
 

DEPARTMENT OF AERONAUTICAL AND VEHICLE ENGINEERING 

KTH ROYAL INSTITUTE OF TECHNOLOGY 

SCHOOL OF ENGINEERING SCIENCES 

  STOCKHOLM, SWEDEN 2018 

 

 

Early assessment of composite structures 
 

Framework to analyse the potential of fibre reinforced 

composites in a structure subjected to multiple load case 

 

 

 

Master thesis in Lightweight Structures 

Srikanth Ananthasubramanian 

Priyank Gupta 

  



 

 

 

 

MASTER’S THESIS 2018 
 

 

 

Early assessment of composite structures 

 

Framework to analyse the potential of fibre reinforced 

composites in a structure subjected to multiple load case 

 

Srikanth Ananthasubramanian 

& 

Priyank Gupta 

 

 

 

 

 

 

 

 

DEPARTMENT OF AERONAUTICAL AND VEHICLE ENGINEERING 

KTH ROYAL INSTITUTE OF TECHNOLOGY 

SCHOOL OF ENGINEERING SCIENCES 

STOCKHOLM, SWEDEN 2018 



 

 

  



 

 

Early assessment of composite structures 

Framework to analyse the potential of fibre reinforced composites in a structure subjected to 

multiple load case 

Srikanth Ananthasubramanian and Priyank Gupta 

 

© SRIKANTH ANANTHASUBRAMANIAN AND PRIYANK GUPTA, 2018. 

 

Supervisor: M.Sc. Henrik Molker, Volvo Car Group & Associate Professor Stefan Hallström, 

KTH Royal Institute of Technology 

Examiner: Sr. Lecturer Magnus Burman, KTH Royal Institute of Technology. 

 

Master's Thesis 2018 

Report number: TRITA-SCI-GRU 2018:268 

Department of Aeronautical and Vehicle Engineering 

KTH Royal Institute of Technology 

SE-Brinellvägen 8, 114 28 Stockholm 

Telephone +46 87906000 

 

 

 

 

 

 

 

 

 

 

 

 

Cover: Laminate design for a plate with hole subjected to three load cases. 

Stockholm, Sweden 2018.



 

i 

 

Early Assessment of composite structures 

Framework to analyse the potential of fibre reinforced composites in a structure subjected to 

multiple load case 

Srikanth Ananthasubramanian and Priyank Gupta 

Department of Aeronautical and Vehicle Engineering 

School of Engineering Sciences 

KTH Royal Institute of Technology 

 

Abstract  

To meet the need of lightweight chassis in the near future, a technological step of introducing 

anisotropic materials like Carbon Fibre Reinforced Plastics (CFRP) in structural parts of cars 

is a possible way ahead. Though there are commercially available tools to find suitability of 

Fibre Reinforced Plastics (FRPs) and their orientations, they depend on numerical optimization 

and complexity increases with the size of the model. Nevertheless, the user has a very limited 

control of intermediate steps. To understand the type of material system that can be used in 

different regions for a lightweight chassis, especially during the initial concept phase, a more 

simplified, yet reliable tool is desirable. 

The thesis aims to provide a framework for determining fibre orientations according to the 

most-ideal loading path to achieve maximum advantage from FRP-materials. This has been 

achieved by developing algorithms to find best-fit material orientations analytically, which 

uses principal stresses and their orientations in a finite element originating from multiple load 

cases. This thesis takes inspiration from the Durst criteria (2008) which upon implementation 

provides information on how individual elements must be modelled in a component subjected 

to multiple load cases. This analysis pre-evaluates the potential of FRP-suitable parts. Few 

modifications have been made to the existing formulations by the authors which have been 

explained in relevant sections. 

The study has been extended to develop additional MATLAB subroutines which finds the type 

of laminate design (uni-directional, bi-axial or quasi-isotropic) that is suitable for individual 

elements.  

Several test cases have been run to check the validity of the developed algorithm. Finally, the 

algorithm has been implemented on a Body-In-White subjected to two load cases. The thesis 

gives an idea of how to divide the structure into sub-components along with the local fibre 

directions based on the fibre orientations and an appropriate laminate design based on classical 

laminate theory. 

 

 

Keywords: MATLAB, Fibre Reinforced Plastics, finite-element, laminate design, classical 

laminate theory. 
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1. Introduction 
 

1.1 Background 

In a race to meet future 2020+ need for vehicle energy consumption [1], a technological step 

of phasing in anisotropic material like CFRP in structural parts, mainly car body, is foreseen. 

A suitable material choice, i.e. isotropic or anisotropic, must thus be made during the concept 

design phase by understanding the stress distribution and the stress state.  

For the development of efficient and lightweight car bodies, anisotropic materials like FRPs, 

have been gaining importance in recent years. The FRPs can be considered as one of the 

potential replacement for steel and aluminium structural components of a car due to its superior 

performance from both stiffness and strength perspective. Their exceptional performance is 

highly dependent on the fibre orientation relative to the principal stresses. For instance, 

mechanical properties of UD laminates are superior to the corresponding QI laminates if 

loading and fibre directions are aligned, regardless of the used fibre material, see Figure 1. 

 

 
Figure 1.  Performance of Anisotropic material based on their orientation to loads [2] 

Moreover, the engineering of composite materials and components are synchronized. This 

means that the exact laminate properties are not determined until the choice of material at 

different regions, orientation of the laminate layers and the thickness of the single layers are 

determined [3]. Therefore, the whole design process has to be supported with a new method to 

determine the laminate properties, which should be applied in the early stage of body design to 

avoid erroneous decisions (for material choice and orientation). Nevertheless, the first 

challenge in this approach is to find a suitable material system depending on the predominating 

stress states, based on which component’s potential for FRPs can be predicted. For example, 

layered composites might not be the best choice in case of dominating out-of-plane stresses. 

However, for a majority of car body components, a plane stress state can be assumed.  
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To find the suitable material orientations for fibre-reinforced components, numerical 

optimization is a common tool, for instance, optistruct. These tools use gradient based 

algorithms for the free-size optimization of laminated structures and composites. These 

algorithms depend on how the user chooses the starting design parameters like the fibre 

orientation. An inappropriate choice could lead to algorithm instability or local minima. 

Furthermore, the user is not able to identify whether the achieved solution is the global 

optimum, unless several starting points are used, therefore proving to be cumbersome. 

 

The work of this thesis revolves around developing a new approach to determine what overall 

material properties and distribution are suitable for a component subjected to multiple load-

cases. A simple, cost-efficient, yet robust design methodology is developed for selecting 

material orientations by mainly analysing the overall stiffness properties in different directions.  

 

1.2 Aim 

For a simplified model, an algorithm to find the best-fit material orientations based on principal 

stresses from more than one load case is to be developed. The objective is to evaluate the 

component potential for being made out from a FRP material. After the loading directions are 

determined, a starting point for obtaining an appropriate laminate architecture can be found. 

This can also give an insight on how to partition the structure, when large assemblies are 

considered. The proposed method aims to give information on each element of a structure; 

whether it should be unidirectional, biaxial or quasi-isotropic in nature. The concept is then 

implemented for large assemblies with multiple load cases. Finally, the proposed method needs 

to be implemented in a CAE environment, which is easy to use, and provides a starting point 

for a FRP design. 

 

1.3 Limitations 

The thesis limits its study to static load cases. Dynamic loads and fatigue have not been 

considered. From stiffness point of view, only plane-stress condition has been considered, i.e. 

principal stresses acting in the plane; since the focus is to obtain the laminate architecture.  

 

For simplification, only CQUAD4 and CTRIA3 elements are considered while meshing the 

models. For the FRPs, the study has been restricted to determine the regions where the 

unidirectional and bi-axial fibre orientations are required. Higher order fibre orientations can 

be added in the algorithm if more detailed distributions are required, however, they can simply 

be considered as quasi-isotropic in nature for simplicity.  

 

This study is restricted to computational simulation using commercial FE software, i.e. no 

material manufacturing and testing is considered under the scope of this thesis.  
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1.4 Approach 

A set of simplified concept models with isotropic material is first analysed using FE 

simulations to identify stress distribution and in-plane principal-stress orientations for all the 

elements in each load case.  

 

A subroutine which gives solution files and sorts the computed data (principal stresses and 

stress orientation) is developed. The Durst evaluation criteria is used in order to identify the 

material choice (isotropic or anisotropic) and kind of laminates that can be used in different 

regions: unidirectional (UD) or quasi-isotropic (QI) [4].  

 

Deviation of principal stress direction from best-fit angle, contribution of individual stress state 

and relative magnitudes of principal stresses for each load leads to an assessment of the 

element’s stress status. This evaluation criteria are supplemented by an additional criterion 

which incorporates the potential for BIAX fibre designs [5]. Upon analysing individual 

elements in a component, an estimate of how fibres must be oriented is made. This paves way 

for deciding the use of FRPs or isotropic materials for the whole component or split the 

component further into smaller components, so that suitable material choice can be 

implemented efficiently. 
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2.  Durst Criteria- Quantitative evaluation of lightweight potential 

of FRPs 
 

2.1 Introduction 

There are several engineering tools and techniques like numerical optimisation which can 

support the design process and analyse the lightweight potential of FRPs. An alternative 

analytical method to quantitatively assess the lightweight potential for FRPs was proposed by 

K. G. Durst [4], which gives a layout of preferable fibre orientation. The basic idea is that parts 

under anisotropic loading have a higher lightweight potential by using anisotropic composite 

material and load-dependent design methodology. The impending result is a considerable 

weight reduction by using a unidirectional laminate in a highly anisotropic component. The 

process of finding the anisotropic nature of a component under multiple load cases is based on 

a mathematical formulation suggested by Durst [4] and uses FE datasets for the calculation. 

This is extremely useful in automotive sectors, where a component is subjected to multiple 

loads. The suggested formulation refers to a typical development process of composite design 

which eliminates the need for optimisation in the early design phase.  

 

2.2 Mathematical formulation 

A structure with an isotropic material has to be analysed using FE simulations to identify the 

principal stresses and principal stress orientations in each element and for every load case. The 

Durst criteria [4] provides the anisotropy value on each element depending upon the 

homogeneity of stress distributions and orientations. The anisotropy value is a scalar value 

between 0 and 1 that describes how suitable an element is for a UD laminate design. According 

to this development process, Durst [4] introduced an evaluation which is based on a fast-

analytical post-processing of principal stresses. The following three evaluation factors have 

been introduced: 

 

2.2.1 Principal stress factor 

By comparing the major and minor principal stresses in a finite element for a load case, the 

stress state can be analysed. If value of the major principal stress is much higher than the minor 

principal stress, a uni-axial stress state can be assumed in a finite element. On the other hand, 

if they are comparable, the stress state is multi-axial.  The formulation for principal stress factor 

has been defined by Durst [4] as: 

 
𝑎𝑖 =  (

max[|𝜎1,𝑖|, |𝜎2,𝑖|]

|𝜎1,𝑖| + |𝜎2,𝑖|
− 0.5) ∙ 2 

 

 

   1 

 

where ‘i’ represents the load case number. 

 

The principal stress factor principally attains a value between 0 and 1. If there is a big difference 

in the values of principal stresses, the principal stress factor attains a value close to 1. Here, the 

underlying assumption is that tensile and compressive stresses are treated in the same manner 
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because FRPs are loaded only in the linear elastic range. Also, it is important to treat tensile 

and compressive loads in the same way because they might cancel out each other if they are 

opposite in signs and this would yield wrong results. 

 

2.2.2 Orientation factor 

For a finite element, the principal stress orientation may differ depending on the load case. This 

will definitely result in a decreasing lightweight potential of the whole part, because a multi-

axial layer architecture might be required depending on how much the principal stresses change 

their orientation in every element. To evaluate this influence, an arbitrary reference angle [6] 

can be defined. This reference angle is then iteratively rotated through 360 degrees until the 

maximum sum of major principal stresses’ projection on it arise. The influence of minor 

principal stresses are neglected because they can be treated small in comparison to the major 

principal stresses. Finally, the angle with maximum sum of projections is obtained which is 

referred as ‘orient angle’ [4]. This approach has been shown for a finite element subjected to 

three arbitrary load cases, see Figure 2. 

 

Figure 2. Calculation of orient angle using iterative projection approach 

Mathematically, the projection of maximum principal stresses on an arbitrary reference angle 

can be calculated as:     

 𝑃 = ∑ |σh,i ∗ cos ((φnew,k − φh,i)|
𝑚

𝑖=1
 

 

     2 
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The subscript ‘h’ indicates whether first or the second principal stress is to be considered. The 

choice is made by comparing the absolute values of both the principal stresses, whichever is 

higher. Thus, ‘h’ can take a value of 1 or 2. Here, ‘m’ denotes the total number of load cases, 

‘φ’ denotes the principal stress orientation and ‘k’ represents variation of reference angle ‘φnew’ 

given iteratively from 0° to 360° in steps of one degree. The angle at which the maximum sum 

of projection arise becomes the orient angle, denoted by ‘φorient’. 

By defining the deviation of principal stress orientation from calculated orient as X, a suitable 

factor can be defined as  

 𝑋 = |𝜑ℎ,𝑖 − 𝜑𝑜𝑟𝑖𝑒𝑛𝑡| 

 

     3 

The orientation factor is then given by 

 𝑏𝑖 = |
90° − 𝑋

90°
| 

 

     4 

 

This makes sure that 𝑏𝑖 attains a value between 0 and 1. It is noteworthy to mention that certain 

modifications for finding orient angle has been made. The proposed method for finding orient 

angle gives maximum projection of the stress on an element, and a much better representation 

of reference angle. In the original formulations suggested by Durst [4], the reference angle for 

an element is given by, 

 𝜑𝑟𝑒𝑓 = ∑
𝜑1,𝑖

𝑚

𝑚

𝑖=1
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The comparison of the proposed orient angle described in equation 2 with the reference angle 

described by Durst in equation 5 is shown in Figure 3 where an element is subjected to two 

arbitrary load cases A and B.  

 
 

Figure 3. Comparison of the proposed new method and Durst method for calculating the 

reference angle [3] 

Here, the contribution of load case A is much larger than load case B, and the calculated 

reference angle should naturally be oriented more towards load case A, which can’t be captured 
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with original Durst formulation. The original formulation uses an arithmetic mean of 

orientation angles originating from different load cases, which does not take into account the 

individual contribution of the magnitudes of principal stresses. 

 

2.2.3 Weighting factor 

The effect of individual load case on a finite element needs to be taken into account. Load cases 

which have higher contribution of stresses must have higher influence in overall anisotropy 

level of an element. The weighting factor is defined as a ratio between sum of stresses in an 

individual load case and sum of stress values originating from all load cases. 

 
𝑙𝑖 =  

|𝜎1,𝑖| +|𝜎2,𝑖|

∑ (|𝜎1,𝑖| + |𝜎2,𝑖|)
𝑚
𝑖=1
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This makes sure that 𝑙𝑖 attains a value between 0 and 1. 

Finally, the anisotropy value for each element can be calculated as 

 

 𝐾𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =  ∑(𝑎𝑖 ∙ 𝑏𝑖 ∙ 𝑙𝑖)

𝑚

𝑖=1

      7 

 

Inserting equations 1-6 in equation 7 we get anisotropy value of an element as: 

 

 

𝐾𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =  ∑ {[(
max[|𝜎1,𝑖|, |𝜎2,𝑖|]

|𝜎1,𝑖| + |𝜎2,𝑖|
− 0.5) ∙ 2] ∙ |

90° − |𝜑ℎ,𝑖 − 𝜑𝑛𝑒𝑤,ℎ|

90°
|

𝑚

𝑖=1

∙
|𝜎1,𝑖| +|𝜎2,𝑖|

∑ (|𝜎1,𝑖| + |𝜎2,𝑖|)
𝑚
𝑖=1

} 

     8 

 

 

The anisotropy value, Kelement for each element principally attains a value between 0 and 1 

where values close to 1 suggest a higher potential to use UD laminate designs. 

 

2.3 Implementation algorithm 

The mathematical equations described in section 2.2 have been implemented in MATLAB, 

which calculates the anisotropy value for each element, see Appendix D. For calculating the 

anisotropy value, an outline is described in the flowchart, in Figure 4. ANSA [7] is used as pre-

processor to set-up load cases and NASTRAN [8] is used as a FE solver. An isotropic model 

is solved using the linear static solver (SOL 101) in NASTRAN, which gives principal stresses 

and their orientations in each element for every load case as output (in the .pch file). 



 

8 

 

 
Figure 4. Flowchart for MATLAB subroutines developed for calculating Anisotropy values 

2.4 Results and validation 

A rectangular plate modelled with only two elements and subjected to three load cases is shown 

in Figure 5. The model and analysis has been setup in ANSA. All the dimensions are in 

millimetres, and an isotropic material having Young’s modulus (=210 GPa) and poisson’s ratio 

(=0.3) is used. 

 
Figure 5. Load case set-up in ANSA 
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The results are visualised using the post-processor MetaPost [9], as shown in Figure 6. 

 

 
Figure 6. Visualisation of principal stress tensors in each element for every load case; all 

stresses are in MPa 

Subroutines written in MATLAB reads the principal stresses and principal stress orientations 

for both elements in each load case. They are presented in Table 1 below. 

 

Table 1. Principal stress tensors data from NASTRAN for element 1 and 2 

  Load 

case 

Major principal stress, 𝝈𝟏 Minor principal stress, 𝝈𝟐 

Magnitude [MPa] Angle [degrees] Magnitude [MPa] Angle [degrees] 

Element 1 

A 1.43 43 -0.10 133 

B 2.49 -68 -1.18 22 

C 0.91 -7 -0.02 83 

Element 2 

A 2.49 68 -1.18 158 

B 1.43 -44 -0.10 46 

C 0.91 6 -0.02 96 

 

It should be noted that the principal stress orientations are given in the element coordinate 

system. In cases where a CQUAD4 element is used, the definition of element coordinate system 

becomes important to decide how the principal stress orientations and orient angles are aligned 

with respect to the element. A CQUAD4 element, is defined by four grid points namely, G1, 

G2, G3 and G4. A CQUAD4 element has its origin, ‘O’, at the intersection of its diagonals 

with its positive x axis (x direction) bisecting the angle ∠G3OG2 while its positive y axis is 

given by the cross-product of x-direction and z-direction, see Figure 7.  



 

10 

 

 

Figure 7. CQUAD4 Element geometry and coordinate system [10] 

In cases where a CTRIA3 element is used, the element coordinate system is defined as shown 

in Figure 8. A patch test was performed to validate the results for plotting orientations in both 

CQUAD4 element and CTRIA3 element, see Appendix A. 

 

Figure 8. CTRIA3 Element geometry and coordinate system [10] 

Using equation 2, the orient angle (which represents the best fit angle for the principal stresses 

from all load-cases) in each element can be calculated. It should be noted that the two elements 

are under the action of symmetric load-cases. This implies that the orient angle calculated will 

be equal and opposite, see Figure 6. For the load-cases defined in Figure 5, the orient angle for 

element 1 and element 2 comes out to be 13° and 77° respectively in their own coordinate 

system. The orient angle has been represented by a dotted yellow line for both the elements in 

Figure 9. 

O 



 

11 

 

 

Figure 9. Representation of major principal stresses and orient angle visualisation 

Data from Table 1 is inserted in equation 8, and an anisotropy value of 0.3 is calculated. The 

output from MATLAB scripts to calculate anisotropy value for each element is shown in Figure 

10. 

 
Figure 10. Anisotropy value calculated for each element subjected to multiple load cases; 

black arrows represent orient angle  

A scale for representing anisotropy value has been shown in Figure 10. An anisotropic value 

of 1 represents highly anisotropic nature whereas 0 represents highly isotropic or Quasi-

isotropic nature. 

 

The method was applied for few two dimensional load cases, see Appendix B, in order to 

understand physical meaning of anisotropy and how a structure can be partitioned based on 
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homogeneity of stress distributions. After the loading directions are determined, one can get a 

starting point for obtaining an appropriate laminate architecture.  

 

Another example of a square plate (1000 mm × 1000 mm) with a hole of diameter 400 mm at 

center has been investigated. The plate is constrained at the bottom edge. Figure 11 shows the 

Von-Mises plot of stress distribution in the plate subjected to three load cases, each with a net 

force of a 1000 N.  

 

 
Figure 11. Von-Mises plot for a rectangular plate subjected to 3 load cases, each with a force 

of 1000 N. The plate consists of 968 quadrilateral and triangular shell elements. All stresses 

are in MPa. 

The anisotropy value plot is shown in Figure 12. Since the anisotropy value near the hole and 

bottom corners is quite close to one, this suggests using a unidirectional laminate at those 

regions. The same methodology can be extended to a 3-D structure comprising of shell 

elements like a car body.  
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Figure 12. Anisotropy plot for a plate with hole subjected to three load cases 

 

2.5 Conclusion 

Anisotropy value close to 1 suggests a potential for UD laminate design. The values which are 

not close to 1 cannot be accurately interpreted. It is convenient to state these regions can be 

described by QI laminate, and hence decreasing the lightweight potential of FRPs. The section 

3 supplements an evaluation for BIAX fibre designs. It is important to note that if the stress 

state around an element can be described predominantly in two directions, a bi-axial laminate 

design will be sufficient to absorb stresses in two predominating stress directions. Such regions 

can be described by a BIAX designs rather than a QI design. The introduced BIAX design 

performs better than quasi-isotropic laminate [6], and is presented in section 3. 
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3.  Potential for a BIAX fibre design 
 

3.1 Introduction 

In section 2, the anisotropy value for each element in a structure, subjected to multiple load 

cases, has been calculated. The algorithm evaluates the component potential for FRPs, by 

assigning an anisotropy value for each element. It is convenient to state that the regions having 

anisotropy value close to 1 are best suited for a UD laminate while the regions having 

anisotropy value close to 0 are best suited for a QI laminate which decreases the lightweight 

potential. However, the method suggested by Durst [4] does not provide information about the 

range of anisotropy values to decide when an element can be described by a QI or a UD 

laminate design. Therefore, a solid justification is essential to obtain the best laminate design. 

It is important to note that if the stress state around an element can be described predominantly 

in two directions, a BIAX laminate design will be sufficient. The BIAX laminate design can 

absorb stresses in two predominating perpendicular stress directions, thereby avoiding the need 

for a QI laminate even though the value of anisotropy value is close to 0. The Durst algorithm 

presented in section 2 has been extended to include BIAX laminate design along with QI and 

UD to improve the existing evaluation criteria. This section supplements an evaluation for 

BIAX fibre designs [2].  

 

3.2 Concept of BIAX 

The stress distributions across all elements in a structure can vary due to multiple load cases; 

few of the possibilities is a fairly distributed stress state, see Figure 13 (a). Such an element 

cannot be described by a UD laminate design due to highly distributed stresses. An alternative 

to describe such an element is a Quasi-isotropic laminate design. However, if the stress states 

tend to follow same orientation as shown in Figure 13 (b), a UD lamina can describe the 

element much better. 

 

 
Figure 13. Best fit angle for a UD laminate design 

The MATLAB scripts developed in section 2 calculates the orient angle using equation 2. This 

orient angle has been represented in Figure 13 (c) by a solid black line, which gives the best fit 

angle from the principal stress tensors’ contribution in an element. Such elements can thus best 
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be described by a UD laminate as represented in Figure 13 (d). Therefore, it can be concluded 

that one dominating principal stress direction over all load cases lead to a highly oriented design 

which suits a UD laminate design for the element. 

 

Figure 14 shows the approach of describing material orientation angle for a BIAX design. If 

the principal stresses dominate over two directions (orthogonal to each other) in an element, a 

BIAX laminate design is relevant. Figure 14 (a) shows an element having fairly distributed 

stress state which can best be represented by QI, while Figure 14 (b) shows the principal 

stresses from all load cases dominate over two directions predominantly. Therefore, a BIAX 

laminate is relevant for such a case as shown in Figure 14 (c). Such elements can thus best be 

described by a BIAX design as represented in Figure 14 (d).  

 

 
Figure 14. Best fit angle for a BIAX laminate design 

This thesis limits finding the orientations up to BIAX laminate design. Any higher order 

laminate designs will be described as QI. If higher order laminate designs are to be considered, 

the algorithms can easily be modified to accommodate them. 

 

3.3 Mathematical approach 

The decision whether a BIAX design can fit the material orientation has to be made based on 

the stress distribution. Given the orient angle for an element, a rational choice to choose UD, 

BIAX or QI laminate design has to be made. This decision is made in two phases:  

 First phase describes how the adjustments for BIAX orientation angles can be made. 

 Second phase (covered in section 4) describes the best suited design for an element.   

 

3.3.1 Adjustment for BIAX orientation angles  

Consider the plate modelled with two elements for analysis as described in section 2.4.  The 

principal stress tensors acting on element 1 and element 2 due to three load cases are shown in 

Figure 15. 
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Figure 15. Principal stress tensors acting on element 1 and element 2 subjected to three load 

cases                              

The orient angle for both the elements was found using the mathematical formulation described 

in section 2.2.2. Due to symmetric loads, the orient angles for both the elements were found to 

be equal but opposite, see Figure 9 . A similar approach has been used to determine the BIAX 

angle*. The major and minor principal stresses in an element (arising from multiple load cases) 

are subdivided depending on which sector they fall under, namely 0°/90°, -90°/0°, -45°/45 and 

-45°/-90°||45°/90°, as shown in Figure 16 for element 1. Furthermore, the absolute principal 

stress is used for both principal stress directions, as the regarded BIAX material consists of 

equal warp and weft yarns [2]. 

     

 
Figure 16. Representation of sectors required for BIAX angle calculation  (a) Sector 0°/90°  

(b) Sector -90°/0° (c) Sector -45°/45° (d) Sector -45°/-90°||45°/ 90° 

*Orientation angle for the BIAX laminate  
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By using the method of projections as per section 2.2.2 the orient angle in each sector is 

calculated. Consider sector ‘0°/90°’, the arbitrary reference angle is iteratively rotated through 

0 to 90 degrees until the maximum sum of principal stresses’ projection on it arise. The angle 

with maximum sum of projections is obtained which is referred as ‘orient angle’. For sector ‘-

90°/0°’, the arbitrary reference angle is iteratively rotated through -90 to 0 degrees until the 

maximum sum of principal stresses’ projection on it arise. For sector ‘-45°/45°’ the arbitrary 

reference angle is iteratively rotated through -45 to 45 degrees while in the case of sector ‘-45°/ 

-90°||45° /90°’ the arbitrary reference angle is iteratively rotated through -45 to 90 degrees and 

45 to 90 degrees. The orient angle line calculated is then represented as shown by the red line 

from the origin as shown in Figure 17).   

 

Figure 17. Projection of principal stress tensors on best fit angle calculated for each sector 

individually, red arrow shows the best fit angle for the principal stresses lying in 

corresponding sectors 

The BIAX laminate design in each sector can be represented as shown in Figure 18. 

 

Figure 18. BIAX design representation in each sector 

The sector with orient angle having the maximum magnitude of projection amongst other 

sectors is selected. The selected orient angle and its equivalent orthogonal becomes the 

preferable orientation for the final BIAX angle. For this example (plate modelled with two 
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elements), the sum of projections in the sector ‘-45°/45° (see Figure 17 (c)) is the highest in 

element 1, thus a BIAX angle with respect to this orient angle is preferable. 

3.4 Conclusion 

The output of MATLAB scripts developed yields a BIAX value for each element, see Appendix 

D. This is to be noted that calculating a BIAX angle will provide only a BIAX design suitable 

for an element. It does not mean that the BIAX design fits the element under consideration in 

the best way. The choice whether a UD, BIAX or QI best fits the element is covered in next 

section. 
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4. Determination of best laminate design 
 

4.1 Introduction 

Determining the best laminate design is crucial, given the choice of UD, BIAX and QI laminate 

design for an element. The choice can be motivated by optimized mechanical performance, 

especially stiffness. The stiffness property of the material determines how effectively an 

element transfers the load to other elements which shares its periphery. Therefore, determining 

which laminate design best fits the load transfer is crucial. The methodology suggested by Zink, 

Aw and Middendorf (2016) has been adopted to determine the best laminate design using the 

polar plot diagrams [6]. The polar diagram facilitates representation of the stiffness in every 

orientation angle for a given laminate design. A typical behaviour of elastic modulus in the 

longitudinal direction (𝐸1) for UD, BIAX and QI laminate design for an element is shown 

below in Figure 19.  

 

Figure 19. Polar stiffness diagram for different laminate designs with respect to orient angle 

The elastic modulus in the longitudinal direction (𝐸1) varies with the orientation angle and is 

determined using classic laminate theory for UD, BIAX and QI layups [10]. It is assumed that 

all three laminates have same thickness and material, therefore change of stiffness is only 

governed by the individual laminates and their orientation with respect to the orient angle. 

Using the material data shown in Table 1, the classical laminate theory helps in calculating 

extensional stiffness matrix [A], extensional-bending stiffness matrix [B] and bending stiffness 

matrix [D] for a particular laminate design. The global stiffness matrix can then be formed by 

combining the matrices [A], [B] and [D]. The value 𝐸1 as a function of orientation angle can 

then simply be calculated by inverting the stiffness matrix. The MATLAB scripts have been 
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developed to calculate the polar stiffness for each element for various designs- UD, BIAX and 

QI. The data used for the calculations is shown in Table 2. 

Table 2. Material data for plotting polar diagrams 

Parameter Angle [degrees] Magnitude Unit 

ρ Density 1860 kg/m3 

𝐸1 Stiffness in longitudinal direction 210 GPa 

𝐸2 Stiffness in transverse direction 20 GPa 

𝐺12 In-plane shear modulus 15 GPa 

𝜗12 Poisson’s ratio in 1-2 direction 0.3 - 

 

4.2 Orientations of laminates 

The orientation of UD laminate is determined by calculating the orient angle as described in 

section 2.2.2. The 𝐸1 varies with orientation of the laminate such that the maxima of 𝐸1 lies at 

0° and 180 ° while the minima are at 90° and 270° with respect to orient angle.  The orientation 

of the BIAX laminate with respect to orient angle depends on the BIAX reference angle 

(calculated using the procedure described in section 3). The QI laminate on the other hand has 

a constant value of E1 regardless the orientation. 

4.3 Reserve factor calculation 

The major and minor principal stresses from every load case are superposed on the polar plot 

for a given element. Consider the plate modelled with 2 elements which has been taken for 

analysis in section 2.4. A ‘BIAX’ was calculated under the given loading conditions see Figure 

18 (c), and as such, the BIAX is oriented 45° degrees off the UD laminate orientation. The 

intersection of the principal stresses, generated by all load cases in an element, with the polar 

stiffness plot of longitudinal Elastic modulus (𝐸1) for a UD laminate (represented by the blue 

curve) is determined, see Figure 20. Similarly, the intersections points of principal stresses with 

the polar plots of BIAX and QI laminates are also determined. Thus, each principal stress has 

three intersection points- one each with the polar plots of longitudinal Elastic modulus (𝐸1) for 

UD laminate, BIAX laminate and QI laminate. 
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Figure 20. Intersection of principal stresses with polar stiffness plot of laminates.  

A reserve factor, Ri, is calculated which is the ratio between principal stress 𝜎𝑃,𝑖  and its 

intersection with 𝐸1 (𝜎𝑖𝑛𝑡,𝑖 ) for every stress vector i. 

 𝑅𝑖 =
 𝜎𝑃,𝑖

 𝜎𝑖𝑛𝑡,𝑖
 

     9 

 

High value of the reserve factor indicates high criticality of stress. The best-fit laminate design 

must ensure for effective load transfer of the highly critical stress. For every element, the 

maximum values of Ri is stored for UD, BIAX and QI laminates. The least of the most critical 

Ri amongst UD, BIAX and QI yields the best fit laminate design S; as this laminate design best 

absorbs the stresses. 

 𝑆 = min (max(𝑅𝑖𝑈𝐷) , max(𝑅𝑖𝐵𝐼𝐴𝑋) , max(𝑅𝑖𝑄𝐼))      10 

   

Here, it is to be noted that no strength criterion has been taken into account. The proposed 

method of selecting the best laminate design takes the stiffness into the consideration. So this 

approach is valid for stiffness driven analysis.  
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4.4 Validation and results 

To get a better understanding of the best laminate design, let us again consider the case for a 

plate with a hole, see Figure 11, when subjected to three load cases.  

The best fit laminate design, S, is then determined for every element based on the three load 

cases, see Figure 21. 

 

Figure 21. Best-fit laminate design 

It can be noted that the BIAX laminate design is dominant in this example followed by QI and 

UD respectively. This result may vary based on the material parameters of the considered fibre 

laminates.  

Upon analysing some elements from the case study, the logic behind the choice of laminate 

design can be understood. The polar plots of three elements considered in Figure 21 has been 

shown in Figure 22, 23, 24. For element 1, it can be seen in Figure 22 that the principal stresses 

from the load cases act more or less along the same line of action and thus a UD laminate 

design is naturally an ideal choice. For element 2, the principal stresses dominate in two 

orthogonal directions as seen in Figure 23; therefore, a BIAX laminate design is preferred. For 

element 3, the principal stresses are scattered in all directions and are comparable in magnitude 

as seen in Figure 24. Therefore, a QI laminate design is the best choice for element 3. 
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Figure 22. Polar plot for element 1                                                                                   

 

Figure 23. Polar plot for element 2 
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Figure 24. Polar plot for element 3            

It is important to note that regions with similar laminate designs can be clustered together and 

made as a separate component, thereby enabling efficient partitioning of parts into subparts. 

However, the orientation of the elements in the selected region needs to be checked as well in 

order to partition a large part into small parts, see Figure 25. In automotive industry, efficient 

sub-division of large structures is required on the concept design level. Preliminary designs can 

be developed taking the potential for anisotropic materials into account with proposed laminate 

designs and orientations. 

 

 

Figure 25. Subdivision of a component into sub-parts due to similar laminate design (BIAX) 

and orientations 
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5. Results and discussion 
 

The proposed method to assess the potential of using FRCs in a structure is now extended to a 

car structure subjected to multiple load case. Volvo XC90 Body-In-White modelled with 

1,291,764 elements is considered for this purpose, see Figure 26. The structure is subjected to 

two load cases namely, bending and torsion, see Appendix C.  

 

Figure 26. Volvo XC90 model 

The whole computation to calculate anisotropy value and preferred laminate design took 42 

hours* without parallelization. Figure 27 shows the anisotropy distribution. 

 

Figure 27. Anisotropy plot for Volvo XC90 

*Computational time doesn’t include the time taken to read input variables. 
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The anisotropy distribution suggests that the elements with anisotropy value close to 1 can be 

considered favourable for the use of UD laminates. It can be noticed that the UD laminate 

design isn’t the most dominant; this can be attributed to the loading conditions that the car body 

is subjected.  

In order to obtain a clear picture on which laminate design would be suitable, as discussed in 

section 4, Figure 28 provides the distinct laminate designs preferred for each element- UD, 

BIAX or QI.  

 

Figure 28. Laminate deisgn for Volvo XC90 

Ideally a structure with UD dominant laminate design is preferred from strength and stiffness 

perspective, followed by BIAX and QI laminate designs. However, the developed algorithms 

provide a distinct laminate design for each element by considering the principal stress tensors 

when the structure is subjected to multiple load case, see Appendix D. In this case, BIAX 

design comes out to be most dominant followed by QI design while elements with UD laminate 

design are least dominant. 

68% of the elements preferred BIAX design laminate, 24% of the elements preferred UD 

laminates whereas only 8.2% preferred QI laminate design, see Figure 29. 
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UD Share 

 309564 elements 

out of 1291764 with 

UD laminate design 

 

BIAX Share 

 

875512 elements 

out of 1291764 with 

BIAX laminate 

design 

 

QI Share 

 106688 elements 

out of 1291764 with 

QI laminate design 

 

Figure 29. Laminate design share 

The choice of laminate design is attributed to the magnitude and direction of principal stresses 

acting on a given element. Here, the BIAX laminate design is dominant mainly because of the 

two load case considered, refer Appendix C. If the number of load case are increased (or 

changed), the BIAX share might reduce and the share of QI and UD laminate designs might 

increase. Therefore the loading conditions plays a vital role while assessing the laminate design.  
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6. Future work 
 

The thesis limits its study to static load cases but an extension can be made by including 

dynamic loads and fatigue to pre-assess the ability to use anisotropic materials.  

 

In order to estimate the weight savings by the use of anisotropic materials, the algorithms can 

be extended to incorporate the strength criteria, which will also give an idea of thickness of the 

laminates and stacking sequence. This could pave way for solving the problem to determine 

suitable laminate design either from stiffness or strength perspective or both. This will provide 

an appropriate starting point for further optimizations in order to predict the best laminate 

design required in different regions.  

 

For simplification, only CQUAD4 and CTRIA3 elements are considered while meshing the 

models. However, an easy extension can be made in the developed algorithms to include higher 

order shell elements. 

 

For the FRPs, the study has been restricted to determine the regions where the unidirectional 

and bi-axial fibre orientations are required. Higher order fibre orientations can be added in the 

algorithm if more detailed distributions are required.  

 

According to the developed algorithms, the bi-axial designs are always orthogonally placed in 

a BIAX laminate design. However, designs can be developed in such a manner that the fibres 

are placed along two dominating directions which are aligned at any angle relative to each 

other. 

 

This study is restricted to computational simulation using commercial FE software but 

including material manufacturing and testing would give a better stamp for the results. The 

scripting is done using MATLAB, but the same algorithm needs to be done using high-level 

language like python for easy integration with commercial FE solvers like Nastran or post 

processors like MetaPost, as the computation time increases drastically with MATLAB if the 

model is heavy. 

 

In order to enable better partitioning of structure, an automated level method can be developed 

to partition the structure into sub parts based on the element level information provided in this 

thesis. Approximations can be made so that the scattered distribution of design laminates in the 

neighbouring elements is reduced and sub-parts are clustered effectively. 
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7. Concluding remarks 
 

A framework to assess the potential of fibre reinforced composites has been developed. The 

method developed avoids the use of optimization which is a prevalent cumbersome technique 

used to assess the potential of fibre reinforced composites commercially. Implementing this 

approach provides a quicker mean to evaluate lightweight potential of a structure by 

considering only the principal stresses acting on each element. 

A script to determine the anisotropy values calculated using Durst criteria has been written 

which provides a simplified assessment of the potential for using lightweight materials for a 

structural component. The anisotropy value close to 1 suggests a potential for UD laminate 

design. The values which are not close to 1 could be described by QI laminate, and hence 

decrease the lightweight potential of FRPs. A script to determine a bi-axial laminate design has 

also been developed which would be sufficient to absorb stresses in two orthogonal directions 

if the stress state around an element could be described predominantly in two directions. The 

introduced BIAX design performs better than quasi-isotropic laminate. The output of 

MATLAB scripts developed yields a BIAX value for each element. This is to be noted that 

calculating a BIAX angle will provide only a BIAX design suitable for an element. It does not 

mean that the BIAX design fits the element under consideration in the best way. The knowledge 

to make a choice whether a UD, BIAX or QI best fits the element is necessary. A methodology 

has been developed to assess the same by calculating reserve factor which is related to stiffness 

of the laminate design and the principal stresses acting in each element. Polar plots have been 

used to represent this methodology for clear representation which gives precise information of 

principal stresses and required material orientation with respect to the principal stresses. 

 

It is important to note that regions with similar laminate designs can be clustered together and 

made as a separate component, thereby enabling effective partitioning of parts into subparts. 

However, the orientation of the elements in the selected region needs to be checked as well in 

order to partition a large part into small parts. In automotive industry, efficient sub-division of 

large structures is required on the concept design level. Preliminary designs can be developed 

taking the potential for anisotropic materials into account with proposed laminate designs and 

orientations. 
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Appendix A: FE Patch Test 
 

Consider an arbitrary geometry consisting of CQUAD4 and CTRIA3 elements, subjected to a 

load of 10N whose principal stress plot is shown in Figure 30. The material data used has been 

defined in Table 1.  

 

Figure 30. Principal Stress plot for Patch Test, all stresses are in MPa 

For plotting the major principal stresses on the elements, a script has been developed in 

MATLAB. The nodes and element topology can be read from NASTRAN input deck and the 

NASTRAN output deck provides the major principal stress directions in the local co-ordinate 

system. For plotting, they have to be converted into global co-ordinate system. NASTRAN 

reference guide [8] describes the element definition, see Figure 7 and Figure 8. 

For a CQUAD4 element, the intersection point of diagonals G1G3 and G2G4 is calculated. 

∠G3OG2 is bisected and the xelement is defined as a local x-coordinate for the element. The 

yelement direction is calculated as cross-product of xelement and zelement directions. A local co-

ordinate system p-q-r is defined, see Figure 31, with unit vector length along xelement - yelement 

- zelement. 

The NASTRAN output gives the major principal stress orientation with respect to x-element 

and y-element. For plotting, an arbitrary line OQ (normalised in length with respect to 
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arithmetic mean of diagonal lengths) can be plotted with its one end at the intersection point. 

The inclination angle, φ is given by NASTRAN in local co-ordinate system, see Figure 31. 

 

Figure 31. CQUAD4 element geometry configuration 

The co-ordinates of the other end Q are defined in local co-ordinate system which are then 

transformed into the global co-ordinate system according to the following scheme: 

𝑆 = (𝑀1)−1 ∗ 𝑀2 ∗ 𝑇      11 

where, S represents the co-ordinates of end point of major principal stress tensor in the global 

co-ordinate system.  

Matrix T represents the co-ordinates of point Q in p-q-r co-ordinate system.  

T=   (𝑄𝑝         𝑄𝑞           𝑄𝑟)      12 

Matrix M1 represents the matrix with co-ordinates of point’s p, q and r in global co-ordinate 

system. 

𝑀1 = (

𝑝𝑥 𝑝𝑦 𝑝𝑧

𝑞𝑥 𝑞𝑦 𝑞𝑧

𝑟𝑥 𝑟𝑦 𝑟𝑧

)                   13 

Matrix M2 represents the unit vectors along the global co-ordinate axis. 

𝑀2 = (
1 0 0
0 1 0
0 0 1

) 

 

     14 

 To test the validity, the major principal stress directions have been plotted in MATLAB and 

compared with MetaPost output, see Figure 32. 
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                        (a)                                                                          (b) 

Figure 32. Validation of major principal stress orientation plot (a) Major principal stress plot 

in MetaPost (b) Major principal stress plot in MATLAB 

For a CTRIA3 element, the same scheme can be implemented, except that the intersection point 

is not required. Point G1 can be considered as the starting point of line, see Figure 8, and the 

same scheme as described in equation 11 can be adopted. 

The presented scheme is required since the orient angles are also calculated in the local co-

ordinate system as defined in section 2.2.2. The presented methodology uses only the element 

information from NASTRAN deck and works well for any geometry, for instance, 3D shell 

structures. 
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Appendix B: Test Case for Durst Criteria 
 

A rectangular plate (0.5 m × 1m) modelled with 450 quadrilateral shell elements has been taken 

for analysis. The bottom edge has been constrained and three different load cases have been 

considered. Figure 34 shows set-up of model, where a total of 225 N force has been applied in 

each load case.  

 

Figure 33. Major Principal Stress plot for a rectangular plate subjected to three load cases, 

each with a force of 225 N. All stresses are in MPa. Black arrows represents the principal 

stress direction (scaled) 

The stress distribution plays a major role in deciding the anisotropic values. Upon 

implementing the Durst criteria, see section 2.2, the anisotropy values are determined for 

elements whose plot is shown in Figure 34 with its corresponding orientation angles. The 
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laminate design suitable for each element is also shown based on the methodology discussed 

in section 4.  

  

Figure 34. Anisotropy value plot and the best fit laminate design for a rectangular plate 

subjected to three load cases, the orient angles are represented by black dashes. 
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Appendix C: Load Cases 
 

 

Figure 35. Volvo XC90 Body-In-White, subjected to torsion with sill, front and rear door 

opening clamped. 3000N force is applied at both suspension points marked with yellow 

arrows. 

 

 

Figure 36. Volvo XC90 Body-In-White, subjected to bending with sill, front and rear door 

opening clamped. 3000N force is applied at front seating position marked with yellow 

arrows. 
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Appendix D: Implementation of algorithms 
 

The pre-processing files have been extracted from NASTRAN deck in ANSA in ‘.nas’ format. 

The output file containing the principal stress’ information is given by NASTRAN in ‘.pch’ 

format. The developed algorithms can be implemented in MATLAB using the following 

scheme. 

 

Figure 37.  Input files for MATLAB scripts 

The MATLAB toolbox developed contains following three functions which require ‘.nas’ and 

‘.pch’ files as input: 

a. Durstcriteria.m: This function file gives the information of anisotropy value 

calculated for each element as well as the orient angle. 

b. Bestfitangle.m: This function file gives the angles for BIAX laminates calculated for 

each element. 

c. Fibermain.m: This function calculates the resulting laminate design suitable for an 

element, i.e., UD, BIAX or QI. 

The Anisotropy values and the laminate design can be extracted from MATLAB files, as shown 

in Figure 38. An ASCII file has been developed to read the information in a commercial post-

processing software MetaPost. A sample ASCII file is shown in Figure 39. 

 

Figure 38. Sample output by MATLAB scripts 
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Figure 39. ASCII file for results visualisation in MetaPost 

Finally, a MATLAB script has been developed to read the resulting orientation angle in each 

element. For any load case, the ‘.pch’ file is input to the developed script STRPAD.m. This 

scripts replaces the principal stress orientations in the ‘.pch’ file with the calculated orient 

angles for easy visualisation in MetaPost. For heavy models, this is required since MATLAB 

cannot handle the post-processing effectively. 
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