can be written in the

following form:

N, = N,ctg’p = N,sin’ 29, S =4S,

= 2 _Af cin? - 3
M, = M, ctg*p = M, sin” 2¢, H =4H,s ::, (3.175)
Q = 4Q,.s’c:, 0, =40,.5".

The expressions for N,, S., M,, H., Q., O, arc obtained from (3.174) by
substituting @ and # with £and u, respectively.

The relationships (3.171) and (3.175) allow a transition from the boundary conditions
prescribed for a shell with a rhombic unit cell to the boundary conditions for
equivalent shell with a square unit cell to be made. In other words, to analyse a shell
with a rhombic unit cell and a length /, subjected to the load X, ¥, Z and continuous
boundary conditions, it is sufficient to analyse a shell with a square grid with a
reduced length  =/tge and a surface loading X,, Y., Z, for the same boundary
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conditions. Then the values of the forces and moments are recalculated using (3.175)
and applying

U =utge, a = &etgo. (3.176)
The described method allows the simplification of the further analyses of grid shells

with two families by considering only a cylindrical shell with a square unit cell.

3.9.3 Cylindrical Shell with a Square Unit Cell

3.9.3.1 Introduction of Resolving Function
In the case of homogeneous problem (X =Y =Z= 0) the system of equations (3.173)
can be reduced to a homogeneous differential equation of the eighth order relative to

the function ® = ®(a, §):

L(®)=0, (3.177)
where L is a differential operator:
as 68 63 as 68
L= =4 -10 +4 + A
oa®  0aop? da’opt oa’opt  opt (3.178)

The components of the displacement vector are found using function @ in the

following way:

o° o° 0° o° 0
u= Tt T — =t ——= I +— |D,
oa° oa‘op®  oa’op° op oa

v=...[2rﬁ[ & o o ] & ]q), (3.179)

5 +6 3 3+ 3 +
6a’0f  0a’0p® 0adpf’) oadp

3 3
W= @ 2—83 D
oadf” Oa

Substituting (3.179) into (3.174) we have:
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2 7 7 7 7
N=Kr1 a?+5 ? 2—5 o =p o D,
2R \ O da’op aa3aﬂ aaaﬂ5

2 7 7 7 7
=Kr1 ['_ 66 -3 (4:3 3+5 ? s+61}p’
2R oa’opf oa"op oa“op op
I o’ o’
M s——d| == T 1P,
2R da’ Oadf
(3.180)
B I o’ o’
I == 2 2am3 4 @,
R\ Oda“dp da"op

I o° o o°
=— - -3 +3 @
< 2R3[ oa®  da’dp’ Bazaﬂ“] :

6 6 6
Qz = 13 =3 as +2 ? 3+ o 5 P.
2R oa’op oa op Oa o0f

Partial solution of the system of differential equations (3.173) is found in the form of
three summands, each of them corresponding to only one component of the surface
load X, ¥, Z.

1 If Y =Z=0, then the system of equations (3.173) is reduced to one differential

equation:

Lo, =-(2R*/1)X. (3.181)
The displacements, linear forces and moments are calculated using formulae (3.179),
(3.180), where the function @ is substituted with @..
2 If X =Z =0, then resolving equation is

Lo, =—(2R* /T (3.182)
The components of the displacement vector of any point on the median surface of a

shell are

o° o° o° 0?
u,=-2n’ i 6——— =~ |+ @,
oa’0pf  oa’op®  oadf’ | o0adp
6 6 6 6
v, = 66+7 ? ~+7 ? 4+aﬁ % 4
da da"opf oa“op” op

o’ o’
= =l
w}’ [aalaﬂ aﬂ3) y

Then formulae (3.174) for linear forces and moments become

32
o ]diy, (3.183)
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3’ g B
6 4 3 2 5 7 ®)”
aa B B B o 28" o

KI‘3 a?’ a'? a?
8 s D .
2R 6‘0:7 aaSa,B oa’op® oadp’ )

as
M, =% (a “a,e 3,6]
e
oa’op? aaaﬂ

o° 0°
= %2 3 @,
Oy [6a58ﬂ da>op? aaaﬂsj 4

I o° o° o¢
sz =i 3 dap2 -2 Pk ~pb q)y
2R oa”op oa“op op

(3.184)

I
L= w

3 If X=VY=0, then this problem reduces to the solution of the following
differential equation:
Lo, =(2R*/1)z. (3.185)

The state of deformation of the considered model is defined by the formulae

(3.186)

4 4 4
w, = ¢ -2 ? =+ o = D,
oa* o0a’op® op
These formulae as well as relationships (3.174) allow the analysis of the stress state

using the following equations:

0° o° 0° 0°
- - + D,
oa® oa‘0p® oa’cp* op° ]

z

M=t Mt
2R?

4 0° o° o°
, == -2 + D,
R*\oa’0p  oa’dp® oadp’
7 7T T 7
O, == 13 a?+ t:sj 2_ ? 2 sq):’
2R\ 0a’ 0Oa’dp oa aﬂ aaaﬂ

7 7 7 7
Q;, =— Is?’ aﬁ =3 ? e ? 5+67¢:
2R°\ Oa’0pf oOa"0p® oOa’cp’ Of

(3.187)
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3.10 Equations for the Shell of Revolution

The main relationships and equations for a shell of revolution are discussed in this
section. A cylindrical co-ordinate system is used to describe the location of the points

on the surface. The expressions for the main radii of curvature of the surface (R, , R,)

and coefficients of the first quadratic form (4, B) are:

r ) -
A=(+r7)", B=r, -

3 1
= —(1+r'3)A, R, =r(1+r'2)A,
where 7 is the equation of the median surface of a shell.

The angle between the normal to the median surface of a shell and the axis of

revolution is:

e arcsin((l +r2 )/ ] (3.189)
The static equations of the shell theory [94] are:

c%N @S B A
éﬁ éa +S, E—N E’E+AB(Q2,C 2 +0k, +7)=0,

B BO
0, +——==2 4 AB(N,k, + N,k, + S,k,, + S,k,, — Z) =0,
ABM, c24H A
L+—2+H — +M2 —ABGQI m,)=0, (3.190)

M, BH,  , B
I aalJ’HzE*M‘a—ﬂ_AB(Qz"”ﬁ):Q
S, =8, + Hyk, + Hy, + Ky (M, - M,) = 0,

In the case of the linear problems for a shell of revolution, the functions 4, B, R

and R, are independent of the @ co-ordinate. Thus, the static equations transform to:
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/BN, 38 OB AB .
+A—-N + +ABX =0,
& @ ‘& R <

ZN, 5BZS AB
A +

+ ABY =0,
20 2 RZQZ
éBQ, 20, N, N,]
A== - AR Ly 214 4B =) 3.191
z T4 R1+R2 + j ( )
é’BM1+Ao"H é'BM _4BO, =0,
& 7,
4 OM, JBH, é’B
H, - ABQ, = 0.
»  a  a Z

Here, the bending stiffness of the ribs in the plane tangential to median surface of a

shell are assumed to be equal to zero.

Using geometric equations, the deformation components of the median surface are

written as:

g—iéﬂfcw 6__0"’Bu+15v+kw
"“doz " 6z AB Bs6
_LQ+22[1)

Bdl AJz\B

ok, u 15[151»)

e W =T (Rl 3.192
2= e A N T Aa\Ad sz ) (@:132)

Gk, u 12 (13w 1 &Bdw
X2 = W B e >

5zA B 76\ B 76 A°B 0z oz

lp"_u_éi( ]k,—k,_ 1 [azw 1 aBan
BoO AJdz\B 2 AB\ 3260 B 3z 46) |
The angles of rotation and generalised distributed forces are:

1 ow 1 dw

WS oe O Y=g %0 "
10H, 1 6H (:153)
. 1 2
Q QI B 59 Q2H = QZ T B 52 v

For the general case of a shell that consists of four families of ribs, we assume that the
ribs, which belong to families one and two have the same properties and are made of

the same material.
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Constitutive equations for a shell with this grid pattern have been derived earlier and
are given by (3.31). The reverse calculation of axial forces, bending and twisting
moments acting in the ribs of each family can be made from known stress resultants in
the homogenised model using (3.63), (3.65).

For convenience further calculations are carried out in the non-dimensional form. The
non-dimensional equivalents of the quantities used before are denoted with the

superscript 0 are:

u = Ryu® tv,w,B,r, z,q, (i = 1,4)1
G = EG® [X,Y,Z,gl k|0 = Rokl [kz;xl. u‘(z’f]'

S=EROSG[N1"Q:'1 M:‘:ERﬁzMr’D[Hi] (i=l,2), (3.194)
E =R02'Fio’ Jﬁ :R:J;' U=113)’
N; =ERN, M; =ERM,[H;] (i=13)

where: R, is a linear dimension of a shell; g is the distributed surface load. Functions

are listed in the square brackets are reduced to non-dimensional form in a similar way

as the expression, which preceded it.
The constitutive equations (3.31) for a shell with considered grid pattern in non-

dimensional form are:

o _ o _ o _
Ny =apé +apé,, N, =a,& +ayé, § =a,o,

M) =yu2s ¥ ¥uls, Mg =yul] + 718, (3.195)
H =y,7, H; =yt

The non-dimensional coefficients entering these formulae are:
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2R R _Fst@e) 2Rt R

a, = 2° k @y = 5a° » Qp a° a’
2J¢* JY,  G°J7sin’(29)
=" a° + a: + 2a° >
. 2
sin“(2¢
Y= _(Jln = GOJ:)EI(U__)’,
070 .2 (3.196)
__[25st 2 P i G°J; sin*(29)
e a® al 2a° i
Jlsin*(29) G°JL,  2G°Jic? cos(29)
31 = 0 + 0 + 0 >
a a, a
JPsin?(29) G°JS,  2G°J)s” cos(2¢)
a1 = 0 t—3 t 0 '
a a, a
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3.11 Axisymmetric Deformations of the Grid Shells

For an axisymmetric state of stress all the unknown stress resultants are the functions

the of co-ordinate z only:

v=@=r=7:=8=Q2=H!=H2=Y=0. (3.197)

In this case, after certain transformations (3.191) - (3.195), the final system of

differential equations in the matrix form can be obtained as:

V)= Pee)s 1) 6199

where y is the vector of unknown functions:

¥ =00 =W N =0 Y = N Y =M,y =0 (3.199)

f is a known vector which describes the loading conditions of the shell:

]

-AZ;  (3.200)

h=r=AL=f=0, f4:"AX: fs

P is a square matrix with known coefficients that are calculated from the stiffness
properties and geometric characteristics of the considered shell. Non zero members of

the matrix are given:
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@,B® a,mA 0, @ mA
= : = ) =—Alk +—k, |, =——
Py (Z“Bo Pu (ZHBO P a, Py B
B & YuWo Quk°B”
Pn = F, Py = Ak, Py = ;:u =4 :”iBn . Py =4,
0 o’ 0
. =as:.mk1°A, i :_71230 . P =A[712W1 +ﬁklokzo} Pas =_k|A,
a,B 7uB Yu @y a,
) ' z
1 B°® miy,A
Pa = B a, ) +m2kfk:731‘4 Psy =ma, B?’ Pe =(ao '”W:) Bo: s
x° 0_ 70 o
Pss = —-%f—(l +_Lf%il—k‘z)}, Pa= i_u[auk'g _%mzk:’],
12

Psy MW,I:L —¥,- ﬁzkaz)B (ﬂa"’ﬂ:?’s:)!”o aBo ﬁskoi:l

A=) e
7’:1 Ya¥a
_my,kiA Oy A i 1B W:[ﬂo"' ]+
Po=—po — A’B ; n . (3.201)
k.f.'yn[kf +(k0 k¢ )“—*=]+ £ [yn AB® - y,,B°[A’B° +24B° ]]
L a,| A’B° 1
A 1] (1]
Pa = mw:z [(ﬂu B "'1827"31)3 - B, ]’ Pes =W_:°Lzu (klo -k, 27311
B a,B
28 o' o0 k: Ya k; (k: =% )[5130' ' ?’31“::'
= 4 B it D% (1]
Pss V’:l: B° [ J 266,-2 2a, I_ B° +| ¥ a,
The solution of this system must satisfy the following boundary conditions:
Boy(z[’ ): b forz® =27, Bly(z[’ ): b forz’ =z, (3.202)

where B, and B, are known rectangular matrices; b, and b, are given column vectors.

The given system of differential equations represents a boundary value problem that
can be solved numerically reducing it to the solution of Cauchy problem using the

Runge-Kutta method [105].

The rest of the unknowns, which do not enter the system (3.198) must be calculated

using the following formulae:
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2 0!
a B o
Ng = (an __:z] —— u° +k2°w°J st S Nlo,

a AB «a
11 \ 11
y (3.203)
2 of 0 of
- Y + B u 2 B ¥
M; _[yn -—y:]\[k;’ e k,")—A —ky Wl ——7, |+ : M.

The calculation of forces in the members with known state of stress is done using
formulae (3.63) that were obtained for the case of a plate with the same grid pattern.
For calculation of bending and twisting moments in the members of a shell, the

expressions (3.65) are used.
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3.12 Boundary Effects

The mathematical model described earlier allows calculations to be made for the
lattice cylindrical structure subjected to different sets of loading conditions and their
combination. Providing a reasonable range of accuracy with the exception of the areas
that are in the immediate vicinity of the loaded/constrained regions. For the sake of
the improving the accuracy of results in these areas, an approach that takes into

account boundary effects is proposed.

3.12.1 Equation of a Simple Boundary

Boundary effects in the grid shells are similar to those in continuous shells. The local

state of stress in a shell in the vicinity of the line (& = const) close to the boundary is

now analysed. A grid shell with more than two families of ribs is considered. The
solution of the stress-strain state of a shell is based on the following conditions:

1. The boundary effect is caused by the distortion of the stress state along the line
(a =const). The solution of the system of homogeneous equations in this case is
(X=Y=Z=0).

2. Differentiation of any unknown function over the co-ordinate « causes significant
growth of this function (3.204) compared to differentiation over the co-ordinate £
(A ~B=~R,). This is caused by a quick tapering off of the solution with the

increase of the distance from the line (@ = const).

|é,k+1fl
|aak+l

>> I i;{ I (3.204)

3. The direction of the displacement vector for the point on the median surface of a

shell is very close to the direction of its normal at this point. In this case the

ou &
|%{ ¥ E‘ ~w] (3.205)

4. The main contribution to the stress state comes from the load N>:

following relationship

is taking place.
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a,| |&
|EI‘ ~ ‘g{ ~|N,| (3.206)

Considering (3.205) and (3.206), formulae for deformation components of the median

surface of a shell are:

1lat w w 18 2w
5 4a R “"R® “"4da& R,
‘ ” (3.207)
=2 nl<lnh <<zl
1 Az azz’ 2 1) 1|

The main component of the bending deformation of the median surface of a shell in
the case of boundary effect is y;. The constitutive equations (3.18) in terms of

bending and twisting moments are written as

M, =_(Du+Kn)Il’ M, =_(D12 +K”);(,,
1) @) (3.208)
H: :(D16+K61 )le Hz :(Dns +K51 )Zl-
Shear forces in this case are
1 au, 1 H,
=—— =—— 3.209
o, 1 0, 7 0 ( )
considering equations (3.207), (3.208)
D, +K,, &w D, +KY Sw
Q] o 11A3 11 &3 3 Q2 = 16243 61 §a3 ) (3210)

Using the expression for the function &;that enters equations (3.38), using (3.206) and

taking into account a,, # 0 we have

&y =ayN,. (3.211)
Considering (3.207),
N,=—2— (3.212)
’ anRy,

Equations (3.206) and (3.210) in conjunction with static equations allow another

expression for N;to be obtained:
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Nz - _(Dll ;frll)RZ Z::" (3213)

After equating the right sides of (3.212) and (3.213), the following equation of a
simple boundary effect can be obtained:

Fw At
= = w=0.
oo azan(Dn +Kn)

(3.214)

Now formulae (3.208) for bending and twisting moments incorporating (3.207) are:

M = ks +2I"[ll Fw , M, = D,, -K,, &*w ,
A ax’? A? o’ (3.215)
D, - KW Fw D, +K? Fw '
Hl=_ Az &zgy H2=_ A! &12'

The obtained formulae (3.210), (3.213) and (3.215) allow all the unknown functions
of the stress state for a grid shell to be calculated.

3.12.2 Integration of the Boundary Effect

Let us consider that the distortion line of the stress state coincides with the co-ordinate
line a=a,.

The stress-strain state of a shell for the case of the boundary effect is localised in the
vicinity of this line. All the coefficients in the obtained formulae are functions of co-

ordinate £ only and are equal to their values for @ = @, . In this case the coefficients

of the equation of the boundary effect (3.214) do not depend on a. The solution of the

equation (3.214) for the case of a < a. is:
w= (V/lcu + V’zso)E+:

W ’
Hhe E[(Wl % Vz)co +(V’z - V’:)So]gE ;

N, =N (v\co+v28)E", (3.216)
0, =0(vi-va)eo +(v +¥2)s JE,

M, = M (v.¢,-y,5,)E",

H, = H(y,% - y,6)E* ((=12)

The notations in the formulae (3.216) are:
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s, =sing(a-a.), ¢, =cosg(a-a.),

B = otlaa) £ = gtloa)
- y
. \/}{_2%/4(D11 + Ky )a ’
. ] D p , Dkl (3.217)
N2=a22R2, Ql=m, 0, = D+K Ao,
M =2g*47(D,, +K,;,), M; =2g*47(D, +K,1)
HY =2g°47 (D, +KY), HY =2g°47 (D +K3))

In these formulae y, (1,_4) are arbitrary functions of the co-ordinate . They can be

determined from the boundary conditions at @ = a, .

3.12.3 Simple Boundary Effect for a Shell of Revolution Subjected to
Axisymmetric Loading

The solution for the boundary effect in the vicinity of the distortion line of the stress

state is determined by the main state of the stress and nontangential boundary

conditions. Addition of the solution part for the boundary effect to the conventional

solution violates the tangential boundary conditions. The proposed approach allows

nontangential boundary conditions to be considered without violating tangential

boundary conditions.

Let us introduce a rigid body displacement of a shell along its axis of revolution.

For an orthotropic grid shell we have:

&.5‘

- +(Cy ik, + Cok,)w = 0. (3.218)

After the integration of this equation and considering formulae (3.216) for w it can be
found that:

u=-— 2';( }:1 RC )[(vl v2)eo + (Wi +¥2)s |JE. (3.219)

Writing the components of the displacement vector of the median surface as a sum of

three terms:

u=u+u,—Csiny, w=w,+w,—Ccosy, (3.220)
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where u;, w; are conventional solutions of the problem, u,, w; are solutions of the
simple boundary effect, C is a rigid body displacement of a shell in the direction of
the outer normal to the median surface, y is the angle between the normal to the
median surface of a shell and the axis of revolution.

Functions u;, w; are considered known from the solution of the boundary value
problem subjected to a set of tangential boundary conditions.

Lets consider the case when one of the edges of a shell is fixed at @ =a,. The

boundary conditions in this case are:
u=w=y, =0 at a=a,. (3.221)

Taking into account (3.219), (3.220), the boundary conditions (3.221) can be rewritten

as
u,-Csingy=w=y, =0 at a=a.. (3.222)

Substituting (3.219), (3.220) and (3.216) into the boundary conditions (3.222), the

following system of three equations for unknowns y;, ¥», C can be obtained:

i[.i..*. Cu
2g\R  RG,
w(a.)+ v,+Ccosy.=0, y,+y,=0.

)(Wl . '}’2)"' Csiny, =0, (3.223)

In the system (3.223) all the functions are calculated for @ = a, and v, = y(a.).

The solution of this system is

o 2wy(a.) . w,=0 = ew(a.) , (3.224)
2-¢gctgy., 2siny, — £cosy,
where
&= _‘i[L 4 i) (3.225)
g\R, R,
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3.13 Conclusions

In this chapter a new approach has been developed. This approach is shown to be
more efficient when applied to the design/optimisation of lattice structures than the
Equivalent Stiffness Method (which is quite effective in simple static analysis).
Constitutive equations are developed and the expressions for the components of stress
and strain tensors are derived for the following cases:
1. Plane problem:
Lattice plates with two, three and four families of ribs loaded in-plane and
transverse to the plane.
2. Shell of revolution:
Cylindrical shells with different lattice patterns. The cases of axisymmetric
deformation and boundary effect are considered.
The models for the cylindrical lattice shells were realised in computer code using
symbolic computation. Numeric verification of the mathematical models is given in
the next chapter.
An advantage of the new homogenisation approach is the ability to calculate structural
stress resultants without performing FEM analysis. This allows higher computational
efficiency to be achieved. Also this approach allows more design variables to be

assigned in the further optimisation analyses.
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4 Numerical Verification of the Mathematical Model.

Numerical implementation of the proposed homogenisation approach was performed

using the general-purpose symbolic computation package Mathematica [117]. A list

of the Mathematica code used for the solution of the problem described above, is

presented in the Appendix 2

This code solves the problem in the following steps:

1. Calculation of the equivalent stiffness parameters.

2. Analytical solution of the boundary value problem (system of six governing
differential equations (3.198)).

3. Calculation of the homogenised stress resultants.

4. Conversion of the homogenised stress resultants to the stress resultants in the
members of two diagonal and one vertical families of ribs.

5. Subsequent calculation of the failure coefficients.

6. Analytical derivation of the objective function.

7. Maximisation of the objective function.

Using the method outlined in the Chapter 3, numerical results are obtained for the

isogrid cylindrical structure with the geometric parameters given for the ribs (Table

2.2) and the cell configuration shown on the structure (Figure 2.5), subjected to

combined tension and torsional loading. Surfaces of optimisation are shown in Figure

5.5-Figure 5.12, and the optimal values for the critical load and optimal design

parameters are given in Table 5.2-Table 5.4. Results presented here are given for the

model that neglects the influence of the boundary effects on the general state of the

stress. The contribution of the boundary effect will be discussed and implemented in

the further chapters. The obtained results are compared to the solution of the same

problem using the Finite Element Method, using the commercial FEM code

MSC/NASTRAN. The stress (axial force, moments, etc.) distribution in the structural

members of the different families is shown in Figure 4.1- Figure 4.16.

In order to verify its validity, the developed mathematical model was analysed and the

results obtained were compared to the exact FEM solution. The following load cases

were considered:
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4.1 Uniaxial Tension.

The load has been applied to the top edge of the isogrid cylinder as a uniformly
distributed load 10° N/m.
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Figure 4.1 Maximum combined stress for the diagonal family of ribs
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4.1.1 Torsion.

The torque load has been applied as an uniformly distributed equivalent force 10° N/m

in the hoop direction.
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The bending moment M2 is almost an order smaller compared to the moment M1 so
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4.1.2 Combined Tension and Torsion
Loading was considered as a combination of the two previous loading conditions.
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Exact Model Equivalent Stiffness Model Difference, %
Diagonl family |  Vertical family | Diagonal family Vertical family | Diagonal | Vertical family
family
Ny, N 6081 0.00928 63877 00100224 67 87
My, Nm 0.064 (.12 0.07104 0.108 88 64
b | 100 1110 17510 166210° 1] 13
Table 4.1 Comparison of stress resultants for thecase of torsionalload ¢=2 10* Nim
Exact Model Equivalent Stiffness Model Difference, %
Diagonal family |  Vertical family | Diagonal family Vertical family | Diagonal | Vertical family
family
Ny, N 1924 0.0029 20386 0003132 6.5 91
Mj, N 0.0 04 0083 0.0426 91 6.
aPa | 56486740 227682 60440812 263521 12 82
Table 4.2 Comparison of stress resultants for the case of torsional load ¢=6366 N/m
Exact Model Equivalent Stiffness Model Difference, %
Dingonal family |  Vertical family | Diagonal family Vertical family | Diagonal | Vertical family
family
N N 49 261659 4 173433 45 485
My, Nm 1l 0 10 0 49 0
aPa | TI09448T 1959789326 78565552 2061634048 6.2 4%

¥The cross-section parameters of allribs for the given analysis are; /=0.01m; 6=0.0033m

Tabl 43 Comparison ofstress resutant orthecas oftension load = 10° N
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Exact Model Eauivalent Stifness Model Difference, %
Diagonal family | Vertical family | Diagonal family Vertical family | Diagonal | Vertcal family
family
No, N 6408 286708 68437 31431 6.4 96
Mj, Nm 108 051341 15 0.55191 6.9 15
q Pa 28370730 1966027008 30470164 2074158493 14 5.5

Table 44 Comparison of stressresultants for the cas of combined tension 10°Nim and torsionalload 2 10° N/m

¥The cross-section parameters of allribs for the given analysis are; A=0.01m; 5=0,0033m

The valugs in the tables are given for the middle section of the grid structure. It s observed from Figure 4.1 - Figure 4,16 that the developed

homogenised model is in a good agreement with the FEM solution, The main discrepancy of the results occurs in the immediate vicinity to the

boundary edges of the model where the loading and boundary conditions are applied. The comparison of the results is shown in the Table 4.1-

Table 44,

The aﬁalysis of the lattice structure presented in this chapter is aimed merely  verification of the accuracy of developed homogenised model

and comparison of the values for stress resultants for the ESM  and the FEM. The complete structural falure analysis 15 underteken in the

following chapter

The numerical results ofthe proposed homogenisation technique are summarised in [83],
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4.2 Conclusions

The proposed homogenisation approach is implemented using the Mathematica
symbolic computation system and this application is used to derive analytical
expressions for the objective functions with further calculation of the numerical
results. Consideration of boundary effects (discussed in the chapter 3.12) is not
realised in the software at current stage of the development due to the high
computational complexity and subsequent high requirements on the computing
hardware.

The model of the lattice cylindrical structure developed in the previous chapter is
realised in the computer code. The static analysis is performed for the structure loaded
in tension and torsion.

The numerical results obtained for the equivalent homogeneous model of the isogrid
cylindrical structure are compared to those obtained on the basis of commercial FEM
code in order to validate the homogenisation approach used. It is found that the
developed homogenised mathematical model predicts stress resultants in the members
of the structure with sufficient accuracy (the discrepancy of the results does not
exceed 10% for most of the elements). However, it is observed that a high

discrepancy of the results occurs in the regions subjected to the boundary effects.
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5 Optimisation

The objective of this chapter is to present the optimisation study of the isogrid
cylindrical structure on the basis of the homogenisation approach presented in Chapter
3.

On the basis of the derived system of differential equations, a variety of optimisation

tasks can be stated:

1. Minimisation of the total weight of the structure subjected to the variable design
parameters (cell configuration, cross-section of the ribs, etc.) without failure of the
structure occuring. The failure of the structure is calculated on the basis of design

responses (stresses, strains, etc.) using one of the composite failure criteria.

2. Maximisation of the applied load before the failure of the structure, subject to the

same set of design variables.

The first case is obviously more complicated because the objective function (weight)
is non-linear and optimisation requires constant verification of another non-linear
function i. e. strength ratio of the structural members. The practical realisation of such
an optimisation task requires the incorporation of a complex non-linear programming

algorithms.

For the second case, the optimisation task is much simplified since we are dealing
with only one function. This function is an objective function, which is derived in an
analytical form from the solution of the boundary value problem (3.198). The failure
coefficients enter the expression of the considered objective function and their
calculation is performed inside the objective function during optimisation.

In the case of the isogrid cylinder subjected to a combination of different loading and
different geometrical parameters of the structure need to be optimised to allow the
structure sustain the maximum load before failure. The optimum combination of the

design parameters subsequently contributes to the optimum mass of the system.
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5.1 Problem Statement
The basic optimisation problem statement can be introduced by providing the

definition of the design variables, objective, and constraints as

minimise F ()? ) Objective function
subject to g_,(.i-’) <0 J=1..n,  Inequality Constraints 5.1)
h, (.f' ) =0 k=1,..n,  Equality Constraints

X eX uX! il Side Costratints

where X is a vector of design variables.
It is within the design space defined by the above problem statement that the
optimiser searches for a best design. At this time we have introduced the idea of a
one-dimensional search and the steepest descent algorithm as a particular method of
establishing this search direction. However, we have also noted that this method, in
addition to not being particularly efficient, cannot address situations in which one or
more constraints are active. The resolution of these issues is discussed in the section
54
The design variable vector update can be written as

X'=X"+a"§", (5.2)
where X° is the initial vector of design variables, S' is the search vector, and a is
the search parameter. Equation (5.2) represents a one-dimensional search since the
update on X' depends only on the single scalar parameter a. @ is the value of &
that yields the optimal design in the direction defined by S .
In practice, there is a better choice of direction called a conjugate direction. However,
regardless of the search direction used the concept is the same. The optimiser finds a
search direction towards the highest gradient of the objective function and moves in
that direction as far as possible.
If the optimiser has encountered some of the design constraints, in order to make any
further improvement in the design, a new search direction S° must be found that
continues to reduce the objective function within the design space. Here the optimiser
is seeking for a "usable-feasible" direction, in which a usable direction is one that

moves in the direction of the high gradient of the objective function and a feasible
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direction is one that keeps the search inside the constraint boundaries. This situation is

shown in Figure 5.1. The mathematical definition of a usable search direction is
VF(%)-5 <o. (5.3)
Equation (5.3) is the scalar product (dot product) of the gradient of the objective

function with the search direction. The dot product is the magnitude of VF(X) times

the magnitude of S times the cosine of the angle between the two vectors. Thus, the
cosine of the angle determines the sign of the product since the magnitudes are
positive numbers. The optimiser has to find a search direction that makes the left-hand
side of equation (5.3) as negative as possible. However, this direction must remain
within a critical constraint. This is the feasibility requirement, which is similar to the

usability requirement but now is stated with respect to the constraint

vg,(¥)-5 <o0. (5.4)
s
7700
I \ 'f‘"-r.i“
! et F{x) =constant

Figure 5.1 Usable-feasible search direction

Just as for the objective function, the angle between the search direction § and the
gradient of the constraint must be between 90° and 270°. If the angle is exactly 90° or
270°, the search direction is tangent to the constraint boundary. To find the search
direction that makes the greatest possible improvement in the objective function but
still follows or moves inside the constraint boundary, the usability and feasibility

requirements must be combined. This combination creates the following sub-
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optimisation task: to find the components of the search direction S in order to

minimise
VF(X)-(5) (5.5)
subject to:
vg,(%)-(5)<o0 jeJ, (5.6)
§-§<), (5.7)

where J is the set of constraints whose values are zero within some numerical
tolerance. This is the set of active constraints. The purpose of the equation (5.7) is
simply to prevent an unbounded solution to the problem defined by (5.5) and (5.6). In
the general case where there are numerous design variables as well as several active
constraints, this becomes a sub-problem that is solved as part of the optimisation.
This problem is linear in S except for the quadratic constraint of (5.7) [105].
Assuming that a usable-feasible search direction is found, the optimiser can now
search in this direction until it can make no further improvement. The sub-problem of
finding a new usable-feasible search direction is repeated and continues until no
search direction can be found that improves the design without violating one or more
constraints. That means that the optimum is reached.
The verification of the obtained values of the design variables that correspond to the
real optimum can be done using the Kuhn-Tucker conditions [104]. In the case of an
unconstrained problem (omitting second and third equations in (5.1)), this is simply
the condition where the gradient objective function vanishes. In the case of the
constrained optimisation problem considered here, the conditions of optimality are
more complex. In this case, the governing equation is the stationary condition of the
Lagrangian function:

L(X',Z):F(X)+i,1jgj(j'), (5.8)

=

A, 20. (5.9
The Kuhn-Tucker conditions dictate that the Lagrangian function L(X,4) must have

a vanishing gradient at the optimum design, X*. When all of these conditions are
considered, they lead to the statement of the Kuhn-Tucker necessary conditions for
optimality:
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Condition 1: X" is feasible. Therefore, for all j, g (A? ') <0

Condition 2: 4 J.gj(.ff’ ') =0 (the other product of A, and gj(f ') equals to zero)

F(X")-i—i,leg (x)=0,

Ajzo =L 2, .., M.

Condition 3:

The physical interpretation of these conditions is that the sum of the gradients of the

objective and scalars A, times the associated gradients of all active constraints must

vectorally add to zero. This is much like the statement for static equilibrium where
the sum of all internal and external forces at any given point must vectorally add to

ZEero.
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5.2 The Feasible Direction Search Method

The method described here is referred to as the Modified Method of Feasible
Directions [104]. At this point it is assumed that both an objective function F(X)

and constraints g, (X)<0 for j=12,..n as well as lower and upper bounds on

g
the design variables are provided. Also, the gradients of the objective and constraints
are available. Thus, we are solving the general problem defined by (5.1).
The optimiser is simply minimising a function subject to inequality constraints.
Given an initial x-vector x’, the design will be updated according to

X'=X""+a'S?, (5.10)
where g - iteration number, & - scalar move parameter.

The overall optimisation process proceeds in the following steps of the algorithm
(Figure 5.2)
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5.3 Finding the Search Direction

Often in design optimisation, the one-dimensional search is limited by the & at which
a side constraint X or X becomes critical. Assume & corresponds to encountering
the lower or upper bound on some variable X, . Because this constraint is a function
of X, only, it may be possible to fix this at its bound and repeat the one-dimensional
search from this point with respect to the remaining variables. To achieve this, the k-
th component of .§ is set to zero. If other constraints are violated and a feasible design
is being sought, the one-dimensional search is restarted from this point. If no

constraints are currently violated, the scalar product VF (X' )(§) is calculated. If this
product is negative, the objective is assumed to be decreasing for a move in this

modified direction. This is an assumption, since VF] (.i" ) has not been re-evaluated for

the current X. If the objective is, in fact, increasing in this new direction, the resulting
a" will be zero.

The advantage of this modification is that, in a design where many side constraints are
active, the one-dimensional search can continue without the necessity of calculating
new gradient information, usually a time-consuming process. For cases where this
modification applies, it often considerably improves the efficiency of the optimisation
process and is recommended when using this and other direct search algorithms.

An alternative here would be to simply set any .X; to its bound if, during the one-
dimensional search, that bound is violated. This usually works well in practice, even
though the objective and constraints now have discontinuous first derivatives with

respect to &
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Figure 5.2 Algorithm for the method of feasible directions
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5.4 Sequential Quadratic Method

This method is considered to be an excellent method by many theoreticians [67],
[105]. The basic concept is very similar to Sequential Linear Programming (SLP)
[67], [104] [63], when first the objective and constraint functions are approximated
using Taylor Series Approximations [67] and the search direction S is created. Then
a one-dimensional search is performed in order to improve the design as much as
possible in this direction. In this case the search direction is found using first order
(gradient) information only. The first step in the one-dimensional search direction is
somewhat arbitrary although, using gradient information, it is possible to provide a
first order estimate for the solution to the one-dimensional search.

In contrast to the SLP, Sequential Quadratic Programming uses the technique where
the search direction is found by solving a sub-problem with a quadratic objective and

linear constraints. The objective function is an augmented using Lagrange multipliers

(ﬂ. s J=1 m) and an exterior penalty. The direction of the search is determined by

incorporating a quadratic, rather than a linear approximation of the objective function.

Linearised constraints are used with this to create a direction-finding problem of the

form:
minimise

Q(S)=F°+VFS+05STBS (5.11)
subject to

Vg, S+g7<0 j=1 m, (5.12)

where F(X) is an objective function and vector X contains design (or decision)

variables; S is a vector of search direction; superscript 0 denotes the value at the
beginning point; g; defines the constraint boundaries; B is dependant variable matrix
which contains gradient information.

Here the design variables are the components of S. The matrix B is a positive definite
matrix which is initially the identity matrix. On subsequent iterations, B is updated to
approach the Hessian of the Lagrangian functions. This sub-problem is solved using
the Modified Method of Feasible Directions [104]. For this sub-optimisation problem,

the functions and derivatives are easily and efficiently evaluated.
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Now assuming the approximate problem of minimising O subject to the linearised
constraints has been solved. At the optimum for this problem, the Lagrange

multipliers A;, j=1,m associated with the solution of this direction-finding
problem can be calculated.

With the Lagrange multipliers available, an approximate Lagrangian function can be
constructed and used to search in the direction defined by §. Having determined the

search direction S, the design is updated as a one-dimensional search problem in the

usual manner, except here an exterior penalty function is used:

@ =F(%)+> u, maxfo, g, (¥)] (5.13)
J=1
where
X=X""+af, (5.14)
u;, = |}.J ], Jj=1lm for the first iteration, (5.15)
u, = max[|,1 | (u +|/1 l)} =1 m for the subsequent iterations (5.16)

and u; = u, from the previous iteration.

Here: @ is a pseudo-objective function; ¢ is an iteration number; @ defines the
distance in the direction § where the optimiser should move to achieve the better
design.

The task is to find a in order to minimise (5.13). This one-dimensional search
problem is well conditioned and a=1 is a very good estimate for @ . Usually,
quadratic polynomial interpolation is adequate to refine the solution for a.

During the one-dimensional search, approximations are made to the components of @
because this function has discontinuous derivatives at the constraint boundaries, but
the components are smooth.

At this point the search direction S is determined and the one-dimensional search is
performed to update the design. Then the matrix B needs to be updated to provide an
improved quadratic approximation of the augmented design objective. Powell [67]
recommends the Broydon-Fletcher-Shanno-Goldfarb (BFSG) [105] update formula:

[BipXp) [B] , {nfn)
B =B iy oY B

where
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(p)=27-X",
in}=00}+(-0)Bp}

()=v @ -v, 0, (5.18)
o= i) $46,8)

if o} )= 02{p} [Blip}

1
0= 0.12{p} [BXp} s AW r
GBIl oF ) if {p} {v}<02{p} [BKp}

Here the constants 0.12 and 0.2 are chosen arbitrary from the numerical experience; &

is a push-off factor The new matrix [B'] now replaces [B] in (5.11) and the

optimisation process is repeated until convergence.
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Figure 5.3 Algorithm for the sequential quadratic method
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The algorithm of this method is given in Figure 5.3. From the outline of the algorithm,
it is apparent that this method incorporates the best features of several concepts. First,
the Lagrangian is approximated and then the approximating function is minimised.
However, since the function is approximated with respect to the primal variables X
alone, the minimisation sub-problem uses linear approximations to the constraints.
The result is then used as a search direction to minimise the augmented Lagrangian.
The form of the update of the B matrix is such that positive definiteness is maintained
and thus is a variable metric method. The method deals well with equality constraints,
as long as the sub-problem of the solving for S can treat linear equality constraints.
Finally, the method deals with infeasible designs with no additional strategy required.
The abovementioned confirms this technique to represent a very powerful

optimisation tool.
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5.5 Literature Survey
A number of optimisation studies have been undertaken for orthogrid, anglegrid and

isogrid structures [13], [36], [32]. However they were mostly based on the different
homogenisation approaches that required calculations of the stress resultants with the
use of supplementary finite element package and subsequent input of the obtained
results in the optimisation routine. These approaches make the optimisation process
not completely automatic, which becomes an important issue considering the number

of iterations required for achieving optimum.

5.6 Maximum Applied Load Design
The objective function in the present design study is applied load. The design problem

can be stated as
max g(g, h, b) (5.19)

subjected to the following constraints
Poin SP<Pres By <h<h,, (5.20)

for the case of the constant aspect ratio, and also

b.sbsh,. (5.21)
for the generalised case.

The maximum load represents the maximum load the structure can sustain before
failure. The failure of the isogrid cylinder is characterised t_)y the failure coefficient
(strength ratio) 7, described later in Section 5.8.2 equation (5.33). The value of r=1
corresponds to the failure of the structure. The strength ratio is calculated for the
vertical and diagonal families of ribs and the structure is considered to have failed
when either of them is equal to one. The analytical expression for the objective
function is derived for r=1.

The load scaling factor was introduced to link tension and torsional loads in order to

reduce the number of system variables and subsequently reduce the required

computational time. The load scaling factor is a ratio:

w, =dien (5.22)

£

Qeor
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where g, is a tension load and ¢, is an equivalent torsional load. The equivalent

torsional load is an applied distributed load equivalent to the torque (7)

__&
27R*

Dior (5.23)

The maximum applied load design involves the computation of the width (b), height
(h) of the ribs and angle of cell configuration (¢) so as to solve the optimisation
problem (5.19). For a given # and ¢ the maximum P, is determined such that the
inequality (5.20) is satisfied. The optimal 4 and ¢ are obtained by maximising the
objective function P, over these variables. This yields the maximum (critical) load
that can be applied to the structure just before its failure, having the optimal geometric
parameters A, b and @ A Sequential Quadratic Method (SQM) was used for
calculating the optimum [105]. In this method, a quadratic programming subproblem
is solved at each iteration. The values of the optimum sequences of the cross-sectional

parameters are presented in Table 5.2-Table 5.4.
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5.7 Stresses Acting in the Ribs
Components of the stress acting in the ribs of the isogrid structure comprise normal

(direct) and shear components. According to the regular beam theory direct stress
components o, are calculated on the faces that are normal to the direction denoted by
a subscript (Figure 5.4). The notations of the shear stresses 7, the first index denotes
the direction of the normal to the surface where the stress component is acting and the
second shows the direction of this stress (Figure 5.4), i shows that stresses are
calculated for each family of ribs. The directions of the forces and moments acting in

the rib are shown on the Figure 3.4

Figure 5.4 Direction of the normal and shear stress components

5.7.1 Normal Stresses

Normal stresses have two components:
1. From the contribution of the axial force in direction 3 [95]:

Osi (N:) - % (5.24)

Where N, is an axial force in the rib in direction 3; A4 is a cross-sectional area.

2. From the contribution of the bending moment about the axes 1 and 2 [95]:
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(M, )=—Lx, —-=2Lx . 5.25
0-31( :) Ih 2i Iz,- 1 ( )
Where O, are the shear forces.
The total normal stress is:
oy, =05, (M,)+0,(N,) (5.26)

5.7.2 Shear Stresses

Shear stress has also two components:

1. From the contribution of the shear forces O, :

lex
tay; = 1'

(5.27)
. _S__ i’-__ 1 |x2=|
32i — I 21 4 2
5.7.3 Torsion of the Ribs
Torsional stress in the ribs may be expressed as:
H
Tip =———=, 5.28
12§ ah‘ bfz ( )

where 4, is longer side of the cross-section and 5, is the shorter side, & is the

coefficient that depends on the geometry, for the rectangular cross-section the values
of this coefficient are given in Table 5.1.

Wb 1 1.5 2 25 3 -4 6 10 0

a 0.208 | 0.231 [ 0.246 | 0.256 | 0.267 | 0.282 | 0.299 | 0.312 | 0.333

Table 5.1 The values of coefficient &
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5.8 Material Failure in a Rib
In this section a quadratic failure criterion is derived to determine material failure in

the ribs due to the stresses calculated in subsection 5.7.

5.8.1 Material Properties

The following material properties are considered for the material which is orthotropic

in respect of the third direction:
X, = Tensile strength in the 3-d direction;
X, = Compressive strength in the 3-d direction;

S = Shear strength in the 31 and 32 directions.

5.8.2 Quadratic Failure Criterion for a Beam

Let us start derivation with the generic quadratic criterion [15]
F,-0,-0,+F, -0,=1 @, 7=12,34.35 6) (5.29)

where the material is presumed to fail when equation (5.29) is satisfied at any point.
Eliminating stress in the 1, 2, 12 directions from beam theory assumptions and

removing the first order shear terms leaves us with
Fo-0) -Fy-0;-F 0] -F-a,=1, (5.30)

where only F, and F, have to be determined from the material properties. When any

i
two of the stresses are zero, the remaining stress is either X;, X; or S at failure, so

we can determine that

1
Bt
5%
1
F44='_2’
5; (5.31)
P;5=S—2,
ek, 2
R

and our final failure criteria for a simple orthotropic beam is then
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z 2 2
o MY O B P (5.32)
X X3 8§ N X3 X
If we now substitute ro, for o,, the ratio of the failure loading to the applied loading

can be determined as follows

S0y (x5 - X5 )+ 88’02 (X} - X5)+ 4X; X5(8%03 + X3 X5 (03 +07))
2(5%07 + X X3(03 +0?))

,» (5.33)

where r is a strength ratio for this case.
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5.9 Optimisation Runs

Three optimum design problems for the isogrid structure are considered.

The first problem involves the maximum load design for the structure in the form of a
cylinder subjected to combined tension and torsional loading. The design variables are
chosen as the width (b) and the height (%) of the ribs' cross-section, and they
considered to be the same for all the families of the structure. The design-optimisation
is performed for the isogrid cylinder with the geometrical parameters given in Table
2.1 and material properties in Table 2.2. The relationship between these cross-
sectional parameters is established. The effect of the design parameters on the
extensional and torsional stiffness is investigated. The optimisation task has been
performed for the different combinations of tension and torsional loads and the results

are presented in Figure 5.5-Figure 5.6

Figure 5.5 Critical load for the vertical family of ribs (w,=1)
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Figure 5.6 Critical load for the diagonal family of ribs (w,=1)

The values of the optimum sequences of the cross-sectional parameters are presented
in the Table 5.2. The optima are found in each case using the symbolic computation
package Mathematica by means of multiple application of the Sequential Quadratic
Method (SQM) with constant changing of the initial guess.

In the case of wy=1 the failure occurs in both families of ribs almost simultaneously at
the critical load combination: gie=gi=10" N/m. Surfaces of optimisation are shown
in Figure 5.5 - Figure 5.6, where the critical applied (P.,) load is plotted verses the
design variables (b and /). Optimum sequences of geometric parameters for the rib’s

cross-section for this case are given in the Table 5.2.
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Figure 5.8 Critical load for the vertical family of ribs (ws=2)

167



In the case of dominating tensile loading (ws=2) as can be seen from Figure 5.7-Figure
5.8, the failure load for the diagonal families is much smaller than for the vertical
families. The aspect ratios of the ribs that belong to the diagonal families tend to a
unit. This occurs because of the increased tensile component of the axial force in the
diagonal families of ribs. Considering the cross-section of the vertical and diagonal
ribs to be the same during the optimisation process leads to the vertical family become
much stiffer than the diagonal. This points towards the possibility of considering
cross-sectional parameters b and /4 to be different for vertical and diagonal families of
ribs, varying independently during the optimisation process. That can subsequently
increase the stiffness of the structure in the critically loaded direction and reduce the

total mass of the structure as a whole.

Figure 5.9 Critical load for the vertical family of ribs (w.=0.5)
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Figure 5.10 Critical load for the diagonal family of ribs (w,=0.5)

For the case of w=0.5 the increase of the load scaling factor (which leads to the
increase of the torsional component of the loading) as can be seen from the Figure 5.9
- Figure 5.10 does not influence much the stress-strain state of the ribs that belong to
the vertical family. Increased strength of the diagonal ribs is observed. This is caused
by the decreased contribution of the axial loading of the diagonal ribs subjected to the
smaller torsional component of the applied load. There are several local maximums on
the surface plots Figure 5.9 - Figure 5.10. The global optimum corresponds to the
5=0.017m and #=0.035m for the critical loading combination: g.,=3.8 10° N/m,
Gr=1.9 10° N/m. The cross-section of the vertical ribs tends to the high aspect ratio in
the hoop (tangential) direction to increase the bending stiffness of the vertical ribs to

sustain the bending component of the torsional load.

The second problem involves the maximum applied load design for the isogrid
cylindrical structure subjected to the same combined loading, but the design variables
are chosen as the height (4) of the cross-section of the rib in each of the families and

the cell configuration described by the angle (¢) between the first family and the
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generator of the cylindrical surface. The aspect ratio of the cross-section in this case is
considered constant (equal to three as suggested in [39]). The relationship between the
height of the rib, cell configuration and the maximum applied load is established. The

effect of the design parameters on the extension and torsional stiffness is investigated.

Figure 5.11 Critical load for vertical family of ribs (w,=1)
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Figure 5.12 Critical load for diagonal family of ribs (w,=1)
A number of cases were considered for different values of the aspect ratio of the

cross-section. The optima are given in the Table 5.3.

With introducing a cell configuration angle ¢ as a design variable, the distribution of
the optimum sequences becomes more complex. Extensional and torque stiffness of a
cylindrical structure in this case is governed by the change in orientation of the two
diagonal families. Torque stiffness increases for higher values of ¢ (60...70°). In
contrast, the extensional stiffness is reverse dependant on ¢: increasing for the lower
@ values (40...50°). The change in cell configuration causes a change in cell density
and subsequently a slight change in the diameter of an isogrid cylinder (the magnitude
of this change also depends on the change in cell density). That is why, in practical
design/optimisation of the isogrid structures it is recommended that the change in the
design variable @ with a certain step be consider, to be able to manufacture an

enclosed isogrid cylinder.

The range of the design variables were taken as 35°>¢>75° 0.002>/>0.07 from the
considerations of manufacturability of the isogrid structure. The optimisation results
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show that with decreasing angle ¢, the torsional stiffness of the structure decreases.

The optimum cell configuration for the w,=2 corresponds to the ¢=62.1° and

h=0.02394m at the critical load combination: gr,=gi»=1.2 10’ N/m. Analysing the

plots for different load scaling factors the following conclusions can be made:

1. For ws=2 (dominant torsional load) and w,=0.5 (dominant tension load): in the case
of the smaller torsion load the diagonal ribs can sustain a higher load than in the
case of w=2, but still the failure will be at the minimum load for both families. In
this case it will be vertical family.

2. For the vertical family the value of the critical load does not change with the load
factor (w;).

The values of the optimum sequences of the cross-sectional parameters are presented

in the Table 5.3. The optima are found in each case using symbolic computation

package Mathematica by means of multiple application of the Sequential Quadratic

Method (SQM). In this method, a quadratic programming subproblem is solved at

each iteration with constant changing of the initial guess.

The objective of the design study for the third case is to maximise the applied loading
subjected to the material failure constraint. Maximisation of the applied load (Gen,
gwr) 1s achieved by optimally determining the width and height of the ribs cross-
section (b and Ak respectively) and the angle (@) between the first family and the
generator of the cylindrical surface in order to prevent material failure occuring
during the loading event. The design-optimisation problem is stated as (5.19)
subjected to (5.20) and (5.21). The computational solution consists of successive
stages of the calculation of the stiffness parameters with successive optimisation until
a convergence is obtained and the optimal values of the design variables (5.20),
(5.21) are determined within a specified range of accuracy. In this optimisation study
the Sequential Quadratic Method (SQM) [105] is employed to determine the global
optimum. The effect of the design parameters on the extension and torque stiffness is
investigated. The optimisation task has been performed the different combinations of
tension and torque loads. The numerical results are given in the Table 5.4 for the
isogrid structure (Figure 2.5) with the dimensions shown in Table 2.1 and the material
properties of the ribs shown in Table 2.2.
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The numerical results obtained on the basis of optimisation study show that the
vertical family of the ribs is more sensitive to the loading and will fail first at the
lower values of the combined tension and torsion loading. This is true for all the three
cases considered. The optimum configuration of the unit cell of the grid structure in
the case of equal tensile and torsion loading corresponds to an almost equilateral
triangle (@,,—61.3°). When the tensile loading starts to dominate (the case ws=0.5),
the unit cell will tend to stretch in the vertical (z) direction, and the optimum cell
configuration corresponds to the isosceles triangle with the base angle ¢,,~40.5%
accordingly for the case of dominating torsion loading the base angle ¢,,~73.3° - the
unit cell tends to stretch in the hoop (6) direction. The rectangular cross-section
parameters are also changing dependent on the dominant loading component. As
expected, as the torsional component of the combined load increases (w=0.5, 1, 2) the
aspect ratio of the rib's cross-section tends to increase in the hoop (6) direction.
Predominate torsion of the structure causes bending of the ribs in the & direction,
which subsequently governs the increasing aspect ratio of the ribs. The increased
aspect ratio of the ribs accordingly increases the second moments of inertia of the
cross-section in the direction of the induced bending,

The values of the optimum sequences of the cross-sectional parameters are presented
in the Table 5.4. The optimums are found in each case using the symbolic
computation package Mathematica by means of multiple application of the Sequential
Quadratic Method (SQM).
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Vertical Family Diagonal Family
Ws b h 0 Qren Qior b h 0 Qlen Qo
L] 00sm | 004m | ¢° | 10Nm | 10'Nm [008m|00302m| 6 | 10Nm | 10'Nm
21 009m | 000m | ° | 410°Nm | S10°Nm | 0030im | 0069m | 60° | LS10°Nm | 310°Nim
05| 0007m | 00035m | ¢ | 3810°Nm | 1916°Nm | 00209m | 00302m | 60° | 610°Nm | 310°Nm

Table 5.2 Optinum values for b, A

Vertical Family Diagonal Family
Wy b h 0 Qron Qor b h 0 Qren Qor
1] 0009Im | 00026m | 0 | 1200'Nm | 1210"Nm [0023%m|000684m| 621° | 1310'Nfm | 13 10"Nim
2 1001295m | 0003Tm | ¢ | 4710°Nm | 9410°Nim | 00588 m | 00168m | 7140 | 1810°Nm | 3610°Nm
05 [001155m | 00083m | ¢ | 4310°Nm | 2210°Nm [006825m | 00195 m | 382° | 7210°Nm | 3.610°Nim

Table 5.3 Optinum values for h, ¢, when aspect ratio is constant (3.)

Vertical Family Diagonal Family
Ws b h 0 Gren (or b h 0 Qren Qor
L 00Wm | 0004m | 0@ [13810"Nm | 13810"Nm | 002im | 001m | 613 | 1410"Nm | 1410"Nm
2L 00%m | 0003m | o | 54310°Nm| L110'Nm | 000m | 00057Tm | B3 | 610°Nm | 1210'Nin
05| 004m | 00135m | 0° | 4910°Nim | 24510°Nim | 0052m [0.02625m | 403° | 8.6410°Nim | 432 10°Nim

Table 54 Optimum values for b, b, p

¥ Bold case indicates design variable

The ange of design variables 35' <p<78' — 0002<B<00T  0002<h<007
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5.10 Analysis of the Results

The effects of tensile and torsion applied load on the optimum design have been
investigated.

In the case of equal tensile and torsion loads (Figure 5.5, Figure 5.6, Table 5.2 - Table
5.4), the failure occurs in both families of ribs almost simultaneously at the critical
load combination: gr=g:=10" /m.

In the case of dominating torque loading (w,=2) as can be seen from Figure 5.7,
Figure 5.8; Table 5.2, that the aspect ratio increases to increase the torsion stiffness of
the structure. Ribs tend to get taller in the hoop direction. The failure load for the
diagonal families is much smaller than for the vertical families. The aspect ratios of
the ribs that belong to the diagonal families tend to a unit. This occurs because of the
increased tensile component of the axial force in the diagonal families of ribs.
Considering the cross-section of the vertical and diagonal ribs being the same during
the optimisation process leads to the vertical family becoming much stiffer than the
diagonal. This points towards the possibility of considering cross-sectional parameters
b and h to be different for vertical and diagonal families of ribs, varying
independently during the optimisation process. This can subsequently increase the
stiffness of the structure in the critically loaded direction and reduce the total mass of
the structure as a whole.

When introducing a cell configuration angle ¢ as a design variable, the distribution of
the optimum sequences becomes more complex. Extensional and torsion stiffness of a
cylindrical structure in this case is governed by the change in orientation of the two
diagonal families. Torsion stiffness increases for higher values of ¢ (60...70°). In
contrast, the extensional stiffness is reverse dependant on ¢: increases for the lower ¢
values (40...50°). The change in cell configuration causes a change in cell density and
subsequently a slight change in the diameter of an isogrid cylinder (the magnitude of
this change also depends on the change in cell density). That is why, in the practical
design/optimisation of the isogrid structures it is recommended that the change in the
design variable ¢ with a certain step be considered, to allow manufacture of an
enclosed isogrid cylinder. Results obtained for a number of design/optimisation

studies are also summarised in [82], [84].
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5.11 Conclusions

The procedure for optimally designing grid structures for a maximum applied loading
using a failure criterion as a constraint is described. The objective is a maximum
applied combined tensile and torsion load and the design variables are cell
configuration and the cross-section parameters of the ribs comprising the grid. The
equivalent stiffness homogenisation approach in conjunction with an optimum search
routines is used to determine the design variables optimally. The numerical approach
employed in the present study is necessitated by the computational inefficiency and
conventional difficulties of linking the optimiser and the FEM analysis package for
calculating the stress resultants used in the optimisation process. These were
successfully overcome by the developing special purpose symbolic computation
routines to compute stress resultants directly in the program using the new
homogenisation approach for the model with equivalent stiffness. The proposed
homogenisation approach shows high efficiency and good accuracy for the obtained
results. It must be emphasised that different failure criteria may be used.

The effect of the optimisation was investigated by plotting surfaces of optimisation,
where the critical applied load is plotted against the design variables. The results show
that the difference in the value of the maximum load applied to the optimal and non-
optimal isogrid structure can be quite substantial, emphasising the importance of
optimisation for composite isogrid structures.

In order to demonstrate the complete procedure of implementation of the new
homogenisation approach to the design-optimisation study, several isogrid cylinders
were completely optimised, such that both width and height of the ribs comprising
vertical and diagonal families and the angle of the cell configuration were determined
optimally. These structures have been analysed for different loading conditions such
as tension and torsion and their combination, and optimal designs of each were
compared to the others. The extent of influence of the rib's geometry and unit cell

configuration on extensional and torsion stiffness was established.

176



6 Areas of Further Research
This research is aimed at formulating new mathematical models for composite grid

plates and shells which are subjected to a variety of loading combinations. The main
objective of this research is to improve the accuracy and efficiency of the tools for
design/optimisation of these structures. As a step towards obtaining practical results
and further research in this area it is recommended that that the developed
experimental computer code [Appendix 1, 2] written using symbolic computation
package Mathematica should be made available in more accessible versions to the
researchers working in the field of the design/optimisation of grid structures. Further
work on this code should concentrate on considering the influence of boundary effects
in the vicinities of loaded and constrained edges of a shell. The mechanism of
application of internal pressure to the mathematical model should also be further
investigated. In addition, experimental studies on a real isogrid structures should be
carried out to investigate an accuracy of the homogenised mathematical model. In the
case of a grid structure with outer layers of composite skins the homogenised
representation of the skins must be developed so that the behaviour of the composite

grid structure as a whole can be represented adequately.

Some of the areas of grid structure analysis which are still not well developed
analytically, are typically resolved by the use of FEM. These areas include: local rib
buckling, local skin ‘pocket buckling’, rib termination effects and the effects of grid
pattern irregularities. The influence of manufacturing defects on the modelling of grid
structures should also be addressed. Detailed geometry of a grid structure is heavily
dependent on the manufacturing method used. The effects of different manufacturing
processes on the behaviour of grid structures is currently not very well understood and
was not implemented in the currently developed model. Further development of the
current model must also address the following common manufacturing defects:
material build-up at the nodes, skin print-through (markoff) near ribs where rubber
tooling deforms the skin, wavy fibres in ribs due to lateral compaction, resin rich/dry
areas at or near nodes, and non-uniform fibre volume fraction from rib top to rib

bottom.
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The analysis tool developed in this study is aimed at making the design of grid

structures easier for the engineer. The tool of course has to be further developed not

only to be able to incorporate the effects mentioned above, but also to address some of

the guideline issues of the grid structures design which have not been fully understood

and developed at present time. This issues include:

e Investigation of the effect of nodal offset.

e The best methods to terminate different types of grid patterns.

e The choice of the grid pattern for the lattice structures of revolution. What
families of ribs should be included for the optimal structural performance?

e Adequate representation of discontinuities in grid structure patterns (cut-outs,
doors, windows) and the boundary effect at the edges.

e Fabrication of a grid structure with a zero bending-coupling (B-matrix) which

would not warp under a temperature change.

Development of reliable and accurate optimisation methods is also essential due to the
expanded use of composite grid shells in high-tech industries. Therefore, there is a
need to improve the current optimisation methods and approaches. Development of
practical numerical techniques for predicting the failure initiation in composite grid
shells subjected to different loading conditions is a logical sequel of the design
optimisation and of a great importance in modern engineering. The results of this
research can be used to assemble a computer code for the simulation of the
deformation and stresses of the grid structure subjected to a variety of loads and their
combination. The extended optimisation routines can also be further developed to
handle more variables. This research would greatly enhance the scope and
effectiveness of conventional tools for the design/optimisation of grid structures.
Several problems which are cumbersome or exceedingly difficult to solve using
conventional techniques could be treated using the proposed new homogenisation

method.
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7 General Conclusions

A model for the analysis of grid structures based on the equivalent stiffness approach
has been developed. The model was verified by comparing the results obtained on its
basis to those obtained using exact FEM model. The equivalent stiffness model was
shown to be accurate in predicting resultant stresses and strains. However, the
equivalent stiffness approach was found later to be inefficient for application in the
design/optimisation of lattice structures, so a new homogenisation approach was
proposed. The new homogenisation approach was developed and verified. This
approach was implemented using the symbolic computational system of Mathematica.
The developed software was used to derive analytical expressions for the objective
functions with further calculation of the numerical results.

The numerical results were calculated for the problem of isogrid cylindrical structure
subjected to tensile and torsion loads. The optimisation study shows the maximum
values of the combination of the loads correspond to the values of optimum design
parameters. Results are presented for a model, which neglects the influence of the
boundary effects. The computational efficiency of the optimisation algorithm in the
design optimisation of cylindrical isogrids was improved and good accuracy of the
results has been achieved. The investigation based on failure analysis shows that the
difference in the value of maximum load applied to the optimal and non-optimal
isogrid structure can be quite substantial, emphasising the importance of optimisation
for the composite isogrid structures. Several isogrid cylinders were completely
optimised on the basis of the proposed homogenisation approach, such that both the
width and height of the ribs comprising vertical and diagonal families and the angle of
the cell configuration were determined optimally. These structures were analysed for
different loading conditions such as tension and torsion, and their combination. The
numerical results obtained during several optimisation runs can be used in the
practical engineering design of isogrid structures to allow time consuming and
inefficient trial and error methods to be avoided when the recommended values for
cross-sectional parameters, cell configuration and cell density have to be determined
for an arbitrary loading combination.

As a step towards improving the developed experimental computer code, further work
should concentrate on considering the influence of boundary effects in the vicinities

of loaded and constrained edges of a shell. The mechanism of applying of internal
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pressure to the mathematical model should also be further investigated. The extended

optimisation routines can also be further developed to handle more variables.
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Appendix 1

Symbolic computational routine used for the calculation of the equivalent stiffness

matrices for the isogrid cylindrical structure.



Egquivalent Stiffness Matrices.nb

Calculation of the Equivalent Stiffness Matrices for the Isogrid Structure

Young's moduli of the material:

Eg = 1.81 10
E, = 7170000000

Shear correction factor:
5
s

Cross-sectional properties (width and height of the ribs):

b=0.00666667
h=0.02

Spacing for each set of ribs:

do=1
dgo = 0.2618
de = 0.3023

Moments of inertia:

bh?

1z
Ie = Too
Ip=0

Igp =

Areas of the rib's cross-section:

A9°=hh
RAe = Agp
Ag =0

Torsional constants for the rectangular cross-section:

hb* (16 h b*
Jg0 = R . 7S
16 | 13 b | 12h*
Jg = J’a
Jdg =0

Angle between co-ordinate axes z and an axis of the first family of ribs:

Pi
68 = —
60

m = Cos [86]
n = Sin[e€]

Calculation of extensional, extensional-bending coupling, bending and transverse shear stiffness matrices for the ribs:



Equivalent Stiffness Matrices.nb

Ey Ey
A,ﬂ,z[{E‘M +2 A"m‘, 2 2 m’ n?, 0},
do de
E, E. B, E
{2 Re m? n?, e +2 s n', 0}, {0, 0y 2 =l mznz}}
de dgo de
Btl.h=[{°f 0, 0}: {ol of D}: (ol of 0]}
Drip = {({D11, D12, 0}, {D21, D22, 0}, {0, O, Dgg}}
Ex I E: I B, J,
Dy = 2 42 Smts ? m? n?
dg do
Ex I E; I E; J,
Dy &t 4 gy R D
dgo dg
E,; J,
Du-ZE‘Ismznz-—z ° m?n?
D2y = D12
E, J, E, J. E, J
Dgs = 23‘13 min?e —2 o = g m?- n?)?
4de 4 dgo 2de
E E E E
H,,_b-{{x s Ro +2x ’Bamz, o}, {0, x s As0 +2x ::e n?}}
MatrixForm[A,]
MatrixForm [B,iy]
MatrixForm [Dp]
MatrixForm|[H ]

Stiffness matrix [Q] is calculated for the given lay-up of the skins using PROMAL sofrware for composites:

Qe = {{1.8110%, 2.897, 0}, {2.897, 10.35, 0}, {0, 0, 7.17}}

MatrixForm [Q,x]
Calculation of extensional, extensional-bending coupling, bending and transverse shear stiffness matrices for the ribs:
Thickness of the layers:

hyx = 0.02



Equivalent Stiffness Matrices.nb

A, = Arraylaa, {3, 3}];

Byx = Array[bb, (3, 3}]:

D,x = Array[dd, {3, 3}];
i=0;

Label [be2] ;

i=zi+1; 3=0;

Label [be3];

j=Jj+1;

A [[1i, 3]] =2Qax[[i, J]] Dax;

1
Bax[[1i, 1] =;an[[ir j]]hlkzr'

a2
Do [[1, 1] =;Q¢[[i; 311 be’;

I£f[j <3, Goto[be3]];
If[i< 3, Goto[be2]];

Print["Bs = ", MatrixForm[A.]];
Print["By = ", MatrixForm[B,]]:
Print["Dy = ", MatrixForm[Dg]]:

Equivalent Stiffness Matrices of the isogrid structure:

Acotal = Arraylaaa, {3, 3}]:
Btota1 = Array[bbb, ({3, 3}];
Deotal = Array([ddd, {3, 3}];

i=0;

Label [be4];

i=iedl; 3=0;

Label [be5] ;

J=3+1;

Acotar [[1, J1] =R [[i, 3]] +A[[i, 311/
Beotar [[1, 3]1] =Bran[[i, J]1] +Bu([[i, 3]1]7
Deotar [[1, J]] =Drin[[i, J]] +Ds[[i, F11:
If[j <3, Goto[be3]];

If[i <3, Goto[be2]];

Heotal = Hrin

Print ["Acora ", MatrixForm[A¢ora1]]:
Print["Beotay = ", MatrixForm[Beoea1]]:;
Print["Deotar = ", MatrixForm|[Deorar]l:
Print["Hioeas = ", MatrixForm[Hegea1]]:

]
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|
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Appendix 2

The symbolic computational routine used for the calculation of the optimum values of
geometric parameters for the isogrid cylindrical structure during different

design/optimisation runs.



Isogrid.nb

Design/Optimisation of Isogrid Cylinder

= Shell parameters:

The angle between generator line and axis of rotation of a shell

y &0
mm = 0

Radius of curvature of a median surface

Ryg=5
Curvatures of the shell:

k1d=0
k2d= IIRO

ki = kiaRo
k; =kzaRo

Equation of the meridian of a shell:

rqy= Ro + z Tan[y]
r=x4/Ro
Number of intersection points of rib's axes on the paralel of the median surface:

mg = 60

c =4 (1-s?)

Parameters of the cross-section of the ribs:

b=h/3
FF = (bh) /R "2

F1=(bh) /Rg"2
F; = (bh) /Ry~ 2
Fz = (bh) /R "2
Fy = (bh) /Rg"2

Material properties: Young's and shear module, Pa:

El=1.810"11

E; =E1
E;, = E1
E;=0
Ey =E1



Isogrid.nb

Gl= (7.171079) /E1
G3=0
G4 = (7.171049) /E1

Main central moments of inertia for the ribs: J)- in the plane normal to the median surface,
J3 — torsional constant of a cross — section :

Jy = (b(h)"~3)/12/Ro"4
Ji3 = (b (h)*3) /12/Ro"4
Ji4 = (b (h) *3) /12 /R4
Jy =1/Ro™4 ((hb?) /16 (16/13-3.36h/b (b*/ (121h%))))
Js3 =1/Re™4 ((hb®) /16 (16/13-3.36h/b (b*/ (121h'))))
Ji =1/Ro"4 ((hb®) /16 (16/13-3.36h/b (b*/ (121h%))))

Spacing between the axes of adjacent families of ribs:

aa= Pi/ (smg)
a; =aa
d; = aa
a;=2aac
ay=aac

Angle between normal to the median surface and axis of rotation of a shell

¥ = Arcsin[v (1 + (8:x) *2)]

Il=(Eldy) /a3
I3 = (E3Jy3) /a3
I4 = (ByJ1q) /24

= Load parameters:

Forces distributed along the surface of a shell:

g-O

X =gz Sin[y]
Y=0
Z= gzCos[y]

Coefficients of quadratic form

A=V (1+(8:1)"2)
Boa= T
By =9;B

Bo =Boa /Ro

a1 = (2FFc”4) /aa+F,/ay

a2 = (FF (s2phi) ~2) / (2 aa)

as; = (2ZFFs”*4) faa+F3 /a3

Yi1 = -((231¢c"4) /aa + Jyq /a4 + (GLJ; (s2phi) ~2) / (2aa))
Y12 = =(Jy - G1J3) (s2phi) *2/ (2 aa)

Y22 = =((2018%4) /aa + Jy3 /a3 + (G173 (s2phi) "2) / (2 aa))
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J; (s2phi) "2 /Jaa + GlJ3g /ag + (2G1J3¢c”2 c2phi) / aa

Y31

Ya1 = J; (s2phi) "2 faa + GlJi33 /a3 - (2G1J3s8"2 c2phi) / aa
Q121 = 9zQ12

kii = 0:k3

kz1 = 9:k2

By; = 9:B;

A; = 9:A

Y11 = 9z¥:n

Y311 = 9z¥:

@ = G2 = 12" 2@ " (-1)

Bo = Y22 = Y12"2v11" (-1)

Bi1 = Ya1 + Yaa

Bz = 1+ yi2v11” (-1)

By = ¥311Bo - By ¥n

¥o = ka1 - (Brky) /By

¥ = mm"2/B"2 - k"2

V2 = (1 - (k1 - k2) (k2 ¥a1) / (2@y2)) ~ (-1)
Vi = (ky - k2) (k2 @12 ¥31) /an

Pu1 = = (@12 By) / (@11 Bo)
Piz = - (@12 mmA) / (a1 Bo)

Pia = -A (ki + @12 / @31 k2)

Pia=0
Pis = A/an
Pis= 0

P21 = (mm A) /By
P22 =B1 /By

P23 =0

P24 =0

P25 =0

P26 = A/ ay

Pa1 =Aky

P3z =0

P33 =0

Pas =A
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Pas =0

P3s =0

Par = (via¥o) / vz + (@12 ki By) / (@11 Bo)

Paz = (a2 mmk; A) / (€11 Bo)

Pa3 = A ((viz ¥1) /v + (Gzkikz) /an1)

Pas = - (¥12 B1) / (¥11 Bo)

Pas = ~ ks A/ay

Pic = 0

Ps1= 1/Bo"2 ((@pB172) /A + nm”~2k; k; 31 A)
Psz = aomm By /By "2

By /Bo (ap k2 = ¥31/Bo"2mm"2k,)

g
"

Pss = m“‘Zk,.j-nAIBo“Z
Pss = (@2/an - 1) B1/Bg

- (mmA) /Bo (1 + ky¥31 (ki = k2) / (2a32))

Pss
Psr = (mmyy) /Bo"2 ((ao ~ ¥3 - B1k2"2) By - (Bo+ Bz ¥v31) Wok2Bg - Baky"2)
Pez = (@0 - ¥3) (mm”2yY2A) /Bg"2

Pez = (mmys kz A) /Bp
(ao + (B1B172) / (A*2Bo"2) + (¥31Bu) / (A"2Bg) - ¥1 (Bo+ (Y12 ¥31) /v11) +kavma
(ky + (k2 - ky) azp/ay;) + Bi/ (A*"3Bo"3) (yamnA Bp"™2 - ¥y31 Bg (A1Bg + 2A By) ))

Pea = mmyr kz /Bo*2 ((Bo - Br + B2 ¥31) By - Ba)
Pes = mm ¥ A / (@11 Bg) (@12 + (k1 - k2) k2 ¥31)
Pes = —¥2 ((2B1) / Bo + (k21 - k11) (k2 ¥31) / (2ayz) +

((k2 - k1) k2) / (2a12) ((B1B1) / Bg + (Y311 = ¥ar @21/ (2a@32))))

P = {{P11, P12z, P13, Pia, Pis, Pis}, {P21, P22, P23, P24, P25, P26},
{P31, P32, P33, Paa. P3s, Pis}, (P41, Paz, Pa3, Paa, Pas, Pas),
{Ps51: P52, Psa, Psa, Pss, Pss}, {Psi, Ps2, Ps3, Pear Pes, Pssl)

MatrixForm|[P]
f1 =0

£2 20

£fa =0

fs =-AX

fs = 0

f¢ = -AZ

Fl=({f,, £f,, £3, £;, £5, f6}
y = {ulz], w[z], v1[z], N1[z], M1[z], Q1[z])
MatrixForm[y]

M=P.y + F1
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MatrixForm [M]
Height of a cylinder:

zd=7.4
z1=7.4/Rg

Load in nondimentional form:

g0
g = g0/ElL

Load scaling factor

www=0.5

ml = g0 www
m0=ml 2PiRo"2
ml =m0 / (E1 Ry *2)

Solution of a boundary value problem:

solution2 = DSolve[ {u'[z] = M[[1]], w'[z] == M[[2]], v1'[z] = M[[3]], N1'([z]
== M[[4]], M1'[z] = M[[5]], Q1'[z] = M[[6]], u[zl] = 0, w[zl] = 0, yl[zl] =
0, N1[0]= -g, M1[0] = ml, Q1[0] = 0}, {u[z], w[z], y1l[z], W1[z], Ml[z],
Q1[z]}, =z];

Notations for calculated homogenised entities:

Eu = Evaluate[u[z] /. solution2];
Ew = Evaluate[w[z] /. solution2?];
Eyl = Evaluate[yl[z] /. solution2];
EN1 = Evaluate[N1[z] /. solution2];
EN2 = N2;

EQl = Evaluate[Q1[z] /. solution2];
EM1 = Evaluate[Ml([z] /. solution2];
EM2 = M2;

N2 = (azg - ﬂuAZIQu) (Bj_, (ABO) Eu + kz E") + ﬂulan EN1;

M2 =
(Y22 = ¥12°2/v11) ((kz1 - B1/Boky) BEu/A- k"2 Ew- By / (ABg) Eyl) + vi2/y11 EM1;

Stress resultants in each family of ribs:

Axial forces in the ribs:

For the case of cylindrical shell with symmetric loading:

S=0;
H1l = 0;
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Ky = (E1F1) /ay7
K; = (Ex F2) / az;
K3 = (E3 F3) / as;

Ky = (Bq Fyq) /347
KK =K;;
Ko= (2KK (Kz3¢"4 + Ky s8™4) + K3Kq) * (-1)
K3 =0.0192304220041906894
Nondimentional form:
NNl= ((K:ENlc"2 + K4EN25~2) Ko + S (Ks2phi) * (-1)) ELFFK3;
NN2 = ((K;ENlc”2 + K4 EN2s~2) Ko - S (Ks2phi) ~ (-1)) ELFFK3;
NN3 = ((2KKc"“4+ Ky) EN2 - 2KKEN1s"*2c”"2) Ko E1FF;
K4 = 29.9439419296801467";
NN4 = ((2KKs"4+ K;) EN1 - 2KKEN2s"2c"2) Ko ELFFK4;

Dimentional form:

Ny =10~ (-2) ELRy 2 NN1;
N; =10~ (-2) EL Ry~ 2 NN2;
N3 = 10~ (-2) E1 Ry~ 2 NN3;
Ny =10~ (-2) ELRy A2 NN4;

Bending and torque moments:

Cl = (GLJ3) / ay;

C4 = (G4 J34) / ay;

Bi1 =I1ls2phi”®24+ 2Clc”2c2phi +C4;

I0= (2I1 (I3c™4 + I4s74) + I3TI4 + 2C1s”2c*2 (211 + I3 + I4))"*-1;
K01 =1.37026407797398370662390761866 10" (-2) ;

Nondimentional form:

MML = ((((I3c”2 + 2C1s~2c*2)EML + (I4s”2 + 2C1ls*2c”2) EM2) I0-
H1 (Il s2phi + 2Clc~2 cot2phi + C4 (s2phi)~ (-1)) ~ (-=1)) E; J1 ) KO1;

MM2 = ((((I3c*2 + 2C1s8*"2c”2)EM]L + (I4s5"2 + 2C1s8"*2c”2) EM2) 10 +
H1 (I1s2phi + 2Clc”2 cot2phi + C4 (s2phi) ~ (-1))~ (1)) E; J; ) KO1;

MM3 = ((2TI1c”4 + I4 + 2C1s72c”2) EM2 - 2EM1s~2c”2 (I1 - C1)) I0E; J13 ;
K04 = 0.00689623509708214932;
MM4 = (((2I1s”4 + I3 + 2C18”2c”2) EML - 2EM28”2¢c”2 (I1 - C1)) IOE, Jy4 ) KO4;

HHL = (((2I1s”2 + I3) EML - (2Ilc”2 + I4) EM2) I0 + 2 H1 B3;* (-1) c2phi) G1 J3;
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HH2 = (-((2I1s72 + I3) EMl - (2I1c”2 + I4) EM2) I0 + 2 H1 B3; ~ (-1) c2phi) G1J3;

HH3 = -2G3 333 H1 Bgl'ﬁ (-1) H
HH4 = 2G4 J34 H1B3 " (-1);

Dimentional form:

M; = MM110~ (-4) ELR,~3;
M, = MM2 10~ (-4) ELR,~3;
M; = MM3 10"~ (-6) ELRy*3;
Mg = MM4 10~ (-4) E1 Ry~ 3;

Hy = HH1 10~ (-4) E1R; ~ 3;
H, = HH2 10~ (-4) E1Ry " 3;
Hs = HE3 10~ (-4) E1 R, * 3;
Hy = HH4 10~ (-4) E1 R~ 3;

Stress calculations

Normal stresses:

Wpea =m0/ (2PiRe"2) 0.52324850769714106189129751806472;

o3ix =N/ (bh) + (Npeac) / (bh);
Oun =Ny / (bh) ;

xz=h,2
x]_=h,2

G =0
Gy =0

I =(h(b)"3) /12
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I; =J. R4

Oy =M /12X -Gy /I %35
O3am =My /Tp X -Gg /11X

O31 = (031w + Oa1m) 7
O34 = (Cam + Ozam) 7

Shear stresses:

FindMinimum[Pcrd, {(h, 0.002}, {¢, 0.001}]

Q=0
S;1 =0
Q=0
84=0

Tan = /T2 (B/2-x) (b/4+ x,/2)
':321231/31 (h!Z- xz) (h/4+ lez)

T314 =04 /T2 (b/2~-x;) (b/ 4+ x;/2)
Ta24 =8S4/01 (h/2~- x) (h/ 4+ x/2)

Torsion

aa =0.267

Ti21 = Hlf (aahb"Z} H
Ti24 =Hy / (aahb”2);

Material failure in the ribs

Tensile strength in 3-d direction:
X3 ten = 1500000000;
Compressive strength in 3-d direction:
X3 comp = 1500000000
Shear strength in 31 and 32 directions:
S3; = 68000000;
Quadratic failure criterion strength parameters:
F33 =1/ (X3ten X3comp) 7
F3=1/X3ten -1/ X3comp?
Faa =1/83:°2;
Fss =1/83"2;
z =217
rstd =034"2/ (X3ten Xzcomp) + 924 (1 /Xsten -1/ Xz comp) /

rst4 = Part[rst4, 1];
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Solution4 = Solve[rst4 ==1, g0];
Solutiond = Part[Solutiond, 1];
Solution4 = Part[Solution4, 1]:
Pcrd = g0 /. Solution4;

s = Sin[e];
Surface plot

Plot3D[-Pcrd4, (h, 0.002, 0.05}, {¢, 0.001, Pi/1.9999), PlotPoints » 50,
Mesh - True, FaceGrids -» All, AxesLabel -» {"h", "@", "Pcr4"}]

Optimum values of design parameters

FindMinimum[Pcr4, {h, 0.002}, (@, 0.001}]

TimeUsed[]



