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Abstract - CALEB is a nonlinear finite element program for geometric and
material nonlinear analysis of offshore platforms and general framed
structures. The finite element formulations implemented in CALEB assumes
large displacements and small strain. Geometric nonlinearity is taken into
account by means of an updated Lagrangian formulation. Material
nonlinearity is taken into account by means of an elastic perfectly plastic
model derived from plastic hinge theory. Capabilities of CALEB version 1.4,
the current release of CALEB, include: pre-processor for mesh refinement,
problem-oriented language input, distributed member loads, automatic
generation of environmental loads, joint failure check, save/restart procedure,
eigenvalue buckling analysis, nonlinear stress analysis, and graphical post-
processing. In this paper a brief description of CALEB version 1.4 and of its
main features is presented.

INTRODUCTION

CALEB is a nonlinear finite element program for geometric and material
nonlinear analysis of offshore platforms and general framed structures.
Presently, the main application of the CALEB program is the collapse
analysis of fixed offshore platforms. The need of performing a collapse
analyses of such structures may arise both in the design and in the operation
phases, to determine the behaviour of the damaged or undamaged structure,
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304 Offshore Engineering

under operational, extreme or accidental loads. Collapse analyses are also
performed to generate data for the study of the reliability of the platform.

The CALEB program was originally developed to fulfill academic
requirements only''̂ , and, therefore, did not offer resources for automatic
data generation and visualization of results. It was not suitable for the collapse
analysis of large-scale structures such as an offshore platform, since it also
lacked other important features, such as an automatic procedure for the
refinement of the element mesh, and for the introduction of geometric
imperfections. In order to remove such drawbacks and make the program
more user-friendly, Petrobras*'̂  with the cooperation of COPPE/UFRJ,
started in 1991 software development activities to enhance the CALEB
program and to develop a suite of pre- and post-processor programs.

The current version of the CALEB program (version 1.4) has the following
featureŝ :

• Problem-oriented language input

• Distributed member loads

• Automatic generation of environmental loads

• Joint failure check according to API RP2A

• Save/restart procedure

• Scalar element

• Nonlinear beam elements

• Nonlinear stress analysis

• Eigenvalue buckling analysis

• Incremental displacement control algorithm for nonlinear stress analysis

CALEB'S input data file is a free format file in which data is specified
through a problem-oriented language. This problem-oriented language is built
around groups of commands stored in 80-bytes physical records. Each
command is composed by real numbers, integer numbers, keywords and data
label. Details of this problem-oriented language were presented elsewhere*.

PRE- AND POST-PROCESSORS

The pre- and post-processor programs that comprise the CALEB suite are:
RAMER, PRESOL, POSPAN, VESPAE and POSPER.

RAMER is a pre-processor program that, beginning from a basic mesh of
beam elements, automatically generates a refined mesh according to user-
specified criteria. It features also a module for automatic nodal reordering, to
optimize the bandwidth of the global stiffness matrix of the refined structure.

                                                             Transactions on the Built Environment vol 29, © 1997 WIT Press, www.witpress.com, ISSN 1743-3509 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



Offshore Engineering 305

PRESOL is another pre-processor program that generates P-Y, T-Z and Q-V
curves to represent the soil behaviour in soil-structure interaction problems,
according to the API code. The resulting curves can then be used as nonlinear
force-displacement curves for the scalar element of the CALEB element

library.

POSPAN is a numerical post-processor that reads a bynary data file generated
in an analysis performed by the CALEB, containing all input data and results
from selected steps of the nonlinear analysis. The POSPAN program
manipulates the data read from this file, and, according to free-field, problem-
oriented commands supplied by the user, generates some of all of the
following files:

• a listing file for print-out of selected results;

• a new data file that can be input to the CALEB program, allowing a restart
of the analysis;

• a file with the nodal coordinates of a selected deformed configuration
(corresponding to a step of a nonlinear analysis, or to one buckling mode or
a combination of selected modes). This file can then be inserted in the
input file of the original CALEB analysis, to consider geometrical
imperfections of the structure;

• Input data files for the graphical post-processors VESPAE and POSPER.

The POSPAN program is designed to allow a clear separation between
distinct phases of a structural analysis - the numerical analysis itself and the
interpretation of the results. It performs functions that are equivalent to those
of a database manager program, since its commands provide the user a series
of options and functions that can be activated at will, while the examination of
the results proceed.

VESPAE is a graphical post-processor that represents the original
configuration of the structure, selected deformed configurations or buckling
modes, and stress maps. It presents an interactive user-interface, through
option menus activated by mouse operations and keystrokes.

POSPER is another graphical post-processor, intended to trace response
curves for selected degrees of freedom or force components, and stress
diagrams. It also presents an interactive user interface.

The development of CALEB program and its pre and post-processors has
been performed in IBM mainframe computers, with the MVS/ESA
operational systems. The migration of this suite of programs to personal
workstations is scheduled in the near future. The conversion of the numerical
programs will be relatively simple, since they are coded in standard
FORTRAN 77; the conversion of the graphical post-processors will, however,
require additional efforts since the graphical libraries are not compatible.
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306 Offshore Engineering

FINITE ELEMENT LIBRARY

A scalar element and a beam element are available. Both elements have
straight axis and two nodes. Six unknowns are associated to each one of these
nodes, namely : 3 translations (u, v and w) and 3 rotations (ru, rv and rw).

Scalar Element
The element associates a nonlinear spring to each nodal d.o.f. (degree of
freedom). The force-displacement relations that defines the nonlinear springs
are given through pairs of points and admit intervals with null stiffness in the
origin.

The force-displacement relations are defined at the local reference system of
the element. This reference system can be the global system, or anyother one
defined by the two nodes of the element and a third auxiliary node. The
position of the reference system can be maintained fixed or can be updated
according to the displacements of any two nodes of the structure.

Beam Element
The beam element is a displacement based element, in which the transverse
bending displacements are interpolated by cubic functions and the
longitudinal and torsional displacements are interpolated linearly.

This element, called SLCB (Standard Linear/Cubic Beam) in the present
paper, is the standard beam element. It is a widely used element because of
the simplicity of its formulation, ease of use and accuracy of results.

The element is available in three versions: the MBEAM element (material
nonlinear only), the GBEAM element (geometric nonlinear only) and the
GMBEAM element (material and geometric nonlinear). These nonlinear
formulations preserve all the qualities of the linear formulation.

Element formulation assumes large displacements, small strain and elastic-
plastic material. The geometric nonlinearity is taken into account by means of
an updated Lagrangian formulation̂ . The yield criteria is a function of the
nodal axial force and the nodal bending momentŝ .̂

The element material stiffness matrix, derived using concepts from plastic
hinge theory and matricial analysis of structures, relates in an elastic-plastic
way the incremental nodal displacements and forceŝ . This matrix is
explicitly integrated at the local moving coordinate system.

The element geometric stiffness matrix is derived using the principle of
virtual work and a complete nonlinear strain tensor*. This matrix is a function
not only of the element axial force but also of the nodal bending moments*'̂ .
It is explicitly integrated at the local moving coordinate system. The position
of this element local moving coordinate system depends on the rigid body
motion of the element and is continuously updated.
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Offshore Engineering 307

NONLINEAR STRESS ANALYSIS

Nonlinear stress analyses can be performed using a standard load-control
strategy, or a displacement-control strategy. This latter strategy is a modified
version of the algorithm proposed by Batoz and Dhatf, according to Justinô .
This algorithm allows, in an analysis with several load patterns, the selection
of a load pattern that will be incremented while the others remain constant.

At the end of each step of the nonlinear analysis, the punching-shear collapse
of the tubular joints is verified using the API-RP2A code.

Equilibrium Equations
The nonlinear problem is solved by means of an incremental-iterative
algorithm. The equilibrium equations used in this algorithm have the
following form :

t+V') = Kw + Kc (3)

where the left superscript indicates the current step of the incremental
analysis, and the right superscript is the iteration count; and

t+At£<k-i) _ Tanĝ t stiffness matrix;

K^ - Material stiffness matrix;

KQ - Geometric stiffness matrix;

Au^ - Vector with incremental nodal displacements between iterations k

and W;

t+At̂ (k) _ y g£tor with total nodal displacements at iteration k of step t+At;

AR - Vector with out-of-balance nodal forces;

*^F - Load vector, applied in all iterations of step t+At;

t+At̂ (k-i) _ Yê or of updated internal forces.

The discretization of the equilibrium equations is performed in the usual way
via the Finite Element Method^. Equations (1) and (2) hold for the whole
structure, the global stiffness matrix and force vector being assembled from
the contribution of the corresponding quantities from the individual elements.
The element stiffness matrix is the result of the summation of the material and
the geometric stiffness matrices as indicated by Equation (3).
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308 Offshore Engineering

Iteration Procedures
Three options of iteration procedures are available, namely:

• the Full Newton-Raphson Method (FNRM),

* the Modified Newton-Raphson Method (MNRM) and

* the Full Initial Stress Method (FISM).

The difference between these procedures resides in the strategy employed for
the reavaliation of the stiffness matrix of the structure. In the FNRM the
stiffness matrix is updated in each iteration; in the MNRM the stiffness matrix
is updated only in the first iteration of each load step, and in the FISM all
iterations are performed with the elastic stiffness matrix of the structure.

The performance of each of these methods is dependent upon the type of
problem being solved. In general, the FNRM and the MNRM are recomended
for geometric and geometric and material nonlinear analyses, and the FISM is
recomended for material nonlinear analyses.

Convergence Criteria

The convergence of iteration cycles can be checked through three criteria: a
residual force criteria, a displacement criteria and an internal energy criteria.
These criteria can be used either isolately or simultaneously.

EIGENVALUE BUCKLING ANALYSIS

The "linearized buckling analysis"̂ ^ is a procedure that allows the
estimation of buckling loads, and the corresponding buckling modes. The
results will be accurate whenever it can be assumed that the behaviour of the
structure prior to buckling is strictly linear. Of course this assumption does
not hold for the collapse of offshore structures, but nevertheless this procedure
will be useful for the introduction of geometric imperfections on the finite
element mesh, as will be shown later.

The linearized buckling procedure consists in assembling and solving an
eigenvalue problem given by

= 0 (4)

where K̂  is the elastic linear stiffness matrix, and K̂  is the geometric

stiffness matrix.

This eigenvalue problem is solved using the Subspace Iteration Method**- ̂ for
the first m eigenpairs; as a result we obtain the eigenvalues A,-, i=l,m that

represent the buckling loads, and the corresponding eigenvalues <D. that

represents the buckling modes.
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Offshore Engineering 309

USE OF THE STANDARD BEAM ELEMENT IN COLLAPSE
ANALYSES OF OFFSHORE PLATFORMS

Mesh refinement with SLCB element
When performing a nonlinear collapse analysis of a fixed offshore platform
employing the standard beam element (SLCB element), each compressed
member should be discretized with several elements to allow the deformed
configuration of the member to be adequately represented.

Moreover, geometric imperfections should be incorporated in the model, in
the form of an initial curvature of the members. This avoids that a compressed
member behave like an ideal, perfect column, with its equilibrium path
remaining in the unstable branch, absorbing axial loads even after the
buckling load having been reached. The introduction of initial curvatures not
only avoids the numerical problems associated with such unstable behaviour,
but also lends a more realistic modelling since every member of the actual
structure is prone to have such geometric imperfections and therefore to be
subjected to bending stresses from the beginning of the loading.

This need to generate a refined mesh of SLCB elements incorporating
geometric imperfections may represent a major drawback in the modelling of
a fixed offshore platform In such a three-dimensional framed structure, the
task of introducing initial curvatures in a member represented by several
elements is far from trivial, since an adequate plane should be chosen, as well
as the compatibility with the boundary conditions at the member ends, that are
elastically clamped.

The more apparent and "modern" solution of employing an interactive
graphical pre-processor may turn out to be unfeasible, considering the
drawbacks mentioned above and the large amount of members of a typical
platform. The graphical processing may become very slow and the work
becomes rather tedious and prone to errors.

A more efficient solution for this problem is provided by the numerical tools
available in the CALEB system". This solution consists in performing the
generation of the refined/imperfect mesh in three steps, beginning from a
"basic" mesh where each member is discretized by only one beam element.
Such basic mesh is usually available, since it comprises the mesh that had
been employed previously in preliminar linear analyses of the platform.

The first step of the generation of the refined/imperfect mesh employs the
RAMER pre-processor program to perform a selective, non-uniform
refinement of the mesh, according to some relevant criteria such as the
slenderness ratio of the members. The result is a refined mesh with no
imperfections.
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310 Offshore Engineering

In the second step a linearized buckling analysis is performed using this
refined/perfect mesh and the CALEB program The results are the linear
estimates of the buckling loads, and the corresponding buckling modes. Of
course those linear estimates are not adequate to predict the actual collapse
load, since it is known that the pre-collapse behaviour is far from linear, but
the buckling modes will be useful in the next step for the generation of the
refined/imperfect mesh.

The third step, finally, employs the POSPAN program to post-process the
results of the linearized buckling analysis. A displacement field is generated
by taking a combination of the first buckling modes (local buckling modes).
The nodal coordinates of the refined/imperfect mesh is then automatically
generated by adding that displacement field to the nodal coordinates of the
refined mesh that resulted from the first step of this process.

These steps comprise not only a computationally more efficient solution, but
also avoids errors that would be introduced by direct user-intervention in a
standard graphical mesh generator. It is also consistent from a theoretical
point of view, and, finally, results in an important by-product for the user: a
deeper insight of the nonlinear behaviour of the platform.

Other Elements
There are other approaches in the literature for the execution of collapse
analyses, with other types of elements (e.g. the Marshall Strut ̂, and the
"Idealized Tubular Structural Unit" ITSU'*), that employ only one element to
represent the geometric and material nonlinear behaviour of a compressed
member. However only the ITSU element modelling is known to reach the
same level of accuracy attained by the SLCB element modelling, with several
elements per compressed members.

The advantage of the ITSU element in relation to the SLCB element resides in
the use of one element per member, that reduces the size of the mesh and the
time necessary to the generation of the numerical model. If the two elements
had the same computational cost per element, the analyses performed with
ITSU elements would be extremely cost effective when compared with the
ones performed with SLCB elements. Nevertheless, the formulation of the
ITSU element is considerably more complex and consequently the
computational cost of generation of the element matrices is higher in the ITSU
element than in SLCB elements in which the element matrices are explicitly
integrated. The smaller computational cost per element reduces the
computational cost of collapse analyses performed with refined meshes of
SLCB elements and make them competitive.

Also, the use of refined meshes of SLCB elements is in accordance with a
celebrated practical rule of the application of the Finite Element Method in
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Offshore Engineering 311

nonlinear analyses, that states that "refined meshes of simple elements are
better than coarse meshes of sophisticated elements". Refined meshes may
also allow the introduction of elements to represent the behaviour of tubular
joints, of dented members, and local buckling of the walls of the tubular
members.

Another point that speaks in favor of the use of standard elements like the
SLCB with refined meshes is the accelerated evolution in the performance of
the computer hardware, that resulted in the introduction of high-performance
computers with vector/parallel architectures. The efficient use of such
architectures may reduce the CPU requirements for an analysis to a fraction of
the time required in a standard scalar processor.

These remarks lead us to the conclusion that the use of refined meshes, that
until recently could be considered a drawback of simple elements like the
SLCB, can now be viewed as an important advantage, since it allows a more
accurate representation of the behaviour of the structure, not only globally but
also locally.

CONCLUSION

The CALEB system has a broad area of application in the analysis of offshore
structures, and can be used as a valuable tool for the optimization and
extension of lifetime of fixed platforms and other offshore equipments.

It is seen that, with the computational tools implemented in the CALEB
system allied to the high performance of the currently available hardware,
there is practically no limits for the application of SLCB elements in the
collapse analysis of fixed offshore platforms.

This paper is intended to briefly describe the main characteristics of the
CALEB system. A more detailed treatment of the methodology for collapse
analysis of offshore platforms using the standard beam element, as well as the
results of the application of the system to selected case studies, will be
presented in a subsequent paper (to be published).
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