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_ ß (ABSTRACT)

The geometry and the finite element method modelling of a Iattice dome is presented.

Linear analyses and geometrically nonlinear analyses of the dome are performed. ln

addition, a buckling load prediction method is studied and extended to the multiple

load distributions.

The results obtained from linear analyses are checked against the requirements of

NDS, National Design Standard.
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CHAPTER 1 Introduction

The principal goal of this study is to apply the commercial finite element software,

ABAQUS, to lnvestigate the behavior of a glued-laminated ( glulam ) lattice dome

through all stages of loading up to collapse.

Because of its economical advantages and superior audio absorption ability, glulam

tlmber domes have become a popular choice for assembly halls, stadiums, indoor

swimming pools, etc. ( Holzer, 1989 ). However, the structural analysis of the glulam

dome has not evolved as much as its increasing popularity ( Davalos, 1989 ). For

example, the structural analysis of Varax domes ( Varax ) is confined to linear finite

element analysis, and the structural analysis of Triax domes is performed with the

matrix displacement method.

A study of current available analysis tools may provide an effective approach for

performing nonlinear analysis of these domes. An effective analysis is expected to

predict the complete structural response including the collapse load, and to deter-
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mine whether the first limit state is caused by exceeding the material strength or the
stability limit of the structure.

A clear understanding of the structural response of these domes may provide infor-

mation about the safety and potential failure modes and lead to more effective utili-

zation of glulam members.

ABAQUS was chosen as the analysis tool because of its B32 element, which is ca-

pable of modelling curved beams, and because of its excellent nonlinear analysis

capabilities.

A buckling load prediction method ( Chang, 1988 ) is studied and applied to provide

the guideline for selecting the parameters which control the nonlinear analysis in

ABAQUS. ln addition, the method is extended to multiple load conditions.

This study presents the linear and geometrically nonlinear finite element analyses for

a triax dome built in Raleigh, NC. The geometry of the triax dome is presented in

chapter 2, the load conditions are defined in chapter 3, the modelling of the dome is

considered in chapter 4, the nonlinear solution methods used in this study are dis-

cussed in chapter 5, and the element stresses are checked against the allowable

values ( NQS, 1986 ) in chapter 6. The results of the analyses are presented in

chapter 7. Recommendations for future study and improvements in the accuracy of

the analysis are presented in chapter 8.
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CHAPTER 2 Geometry

2.1 Overview

According to the Triax report ( Neal, 1973 ), the geometry of a Triax dome is com-

pletely defined by three triax parameters : the rise, the triax number, and the radius

of its base ring. The geometry is first defined in a plane, called the pattern plane, then

through a procedure this pattern is projected onto a spherical surface to obtain the

3-D geometry. The goal of this chapter is to present the details of the geometry of the

dome and its symmetrical substructures.

ln addition to the three triax parameters, the orientation of the cross section of a

member in space has to be known in order to carry out structural analysis; in this

study, the orientation is defined through a vector associated with the local 1 axis of

the cross section. The derivation of this vector is presented in section 2.5.

l
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The analysis of symmetrical substructures of the dome ls discussed in section
2.6,anda local coordinate system associated with this application is presented. ln addl— L

tion, a simplified local coordinate system, which can avoid the complexity in bound-
ary constraints of sub-structures, is presented in section 2.7.

2.2 Pattern plane

A pattern plane is a horizontal plane which provides the foundation of the triax

projection. The plane consists of several rings of equilateral triangles, called the triax

field.

As shown in Fig. 2.2, the triax field originates from a center which is the horizontal

projection of the apex of the dome. From the center extend six equilateral triangles

of the first ring. Then from the triangles of the first ring extend the triangles of the

second ring and then the third ring and so on. The region of the pattern plane be-

tween the triax field and the tension ring is called the peripheral field. The peripheral

field is triangulated to connect the triax field with the support ring.

The pattern plane can be decomposed into six sectcrr ( Fig. 2.2), which reflect cyclic

symmetry ( section 2.6 ). The length of the equilateral triangles in the pattern plane

is computed as follows :

1 = lf-fi (2.2.1)

L
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where Ö
/ is the length of the triangle
r,„„ is the radius of the base ringN is the triax number

Knowing the value of the triax number and the radius of the base ring, we can define

the pattern plane. Once the pattern plane is defined, we can proceed to the next step,

the projection.

2.3 Projection

To illustrate the procedure of projection, we draw a line from the center ofthe sphere,

C, through a point, P, in the pattern plane. The intersection of this line and the

sphere , point P', is the projection of that point, as shown in Fig. 2.3.

We need to know the radius of the sphere and the location of its center for the

projection. This information can be extracted from the three triax parameters of aTriax dome, namely, the rise, h, the triax number, N, and the radius of the base,
rbau '

Considering Fig. 2.3, we have the following geometrical relationships:

rbasetan ß = —-T (2.3.1)

CHAPTER 2 Geometry 6
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cz = 1800 — 2ß (2.3.2)

. h = R — R cos oc (2.3.3)

or

hR — 1 _ COS oc (2.3.4)

Once the value of R is known the vector C7-°' can be computed as

c7=>' = R (2.3.5)lcRl

Therefore, the location ofthe point P' is determined.

2.4 Tension ring

The perimeter of the dome is confined by a ring, which is stressed in tension ( Neal,

1973 ). The tension ring is usually made of steel plates, although concrete or wood

materials are used occaslonally. lt is suggested that the tension ring should be com-

posed of straight members to elimlnate eccentric ring moments. The tension ring is

modelled with truss elements in this study.

CHAPTER 2 Geometry 8
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2.5 Local 1 axis

The orientation of a member in space is defined through a vector called local 1 axis

of the cross section. The local 1 axis of a rectangular cross section is a vector along

the width of the element as shown in Fig. 2.5.

ln a Triax dome, all the structural members lie in great circles. A great circle is

formed by the intersection of a plane passing through the center of a sphere. Because

of this characteristic, the local 1 axis of any member of the dome can be expressed

by the following equation:

T = (2.5.1)lcA X cal

where A and B are the end points of a member of the

dome.2.6Symmetrical substructures and local coordinate system

The analysis of a symmetrical structure can be simplified by confining it to _a sub-

structure isolated along elements of symmetry ( Holzer, 1985 ). The computational

effort measured by the CPU time, and the required size of memory can be reduced

significantly by the employment of symmetry in structures. The dome is divided into

six symmetrical substructures, called sectors as shown in Fig. 2.6. The boundaries

CHAPTER 2 Geometry 9
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between adjacent sectors are called divisor lines ( Neal, 1973 ). The axes of nodal
coordinate system 1, 2, and 3 are defined as follows: the 2 and 3 axes lie in the

great circle plane - the 2axis is tangential and the 3~axis is normal to the divisor line

- and the 1 axis is perpendicular to the great circle plane.

ln addition to cutting the widths of the members on the divisor lines in half, boundary

constraints have to be applied to the nodes on the divisor lines in order to slmulate
the effect of the surrounding structure. Fig. 2.6 indicates that symmetry requires the
following constraints : no deflection in the 1 direction and no rotations about the 2
and 3axes.

2.7 Simplified local coordinate systems

The local coordinate system presented in the previous section is not efficient be-
l

cause each node on the divisor line requires its own local coordinate system. More-
over, the nodes at intersections between the divisor lines and the base ring need to

be constrained in the vertical direction. This constraint requires either introducing
another coordinate system at these nodes with an axis in the vertical direction, or,
using a very stiff truss element to slmulate the roller mechanism at these nodes.

This set of boundary constraints is rather complicated and a simplification is sug-
gested by Holzer and Davalos. The local 1 axis of the simplified local coordinate

system ls normal to the great circle plane containing the divisor line. The local 3 axis
is vertical and the local 2 axis is selected to make the axes mutually orthogonal ( i.

CHAPTER 2 Geometry I2
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e., it is horizontal ). Symmetry again requires the following constraints: no deflection
in the direction of the

lt
axis and no rotations about the 2 and Ö axes.
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CHAPTER 3 Load

3.1 Overview

The goal of this chapter is to obtain the nodal force vector of the dome for different

design load combinatlons. The nonllnear solution algorithms and the strategy to find

the critical load are discussed in chapter 5.

Several different types of loads and the correspondlng design values are discussed

in section 3.2. The various combinatlons of loads are discussed in section 3.3. The

discretization of distributed loads into concentrated nodal forces is presented in

section 3.4.
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3.2 Different types of loads

The loads that need to be taken into account in structural analysis include dead load,

live load, snow load, impact load and seismic load ( AITC, 1985). Among all the above

mentioned loads, heavy local snow concentrations appear to be most important; they

have caused several failures of lattice domes ( Holzer, 1989 ).

3.2.1 Dead load

Dead load is the weight of structural members and permanent facilities ( AITC, 1985).

Generally, dead load includes the contributions from the structural members, such

as beams and purlins, the steel connectors, the tongue—and—groove decking, insu-

lation and roofing material, and mechanical and electrical facilities ( Neal, 1973 ).

The American Institute of Timber Construction, AITC, provides two tables for esti-

mating the welghts of construction materials ( Table 3.1 and Table 3.2 ). The dead

load is estimated to be 16 psf, which includes 2 psf of beams and purlins, 5 psf of

decking ( 2 inches in thickness ), and 9 psf steel for connectors, roofing, and insu-

lation materials ( Davalos, 1989). .

CHAPTER 3 Load I6



3.2.2 Live load

The live load is the weight imposed by the use or occupancy of the structure except

wind, snow, and seismic loads. A table of minimum uniformly distributed roof live

loads is given in Table 3.5 AITC. The value of minimum roof live load depends upon

the slope of the roof and its tributary Ioaded area. The live load is estimated as 20

psf ( Davalos, 1989 ).

The weight of hanging lighting facilities and any other locally concentrated devices

is not considered in this study.

3.2.3 Snow load ·

Factors affecting snow load accumulation on the roofs include the variations of ele-

vation, Iatitude, wind frequency, duration of snowfall, roof geometry, and site expo-

sure. The values of ground snow load are available in Fig. 3.1 of the AITC manual, and

the roof snow load can be obtained from that figure with adjustment for roof geometry

and wind exposure.

The snow load is estimated to be 20 psf ( Davalos, 1989).

CHAPTER 3 Load l7



1

l

3 3.2.4 Wind load

According to AITC, the value of the wind load acting on a structure depends primarily

upon the wind velocity. AITC provides a map of velocity for structures in different

geographic locations. The value of the wind velocity has to be adjusted for the heights

of structures. Once the adjusted wind velocity is known, the velocity pressure is

computed. Finally the design wind pressure distribution is obtained by multiplying the

velocity pressure with a pressure coefficient. AITC also provides a table of pressure

coefficients. ·

A wind velocity map for air flow in open, level country at a height of 30 ft above the

ground is given in section 3 of the AITC manual. The wind velocity is then required

to be adjusted by the height formula

h .L
X

Vh = V30

läwhere

V,, is the wind velocity at any height

V30 is the wind velocity at a height of 30 ft

h is the height ·

x is a value that varies from 3 to 7, depending upon general site exposure con-

ditions

The velocity pressure is then computed as

q = 0.00256 vi (3.3.2)

CHAPTER 3 Load 18
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where

q is the velocity pressure in terms of psf

V is the wind velocity in terms of miles per hour

The design wind pressure distribution acting on a structural element is obtained by

multiplying the velocity pressure with a pressure coefficient, CP. The value of CP is
provided by AITC in a tabulated format ( Table 3.8, AITC ). P

3.2.5 Seismic load

The discussion on seismic load is available in section 3 of the AITC manual.

3.3 Load combinations P

ln section 3.2, we discussed the various types of loads under consideration; however,

in order to obtain design loads for structural analyses, various combinations of dif-

ferent types of loads have to be studied as required by AITC.

The following seven combinations are suggested in the Varax report ( Varax )

1. Combined dead load and live load over the entire dome
2. Combined dead load and live load on half of the dome terminating on sector lines

CHAPTER 3 Load 19
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3. Combined dead load and live load on half of the dome terminating on sector

center lines

4. Combined dead load and live load on the inner half of the dome

5. Combined dead load and live load on outer half of the dome

6. Combined dead load and wind load

7. Combined dead load, wind load, and the live load on half of the dome on the

leeward side

The shaded areas of Figure 3.3 show the regions of the applied live and wind loads

of these load cases.

3.4 Discretization of loads r

Except concentrated loads, all the applied loads, such as dead load, live load, snow

load, and seismic loads, are distributed loads and defined per unit horizontal

projection area. ln order to carry out finlte element analyses, these distributed loads

have to be discretized into sets of nodal forces.

A typical panel of the n•z;*h and the tributary area of each member in the panel are

_ shown in Fig. 3.4. The tributary area is chosen on the basis that the load applied to

a strip of the decking is assumed to be equally transferred to the end supports of the

strip. Then the distributed loads along the members of the panel are discretized into

nodal forces. Finally the nodal forces of each panel are assembled into a nodal force

CHAPTER 3 Load 21
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vector ofthe dome. The discretizatlon utilizes the Lagrange interpolation functions for 1

a 3·noded element ( Holzer, 1985 ) :

é(é — 1)/1 (Ö/6(€)
= —(1+§)(Ö—1) (3.5.1)

é (é + 1)/6 ( Ö) = "i——

Two Fortran programs have been written: one discretizes the applied loads for each
panel ( Appendix A ), and the other assembles the nodal forces into a system nodal
force vector panel. by panel ( Appendix B

).CHAPTER3 Load 23



CHAPTER 4 Model

4.1 Overview

ln this chapter, modelling for the linear analyses of the dome and the solution tech-

nique are discussed. The choice of elements in the mesh is discussed in section 4.2.

The assumptions of the B32 element and the ABAQUS input data format of a B32 el-

ement are presented in section 4.3. The assumptions of the C1D2 element and the

input data format of a C1D2 element are presented in section 4.4. The removal of

rigid body motions of the model is discussed in section 4.5. The Frontal Solver, which

ls used in ABAQUS to solve the slmultaneous algebraic equations, is briefly dis-

cnesed in section 4.6.
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4.2 The choice of elements in the mesh

ABAQUS provides six types of beam elements for 2-D analyses and seven types of
beam elements for 3-D analyses. Since the analyses in this study are considered to
be 3-D, the beam elements used in the mesh should be chosen from the 3-D beam
elements. Among the seven types of 3-D beam elements, three are based on hybrid
formulation, which is intended for the analysis with very slender or very stiff beams
( ABAQUS, 1988 ). Therefore the hybrid 3-D beam elements are not suitable for this

study.

A 3-D isobeam element, B32 in ABAQUS, is chosen to model the curved wood mem-
bers of the dome because of its quadratic interpolation associated with three nodes
and its ability to include shear deformations. The quadratic interpolation is necessary

— to model the curves of beams and purlins. Because shear deformation is significant
in wood material, shear effects must be included in the element’s formulation,

As mentioned in section 2.4, the main function of the steel tension ring is to absorb
the induced tensile force along the base ring of the dome. Without a steel tension

ring, the dimensions of the wood member in the base ring would have to be in-
creased significantly to carry the developed axial forces in the base ring. Since the

primary function of the steel tension ring is to carry axial force, the tension ring can
be modelled with truss elements, C1D2 in ABAQUS.

Although the radial stress is responsible for several failures of pitched-tapered

glulam beams, the effect of radial stress can be neglected when the curvature is
considered to be large ( Davalos, 1985 ). In this study, the radius of curvature of

CHAPTER 4 Model 25
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members is 220 ft. The curvature is considered to be large; therefore, the radial

stress plays no role in the selection of elements.

4.3 B32 Beam element

The assumptions involved in the formulation of the B32 beam elements are:

1. The cross section of the element remains plane before and after deformation

but not necessarily normal to the reference axis.

2. No deformation in the plane of cross section; i.e., the warpping effect is not

incorporated in the B32 element.

3. Quadratic interpolation functions are used for discretization.

4. The response in transverse shear is assumed to be linearlly elastic at all time;

i.e., material nonlinearity is not included in the formulation.

The ABAQUS input data for the B32 beam element in Fig. 4.3, with lb-in as its units,

are

*NODE

1, 0., 0., 0.

2, 1., 0., 0.

3, 2., 0., O. ·

*ELEl\/IENT, TYPE = B32, ELSET= EL1

1, 1, 2, 3

*BEAl\/I SECTION, SECTION = RECT, l\/lATERlAL=WOOD, ELSET= EL1

CHAPTER 4 Model 26
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0.5000E+O1, O.11OOE+02

0., 0., -1.

*MATERlAL, NAME=WOOD

*ELASTlC

1.8E+O6, 4.625

*DENSITY

5.7E—05

As an ABAQUS’s convention, the * sign always precedes key words such as NODE,
ELEMENT, etc,. The NODE key word introduces the node number and the coordinates
of a node. The ELEMENT key word introduces the type of element, the element num-

ber, and the node numbers. The BEAM SECTION key word introduces the section
type, material, dimensions of the cross section, and the direction cosine of the local

1 axis ( section 2.5 ) of the element. The MATERIAL key word introduces Young’s

modulus and Poisson’s ratio of the material. In fact, the constitutive law of this ele-_
ment is defined through this keyword. The DENSITY key word introduces the density

ofthe material.

lt is worthy to mention the value of the Poisson’s ratio, v, used here. The shear

modulus, G, of an elastic, homogeneous, and isotropic material is usually expressed

in terms of its Poisson’s ratio and Young’s modulus, E , as -

G (4,3.1)

In ABAQUS, the user specifies the Poisson’s ratio, and the program then computes

the shear modulus. For the E·rated 56 southern pines, the Young’s modulus is
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1,800,000 psi and the shear modulus is 160,000 psi. The Poisson’s ratio, which is re-
quired by ABAQUS, is computed by the equation (4.3.2), and yields the value 4.625.
( Even though equation (4.3.2) does not apply to wood. )

.. ..-li. _v —
2 G 1 (4.3.2)

Although the B32 element uses 25 Newton·Cotes points for numerical integration
across its cross section ( as shown in Fig. 4.3 ) it gives element stresses only at the
four corners unless the user requests stresses at other points.

4.4 C1D2 truss element

The assumptions involved in the formulation of C1D2 elements are:

1. Deformations take place in the axial direction only.

2. The isoparametric lnterpolation function of the element is

1 1¤(§) = ;(1—é)¤«+ j(l+€)¤2 (4~4-1)

3. The element is incompressible, i.e.,

a dl = A dL (4.4.2)

where a and / are the area and the length of the element in the current config-

uration, and A and L are the area and the length ofthe element in the reference
configuration.
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The ABAQUS input data for a C1D2 element in Fig 4.4 with lb—in as its units are

*NODE

1, 0., 0., 0.

2, 1., 0., 0.

*ELEl\/IENT, TYPE=C1D2, ELSET=TRUSS

1, 1, 2

*SOLlD SECTION, MATER|AL=STEEL, ELSET=TRUSS

12.

*l\/IATERIAL, NAl\/lE=STEEL

*ELASTlC

2.9E—l—07, 0.3

"DENSlTY

7.3E-04

The area of the truss element is defined through the keyword SOLID SECTION to be

12. The stress of a C1D2 element is given at the Gauss point of the element.

4.5 Removal of rigid body motion

The rigid body modes of all the ABAQUS elements are imbedded in the formulations

of the elements; the user has no control over them. The discussion of these rigid

body modes can be found in the ABAQUS theory manual ( ABAQUS, 1988 ). On the
other hand, the user is responsible to restrain the dome from rigid body motion. Se-
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veral types of boundary constraints are possible to eliminate the dome’s rigid body
motions. In this study, two different types of boundary constraints are examined and
the results are discussed.

ln the type 1 constraints, shown in Fig. 4.5, the constraints in the 3 direction applied
to the nodes in the base ring remove the rigid body motion in the 3 direction. The
constraint applied to nodes 38 and 50 in the 1 direction remove the rigid body motion
in the 1 direction. The constraints in the 2 directions applied to the nodes 44 and 56
remove the rigid body motion in the 2 direction. The rotation about the 3 direction is
automatically removed because of the constraints in the 1 and 2 directions. As the
result, the nodes in the base ring are free to expand radially in the horizontal plane
containing the base ring, and all the other nodes are free to deform in any degree of
freedom.

ln the type 2 constraints, shown in Fig. 4.5, the constraints in the 3 direction applied
to the nodes in the base ring remove the rigid body motion in the 3 direction. The
constraints in 1 and 2 directions applied to the node 1 remove the the rigid body
motion in 1 and 2 directions respectively. The rotation about the 3 direction is re-
moved by the constraint at node 1 in that direction. As the result, the nodes in the
base ring are free to expand in the horizontal plane containing the base ring, the apex
is allowed to deform only in the 3 direction and rotations about the 1 and 2 directions,

although symmetry itself should force the rotation not to take place.

Type 1 and type 2 constraints are expected to yield the same results in nodal dis-
placements and element stresses, but differences are observed. The dome with type

2 constraints falls to respond symmetrically under symmetrical Ioads but the dome
with type 1 constraints does provide symmetrical response under symmetrical loads.
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Therefore, type 1 boundary constraints are chosen for the rest of study. The incorrect

response of the dome with type 2 constraints is attributed to the accumulation of

computational errors.

4.6 Frontal solver

Once the mesh is established, the element stiffness matrices can be assembled into

the system stiffness matrix, and the dome is represented by the system of simul-

taneous equatlons

K q = O (4.6.1)

where

K is the system stiffness matrix

q is the nodal displacement vector

Q is the nodal load vector

Several methods have been proposed to solve the above equation in different ways

to meet the constraints of the available computing facilities, such as the size of cen-

tral memory and the size of out-of-core memory.

The most popular methods in engineering practice are direct methods which use

out-of-core memory as the secondary storage. Among the variations of direct meth-

ods, out-of-core band solver and frontal solver are the most widely used.
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The out-of-core band solver, an application of Gaussian elimination, requires the 4

system stiffness matrix to be completely assembled before equations are solved. The
frontal solver, another application of Gaussian elimination, can solve the simultane-

ous equations even before they are completely assembled.

The frontal solver utilizes two features from standard Gaussian elimination : 1. The

coefficients of the k th equation are fully summed after the last finite element that

contains the k th variable has been assembled. 2. When the coefficients of the k th

equation are fully summed, the k th variable can be ellminated.

ln fact, the frontal solver proceeds element by element, analogous to a wave passing

over a structure. A variable becomes active on its first appearance; it is then moved

into central memory, and ls immediately eliminated on its last appearance ; the room

occupied by this coefficient can then be released to other coefficients.

The efflciency of the frontal solver depends on the ordering of elements, whereas the

efflciency of the out-of-core band solver depends on the ordering of nodes.

Demonstrative examples of how the frontal solver alternates between assembling

elements and eliminating degrees of freedom are available in Bathe ( 1983 ) and

Holzer ( 1985). 4
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CHAPTER 5 Geometrically Nonlinear Analysis

5.1 Overview and proportional loading

The study of the nonlinear behavior of a structure is recommended when the relation

between the displacements and the applied load is not linear ( Bathe, 1982). Although

the nonlinear behavior of a structure may come from many sources such as material

properties ( known as material nonlinearity ), the condition of boundary contact (

known as contact problems ), the change in the geometry ( known as geometrical

nonlinearity ), we only consider geometrical nonlinearity in this study.

Proportional loading is used throughout the nonlinear analyses in this study. The ap-

plied load, Q, is obtained by multiplying a scalazj 1, with a load vector, Ö, which

remains unchanged in the analysis, as in the following equation :

o = 1 6 (5.1.1)

where A is called load parameter or load proportionality factor.
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The nonlinear solution schemes used in this study are the modified Newton-Raphson
method and the Riks-Wempner method; they are discussed in sections 5.2 and 5.3
respectively. A discussion of buckling load prediction is presented in section 5.4.
Buckling load predictions in both single and multiple load distributions are discussed
in section 5.5. Finally a strategy for conducting a nonlinear analysis with ABAQUS is
discussed in section 5.6, and a flow chart is presented.

5.2 Modified Newton-Raphson Method

The presentation in this section is based on Bathe ( 1983 ).

The equilibrium of a structure requires that the following equation be maintained
through the analysis :

z zQ — F = O (5.2.1)

where t denotes time in dynamic analysis; it is an artificial variable in static analysis.

O is the external nodal force vector, and F is the internal nodal force vector, which
is equivalent to the element stresses corresponding to the configuration *q.

When proportional load is used, the applied load is magnified through a load param-

eter. However due to the nonlinearity, the nodal displacements do not grow at the

same rate as the applied load. Consequently neither does the nodal force vector,

*F. Therefore an increase in the applied load creates a difference between *62, and
‘F; the difference is called the out-of-balance force vector or the unbalanced force
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vector. Equilibrium requires the out—of-balance force vector to be zero as shown in
equation ( 5.2.1 ). But in practice, once the difference is smaller than a specified error
tolerance, we consider equilibrium is achieved. We use several iterations to reduce

the difference between *0 and *F. The rest of this section discusses one of the it-

eration methods used in this study, the Newton-Raphson method.

To begin with, we assume the nodal displacement vector, *+ ^*q<°>, and the nodal

force vector, * + ^*Fl ° >, to be known at the beginning of a time increment At:

‘+^’r=‘°i
= ‘/= (5.2.3)

where *q, and *F are the nodal displacement and nodal force vectors at the end of

the previous increment. · _

increasing the load from *0 to *+^*0, we obtain the unbalanced force vector in the

i- th iteration as

Ru-1)=z+AzQ_z+AzF(1—1) (524)

For the reason of computational efficiency, the modified Newton—Raphson method

does not update the tangent stiffness matrix at each iteration. instead, the tangent

stiffness matrix of the initial configuration of the increment, *K, is used through all

the iterations in the same increment. Now we solve for Aq' , which is the increase

in the nodal displacement vector due to the unbalanced force vector, by the following

equaüon:

tK Aqi = R""> (5.2.5)
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Next we update the nodal displacement vector by the following equation :

z+Azqr = z+Azq(1-1) _|_ Aql (5.2.6)

We compute the nodal force vector, '+^‘F<'>, corresponding to the current config-
uration * + ^*q<'>. Then, we compute RC') by the equation ( 5.2.4), and stop further it-
erations if RC') is smaller than the specified error tolerance; otherwise we proceed
to the next iteration.

The load increment can be adjusted by the program itself based upon the rate of
convergence as in ABAQUS. The tangent stiffness matrix, ‘K , can be replaced by the
updated stiffness matrix from iteration to iteration as the Newton-Raphson method
does. However, the extra effort in computing and factorizing the updated stiffness
does not always offset the improvement in the rate of convergence.

5.3 Riks-Wempner Method

The presentation in this section is based on Holzer ( 1982).

ln the Riks·Wempner method, a state is designated in the load·displacement space
by the vector

- ,1
f = (5.3.1)

C7

where ,1 is the load parameter and q is the nodal displacement vector.

I
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lncorporating a variable load parameter, the Riks-Wempner method utilizes the fol-

lowing incremental equilibrium equation :

;<""> Aq"’
= AN) 6 + R""> (5.3.2)

where

i is the iteration counter
K<'·‘> is the tangent stiffness matrix .

A q<'> is the incremental nodal displacement vector
A„l<'> is the incremental load parameter
R<'·‘> is the residual ( unbalanced ) nodal force vector

Ö is the constant load vector

lf the load parameter remains constant during iteration, i.e., Ali') = O, equation

( 5.3.2 ) reduces to

which corresponds to the Newton-Raphson method.

The first trial solution is defined by the vector

0Ar( T = (O) (5.3.4)Ac

where

T J.A,l(°) = i AS / (Aqw') •Aq(Ol) -i- T)? (5-3-5)
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and

Aq‘°)
= AM") Aq‘°')

(5.3.6)

where AS is the arc length and A q <°') is the solution of

K‘°) Aq‘°’)
= Ö (5.3.7)

Subsequent iterations take place on a " normal plane " and are based on the following

equaüonsz

ql') = q"") + Aq") (5.3.8)

M') = M"') + AM') (5.3.9)

Aq") = AM') Aq"') + Aq"") (5.3.10)

K"") Aq"’)
= Ö (5.3.11)

R""') (5.3.12)

_ Aq(0)’_ Aq(iIl)
<¤> (M) <¤>Aq •AQ + Al
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5.4 Buckling load prediction

The two essential operations of buckling load prediction suggested by Chang ( 1988
) are eigenvalue computation and extrapolation based upon the obtained
eigenvalues.

The eigenvalue problem comes from the change of the system stiffness matrix due
to the change in the applied loads. The detailed procedure is as follows :

1. Apply a base load, RQ, and obtain the corresponding tangent stiffness matrix
RK through a nonlinear analysis.

2. Apply a small load increment, AQ , to define the reference load

Ro = BO + AO (5.4.1)

The corresponding tangent stiffness matrix is denoted as RK.

3. According to the linear buckling theory, it is assumed that for any load

O = Ro + ,1 A Q (5.4.2)

the corresponding stiffness matrix is

K = BK -l- ,1 A K (5.4.3)

where the incremental stiffness matrix AK = RK — RK is used in ABAQUS.

4. Solving ,1 from the eigenvalue problem

(BK -l— ,1AK)<D = O (5.4.4)
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we obtain ACR, the critical load parameter. Consequently we have the buckling
mode ¢>CR and the buckling load

OCR = Bo + ÄCR A O (5.4.5)

5.5 Buckling prediction in single and multiple load

distributions

ln the nonlinear analysis, the load increment may or may not share the same dis-
tribution as the base load distribution. A structure is subject to single load distribution
if its load increment and base load have the same distributions; it is subject to mul-

_ tiple load distributions if the load distributions are different.

For single load distribution, the applied load, O, can be expressed as follows :

where the base load BO is magnified by AC from 1 to ACR.

As AC approaches ACR, we obtain a sequence of critical load parameter predictions
converging to ACR. lf we draw a 45 degree line from the origin of the coordinate sys-

tem as shown in Fig. 5.5.1, the intersection between this line and the curve through

all the critical load predictions is the predicted ACR. The predicted buckling load is

OCR = ÄCR
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Figure 5.5.1 Buckling load prediction
I
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An application of this method to an arch subject to single load distribution is pre-
sented in Fig. 5.5.2.

For a structure subject to multiple load distributions, the associated buckling load
prediction is discussed in the following.

Assume the base load, EQ, consists of contributions from both dead load, PD, and

live load, PL. Then the base load is

Bo = PD + ozPL (5.5.3)

where oz is a scalar.

The load increment, A Q, is expressed as

A O = ß PL (5.5.4)

We notice from equation ( 5.5.4 ) that the load increment does not receive a contrib-

ution from the dead load because the dead load remains unchanged during the

analysis.

The applied load, Q, is expressed as

0 = Bo + A ca
(5.5.5)

= Po + ( O! + ß ) P1.

lf the corresponding eigenvalue ls C„, then the correspondlng predicted buckling
load is
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OCR = BO
+ Ccr AO

= (PD -l- (1PL)+ Cc,(ßPL) (5.5.6)

= PD + (Oz + Ccrß) PL

Let ACR = oz -l- C„ß and ÄB = oc + ß. We rewrite equations ( 5.5.5) and (5.5.6)

as follows :

og = PD + ÄBPLOCR

= PD -l- ÄCR PL (5.5.8)

When ls approaches the actual ACR, the predicted buckling load converges to the

actual buckling load. Using the same extrapolation method we use for single load

distribution, we find the predicted ÄCR.

An application of this method to an arch subject to multiple load distributions is il-

lustrated in Fig. 5.5.3.

5.6 Nonlinear analysis with ABAQUS

Since the location of a critical point on the equilibrium path is not known apriori,

very often nonlinear analyses are either terminated before the buckling load is

reached or beyond the buckling load. Accordingly it is useful to obtain an estimate
of the location of the critical point from initial buckling load predictions.

g
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Figure 5.5.2 Buckllng predlction for single load distrlbutions ( Arch )
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Figure 5.5.3 Buckling predlctlon for multiple load dlstributions ( Arch )
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Usually the undeformed mesh can provide a quick check of the geometry of the
model. Appiying a set of simplified loads, and comparing the results of analysis with
the anticipated responses of the structure can often help in detecting the flaws in the
geometry, material properties, and boundary conditions. ln addition, the deformed
mesh can help in localizing the modelling errors.

Once the model passes all tests mentioned above, we conduct a linear analysis, and
study the result to verify the applied load vector. l\/loreover we check the element
stresses against the design code at this stage.

Having performed the linear analysis, we conduct the buckling load prediction. We
apply the base load, QR , first, then add the load increment AQ , and obtain the
corresponding eigenvalue as described in the section 5.5.

Once we have a prediction for ACR, we select the parameters that are used in the
nonlinear analysis, specifically, the maximum load proportionality factor and the
maximum number of increments. The analysis will stop when either the maximum
load proportionality factor or the maximum number of increments is reached provided
there is no system error such as insufficient disk space for output, insufficient CPU

time, etc., ln addition, the analysis can be stopped once a limiting displacement of a
certain node at a certain degree of freedom is reached.

Generally the fewer increments are allowed, the larger the load increment, AQ, in

the Newton-Raphson method becomes. A large AO often requires more iterations
for the unbalanced force to meet the error tolerance specified. The force error toler-

ance is suggested to be 1 % of the maximum value of the applied load; the moment
error tolerance is suggested to be the force error tolerance multiplied by the length

CHAPTER 5 Ganmatrically Nonlinaar Analysis 49



I

of the beam elements ( ABAQUS, 1989 ). Furthermore, to control the accuracy of the

load proportionality factor, jl, we specify the maximum lncrement in the load pro-

portionality factor.

The buckling load prediction procedure discussed in the section 5.5 can provide the

load parameters to perform a nonlinear analysis with reasonable cost. Figure 5.6 il-

lustrates the steps one should take in a nonlinear analysis.

Because nonlinear analysis for a large model is very expensive, it is an economical

necessity to use a simplified model which contains all the charaoteristics ofthe actual

model to detect the flaws in the modelling as well as the options used in the analysis.
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CHAPTER 6 Stress Checking

6.1 Introduction

To check if the induced element stresses exceed the criteria defined in the National

Design Specification, NDS, the stresses obtained from the ABAQUS analyses have to

be separated into the axial and bending components first. For bending and axial ten-

sion, the formulas in Section 3.10.1 are applied. For bending and axial compression,

the formulas in Section 3.10.2 are applied. A Fortran program for checking the ele-

ment stresses obtained from ABAQUS output against NDS code is included in ap-

pendix C.

CHAPTER 6 Stress Checking 52



6.2 Separation of stresses

Consider a cross section of an element subject to an axial load and biaxial bending
moments as shown in Fig. 6.2.1. Also let points 1, 2, 3, and 4 be the four corners of

the cross section.

The axial stresses with a value A are developed at points 1, 2, 3, and 4 if an axial

load is applied to this element. The bending stresses with a value B, at points 3 and

4 and with a value — B, at points 1 and 2 are developed ifa bending moment is ap-

plied about the 1 axis of the cross section. The bending stresses with a value B2 at

points 1 and 3 and with a value —B, at points 2 and 4 are developed if a bending

moment is applied about the 2 axis of the cross section.

The resultant stresses at the four corners, shown in Fig. 6.2.1, also can be expressed

as

S1 = A * B1 +B2S2

= A — B, — B2 (6.2.2)

B1 +B2S4

= A + B1 *

B2Equations6.2.1-4 yield the relations for the stress components
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A= ·i—(51+52+53+54) (6.2.5)

B1 = JT ( -51 - 52 + 53 + 54) (6.2.6)

B2 = % (51 - 52 + 53 - 54) (6.2.7)

which follow from the conditions '

4 .s, = 4 A (6.2.8)
i=1

or

51 +52 = 2 A - 2B1 (6.2.9)

52 +54 = 2 A + 251 (6.2.10)

and

51 +52 = 2 A + 2B2 (6.2.11)

52 +54 = 2 A - 2B2 (6.2.12)
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Figure 1. Fig. 6.2.1 Stress Separation
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6.3 Checking the combined tensile and bending stresses

The design criteria for members subject to both bending and axial tension are ( NDS,
1986 )

ft fb < 1 6 1Ft + Fb _ ( .3. )

and

f — fij:-74 g 1 (6.3.2)6

where

fb = the actual stress at the extreme fiber in bending

L = the actual stress in tension parallel to grain

F, = the design value in tension parallel to grain

F, = the design value for cxtreme fiber in bending

F„’ = the design value for extreme fiber in bending adjusted by slenderness

factor
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In addition, NDS Section 5.3.4 requires F,, to be modified by a size factor ifthe glulam
member is deeper than 11 inches. However, there is no member in this study deeper
than 11 inches; therefore, Section 5.3.4 does not apply. The sienderness factor is
discussed in NDS Section 3.3.3..

6.3.1 Adjusted design value for extreme fiber in bending

Based on the value of the sienderness factor, C6, the adjusted design value for ex-
treme fiber in bending, F,,', is derived from F,.

NDS Section 3.3.3 states that the sienderness factor is computed as

/6 d
h Cc = (6.3.3)

and C6 shall not exceed 50, where

b = the width of the beam

d = the depth of the beam

/6 = the effective length of the beam

According to NDS 3.3.3, the effective length is computed as

/6 = 1.84 lu if /U/d 2 14.3 (6.3.4)

'
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and

lb = 1.63/U + 3d if /U/d < 14.3 (6.3.5)

where /„ is the laterally unsupported span of a bending member

Once the value of the slenderness ratio of a member is known, Fb' of the member is

computed as follows

Fb' = Fb if Cb 5 10 (6.3.6)

, 1 Cc 4 .Fb = Fb [ 1——(——) ] lf 10 < Cb 5 Ck (6.3.7)

or
l

F'—0438—ä- ir c <c < 60 (638)D "' •
k C

_, • •

C

and

Ck = 0.811 li (6.3.9)F6

were E is Young’s modulus, which is 1,800,000 for E-rated 56 southern pines.

NDS also requires that in no case can Fb' be greater than Fb.
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6.4) Checking the combined compressive and bending

stresses

Stated in NDS3.10.2, the design criterion for a member subject to both bending and

compression is

fc fbFc, + Fb, _ Jfc S 1 (6.4.1)

where

fc = the actual stress in compression parallel to grain

Fc' = the design value in compression parallel to grain adjusted by

slenderness ratio

fb = actual stress at extreme fiber in bending

F„’ = the design value for extreme fiber in bending adjusted by slenderness

factor

J = a unltless convenience factor

and

( /e/d ) — 11J — (6.4.2)
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k — 0 671 E— . (6.4.3)
C

and 0 S J S 1

The values of both K and F,’ of a member are dependent on the value of its

slenderness ratio, /,/d , as defined in NDS Section 3.7. The value of F,,' ofthe member

was previously discussed.

6.4.1 Slenderness ratio in compression and adjusted design compressive

strength

The value of the slenderness ratio of a member, I, / d, determines the adjusted de-

sign value in compression parallel to grain, F,'. The slenderness ratio is obtained by

dividing the effective length, /,, of the member by its depth. The effective length is

obtained by multiplying the actual length of a member by its effective buckling length

factor, k. The effective buckling length factor is dependent upon the end constraints

of the member under consideration as described in NDS Appendix N. ln this study,

k is chosen to be 0.8.

The adjusted design value in compression parallel to grain is computed as follows :

Fc' = Fc if /,/d S 11 (6.4.4)
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, 1 /e/d 4 .Fc = Fc [ 1- lf 11 < /,8/d < K (6.4.5)

Fc' = otherwise (6.4.6)(/6/d)
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CHAPTER 7 Results of analyses

7.1 Overview and load conditions analyzed

Three load combinations are analyzed, dead load and snow load ( Fig. 3.3.1 ), dead

load and inner snow load ( Fig. 3.3.4 ), and dead load and outer snow load ( Fig. 3.3.5

). The dead load pressure is 16 psf and the snow load pressure is 20 psf. Linear an-

alyses are performed for both the complete dome and the symmetrical substructure,

a sector. B32 beam elements and C1D2 truss elements of ABAQUS are used to model
the wood members and the steel tension ring. The boundary conditions are defined

in section 4.5 for the complete dome, and in section 2.7 for the sector. The material

properties are :

Young’s modulus is 1,800,000 psi for glulam member

shear modulus is 160,000 psi for glulam member

Young’s modulus is 29,000,000 psi for steel tension ring
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7.2 Results of linear analyses

For all the three load conditions analyzed, the nodal displacements and element
stresses of the complete dome and its substructure, a sector, are virtually identical.

For the combination of dead load and snow load ( Fig. 3.3.1 ), the maximum vertical
displacement is 1.8 in at the apex ( node 1 ) of the dome, the maximum compressive

stress observed is 1240 psi ( allowable compressive stress is 2400 psi for this mem-
ber ) at the extreme fiber of the element 189, and the maximum tensile stress ls 815
psi ( allowable tensile stress is 1550 psi for this member) at the extreme fiber of the
element 299. The nodes and members mentioned above are shown in Fig 7.2.4. No

member falls to meet the combined stress requirements of the NDS code. The top
and side views of the deformed mesh are shown in Fig. 7.2.1.

For the combination of dead load and inner snow load ( Fig. 3.3.4 ), the maximum

vertical displacement is 1.78 in at the apex ( node 1 ) of the dome, the maximum

compressive stress observed is 902.7 psi ( allowable compressive stress is 2400 psi

for this member ) at the extreme fiber of the element 178, and the maximum tensile

stress is 592.45 psi ( allowable tensile stress is 1550 psi for this member ) at the ex-

treme fiber of the element 299. The nodes and members mentioned above are shown

in Fig 7.2.4. No member falls to meet the combined stress requirements of the NDS

code. The top and side views of the deformed mesh are shown in Fig. 7.2.2.
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For the combination of dead load and outer snow load ( Fig. 3.3.5 ), the maximum
vertical displacement is 1.15 in at the apex ( node 1 ) of the dome, the maximum

compressive stress observed is 953.60 psi ( allowable compressive stress is 2400 psi
for this member ) at the extreme fiber of the element 189, and the maximum tensile

stress is 596.85 psi ( allowable tensile stress is 1550 psi for this member) at the ex-
treme fiber of the element 300. The nodes and members mentioned above are shown

in Fig 7.2.4. No member fails to meet the combined stress the requirements of NDS

code. The top and side views of the deformed mesh are shown in Fig. 7.2.3.

lt is interesting that the critical load condition for the buckling is the outer snow load,

while the critical load condition in the linear range ( based on stress) is unform snow

load over the entire dome.

7.3 Results of nonlinear analyses ‘

For each load combination, we perform the eigenvalue prediction ( section 5.8 ) and

nonlinear analysis. The force error tolerance is 1 % of the maximum value of the

discretized loads, the moment error tolerance is the force error tolerance multiplied

by the element length, and the maximum load proportionality factor increment is 0.2.
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Flgure 7.2.2 Deformed mesh of the dome under dead load and Inner snow Ioad
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The results of the computation of buckling load predictions is shown in Table 7.3.1,
Table 7.3.2 and Table 7.3.3 for the combination of dead load and snow load, the

combination of dead load and inner snow load, and the combination of dead load and

outer snow load.

The predicted buckling Ioads are shown in Fig. 7.3.1, Fig. 7.3.2, and Fig. 7.3.3 for the

combination of dead load and snow load, the combination of dead load and inner

snow load, and the combination of dead load and outer snow load.
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Table 7.3.1
Buckling load prediction for the combination of dead load and snow load

Cbr ll AC1

== a + ß = a + Cc, ß

Ißä imll¤¤
4.86 0.79

HE¤·
ÄÄNote:

P, = P, + GPL
PL ¤ ßPL
PL, = 0.1111Ib/in' or 16 psf
PL = 0.1389 Ib/in* or20 psf
Cc, is the flrst eigenvalue available from ABAQUS output
Pc, * Po + Äupi, .
Cc, ls found to be between 4.95 and 5.11 from the nonlinear analysis
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Table 7.3.2
Buckling load predictionzthe combination of dead load and inner snow load

car Ä'! Ätr

=· ¤ + ß = ¤ + Caß

HN83889EÄ *98 989HE9-9988IE 8*9* ÄÄ 89*
Note:

Pi = ßPL
P, = 0.1111Ib/in·' or 16 psf
P, - 0.1389lb/in* OT20 psr
Cc, is the first eigenvalue available from ABAQUS output
Pc, * Po + lclpi.
C,, is found to be between 5.28 and 5.29 from the nonlinear analysis
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Table 7.3.3
Buckllng load predictionzthe combination of dead load and outer snow load

CC: ll AC:

= a + ß == a + ßC,,

0.2500 78.31 1.05 4.97 0.80
HE¤·ßßßg
EÄHE¤·Sziß
EÄIE_

Note : _
Pl ¤ ßP,_

P, = 0.1111lb/in' or 16 psf
P,_

· 0.1389 lb /in* or 20 psf
C,, is the first eigenvalue available from ABAQUS output

PC:
‘ PD + '1C:PL

C,, ls found to be between 4.60 and 4.61 from the nonlinear analysis
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CHAPTER 8 Conclusion andrecommendation8.1

Conclusion

The application of symmetry principle is proven to be effective in linear analysis;

however, its application in noniinear analysis is not satisfactory. The discrepancy in

buckling predictions of the complete structure and the symmetrical sub-structure is

caused by the suppression of the buckling modes ( bifurcation modes ) in the sub-

structure ( Davalos, 1989 ).

The buckling load prediction procedure is proven to be effective in the study; its ap-

plication in multiple load conditions is especially interesting because of the relative

low cost and reasonable accuracy. Furthermore it can provide the values of param-

eters used in the noniinear analysis.
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8.2 Recommendation

Future research may be considered in the areas of experimental verification of

mathematical modelling, computational accuracy, computational efficiency, and the

development of time·saving preprocessors and postprocessors.

To improve the mathematical model, rigid joints can be replaced by flexible joints,

and the decking can be modelled with shell elements. The variation in the strength

of glulam members is expected to lower the buckling load of the dome because ofthe

loss in the symmetry. Therefore, the effects of the variation in material properties are

recommended for future research.

To improve the computational accuracy, a polar coordinate system is recommended

to define the geometry of the dome. The mathematical expression of the local 1 axis
I

of an element is included in Fig. 8.2.

Methods of improving the computational efficiency includes the study of the

substructures, in which the critical elements are modelled nonlinearly; other ele-

ments are modelled linearly to save computational time.

A preprocessor capable of generating and refining the mesh, and performing load

discretization is urgently needed. Several commercial codes including Ideas and

Patran are preprocessors for the dome.
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The interface between ABAQUS and user defined Fortran programs should be studied
and employed in order to examine the dome against design codes at the user’s
specified load levels.
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Appendix A

C THE PROGRAM COMPUTES NODAL FORCES AT EACH NODE OF EVERY PANEL

C OF THE TRIAX DOME
C FROM ALL THE ADJACENT PANELS ( NOT INCLUDED IN THIS PROGRAM)

C EACH PANEL IS DIVIDED INTO TWO PARTS, THE CORRESPONDING

C PRESSURES OVER EACH PART ARE PRESENTED BY COEFFICIENTS P(1,NOPL)

C AND P(2,NOPL).

C 15 NODESI PANEL.

C THE NODAL FORCE INDUCED BY P(1,NOPL) AT NODE J IS REPRESENTED AS

C A(J,NOPL) AND B(J,NOPL) IS THE NODAL FORCE INDUCED BY P(2,NOPL)

C WHERE J IS LOCAL NODE NUMBER AND NOPL IS THE PANEL NUMBER

REAL A(15,96), B(15,96), P(2,96), FZ(15,96)

DO 10 I=1.96

READ (2,°) NOPL, (A(J,NOPL), J = 1,15)

READ (3,°) NOPL, (B(K,NOPL), K = 1,15)

READ (4,') NOPL, (P(L,NOPL), L= 1,2)

10 CONTINUE

DO 20 J = 1,96

DO 30 K = 1,15

_ 82



?

FZ(K•·J) = F’(1•J)'^(K.J) + F’(2.J)"B(K.J)30 CONTINUE
WR|TE(5,5) J, (FZ(L,J), L= 1,15)

5 FORMAT (|2,15(1X,F7.1))20 CONTINUE
END
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Appendix B

PARAMETER (NOTRL- 100. NO|NTRL=·15. NDNO= 1000)

INTEGER M(ND|NTRL,NOTRL)

REAL PX(NDNO), PY(NDNO). PZ(NDNO)

REAL XFCTRL(ND|NTRL,NOTRL),YFCTRL(ND|NTRL,NOTRL),

& ZFCTRL(NDINTRL,NOTRL)
CllllIllllIIIIIIIIIIIIIIIIÜOIIIIIIIIIIIIOII!IllllllllllIIIIIIIIIIIIIIIII

C PREPROCESSOR: READ MEMBER INCIDENCE

C READ PANEL LOAD VECTOR
CIOIIIllllllllllllllllllllllllIIIIQIOOIIIIOIICIIIIIIIIIIIIIIIIIIIOOIIIOI

DO 2 J =1.96

READ (2,°) NTR,(M(I,NTR), I= 1,15)

2 CONTINUE

NTRGL=96

NDDX= 15

DO 6 |= 1, NTRGL

READ (5,') NTR,(ZFCTRL(J,NTR), J =1,NDDX)

6 CONTINUE

DO 20 I=1.NTRGL
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DO 30 J =1,NDDX

NDGL=M(J,|)
I

IF (NDGL.NE.O) THEN

PZ(NDGL) = PZ(NDGL) + ZFCTRL(J,I)

END IF
30 CONTINUE
20 CONTINUE

DO 40 I= 1,781
IF (PZ(|).NE.O) THEN

WR|TE(8,5) I,',3,’,PZ(I)

5 FORMAT (I5,A,E10.4)ENDIF u
40 CONTINUE
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Appendix C , „
PARAMETER (NOPT = 781, NOEL=480)
REAL FT(2,NOEL), FB(2,NOEL), FC(2,NOEL)

REAL T1(2,NOEL), T2(2,NOEL), C(2,NOEL)
‘

REAL S1(2,NOEL), S5(2,NOEL), S21(2,NOEL)
REAL AX|(2,NOEL), BND1(2,NOEL), BND2(2,NOEL), XJ(NOEL) —

INTEGER MCODE(3,NOEL) .

REAL COORD(3,NOPT), P(3,NOEL)

REAL XP(NOEL)

REAL CLE(NOEL), XLE(NOEL), CSR(NOEL), SR(NOEL), CS(NOEL)

REAL DFCP|(NOEL), DFBP|(NOEL), D(NOEL), B(NOEL)

READ ( 5,' )

CAPWR|TE(6,')’FA|LURE DUE TO COMBINED BENDING AND TENSILE STRESSES'

WR|TE(6,') ’FA|LURE DUE TO COMBINED BENDING AND TENSILE STRESSES'
WR|TE(6.') ’ELEMENT NO GAUSSIAN PT NO CAPAC|TY’
WR|TE(7,') ’FAILURE DUE TO COMBINED BENDING AND COMPRESSIVE STRESS

&ES’

WR|TE(7,') ’ELEMENT NO GAUSSIAN PT NO CAPACITY'

WRITE(8,') ’ELEMENT SUBJECT TO TENS|ON’

WRITE(8,') ’ELEMENT NO GAUSSIAN PT NO TENSILE STRESS’

WR|TE(10,')’ NEL NPT BND1= AXI = '

WRITE(11,°) NEL,NPT,’BND1(NPT,NEL) + AX|(NPT,NEL)=’

CALL PRE(COORD, MCODE, B, D)

DFT= 1550.
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I

DFB=2400.

E=1.8E+06

DFC= 1850.

CK=0.67*(E/DFC)**O.5

DO 10 |=1, 124

READ (1,*) NEL,NPT,NDUMMY,S1(NPT,NEL),DUMMY

READ (1,*) NEL,NPT,NDUMMY,S5(NPT,NEL),DUMMY

READ (1,*) NEL,NPT,NDUMMY,S21(NPT,NEL),DUMMY

READ (1,*) NEI.,NPT,NDUMMY,DUMMY1,DUMMY2

AX|(NPT,NEL) = 0.5*S5(NPT,NEL) + 0.5*S21(NPT,NEL)

BND1(NPT,NEL)= ·0.5*S1(NPT,NEL)-I-0.5'S21(NPT,NEL)·

BND2(NPT,NEL) = -O.5*S1(NPT,NEL) + 0.5*S5(NPT,NEL)

WRITE(10,') NEL,NPT,BND1(NPT,NEL),AXI(NPT,NEL)

WRITE(11,*) NEL,NPT,BND1(NPT,NEL) + AXI(NPT,NEL)

10 CONTINUE

DO 20 NEL=1,NOEL

IF (MCODE(1,NEL).NE.0) THEN

DO 30 NPT= 1,2

IF (AXI(NPT,NEL).GT.0.) THEN
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WRITE(8,25) NEL, NPT, AXI(NPT,NEL)

FT(NPT,NEL) = AXI(NPT,NEL)

FB(NPT,NEL) = ABS(BND1(NPT,NEL))

CALL TENSILE(MCODE,COORD,P,XP,CLE,XLE,SR,CS,DFCPI,DFBP|,D,B,

&NEL)

T1(NPT,NEL) = FT(NPT,NEL)/DFT+ FB(NPT,NEL)/DFB

T2(NPT,NEL) = (FB(NPT,NEL)·FT(NPT,NEL))/DFBPI(NEL)

IF (T1(NPT,NEL).GT.CAP) THEN

WRITE(6,25) NEL, NPT, T1(NPT,NEL)END IF "
IF (T2(NPT,NEL).GT.CAP) THEN ·

WRITE(6,25) NEL, NPT, T2(NPT,NEL)

END IF

ELSE IF (AX|(NPT,NEL).LE.O.) THEN

FC(NPT,NEL) = ABS(AXI(NPT,NEL))

FB(NPT,NEL) = ABS(BND1(NPT,NEL))

CALL COMPRESS(MCODE,COORD,P,XF2,CLE,CSR,SR,DFCPI,DFBPI,D,XJ.

&NEL)

C(NPT,NEL) = FC(NPT,NEL)/OFC + FB(NPT,NEL)/(DFB-XJ(NEL)'

&FC(NPT,NEL))

IF (C(NPT,NEL).GT.CAP) THEN

WRITE(7,25) NEL, NPT, C(NPT,NEL)

END IF
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25 FORMAT (6X,I5,3X,|14,3X,F12.4)

END IF
30 CONTINUE

END IF
20 CONTINUE

END l
C

SUBROUTINE PRE(COORD, MCODE, B, D)

REAL COORD(3,'),B('),D(')

INTEGER MCODE(3,')

DO 10 I= 1,781

READ (2,°) ND, COORD(1,ND), COORD(2,ND), COORD(3,ND)

10 CONTINUE

DO 20 I= 1,480
READ(3,') NELM,MCODE(1,NELM),MCODE(2,NELM),MCODE(3,NELM)

20 CONTINUE

DO 30 |= 1,480
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READ(4,') D(|), B(|)

30 CONTINUE

RETURN

END

C
SUBROUTINE TENSILE(MCODE,COORD,P,XP,CLE,XLE,SR,CS,DFCP|,DFBP|,D,B,

&NEL)

REAL COORD(3,'), P(3,')

INTEGER MCODE(3„°)
REAL XP(')

REAL CLE('), XLE('), SR('), CS(')

REAL DFCP|('), DFBPI('), D('), B(')

E = 1.8E + 06

DFT= 1550.

DFB = 2400.

NE1= MCDDE(1,NEL)

NE2= MCODE(3,NEL)

CK = 0.811'(E/DFB)"0.5
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DO 10 |= 1,3
P(I,NEL)=COORD(I,NE2)—COORD(I,NE1)

10 CONTINUE

XP(NEL) = (P(1,NEL)"’2 + P(2,NEL)"'2 + P(3,NEL)"2)""0.5

C XP(NEL)=2'XP(NEL)

SR(NEL) =XP(NEL)/D(NEL)

IF (SR(NEL).GT.14.3) THEN

XLE(NEL)=1.84‘XP(NEL)

ELSE
XLE(NEL)=1.63"XP(NEL)+ 3'D(NEL)

ENDIF

CS(NEL) = (XLE(NEL)'D(NEL)/B(NEL)"2)"0.5

IF (CS(NEL).GE.50.) THEN

CS(NEL) = 50.

ENDIF

IF (CS(NEL).LE.10.) THEN

DFBP|(NEL) = DFB

ELSE IF (CS(NEL).LT.CK) THEN

I on
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DFBP|(NEL) = DFB'(1.-1./3.'(CS(NEL)/CK)"°4)
I

ELSE
DFBP|(NEL) =O.438'E/CS(NEL)"2

ENDIF

RETURN
END

C
SUBROUTINE COMPRESS(MCODE,COORD,P,XP,CLE,CSR,SR,DFCP|,DFBP|,D,XJ,

&NEL)

REAL COORD(3,'), P(3,')

INTEGER MCODE(3,')
”

REAL XP('), XJ(')

REAL CLE('), CSR(')

REAL DFCPI('), D(')

E =1.8E +06E
DFC = 1850.
CK = 0.67'(E/DFC)"0.5

NE1= MCODE(1,NEL)

NE2 = MCODE(3,NEL)

DO 10 |= 1,3
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P(I,NEL) = COORD(I,NE2)·COORD(|,NE1)

10 CONTINUE
XP(NEL) = (P(1,NEL)"2 + P(2,NEL)"2 + P(3,NEL)"'2)"0.5

C XP(NEL) = 2'XP(NEL)

XKL= 0.80
CLE(NEL) = XKL'XP(NEL)

CSR(NEL) = CLE(NEL)/D(NEL)

IF(CSR(NEL).LE.11.) THEN

DFCPI(NEL) = DFC ‘

ELSE IF (11..LT.CSR(NEL).AND.CSR(NEL).LT.CK) THEN

DFCPI(NEL) = DFC"(1.-1./3.'(CSR(NEL)/D(NEL)/CK)""4)

ELSE
DFCPI(NEL) = 0.3'E/(CLE(NEL)/D(NEL))"2

END IF
XJ(NEL) = (CSR(NEL)-11.)/(CK·11.)RETURN _
END
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