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Abstract 

 
 
In general, thin-walled and compression-loaded structures are prone to buckle. Due to the 
sensitivity of thin-walled shell structures to geometrical imperfections on the buckling 
behaviour, the initial imperfections of shells significantly reduce the buckling load in 
comparison to theoretically determined loads. Within the EU-project DESICOS, it is desired to 
further investigate  imperfection sensitivity of composite launcher structures. To perform 
parameter studies, it is essential to automate the pre-processing steps with the commercial code 
Finite Element Method ABAQUS, as well as the post-processing steps needed. Thereby, 
different kinds of initial imperfections, such as axis-symmetrical imperfections and non axis-
symmetrical imperfections have to be taken into consideration.  
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1. Introduction 

 
 
Thin-walled shell structures are used extensively in a wide variety of engineering applications 
which includes aerospace, spacecraft, nuclear reactors, pressure vessels, pipelines and offshore 
platforms. In contrast to one dimensional structures (beams) and two dimensional structures 
(plates), thin walled shell structures are imperfection sensitive, i.e. the actual buckling load of 
these structures is significantly lower than the theoretically predicted buckling load. Shell 
structures subjected to axial compression are found to be most sensitive towards geometric 
imperfection . 
 
The tendency to replace expensive experimental investigations by numerical simulation has 
been evident with the onset of the era of supercomputing. Analysis of different types of 
aerospace, marine and civil engineering structures using large general purpose computer codes 
has drawn attention in the recent days and is well accepted. These programs  facilitate 
the  calculation of stress and deformation patterns of very complicated structural 
configurations successfully with the desired accuracy as demanded in engineering analysis. 
 
Within the framework of the EU-project DESICOS [1], numerical parameter studies to assess 
the buckling load of geometrically imperfect shells have to be performed with the help of the 
commercial FEM-Software ABAQUS [2]. Due to the high number of possible parameter 
configurations, these computations have to be performed in an automated manner. Therefore, a 
parametric ABAQUS input script and python script has to be developed by making use of C++ 
programming.  
 
The second chapter explains the theory behind buckling analysis of cylindrical shells and on 
imperfection modelling of unstiffened circular cylindrical shells. The third chapter details the 
purpose of the routine and the algorithm that generates ABAQUS input scripts and python 
scripts (used for post processing in case of non-linear analysis) with the parameters defined by 
the user through a configuration file.   The fourth chapter illustrates the naming convention 
followed while creating these script files, linear bifurcation analysis and non-linear static 
analysis. It includes convergence study (to determine the recommended mesh size), parameter 
study along with verification (with results generated through AstrA Code [3]), SPLA 
(validation of code) and Modified Riks Method and the fifth chapter forms the summary and 
conclusion. 
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2. Structural Stability 

 
 
Any structure is usually designed to withstand or oppose loads with a small and limited 
deformation. There are mainly three parameters to evaluate the configuration of a loaded 
system namely the conditions of equilibrium, compatibility and force displacement 
relationships of the used material in most of the structural analysis problems as mentioned by 
Gambhir [4]. On the afro mentioned categories, the equilibrium plays a vital role. Any 
structure must be in a stable equilibrium configuration i.e. it has to be within the elastic limits 
in the stress strain diagram if has to perform satisfactorily. To check the stability of a system, it 
is usually disturbed by means of external forces, vibrations, shocks, imperfections and after the 
disturbance is removed if the system returns to its original state then the system is considered 
to be a stable system. 
 
Structural failures are categorized into two types namely material failure and form or 
configuration failure. Usually cracks are initiated and propagated when the stress values exceed 
the permissible limits resulting in a material failure. In the form failure usually the structure 
loses its shape or design contour even though the stress values are within the permissible range. 
This failure occurs usually due to external disturbances or applied loads. Tensile loads results 
in the loss of the stability of the system leading to material failure and the form failure 
manifests itself due to the compressive load resulting in geometrical instability which is 
technically coined as buckling.  
 
Buckling which is a form failure is exceptionally hazardous and may set off the failure of 
numerous engineering structures. Buckling could be either a global or local phenomena which 
may or may not contribute to the complete failure of the structure. This is because the load at 
which the instability occurs depends on the stiffness of the structure rather than the strength of 
the material. 

 

2.1  Basic Theory 

 
The problem of stability is a critical component for structural engineering including aviation, 
nuclear and offshore engineering. Therefore the safety of structures against buckling must be 
ensured in order to avoid catastrophic failure during its service life. The kick start to the 
stability analysis began with the Euler's solution of buckling of an elastic column [5]. Most 
fundamental linear elastic issues of structural stability were tackled by the end of the 19th 
century, nevertheless more conclusive results have been showing up as new structural 
components were being presented. The major growth of this theory extending its range to non 
linear behaviour including both material nonlinearity and geometrical nonlinearity was seen in 
the 20th century. 
According to Gambhir the principle of stability and instability could be explained with the 
most familiar concept of ball analogy. The behaviour of a rigid ball of fixed mass placed at 
three different locations on a surface i.e. convex surface (I), concave surface (II) and straight 
surface (III) with zero curvature normal to the plane of the figure is studied. An initial 
assumption is made as shown in figure 2.1 that the ball is considered to be stable at the points 
of zero slope. 
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Figure 2.1 Ball analogy for the bifurcation diagrams [5] 

Now let us examine the response of the ball if a small disturbance is imparted to the ball at 
these three different locations. A positive work will be required to move the ball from its 
original position in case of position I, and when the disturbance is removed the ball returns to 
its original position. This is called as stable equilibrium position. But when the ball at the 
location II is disturbed, it will progressively move losing all its stored energy and would never 
return to its original position. This case is named unstable equilibrium configuration. Last but 
not least, when the ball at location III is disturbed it neither returns to its original position nor 
continues to move when the disturbance is removed and hence termed as neutral equilibrium 
condition. This neutral equilibrium condition is the necessary condition for structural stability. 
This would be the case when the structural components buckle or reach their ultimate load 
carrying capacity with a slight difference between the two. The former occur in both elastic 
and inelastic range of material behaviour whereas the latter is realized in the inelastic range. 
 

2.2  Buckling load 

 
"The buckling load is the load at which the current equilibrium state of a structural element or 

structure suddenly changes from stable to unstable, and is, simultaneously, the load at which 

the equilibrium state suddenly changes from that previously stable configuration to another 

stable configuration with or without an accompanying large response (deformation or 

deflection). Thus, the buckling load is the largest load for which stability equilibrium of a 

structural element or structure exists in its original equilibrium configuration" as stated by 
Jones in his book Buckling of Bars, Plates, and Shells [6].  He has also described about the 
load versus buckling deflection behaviour for certain structures as explained below. 
 
Consider the figure 2.2 as provided in next page where the buckling tendency of a bar can be 
understood by means of load versus buckling deflection behaviour. When the structure is 
constantly loaded, it suddenly changes from one stable configuration point A is to a nearby 
stable but buckled configuration point B when P reaches the critical buckling load. The loading 
path will be O-A-B and when the structural component is unloaded the retraced path will be in 
the opposite direction i.e. B-A-O. 

Ball 

Ball 

Ball 

I 

II 

III 

Equilibrium 

Equilibrium 

Equilibrium 
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Figure 2.2 Buckling into an adjacent stable equilibrium state [6] 

Sometimes the structural elements might have a different load versus deflection behaviour 
which is explained with the following figure 2.3. In this figure the structural element 
transforms from one stable configuration to another which is not the nearby adjacent stable 
configuration. The point C is the point where the structure encounters the maximum load 
known as the limit point.  The load-deflection behaviour falls off from C to D, so the structural 
element jumps from C to E under a fixed level of loading, P'. Hence there is a discontinuous 
load deflection behaviour with a significant amount of deformation together with a snapping 
sound. There is also a possibility of increasing the load from P' to F. During the retrace and 
unloading from F there is again a structural jump from G to H with G being the new limit 
point. Thus these structures exhibits the jumps with a distant stable configuration and not with 
the adjacent one. 

 

Figure 2.3 Buckling into a Non-Adjacent stable equilibrium state [6] 

As mentioned in the introduction to chapter 2, engineering structures under predominantly 

compressive forces are prone to buckling failure. Gambhir posed the question of stability in the 

following manner: Could a structure assume equilibrium in another adjacent equilibrium 

configuration besides its straight configuration for P > Pcr? To illustrate the possibilities of two 

stable configurations in the buckling phenomenon he has considered a straight vertical flag post 

of uniform cross sectional area as an example. The flag post can achieve two equilibrium 

configurations, a straight one and a bent one. Let P be the concentrated load applied on the flag 

post along its centroidal axis, the flag post remains in its vertical straight configuration as long 
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as P < Pcr. When the load is increased such that the value of P is more than the critical value, the 

vertical member takes up a new laterally bent configuration as shown in Figure 2.4(a).  

 

Figure 2.4 Load deformation behaviour of cantilever beam subjected to axial compression. (a) 

Laterally deflected shape (b) P-∆ curve (c) P-y curve [5] 

The member has a straight equilibrium configuration below the critical value Pcr and a bent one 
above the critical value. But at Pcr also called as critical or buckling load, the bar will be either 
in one of the two configurations namely the straight bar and a bowed bar. At this buckling 
load, the straight bar must seek another stable equilibrium configuration named a bent bar and 
it occurs with considerable downward movement of the loaded end. The load deformation 
curves P versus ∆, and P versus y are shown in Fig 2.4 (b) and (c) respectively. The same 
principle was also stated by Jones that at critical value Pcr there is a possibility of two adjacent 
equilibrium positions for the same external force known as condition of bifurcation or 
branching as shown clearly in Figure 2.5. 

 

Figure 2.5 Load deformation behaviour of an axially loaded bar [6] 
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Jones has also provided another example of an in-plane loaded flat plate as shown in figure 2.6 
which has two adjacent equilibrium states as they do not show significant response in 
deformation. Furthermore, the buckling of a plate occurs at loads above the initial buckling 
load i.e. the plates have many buckling loads at higher loads than the lowest load unlike the 
single higher buckling load causing buckling in bars due to deformation constraints. Buckling 
of cylindrical shells is dealt separately in the following section 2.3. 
 

 

Figure 2.6 Load deformation behaviour for an in-plane loaded plate [6] 

He has also mentioned that at least four types of post buckling behaviour are possible for 
various structural components at the bifurcation buckling load, λB: 
 
(a) Figure 2.7(a) shows a horizontal line extending to both left and right of λB indicating that 
the structural element cannot carry the load above the buckling point. There is no lower or 
higher energy state that a structure can presume along this line and hence the structure is said 
to be in neutral equilibrium. Such a behaviour is known as the neutral post buckling behaviour. 
 
(b) Certain structural elements can carry loads higher than the critical point if it is constrained 
in such a way that it can buckle only to the right of λB. Nevertheless the structural element 
carries loads much less than λB if it is constrained so that it can buckle only to the left of λB as 
in Figure 2.7(b).This type of behaviour  along a straight line which is inclined to the horizontal 
is called as the unsymmetric post buckling behaviour. 
 
(c) In symmetrical post buckling behaviour the structural element can with stand loads more 
than the critical point λB. The degree of stability can be deduced by taking derivatives of λ with 
respect to buckling displacement amplitude wB. This buckling behaviour is concave upward 
with curves and load points to the left and right of the critical point as shown Figure 2.7(c). 
 
(d) Symmetric unstable post buckling behaviour lies along a concave-downward curve 
extending to the left and right of λB as in Figure 2.7(d). The structural element cannot safely 
carry λB. 
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Figure 2.7 Types of post buckling behaviour for perfect structural elements [6] 

Post buckling behaviour is said to stable and more close towards the neutral type for straight 
bars. Symmetric stable post buckling behaviour will be exhibited by isotropic flat plates which 
are loaded axially in the plane of their middle surfaces i.e. the plate can buckle equally well 
either up or down. Unstable post buckling behaviour is exhibited by axially loaded perfect 
circular cylindrical shells in which the behaviour is not symmetric in wB at λB and hence the 
shells buckle only inward similar to externally pressurized spherical shells. 
 

2.3  Buckling of cylindrical shells 

 
Stiffened and unstiffened cylindrical shells form one of the important structural components of 
today's technological world. Often they are subjected to compressive loads and buckling 
criteria becomes one of the main design criteria. More violent buckling behaviour is usually 
seen in cylindrical shells than it is for plate and column structures because they are 
imperfection sensitive. 
 
Figure 2.8 shows a theoretical load-end shortening curve for cylindrical shells subjected to 
axial compression. Any Structure, during the initial loading period, follows the linear path of 
primary equilibrium. This primary equilibrium path is intersected at some load level by an 
unstable secondary path. Such a intersection point is known as bifurcation point B. Also the 
buckling mode in the secondary path is much different from the deformations in its stable 
primary state of equilibrium as described by Amdahl [7]. 
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Figure 2.8 Equilibrium paths for perfect and imperfect shells [7] 
 

He has also stated that reaching the theoretical bifurcation loads is very difficult in practice. 
Initial imperfections within the structure prevent it from reaching the maximum theoretical 
load. It results in the shell jumping to a configuration similar to the buckled shape of the ideal 
cylinder at a load much lower than the theoretical load. So instead of the bifurcation load B, 
the buckling happens well in advance at the limit point L. 
 

 
 

Figure 2.9 Influence of axisymmetric imperfections on the buckling  
load of a cylinder [7] 

 
From the figure 2.9 one can observe that even for small axisymmetric imperfection amplitudes 
(1/10 of wall thickness) causes reduction of the theoretical value Ncr, of the buckling load to 
60%. The design of the cylindrical shells is based on the modification of the theoretical load. 
This is done by an empirical reduction leading to knock-down factor. 
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Analytical predictions with nominal dimensions and idealized boundary conditions based on 
linear bifurcation analyses of perfect geometrical shells were found to be higher than the 
experimentally yielded buckling loads. Many people have conducted different kind of shell 
buckling experiments in order to understand the complex buckling phenomena demonstrated by 
thin walled cylindrical shells from 1920 to the early 1970.  For instance, seminal works by von 
Kármán and Tsien [8], by Donnell and Wan [9], and by Koiter [10] identified differences 
between the corresponding analytical calculation and the experimental results. It was shown 
that the discrepancy was due to the initial geometric imperfections i.e. small deviation from the 
idealized geometry of a shell.  
 
In earlier days, nonlinear analyses needed to calculate the effects of these imperfections on the 
buckling behaviour of thin walled shells could not be performed due to the lack of sophisticated 
computational tools and capabilities leading to a buckling design established by lower bounds 
to test data. The knock down factors were determined and used in combination with linear 
bifurcation analysis for simply supported shells. In other words the value of the un-conservative 
simplified analytical predictions were knocked down by these empirical factors. The design of 
the shells using the above approach has been proved to be satisfactory and it remains prevalent 
among most of the industries including NASA Space Vehicle Design Criteria [11]. 
 
Equation (1) as shown below defines the critical bifurcation stress according to the classical 
analysis of the buckling of an infinitely long cylindrical shell if radius R and thickness t subject 
to a compressive stress σ which is also stated by Koiter [10]. 

 
(1) 

 
 

where E is Young's modulus and  υ is Poisson's ratio. It is more evident from the equation that 
the length of the cylinder does not influence the critical buckling stress.  
 
Koiter also states that the critical buckling stress for the cylindrical shells cannot be computed 
using the above equation as they are more sensitive to imperfections under axial compression. 
A knock down factor γ  is introduced in design codes by taking imperfection sensitivity into 

account which results in the buckling load of imperfect shell as γ *σcr. In addition to the knock 

down factor, plasticity effects for cylinders with certain range of geometries are also 
considered. 
 
The knock factor is usually evaluated with experimental results and in general is a function of 
shell geometry , loading conditions and initial imperfection amplitude. The "knock-down" 
factor should be selected in such a way that a high percentage (for e.g. 90%) of experimental 
results will have buckling loads higher than the corresponding loads predicted by the design 
method. Seide [12] has also established a lower bound curve for a conservative design as given 
by equation (2). A typical distribution of test data can be found in Figure 2.10 for cylinders 
under axial compression. This effect makes the empirical reduction factor or knock down 
factor becomes a important parameter in the design of the cylindrical shells. 
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Figure 2.10 Knock down factor vs. R/t-ratio according to Seide [12] 

The design recommendations adhere to the lower bound design philosophy and the use of the 
following buckling formula is recommended: 

 
(3) 

 
where Pa = allowable applied load; Pcrit = lowest buckling load of the perfect structure; γ  = 

"knock down factor"; and F.S. = factor of safety. When the lowest buckling load Pcrit of the 
perfect structure is multiplied with the knock down factor γ , a lower bound to all available 

experimental data is obtained. This approach yields the above mentioned lower bound curve 
for isotropic shells subjected to axial compression. 

 

Figure 2.11 Knock down factor vs. R/t-ratio according to Takano approach and NASA SP-8007 

Guideline [13] 
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On the other hand, Takano developed statistical approaches [14] based on the experimental data 
from composite cylindrical structures. Here the author calculates a new knock down factor 
which is less conservative than the above mentioned approach using the statistical analysis 
based on experimental results taken from the open literature. Two constant knock down factors 
are defined by Takano, namely A-basis = 0.479 (with 99% probability and 95% confidence) 
and B-basis = 0.626 (with 90% probability and 95% confidence). This approach is valid only 
within the range of experimental data (R/t = 80 to 500; where R is radius and t is thickness of 
the cylinder). Moreover, he also assumed that radius over thickness ratio does not influence the 
knock down factors (see Figure 2.11). Thereby the only procedure needed to estimate the 
buckling load is to find the linear buckling load and then multiply it by the A-basis or B-basis 
calculated by Takano. 
 

2.4  Imperfection modelling of unstiffened circular cylindrical 

shells 

 
As mentioned before, significant difference between theoretical buckling loads of thin walled 
shell structures and the buckling load determined in an experimental manner was observed 
during the first half of the last century. These deviations are due to the fact that the load 
carrying capacity of shell structures are degraded due to the existence of imperfections. 
Therefore these shell structures are designed with large safety factors which in turn results in 
thicker and heavier structures. For example in an aerospace industry the large safety factor 
plays a vital role which can increase the overall cost due to the excess weight and material 
requirement. So for these kinds of applications, prediction of the accurate buckling load of the 
structural element has become inevitable. Therefore conservative results like the empirical 
knock down factor were overshadowed by the imperfection modelling of shell configurations 
since they produced more reliable and less conservative results. Therefore few imperfection 
modelling approaches were developed as listed below to predict the influence of the 
imperfections on the real buckling load also mentioned by Reimerdes and Linus [15]. 
 

• Real Measured Imperfections (RMI), 
• Mode Shape Imperfections (MSI), 
• Axis-Symmetric Imperfections (ASI), 
• Non Axis-Symmetric Imperfections (NASI), 
• Single Perturbation Load Approach (SPLA). 

 
A disadvantage of using the real measured imperfections is the numerical complexity although 
it might lead to more realistic results. The buckling pattern of the geometrically perfect shell 
structure is chosen as an initial imperfection in mode shape imperfections. Therefore the 
maximum imperfection amplitude is chosen such that it coincides with the maximum expected 
imperfection amplitude due to the manufacturing process which in turn results in high 
numerical effort and conservative results. The axis-symmetric imperfection is a simplified 
imperfection pattern because the  imperfect shell structure is described through sinusoidal half-
waves in meridian direction. The amplitude for the sine waves are again chosen according to 
the manufacturing process but this requires less numerical effort as it can be implemented 
through analytical methods. The non axisymmetirc imperfection follows a pattern wherein 
sinusoidal half-waves are used in meridian direction and sinusoidal full-waves are used in 
circumferential direction are used to describe the imperfect shell structure.   
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There was a novel approach prescribed by Hühne [16] more recently known as Single 
Perturbation Load Approach (SPLA). He assumes that a single perturbation load acting in 
radial direction at the middle of the perfect shell could result in a more realistic buckling load 
than the one derived through the worst imperfection modelling. 
 
Among the five types mentioned above, two approaches have been presented below with 
schematic diagrams. In figure 2.12(a) the Single Perturbation Load Approach (SPLA) is 
illustrated schematically .The critical load for each perturbation load P, was investigated by 
supporting the lower edge and applying axial compression with a controlled displacement at 
the upper edge of the shell. 

 
 

 

Figure 2.12 Imperfection Modelling Approaches [15] 

Axisymmetric imperfection modelling approach is presented here in Fig. 2.12(b), for this 
model a code was generated and verified with in-house code AstrA developed within ILR, 
RWTH Aachen University which is based on a shell bending theory established by Rittweger 
[17]. Under axis symmetric loads with random arbitrary meridians this code paves way to 
perform linear buckling analysis of axis symmetric shell structures. The degree of imperfection 
is established by means of two parameters in ASI modelling namely the imperfection 
amplitude and the number of half- waves in longitudinal direction as they both affect the 
buckling load of the structure.  
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2.5 Introduction to Finite Element Method 
 
 

 

Figure 2.13 Methods to solve any engineering problem [18] 
 

As stated in HYPERWORKS documentation [18], there are two ways to solve analytical or 

numerical problems: 

Step 1: "Writing of the governing equation – Problem definition, or in other words, formulating 

the problem in the form of a mathematical equation." 

Step 2: "Mathematical solution of the governing equation. The final result is the summation of 

step 1 and step 2." 

Analytical method do not make any kind of approximation at either of the above mentioned 
steps and hence the results would be 100% accurate. But in the case of numerical methods, 
approximation is made at both the steps, step 1 and step 2 leading to approximate results. 
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A brief introduction to different numerical methods can be found as below. 

1) Finite Element Method (FEM) : 

FEM is the most famous numerical method among the rest of its kind. Applications - Linear, 

Nonlinear, Buckling, Thermal, Dynamic and Fatigue analysis. FEM will be discussed later in 
detail. 

2) Boundary Element Method (BEM) : 

This method also requires nodes and elements just like finite element method but it only 
considers the outer boundary of the domain. For example, when the problem domain is a 

volume, then only the outer surfaces are considered and when the problem domain is an area, 
then only the outer periphery curves are considered. Hence the boundary element method solves 
the problem faster by reducing the dimensionality of the problem by degree of one. 

3) Finite Volume Method (FVM) : 

Finite volume method has been extensively employed to solve most of the computational fluid 
dynamics problems. Here an unit volume is considered in place of an element in a finite 

element method. Pressure, velocity, area and mass are some of the variables at each node. It is 
based on the Navier-Stokes equations. 

4) Finite Difference Method (FDM) : 

There are many similarities between the finite element method and the finite difference method. 
But in general, this method is employed to solve differential equation.  The differential equation 

is approximated to an algebraic equation using Taylor's series. In the conversion process higher 
order terms are neglected which in turn introduces the truncation errors. This method is 

employed along with BEM or FVM to solve thermal and CFD coupled problems. Moreover, 
FDM is used to discretize the partial differential equation while FEM, BEM and FVM are used 
for the discretization of the integral form of the equation. 

In the earlier days, the only way to validate a design or test a hypothesis or theory was to 
physically test the part using the relevant test bench which could be both time consuming and 

expensive. In order to get rid of this difficulty, finite element analysis was first developed over 
60 years ago to predict the reaction of the complex part to various kinds of inputs 
approximately. Even though finite element analysis cannot produce results accurately as the 
results generated through final physical testing, it helps greatly to reduce the time and budget 
spent on intermediate design stages and validation of the design. 
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FEA is performed in three stages; Pre-Processing, Solving and Post Processing. These stages 

are summarizes as below. 

Step 1: Pre- Processing 

Pre-Processing is the first and foremost step where the model is prepared for analysis. The part 
is modelled using CAD softwares like CATIA, SOLIDWORKS, UNIGRAPHICS etc. and 
imported through the native formats like IGES or STEP file format into the FEM softwares. 

The complex geometry of the part is discretized into simple shapes using nodes and elements 

through meshing. The process of discritizing the complex shape into simple elements help the 
solver to predict the reaction at the nodes due to the external forces, temperatures, pressures and 
so on.  Properties for sections, elements are added along with the material definitions. Finally 
the model is constrained using boundary conditions and the external loads are applied. The 

model is now complete and can be sent to the solver for further analysis after specifying certain 
desired output requests. 

Step 2: Solving 

There are many commercially available solvers such as ABAQUS, ANSYS, OPTISTRUCT, 
MSC NASTRAN, LS-DYNA etc. that could perform finite element analysis. The solver solves 
the model as generated in step 1 using the input deck file fed into the solver. It then calculates 

the part's reactions including displacement, stress, strain and reaction forces according to user's 
input. These results are then saved in an output file which could be read later in the post 
processing stage. 

Step 3: Post-Processing 

Once the solution is obtained, the results could be evaluated and validated in the post 

processing stage. The user can request for colour contoured plots and animations of the results 
as per his requirement from these tools. Desired data geared towards the user specifications 
could be queried, interpreted and also graphs could be generated in order to visualize the results 
in a more pictorial fashion.  
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3. ABAQUS Input Script Generator Program 

 
The ABAQUS input file generator generates input scripts and python scripts (for non-linear 
analysis) automatically based on parametric input data file provided by the user. These files 
could be later read into ABAQUS software through batch mode to do stability analysis of 
cylindrical shells. This helps to drastically reduce the simulation cycle time. This chapter 
explains the need for such a procedure, the parametric input data file and the 
algorithm based on which the program executes. 
 
Shells are thin walled structures where one dimension is considerably smaller than the 
other two and the mid surface is curved in at least one direction. Mid surface is a 
surface which is equidistant from the bounding surfaces of shells and the analysis of 
shells is based on its mid surface. First the node coordinates of 3D cylindrical shell 
model is determined from shell geometry definitions and then the elements are 
defined for the 3D shell model. The procedure was written using object oriented 
programming language C++ in Visual Studio 2010 which is available from the cluster 
of RWTH Aachen University. 
  
C++ is general purpose, statically typed, free-form, multi-paradigm, object oriented and 
compiled programming language. It is considered as an intermediate-level language, as it 
comprises both high-level and low-level language features. It was developed by Bjarne 
Stroustrup in 1979 at Bell Labs. C++ was originally named as C with Classes, adding object 
oriented features, such as classes, and other enhancements to the C programming language. 
The language was renamed C++ in 1983 [19]. 
 
3.1  Purpose of Automation 

 
In general, there are a lot of parameters which govern the buckling load of the cylindrical 
shells. It is therefore of primary importance to understand how these parameters along with the 
imperfection pattern affect the stability of the structure. This forces the designer to perform 
numerous analysis by modifying the parameters during each run. Hence we need some kind of 
automation to produce these scripts with much ease and faster in order to reduce the design 
cycle time. Moreover, these files could be created once and then run together in the batch mode 
over night. This leads to the development of the input script generator program. 
 
For example, let us consider a simple use case scenario as stated below: 
 
“A designer wants to find the knock down factor of a geometrically imperfect cylindrical shell 
with different geometry configurations (for example 3 different R/t and 15 different L/R ratios) 
by simulating it through Single Perturbation Load Approach with 20 different load values.” 
 
In such a case, for a constant value of R/t and L/R ratio (similar geometry configuration) the 
designer has to create 20 different input scripts only by varying the perturbation loads. Then he 
has to run the simulation with these 20 files and then plot a graph between the critical load, F 
and the perturbation load, P to find the critical load Fcrit (minimum load). Again, he has to 
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repeat the same procedure for 3 different R/t ratios and 15 different L/R ratios. These altogether 

produce around 20 * 3* 15 = 900 input scripts.  

Suppose if he is interested to analyse a composite shell (with 5 different stacking sequence) 
then he should require 900 * 5 = 4500 input scripts. This clearly states that one cannot perform 
these simulations manually as it is a cumbersome process and added to it consumes most of the 
productive time.  

 

3.2  Parametric input data file 

 
In this current work, following variable parameters of the unstiffened circular cylindrical shell 

structures are defined: 

- Length, L 

- Wall thickness, t 

- Radius, R 

- Imperfection Type (Perfect shell, Axisymmetric and Non-axisymmetric imperfect shell) 

- Imperfection amplitude, w 

- Boundary conditions (simply supported, clamped) 

- Laminate configuration (number of plies, fibre orientation ...) 

- Perturbation load  

- Linear and non-linear buckling analysis type  

- Variable mesh size (number of elements in longitudinal and circumferential direction) 

 

The ABAQUS input script generator needs a parametric input text file to read the user inputs. 

The text file must be saved in the same location as the executable. Comments can be added to 

the text file with a # character as shown in Italics below. The program ignores the complete line 

after the # symbol.  

 

The parameters can be defined in any order but their names must not be changed. If so, the 

program would not execute or even if it does, might not produce the desired results. A sample 

text file is shown as below. The material properties for the cylindrical shells investigated under 

this work are kept constant in order to reduce the number of random variables. Thus the 

material properties provided in the sample text file will be used throughout this work. 

 

 

 

 

 



25 

 

#All dimensions are in mm 

#Geometry Definition 

Radius=250 

Length=1152.90 

Thickness=0.5 

 

#Material Definition 

Isotropic=TRUE 

E=70000 

Nu=0.34 

Lamina=FALSE 

Laminate_Name=T2 #if this field is left blank, it appends cp by default 

E_1=141412 

E_2=9721.6 

Nu_12=0.26 

G_12=4074.8 

ply_thickness=0.125 

number_of_plies=4 

stacking_sequence=0,90,90,0 

 

#Boundary Conditions Definition 

BC_Upper_Edge=Clamped 

BC_Lower_Edge=Clamped 

 

 

#Type of Imperfection Modelling 

Perfect_Shell=TRUE 

ps_number_of_elements_circ=281 

ps_number_of_elements_long=288 

SPLA=FALSE 

perturbation_load=12 

number_of_elements_circ=281 

number_of_elements_long=46 
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NASI=FALSE 

number_of_half_waves_long=30 

number_of_full_waves_circ=0 

number_of_elements_per_half_wave_long=6 

number_of_elements_per_full_wave_circ=281 

ratio_imperfection_amplitude_thickness=0.5 

 

#Type of Analysis 

Analysis_Linear_Bifurcation=TRUE 

number_of_eigenvalues=10 

maximum_number_of_iterations=500 

number_of_vectors_per_iteration=18 

Analysis_Non_Linear_Static=FALSE 

simulation_time=2.5 

anls_maximum_number_of_iterations=5000 

initial_increment=0.005 

minimum_increment=1.00E-09 

maximum_increment=0.01 

stabilization_factor=1.00E-06 

 

The above configuration file is used to do a linear eigenvalue analysis of an isotropic 

cylindrical perfect shell with radius 250mm, length 1152.90mm and thickness 0.5mm with 

clamped boundary conditions. 
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3.3  Algorithm 

 
Before elucidating the algorithm on how the input scripts are generated, one must be aware 
about the program structure to understand the algorithm better. "In software engineering, a 

class diagram in the Unified Modelling Language (UML) is a type of static structure diagram 

that describes the structure of a system by showing the system's classes, their attributes, 

operations (or methods), and the relationships among objects" [20]. For simplicity, only the 
class structure (without attributes and methods) and their relationships are shown below. Please 

refer to the complete source code as attached in the Appendix I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Class diagram of Abaqus Input Script generator program 

 

RWTH_ScriptGeneratorMain 
(Class A) 

 

 

RWTH_AbaqusInputFileGenerator 
(Class B) 

 

 

RWTH_PythonFileHandler 
(Class D) 

 

 

RWTH_InputFileHandler 

(Class C) 

 

 

RWTH_UtilityClass     
(Class F) 

 

 

RWTH_FileNameGenerator 
(Class E) 
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The algorithm of the program could be better understood in a flowchart as show below. 

 

  

 
 

 

 
 

 
 

 
 
 

 
 

 

 
 

 
 

 

 

 
 

 

 

 

 
 

 

 
 

 
 

 
 

Start 

Read the parametric input file, 
InputData.txt 

Process the input data 

Generate Input Script File 
name based on the inputs 

Create and open the input script 
file with the above generated 

Is it Perfect 
Shell or SPLA 

model? 

Generate Perfect 

Generate Imperfect Nodes 

Generate Elements 

Write section definition (for complete 
cylinder or composite Layup) and assign 

the material (to all elements or plies) 

A 

YES 

NO 
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A 

Write assembly definition (node sets and 
element sets as desired for the application 

of boundary conditions or loads) 

Write material data (isotropic 
or composite) 

Write Steps based on the analysis 
type (linear or non-linear) 

Write desired boundary conditions 
(simply supported or clamped) 

Write Loads (For SPLA, perturbation load at mid 
node of the cylinder length and for non-linear 

shell edge load at top edge of the cylinder) 

Write history and field output 
requests 

Save the input script file and 

close it 

B 
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3.4 Structure of an ABAQUS Input File 

B 

Is the analysis 
type Non-linear? 

Create and open the python file 
with the same generated name 

Write commands to initialize 

session and odbpath 

Write commands to save XY 
data which needs to be plotted 

Write commands to save the 
plots into a report (jobname.rpt) 

Save the python script file and 
close it 

End 

Figure 3.2 Flowchart of Abaqus Input Script Generator program 

 

YES 

NO 
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At the end of every pre-processing step, ABAQUS saves an input file with *.inp extension 

which will be read by the solver when submitted for analysis. It is also possible to manually 

create or modify the input file in a normal text editor as it is written in ASCII format. It is 

therefore of primary importance to understand the structure of this file. Every input file is 

basically composed of a number of option blocks (describing a part of the model). Each option 

block begins with a keyword line (starting with *) which is usually followed by one or more 

data lines. These blocks can be broadly classified into two sections: Model data section and 

History data section. Please refer to a sample input file as attached at the appendix C. 

 

The model section contains all the information required to define the structure being analyzed 

for example, node and element definitions, section definitions and material properties. The 

history section explains what have to be done on the model divided into a sequence of steps. It 

includes type of simulation (static, dynamics, etc), the sequence of loading or events for which 

the response of the structure is required, and finally desired output requests. 
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NO X Y Z 
1 
. 

N × ND 

X1 

. 

X(N×ND  ) 

Y1 

. 

Y(N×ND  ) 

Z1 

. 

Z(N×ND  ) 

3.5  Determination of the node coordinates of 3D shell model 
 
The bottom plane of the cylinder is created on XZ plane and the elements are created along the 
Y direction (along the length of the cylinder). The input data required to create 3D shell 
model are the radius and length of the cylinder. Based on the circumferential and axial mesh 
size provided by the user, the angle theta and distance dY can be found. Thus with the radius 
and theta, the nodal coordinates of the cylinder are known in polar coordinates. But the 3D 
shell model lies in Cartesian plane. To find the Cartesian nodal coordinates (X, Y, and Z) 
of ND IV nodes, one must find the polar coordinates (R, θ) and convert them to Cartesian 
coordinates. The conversion is as follows: 
 

X = R cos θ (4) 

Y = 0 + N * dY (5) 

Z = R sin θ (6) 

  

The user already knows the Radius (R) and mesh size along circumferential direction from 
the input file. Dividing 2π radians by ND will give θ. Then, dividing 2π-θ radians into 
ND  parts  and  calculating the Rcos θ and  Rsin θ values  of each part  gives  the X  and Z 
coordinates of the ND number of 3D nodes.  The procedure is repeated for each row of 
nodes starting from the XZ plane till length of the cylinder. Considering that the mesh size 
along axial direction as N, the p rocedure will yield (N×ND) number of Cartesian node 
coordinates. The structure of the node coordinates is given in the table b elow. 

 
 
 
 

 
. . . . 

 

 
 
 
 
The imperfect nodes are computed in a similar manner as described above except that the 
radius value for each node varies now according to the imperfection amplitude defined by the 
user. The imperfection value is computed as below and then added to the radius before 
computing the Cartesian coordinates. Here w denotes the imperfection value, A the 
imperfection amplitude defined by user, x mesh size along axial direction, m number of waves 
along axial direction, L cylinder length, y mesh size along circumferential direction, n number 
of waves along circumferential direction, R the cylinder Radius. 
 

w(x,y) = A * sin((x * 3.14 * m)/L) * cos((y * 3.14 * n)/(2 * 3.14 * R)) (7) 

 

 

 

  

Figure 3.3 Structure of 3D shell model node coordinates file 
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ENO N1 N2 N3 N4 
1 
. 

(N − 1) × ND  

N11 

. 

N1(N−1)×ND 

N21 

. 

N2(N−1)×ND 

N31 

. 

N3(N−1)×ND 

N41 

. 

N4(N−1)×ND 
 

3.6 Mesh Generation and Element Definition 
 
Next step is to define a mesh on the 3D shell m o d e l  using 4 node quadrilateral shell 
element (S4R element type). To define quadrilateral elements clockwise convention is 
used as shown in the figure 3.3 below. 
 
 

Node 3 Node 4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Node 2 Node 1 

 
 

 

In a 3D model with N × ND nodes, there will be (N-1) × ND  elements. The elements 
are created by using one loop. The elements are defined based on the assumption that 
each radial position R forms a circular row and each row has ND nodes on the 
circumference. 
 
Starting with first row, the first node is taken as the starting node of the element i.e. 
node 1. By virtue of clockwise convention, the node present right next to node 1 is taken 
as node 2 of the element. Then the node present directly above the node 2 in the next row 
is selected as node 3 of the element. Then the node that lies to the right of the node 3 is 
taken as the node 4 of the element. Thus a 4– node 2D quadrilateral element is formed. 
The procedure runs through all the ND  nodes of the row and  thus  ND  elements are 
defined. 
 
 

 

 

  
Figure 3.5 Structure of 3D shell model element definition file 

 
Next, considering the nodes of the second row as starting nodes, t he  next set of ND   

elements are defined. This is repeated (N-1) times to create (N-1)×ND  elements. 

  

Figure 3. 4 Clockwise convention used to define the element 
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Figure 3.6 Perfect Shell Model 

 

                 
Figure 3.7 Axisymmetric Imperfect Shells (On left - m=5 and on right m=10) 

 

               
 

Figure 3.8 Non axisymmetric Imperfect Shells (On left - m=10,n=10 and on right m=16,n=16) 
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4. Simulation Study 

 
This chapter deals with the various types of simulation studies being performed. 

Before elucidating the tasks, a glimpse is provided on the naming convention followed 

while saving the output files (*.inp and *.py files) from the program which are later run in batch 
mode. The simulation generates result files (*.dat and *.rpt files) following similar naming 
convention with the first ten eigenvalues for linear analysis and the load values for each 
displacement step for non-linear analysis. This would greatly reduce the effort to organize the 
files by the end user. 

To start with, a couple of sample runs were performed using the input scripts 

following the SPLA approach and the resulting critical load was verified with the 

model created manually. It is then followed by the convergence study (using linear 
bifurcation analysis) to determine the recommended mesh size that would be used later for the 
parametric study (study of influence of buckling load on various parameters) using perfect shell 

and imperfect shells (ASI and NASI approach). Finally the results are verified (with in-house 
AstrA results) as it was capable of providing analytical solution for linear bifurcation analysis. 

Once the results have been verified, non-linear static analysis were performed but the results 
were not satisfactory with Newton Raphson Method and was proposed as future scope (with 
Modified Riks Method) because of the time constraint. 

There are a lot of files being generated along with the desired output files while performing a 
simulation study with finite element software ABAQUS. Therefore if a user runs some 20 
simulations it would be practically impossible to identify which output files correspond to 
which input model data. Therefore a naming convention was introduced which would ease the 

effort to organize and keep track of the simulation study.  Please find the convention as 
described in appendix B at the end. The naming convention is primarily based on the type of the 
imperfection like Perfect Shell or SPLA or ASI and NASI approaches. 

 
4.1 Single Perturbation Load Approach 

 
Before proceeding with the simulation study, the input scripts must be verified. For 

example, the calculation of the nodal locations and element definitions must be 

validated. Therefore two sample studies were performed both manually and through 

ABAQUS input script generator program. The simulation studies were performed on 

two unstiffened cylindrical shells, one of length 250mm, radius 250mm and thickness 

0.5mm and the other with length 162.5mm, radius 250mm and thickness 0.5mm with 

perturbation load of 12N in both the cases. The axial compression is applied 

displacement controlled at the upper edge of the shell and a single perturbation load 

is applied at the half of the length of the cylindrical shell, while the lower edge is 

simply supported as shown in figure 4.1. It was found that the results match precisely 

from both cases as shown in the following figures 4.2 and 4.3.  
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Figure 4.1 Snapshot of Abaqus model depicting SPLA approach 

 

 

 

 
Figure 4.2 Load Vs Displacement graph of SPLA_iso_t0-5_LR1_Rt500_P12_SS 
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Figure 4.3 Load Vs Displacement graph of SPLA_iso_t0-5_LR1-3_Rt500_P12_SS 

 

4.2 Linear bifurcation analysis 

 
Once the results from the program were verified with manually obtained results through SPLA 
approach, parameter studies like L/R Vs Delta and m Vs Delta have to be performed. For this, 
simulation with linear bifurcation analysis was decided. But before performing the parameter 
studies, the mesh size has to be decided. So convergence study was performed beforehand for 
perfect shell and imperfect shells to obtain the desired mesh size.  

 

4.2.1  Convergence Study 
 

The following convergence studies have been performed using linear bifurcation analysis on 
isotropic perfect shell and imperfect shell with the following dimensions length 500mm, radius 
250mm and thickness 0.5mm with simple supported boundary conditions and few with 
clamped boundary conditions. As a conservative approach, the number of elements in the 
circumferential direction for perfect and axisymmetric imperfect shells is chosen as 281. The 
number of elements were varied along the length of the cylinder in case of perfect shell and per 
half wave along the longitudinal direction in case of axisymmetic imperfect shells and both per 
half wave along longitudinal direction and per full wave along the circumferential direction in 
case of non axisymmetric imperfect shells. The desired mesh size at which the critical load 
converges is recommended for further analysis. The results are documented in the following 
pages.  

 

 

 

  



38 

 

 

 

Figure 4.4 Convergence Study of Perfect Shell and Axisymmetric imperfect shell 

 

 

Figure 4.5 Convergence Study of Non axisymmetric imperfect shell (m=03, n=18) 
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Figure 4.6 Convergence Study of Non axisymmetric imperfect shell (m=11, n=03) 

 

 

 
Figure 4.7 Convergence Study of Non axisymmetric imperfect shell (m=16, n=16) 
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Figure 4. 8 Recommended mesh sizes for parameter study  

Thus the minimum number of elements in the longitudinal direction is selected as 90 or 6 per 
half wave along the longitudinal direction in case of imperfect shells (both ASI and NASI). The 
minimum number of elements along the circumferential direction is chosen as 281 or 16 per full 

wave along the circumferential direction as in case of non-axisymmetric imperfect shells. 

4.2.2  Parameter Study 

 
In general, the knock down factor of the unstiffened cylindrical shells depend on a lot of 
parameters. But due to time constraint, only 2 primary parameters (L/R ratio and number of 
half waves, m in the longitudinal direction) were chosen and its influence over the knock down 
factor was studied. The shells were meshed using the recommended mesh size as agreed in the 
convergence study. The study was made with cylindrical shells with various configuration as 
mentioned in the results. The program was validated for both simply supported and clamped 
boundary conditions. Few runs were also made with composite shells (both on T1 and T2) in 
order to validate the capability of the script generator program. The T1 configuration contains  
the plies stacked in the following order 90,0,0,90 and with 0.15mm thickness each. T2 
configuration contains the plies stacked in 0,90,90,0 order. The results were finally verified 
with in-house code AstrA which can provide analytical solution for linear bifurcation analysis.  
 
At first, L/R versus Delta study was performed over two axisymmetric imperfect cylindrical 
shell with R/t = 500, t =0.5 and w/t = 0.2 and w/t = 0.5 with simply supported boundary 
conditions. The number of half waves in the longitudinal direction was varied according to the 
length of the shell. It can be observed that the first eigenvalues predicted through the program 
generated scripts increase for shells with L/R < 0.5 as predicted by AstrA as well as with the 
empirical findings by Seide [12] and Tennyson [21]. Also it can be inferred that the first 
eigenvalues for the shells with imperfection amplitude 1 mm is higher compared to the shells 
with imperfection amplitude 2.5 mm. These results are shown in the figure 4.9 and 4.10 in the 
following pages. 

 

 

Type of Shell Number of elements in 

circumferential 

direction (per full wave 

for imperfect shells)

Number of elements in 

longitudinal direction 

(per half wave for 

imperfect shells)

Total number of 

elements

Perfect Shell 281 90 25290

ASI_m3 281 30 25290

ASI_m11 281 9 27819

ASI_m19 281 8 42712

ASI_m26 281 8 58448

NASI_m03_n18 16 30 25920

NASI_m11_n03 100 6 19800

NASI_m16_n16 18 6 27648
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Figure 4.9 L/R Ratio Vs Delta Study for Axisymemtric Shell (w/t=0.2 and SS) 

 

 

 
Figure 4.10 L/R Ratio Vs Delta Study for Axisymemtric Shell (w/t=0.5 and SS) 
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A further study on the influence of the number of half waves over the knock down factor of an 
axisymmetric imperfect shell with L/R = 2, R/t = 500, w/t = 0.2 and 0.5 with simple supported 
and clamped boundary conditions was studied. It can be observed from the graphs in the 
following figures 4.11 to 4.14 that the results match precisely with the AstrA results and the 
worst degrading effect occurs when the initial number of half waves is 21 (for w/t = 0.2) and 19 
(for w/t = 0.5) and not at the ring buckling mode of the geometrically perfect shell structure as 
mentioned by Reimerdes and Linus [15]. Moreover the boundary conditions simply supported 
or clamped do not influence the first eigenvalues. 

 
Figure 4. 11 Number of half waves (m) Vs Delta Study for ASI Shell (w/t=0.2 and SS) 
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Figure 4. 12 Number of half waves (m) Vs Delta Study for ASI Shell (w/t=0.2 and Cl) 

 
 

 
Figure 4. 13 Number of half waves (m) Vs Delta Study for Axisymemtric Shell              

(w/t=0.5 and SS) 

 

 

Figure 4. 14 Number of half waves (m) Vs Delta Study for Axisymemtric Shell               

(w/t=0.5 and Cl) 
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The parameter studies were continued with the composite shells with the same cylinder 

geometry and two laminate configurations namely T1 and T2 were selected for the study. It can 
be observed from the graphs in the following figures 4.15 to 4.18 that the worst degrading 
effect occurs when the initial number of half waves is 27 for T1 and 13 for T2. Also the knock 
down factor is higher for T1 laminate for m < 20 as compared to T2 laminate but it increases 

for T2 laminate for m > 20 as compared to T1. 

 

Figure 4. 15 Number of half waves Vs Delta Study for Axisymemtric T1 Shell (w/t=0.5 and SS)

 

Figure 4. 16 Number of half waves Vs Delta Study for Axisymemtric T2 Shell (w/t=0.5 and SS) 
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It can be observed from the following figures 4.17 and 4.18 that the knock down factor of the 
composite shells increase for L/R ratio less than 0.5 similar to normal shells as mentioned 
before. When the L/R ratio is increased more than 1.0, the knock down factor almost remains 
constant. Also it can be observed that the knock down factor of the T2 laminate configuration 
are higher compared to the T1 laminate. 

 

 

Figure 4. 17 L/R Ratio Vs Delta Study for Axisymemtric Shell T1 Laminate configuration i.e. 
90,0,0,90 (w/t=0.5 and SS) 

 
Figure 4. 18 L/R Ratio Vs Delta Study for Axisymemtric Shell T2 Laminate configuration i.e. 

0,90,90,0 (w/t=0.5 and SS) 



46 

 

 

 
 

Figure 4. 19 Number of half waves (m), Number of full waves (n) Vs Delta Study for 
Nonaxisymemtric Shell (L/R=2, R/t=500, t=0.5, w/t=0.5 and SS) 

Finally, the sensitivity analysis of number of half waves (m) along the longitudinal direction 
and the number of full waves (n) along the circumferential direction over the knock down factor 
for a non-axisymmetric imperfect shell with length L = 500mm, radius R = 250mm, thickness t 
= 0.5mm and imperfection amplitude w = 0.25 has been performed. It can be inferred from 

figure 4.15 that the worst degrading effect occurs for m = 19 and n = 0 i.e. axissymmetric 
imperfect shell with 19 half waves along the longitudinal direction. In general, as the number of 

full waves is increased on a non-axisymmetric imperfect shell, the degrading effect decreases 
resulting in higher  knock down factor values. But for shells with m < 4, the knock down factor 

decreases with increasing number of full waves along the circumferential direction. 
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4.3  Non-linear static analysis 

 
Once the parametric study was done, non-linear static analysis was performed following 
Newton-Raphson Method. But the results were not satisfactory as the critical load values were 
higher than that of linear eigenvalue analysis which does not reflect the physical behaviour. 
The convergence study too confirmed that the load values were not converged. Then Modified 
Riks Method was used to perform the non-linear analysis. But the simulation study was 
stopped in between because of the time constraints and identified as scope for the future work.  

 

4.3.1  Convergence Study 
 

The following convergence studies have been performed using linear bifurcation analysis on 
isotropic perfect shell and axisymmetric imperfect shell (with imperfection amplitude of 
0.25mm) with the following dimensions length 500mm, radius 250mm and thickness 0.5mm 
with simply supported boundary conditions. The number of elements were varied along the 
length of the cylinder in case of perfect shell and per half wave along the longitudinal direction 
in case of imperfect shells. The desired mesh size could not be recommended for further 
analysis as the critical load did not converge. The results are documented as shown below.  
 
 

 

Figure 4. 20 Convergence Study - Non-linear static analysis 
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4.3.2  Modified Riks Method 

 
Simulation through Modified Riks method was attempted for axisymmetric imperfect shells 
with number of half waves in longitudinal direction as 15 and 19 with a similar cylinder 
geometry as used for convergence study. The recommended mesh size from the linear static 
analysis as mentioned in section 4.2.1 was used i.e. 281 elements on circumferential direction 
and 6 elements per half wave in longitudinal direction was used. The critical load obtained was 
higher than that of the linear analysis. As inferred from the graph below, the critical load for 
m15 is 30000N whereas it is about half of it i.e. 14500N through linear eigenvalue analysis (as 
shown in Figure 4.14). Similarly for m19, it is 22500N from the graph below, whereas it is 
only 13500N from Figure 4.14.  Hence the simulation was suspended in between as it needs 
more time to investigate about the arc lengths needed to converge the solution. The results are 
as shown below. 
 

 
 

Figure 4. 21 Load Vs Displacement Curve - Non-linear static analysis (m15 and m19) 
 

Thus for the axisymmetric and non-axisymmetric imperfect shells, the Newton-Raphson and 

Modified Riks method could not be applied as shown above. A possibly promising approach is 

to perform a simultaneous eigenvalue analysis (when applying the previous methods) to detect 
the instability point. Moreover, Riks method can hardly be used for parametric study because of 
the high number of parameters that are to be adjusted. 
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5. Summary  and Conclusions 

 
 

5.1  Conclusions 
 
In this study, the first task was to create an automatic ABAQUS input script generator 
program.  The program  attached in the appendix A achieves this task as shown in the 
flowchart provided in section 3.3. The node  coordinates and  element definitions of 3D 
shell model along with material definition, loads and boundary conditions are written to *.inp 
files and the post processing commands are written to *.py files (for non-linear analysis). 
 
The second  task was to validate the program through some sample runs using Single 
Perturbation Load approach and compared with the results obtained through 
manually. The next task is to perform the convergence study on both perfect shells and 
imperfect shells (ASI and NASI) in order to get the recommended mesh size using linear 
bifurcation analysis. 
 
The fourth task was to perform the parametric study in order to study the influence of 
the L/R ratio and number of half waves in the longitudinal direction with the knock 
down factor. Finally, attempts were made to perform non-linear static analysis but was 
identified as scope for future work due to time constraints. 
 
 

5.2  Outlook 
 
In order to perform the non-linear static analysis, simultaneous eigenvalue analysis has to be 

performed in order to predict the buckling load precisely. Once this is achieved the program 
could be extended as well to perform imperfection sensitivity analysis of stiffened circular 
cylindrical shell structures. 
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