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Abstract 
 
A request of material change when performing repairs on composite parts of SAABs JAS 39 
Gripen has lead to the initiation of this project. The aim is to create a quicker and more robust 
repair method. The requested method of repair is to use a direct-cured repair patch made of 
CFRP fabric instead of CFRP tape and to mount the patch with a scarf joint, see Figure 1.1. 
The fabric patch should then provide a robust quasi-isotropic repair, where the operator not is 
dependent of complete design data such as ply-directions etc. Today tape repairs are made on 
tape laminate and fabric repairs made on fabric laminate. The new method is to repair tape 
laminate with a fabric patch. This project will evaluate the possibility of implementing this 
method.   
 
The work started with a literature study to find out how repairs in composite parts of the 
airframe are being performed today. SAABs in-house analytical tools were then used to try to 
predict the results and examine some of the details in the questions at issue.  
 
Finite element models were then constructed to simulate a previous physical test program 
conducted to validate a repair method using a step joint and a direct-cured repair patch. If the 
FE models could show similar results as the physical tests the results from the FE models then 
can be assumed to be credible. 
 
The results of this project indicate that the change from fabric to tape in the repair patch can 
be done without disturbing the load path of a quasi isotropic composite laminate. Fabric 
repairs in orthotropic composite plates results in a knock-down of about 40%. The use of a 
scarf joint instead of a step joint should also work well as the repair patches show similar 
strains in the centre of the patches. The difference between step joint and scarf joint is the 
strain near the edge of the patch. It increases with scarf joint and it may lead to an earlier fibre 
failure in the repair patch.  
 
Results from the analysis of the bonded joint indicate that a scarf joint yields in a lower and 
more evenly distributed shear stress than the step joint. This indicates that the bonded joint in 
the step joint will reach failure earlier then the scarf joint. 
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Dictionary / Wordlist 
 
Composite = Combination of two or more materials, which can be distinguished 
 
Fibre composite = A generic group of composites 
 
Fibre = Used to reinforce plastic in a fibre composite  
 
Matrix = Used as filler in a fibre composites, usually epoxy 
 
Tape = Fibres in one direction. Figure 2.4 
 
Fabric = Fibres in two orthogonal directions. Figure 2.4 
 
Ply = One layer of tape or fabric  
 
Laminate = Stacked plies forming a laminate. Figure 2.2 
 
Layup = Defines the laminate stack (ex ply orientation) 
 
CFRP = Carbon Fibre Reinforced Plastic 
 
Isotropic = The Same properties in all directions 
 
Anisotropic = Different properties in all directions    
 
Homogenous = The same properties in an entire part    
 
Orthotropic = Different properties in all three directions  
 
Quasi isotropic = The same properties in two directions in the plane, and a different out of the 
plane 
 
Uni-directonal = Fibers in one direction  
 
Pre-preg = Fibres are pre impregnated with the plastic matrix 
 
Bonded joint = Joint between two part where an adhesive serve as load transferring element 
 
HW = Environment impact, Hot Wet (about: +100°C, about: 0.70-0.90% RH) 
 
BVID =Barley Visible Impact Damage    
 
Pre-cured = Repair patch cured before mounted.  
 
Direct-cured = Repair patch cured direct in place  
 
FE = Finite element  
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1 Introduction 
 
There is a request from the Swedish Air Force and the Defence Materiel Administration 
(FMV) to use CFRP fabric instead of CFRP tape for direct-cured composite repairs. The 
reason for the request of material change is that it would lead to a faster and more robust 
method of repairing damaged composite parts and reduce the required design input for the 
operator. The preferred method of repair is a direct-cured fabric patch using a scarf joint. 
 
The most direct effect of the material change is difference in ply thickness and fibre 
orientation between CFRP tape and CFRP fabric.  
 
The most fundamental requirement of the repair is that it must restore the load path in primary 
load transferring components such as wing skins and canard skins. The repair must also 
restore an aerodynamic outer surface and prevent further damage growth. Parts of the air 
frame that are not primarily designed to transfer load could also be repaired using this 
method, such as fillets and non-load carrying doors. 
 
The types of damage that may occur in composite parts of JAS 39 Gripen: 
 

 Manufacturing defects 
 Operative/service damages 
 War inflicted damages 

 
There are already physical repair tests conducted by the Swedish Defence Research Agency 
(FOI) (Four-point bending tests of repaired sandwich panels) on composite sandwich panels 
that have been repaired using different repair patches. All tests were conducted with step 
joints. These tests are used as a starting point and are simulated using different analytical tools 
and finite element (FE) models. 
 
If similar results as the physical tests can be achieved in the FE models the results when 
comparing repair patch materials and joint type can be assumed credible.  
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1.1 Facts about SAAB 
 
Swedish Aeroplanes AB (SAAB) was founded in 1937 with headquarters in Trollhättan, 
Sweden. The company was created in order to secure the production of Swedish fighter 
aircraft. When SAAB bought competitor ASJA in 1939, the headquarters were moved to 
Linköping, Sweden where it is located today. 
 
After World War II Sweden began to modernize and improve its defence. This lead to the 
development of new fighter aircraft from SAAB: SAAB 29 Tunnan, SAAB 32 Lansen and 
SAAB 35 Draken. During the 1980´s SAAB also began to build civilian aircrafts. 
 
After World War II SAAB also began its production of automobiles and in 1949 the first car 
left the factory in Trollhättan. In 1990 a separate company was created, SAAB Automobile 
AB, to handle the production of cars.  
 
Today SAAB serves the global market with products, services and solutions for military 
defence and civil security. JAS 39 Gripen is the latest fighter jet produced by SAAB. It was 
introduced in the Swedish Air Force in 1996 and has since been improved over a series of 
new models.  
 
The latest model of JAS 39 Gripen, also known as Gripen NG (next generation) will be the 
third major model upgrade. Its main new features are a new engine, new radar system, and 
new landing gear. It also has a bigger hull which allows the aircraft to carry more fuel and 
heavier loads.  
 
SAAB operates in six different market areas: 
  

 Aeronautics 
 Dynamics 
 Electronic defence systems 
 Security and defence solutions 
 Support and service 
 Combitech 

 
SAAB has around 13,000 employees. The annual sales amount is around 24 billion SEK, of 
which research and development account for about 20 percent of sales. For further details see 
SAABgroup, 2010.  
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1.2 Facts about composite repairs 
 
SAAB has since the introduction of JAS 39 Gripen worked with repair methods for the 
airframe. Different repair methods have been developed for different parts of the airframe. 
The repairs in this project are all in carbon composite parts of the airframes such as wing 
skins, canard skins and fin skins. 
 
SAAB has various methods of repairing damages in composites. Three different methods use 
a composite repair patch that replaces the milled out damaged laminate: 

 
1. A pre-cured repair patch is constructed using a plaster template. The repair patch is 

then cured at 180°C in an autoclave. The patch is then bonded into place using an 
adhesive (FM300-2M). When using this method of repair the patch is made of the 
same material as the surrounding material. However, it is very time consuming. 

 
2. A direct-cured repair patch is constructed in the milled out hole and then cured into 

place using heat blankets. The composite material using this method cures at 120°C. 
This method takes considerable less time compared with the pre-cured patch. 

 
3. This method can only be performed at SAAB and not out in the field. A repair patch is 

constructed in the milled out hole and then cured directly into place. The repair 
material in this method is the same as the surrounding material which means it needs 
to be cured at 180°C in an autoclave. To do this the part that is being repaired has to 
be placed in its original fabrication tool before being cured in an autoclave. This is 
done to make sure that the part does not deform or accumulate stress in an 
uncontrolled or unwanted way.  

 
Today repairs are being performed with two types of joints, scarf joints and step joints. These 
are illustrated in Figure 1.1. The scarf joint chamfer has a height to length ratio of 1:20. The 
step joint step has a 1:20 height to length ratio. Each step is 0.52 mm high in the step joint.  

 
Figure 1.1 Above: Scarf joint, repair patch mounted flush. Below: Step joint, repair patch mounted elevated.  

 
There is one significant difference between the step joint and the scarf joint, the scarf joint 
repair patch is placed flush in the milled out hole and the step joint repair patch is placed 
elevated. This means that the step joint repair patch has a larger volume than the scarf joint 
repair patch. 
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When creating a step joint repair a template is used to mill out the damaged region. The 
templates are placed inside of each other and when one step is milled that template is removed 
and the operator continues to mill out the next step. Since the airframe has curvatures and 
variations in laminate thicknesses it is not always possible to create a step joint with full 
control. In these cases a scarf joint is used. It is milled and grinded out by hand by the 
operator.   
 
The method of using step joint templates was developed mainly for pre-cured repair patches 
with the objective of facilitating repeatability. For information about composite repairs see 
Weidmann (2008) 
 



 5 

1.3 FOI test program 
 
Before this project the Swedish Defence Research Agency (FOI) performed physical tests on 
repaired sandwich panels: Four-point bending tests of repaired sandwich panels. The test 
program was conducted to determine the strength of the repaired composite panels. The 
panels were loaded until total failure was achieved. The strains at key points were measured at 
failure. 
 
The tests conducted were made as four-point bending of a repaired structure at elevated 
temperature (100°C). The test panel and the load application are illustrated in Figure 1.2. 
 

 
Figure 1.2 Illustrates the test panel that the four-point bending test was conducted on. D and d are the top and 

bottom diameter of the repair patch. All lengths are in mm. 
 
The test panels were made with a curvature on the side that is being repaired. This was made 
to create realistic conditions for the operator as it simulates a typical curvature of the wing or 
canard. The repair patch material varies between different tests. In all tests the repair patch 
material was the same as the surrounding material. All repairs were made using step joints. 
For more information see Nilsson, 2001. 
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1.4 Purpose 
 
The purpose of the project is to investigate if it is possible to repair a laminate built up by uni-
directional pre-preg tape using fabric and a scarf joint. It includes a comparison of the 
materials change from tape to fabric and a comparison of step joint and scarf joint. The new 
repair solution is intended to simplify previous repair methods. It will be more user friendly in 
the field providing a more robust repair procedure.  
 
The results from this project will indicate the limitations of the material change, joint type and 
how the repair patch is built up. The results will also serve as input for the definition of a test 
program. 
 

1.4.1 Important questions 
 

 How does the change from tape to fabric affect the quality of a composite repair? 
 

 How do other factors such as the use of a scarf joint instead of a step joint affect the 
repair quality?  

 
 How will the repair patch layup and orientation against the surrounding material affect 

the repair?  
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2 Composites 
 
The composite used and studied in this report is carbon fibre reinforced plastic (CFRP). A 
material widely used in the aeronautical industry due to the relatively high specific stiffness 
and strength to the relatively low weight. For more information see Hult & Bjarnehed (1993). 
 

2.1 Material 
 
CFRP materials are the most commonly used composite on JAS 39 Gripen. A plastic matrix is 
reinforced with carbon fibres and then stacked into a laminate creating a composite plate.  
 
Unlike metals like aluminium, composites do not have isotropic material properties, instead 
they are orthotropic. This means that a composite has different properties in the x-y-z-
directions. Table 2.1 describes the different mechanical properties for the composites used in 
this report. The properties are listed for one ply. Also note that the adhesive (FM300-2M) 
used to create the bonded joint is listed in the table, note that the properties in Table 2.1 are 
for materials in hot wet (HW) conditions except for material CFRP Tape* which is not in HW 
conditions. 
 
Table 2.1 Material properties for CFRP materials and adhesive material (SMAC, 1994). 
Material E11 [MPa] E22 [MPa] E33 [MPa] G12 [MPa] G13 [MPa] G23 [MPa] 12 13 23 
CFRP Tape 130000 9000 9000 3900 3900 3000 0.3 0.3 0.5 
CFRP Fabric 60000 60000 8000 2200 1400 1400 0.06 0.5 0.5 
CFRP Tape* 140000 10000 10000 5000 5000 3800 0.3 0.3 0.5 
 E [MPa] G [MPa]         
FM 300-2M 1200 400 0.40      

 
These properties are for one ply of the CFRP materials. In order to calculate the mechanical 
properties of an entire stack in-house analytical programs are used. The CFRP materials ply 
thickness and adhesive film thickness is described in Table 2.2. 
 
Table 2.2 The CFRP materials nominal ply thickness and adhesive film thickness (SMAC, 1994). 
Material Thickness, t [mm] 
CFRP tape 0.13  
CFRP Fabric 0.208  
FM 300-2M 0.2 
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2.2 Fibre control 
 
When creating a laminate several uni-directional pre-preg plies (also known as laminae) are 
stacked in different directions on top of each other and bonded by curing. The direction of 
each ply depends on the properties that are desirable in the laminate. To make a laminate as 
strong and durable as possible, and to minimize the sensitivity to moisture, temperature and 
fatigue, fibre control is used. Fibre control assures that there are fibres in all directions, this 
means that the fibres always take up the majority of the load instead of the matrix. 
  
Fibre control contains some rules: 
 

 Direction angles 0°, 90° and ± 45° 
 At least 25% of the plies should be in ± 45° direction 
 No more than 70% of the plies in the same direction 
 At least one ply in each of the four directions 
 No more than four plies with the same direction may be placed on top of each other  

 
Fibre control causes a typically linear stress-strain relation to failure. Fibre control also avoids 
interlaminar stresses and buckling between the plies in the laminate. When a laminate is 
stacked, there are complicated connections between loads and deformations. The ABD matrix 
shows this connection.  
 
A is called the extensional stiffness matrix, B the extension-bending coupling matrix and D 
the bending stiffness matrix. The matrix is illustrated in Figure 2.1. 
 
 

 
Figure 2.1 Illustrates the ABD matrix and the coupling between applied load and deformation. 
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The connection between in plane loads and bending of the laminate will disappear if the 
laminate is stacked up symmetrically around the middle plane as shown in Figure 2.2. 
Stacking an equal number of plies in direction 45º and -45 º will make the coupling between 
normal force and shear stress disappear, which makes the laminate deform as a isotropic 
material. A laminate that follows this is called balanced. 
 

 
 

Figure 2.2 Illustrates the layup and middle plane of a symmetric composite with the layup [45/-45/0/90]S8 
  

 
Composite laminate failure is very complicated and different from that of isotropic materials. 
The failure modes can be caused by different loads. If a uni-directional ply is exposed to 
tension, fibre failure or matrix cracking occurs which leads to delamination or ply separation. 
Compressive loads give failures like fibre crushing, splitting or micro buckling.  
 
Experience from testing has shown that the compressive failure stress is usually much lower 
then the tensile strength (Zenkert & Battley, 2013). This means that most failure tests and 
analysis of composites are done in compression.  
 
 

Middle plane 0° 
45 
-45° 
90° 
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2.3 Composite layups 
 
When creating a laminate, plies are stacked in a certain order. This order is called layup. By 
stacking the plies in different orders and with different numbers in each direction laminates 
with different properties can be achieved. The main directions of the fibres in a laminate are 
illustrated in Figure 2.3. 

 
Figure 2.3 Illustrates the different angles of the fibres used when creating an laminate. 

 
When stacking tape the fibre directions are as in Figure 2.3 but when stacking fabric there is 
also fibres in the orthogonal directions. One ply of fabric in 0° also has fibres in 90°. This is 
illustrated in Figure 2.4. 

 
 

 Figure 2.4 Illustrates the fibre directions of tape and fabric. 
 
In this report three different layups will be used. These are noted in Table 2.3. For layup A 
and layup B tape is used and for layup C fabric is used. Layup A and C is quasi isotropic and 
layup B is an orthotropic layup, which means that there are more fibres in the main load 
direction. The laminate thickness t is also listed in Table 2.3. Laminate are typically specified 
using the notation shown below: 
 
[(ply1/ply2/ply3/play4)n]s 

 
n: Define the number of repeating units 
s: Define symmetric laminate  
 
For more information see Zenkert, Battley (2003). 
 
Table 2.3 Notes the layups and thicknesses for different laminas used in this report. 
Layup A t = 2.08 [(45/135/0/90)2]S16 
Layup B t = 2.08 [(45/135/0/90/02/90/0)]S16 
Layup C t = 2.08 [(45/0/45/0/45)]S10 
 
The material properties for the layups are for hot wet (HW) materials. However one test has 
been made with a CFRP tape not in the HW condition. This layup is indicated with layup A*. 
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3 Method 
 
The project starts with a literature study to find out how repairs are currently being performed. 
The solid mechanics theory of composites is also studied. SAAB in-house analytical tools are 
then used to try to predict the effects of repairing a composite plate and to evaluate FE 
modelling strategies.  
 
The bonded joint is analysed using an analytical tool and FE models. This is done to 
determine how a change of joint type affects the composite repair. 
 
An FE model is then created in order to try and simulate the results from a previous test 
program performed on composite repairs. If the FE model shows similar results as the test 
program, further FE models can be assumed to be credible.  
 
Finally an evaluation of the results is performed in order to determine if a test program should 
be performed. The project procedure is described in the flowchart illustrated in Figure 3.1. 
 
 

 
Figure 3.1 Flowchart that describes the project procedure. 
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3.1 Software and analytical tools 
 
A series of computer software and analytical tools have been used during this project. A basic 
explanation of how they work and what they are used for is given below. For this project only 
linear calculations have been performed. 
 

3.1.1 FE software 
 
Finite element software works in three stages. First geometry is built in or imported to the pre-
processor. A mesh is created and a load case applied to the model. This is then exported to the 
solver which performs the calculations on the model. The final results are then presented in 
the post-processor. The process is illustrated in Figure 3.2. 
 
 

 
Figure 3.2 Illustrates the FE software process. 

 
The pre-processor generates a bulk-data file (BDF) that contains all the information about the 
model. This is then sent to the solver which performs all the calculations requested in the 
BDF. An OP2 file is created which is an input file for the post-processor.  
 
The software used in this project is Hypermesh as pre-processor, MSC Nastran as solver and 
Hyperview as post-processor.  
 
 

Pre-processor 
Hypermesh 

Solver 
Nastran 

Post-processor 
Hyperview 

Bulk-data 

OP2 

Results  
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3.1.2 COLT  
COmposite Laminate Theory  
 
COLT is an in-house analytical tool used for stress and strain calculations in an infinitely wide 
composite shell. A composite plate’s mechanical properties and layup are defined and a line 
load is applied. COLT uses Hooke’s generalized law to calculate the linear elastic response of 
a composite plate. The relation between stress and strain in the composite plate is calculated 
by using Equation (1). 
 

jiji S   2,1, ji     (1) 
 
Where Sij is known as the compliance tensor. j and i is the stress and strain column matrices. 
Equation (2) shows Hooke’s generalized law in matrix form. 
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The stress, strain and mechanical properties used in Hooke’s generalized law are indexed for 
the global coordinate system. Note that the out of plane direction is not included as COLT 
assumes z = xz = yz = 0. This assumption is used when a composite plate is considered to 
have a width that is significantly larger than the composite plate’s thickness and only exposed 
to in-plane loads (Kapidzic, 2013). This assumption also requires fibre control in the 
composite plate’s layup, which means that fibres exists in all principal directions (0,±45,90) 
and the layup is symmetrical and balanced.  
 
Further COLT also calculates the composite plate’s global mechanical properties in the global 
coordinate system. 
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3.1.3 COST  
COmposite STiffness 
 
COST is a SAAB in-house analytical tool that calculates the stiffness tensor for a composite 
plate. The mechanical properties and layup of the composite plate is defined and COST then 
calculates the stiffness matrix Cijkl. The stiffness matrix is calculated in the global coordinate 
system. Stress and strains in the global coordinate system is calculated using Hooke’s 
generalized law, Equation (3). 
 

klijklij C   3,2,1,,, lkji    (3) 
 
Equation (4) is Hooke’s generalized law in matrix form. 
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Where 
 

zyx

zxyzxyxzzxzyyzyxxy

EEE
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   (5) 

 
COST also has the ability to transform the stiffness matrix Cijkl into a local coordinate system 
which can be defined by the user. This is needed when the fibre direction is not linear. An 
example of this is when there is a heavy curvature in the composite plate. 
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3.1.4 CONAN  
COmposite Notch ANalysis 
 
CONAN is a SAAB in-house analytical tool that allows the user to define the stacking 
sequence for an infinitely wide plate. A cut out is then created according to the user 
preferences, elliptical or circular. That hole can then be left empty or filled with a composite 
with different properties than the surrounding material. This allows the user to study the effect 
of a soft/hard- inclusion. Using this mode in CONAN the effect of a stiffer or weaker repair 
patch can be studied. Figure 3.3 illustrates the stress distribution at  = 90° and  = 270°. 
 

 
Figure 3.3 Illustrates the tangential stress distribution at  = 90° and  = 270°. 

 
CONAN calculates how the stress is distributed around the cut out. The stress that is 
calculated is in the -direction. Eight calculation points are given, evenly distributed around 
the cut out at 0°-360°. The stress is calculated at d/2 + 0.5 mm. The calculation points are 
illustrated in Figure 3.4. 
 

 
  Figure 3.4 Illustrates the eight calculation points and the -axis. d is the diameter of the circular cut out. 

 
The reason that the calculation points are set 0.5 mm from the cut out edge derives from the 
point stress criterion (PSC). The PSC states that failure will occur when the actual stress at a 
characteristic distance away from the notch (cut out) reaches the stress that leads to failure in 
an unnotched composite plate (SMAC, 1994).  
 
CONAN is limited to performing calculations on a soft/hard- inclusion with the same laminate 
thickness. This means adjustments might have to be made when different materials are used in 
the plate and repair patch. 
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3.1.5 Scale factor, infinite width plate 
 
When CONAN calculates the stress around a cut out it does so on a plate that is infinitely 
wide. When performing FE calculations on a plate with a finite geometry the stress calculated 
by CONAN has to be corrected. This is done using a scale factor that is calculated using 
Equation (6) (SMAC,1994). 
 

w
d
w
d

Fw

13

12
      (6) 

 
The variables are illustrated in Figure 3.5. 
 

 
Figure 3.5 w =plate width, d =hole diameter.  

 
The scale factor is applicable for both strain and stress as in Equation (7). 
 

21 wF        (7) 
 
Where 1 is the stress in a finite-width plate and 2 is for an infinite width plate. 
 

w
 

 d 
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3.1.6 REPAN 
REPair ANalysis 
 
REPAN is an analytical tool that allows the user to study the shear stress in a bonded step 
joint. It is also possible to predict the laminate failure in the composite plates on either side of 
the bonded joint. 
 
When performing calculations in REPAN the layups and properties of the composite plates on 
either side of the joint need to be specified as well as the properties of the adhesive. A line 
load (F) is applied. The geometry is illustrated in Figure 3.6 and Figure 3.7.  

 

 
Figure 3.6 Illustrates the geometry of the step joint. Each step has 1:20 height to length ratio. 3 steps are created 

over the thickness of the laminate.  

 
Figure 3.7 Illustrates the geometry of the scarf joint. The joint has a 1:20 height to length ratio.  
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3.2 Equivalent hole 
 
The equivalent hole method assumes that a repair patch can be substituted with a straight edge 
hole with an inclusion. The diameter of the equivalent hole is calculated using Equation (8). 
The reason for this is that the analytical tools used in this project only cover 2D calculations.  
 

dtDequ 20       (8) 
 

The variables in Equation (8) are illustrated in Figure 3.8. The constant 20 is height to length 
ratio (1:20).   
 

 
Figure 3.8 Illustrates the variables used in Equation (8). t = laminate thickness. d = repair base diameter. 

 
In the physical tests performed some of the repairs were created on a composite plate with t = 
2.08 mm and d = 70 mm. Using Equation (8): Dequ = 112 mm. 
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4 Analytical tool results 
 
The tests performed in this chapter are done using the SAAB in-house analytical tools. Two 
different analyses have been made:  
 

 The effect of a hard/soft- inclusion on a composite plate 
 The difference in shear stress distribution in a bonded step joint and scarf joint 

 
The results in these tests are used to give an indication of how different parameters and 
methods affect a composite repair. 

4.1 CONAN analysis 
 
In order to examine what happens to a composite plate when a repair patch with a different 
stiffness is included the analytical tool CONAN has been used.  
 

4.1.1 Model description 
 
For all calculations performed a circular cut out with a radius of 56 mm has been used. An 
arbitrary line load of 200 N/mm has been applied in compression as illustrated in Figure 4.1. 
The radius of 56 mm derives from using Equation (8). 
 

 
Figure 4.1 Illustrates the applied line load of 200 N/mm and the cut out diameter.  

 
An inclusion has been introduced into the cut out to simulate the effects of a soft/hard-
inclusion. The composite plate and the repair patch layups are altered for each test. The load 
that has been applied is an arbitrary load that should result in stress and strain that are 
reasonable for a composite plate.  
 
Two different layups have been used for the composite plate, layup A and layup B. Three 
different repair patches have been used, layup A, layup B and layup C, see Table 2.3. 
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4.1.2 Results 
 
Figure 4.2 illustrates the stress distribution around the repair patch. The composite plate has 
layup A. The repair patches has layup A and layup C. Noted is that the stress at 90° and 270° 
is very similar for both repair patches. There is a 3.5% difference between the CFRP tape 
repair and the CFRP fabric repair.  
 
The stress distribution is very similar for both the tape and fabric repair patch. The reason for 
this is that the E-modules in x and y directions of the repair patch is similar for the tape and 
fabric. These results indicate that a fabric repair patch should distribute the load in a way 
similar to that of a tape repair patch in a quasi isotropic composite plate. 
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Figure 4.2 Illustrates the stress [MPa] distribution in the -direction every 45° around the cut out, 0.5 mm from 
the cut out edge. The surrounding composite plate has layup A. 
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Figure 4.3 illustrates how the stress is distributed around the repair patch in a plate with layup 
B. The repair patches used are layup B and layup C.  
 
The results indicate that the stress around the cut out is lower when using the orthotropic tape 
repair patch. The stress is about 40% higher when using the fabric repair patch. The reason for 
this reduction in strain, also known as a knock-down effect, is the difference in stiffness in the 
load direction between the two repairs. If this knock-down is acceptable in an actual repair 
depends on the loading conditions, margins against failure etc. 
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Figure 4.3 Illustrates the stress [MPa] distribution in the -direction every 45° around the cut out, 0.5 mm from 
the cut out edge. The surrounding composite plate has layup B. 
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4.2 REPAN Analysis  
 
Analytical tests and calculations have been performed on a step joint and a scarf joint using 
REPAN. This is done in order to compare the shear stress ( xz) distribution in the bonded joint. 

4.2.1 Model description 
 
Calculations have been made for a scarf joint and a step joint. The two geometries are 
illustrated in Figure 4.4 and Figure 4.5. REPAN does not support scarf joints so the 
assumption has been made that a step joint with many small steps is equal to a scarf joint.  
 

 
Figure 4.4 Illustrates the geometry of the bonded joint. Three steps are created over the thickness of the 

laminate. Each step has 1:20 height to length ratio. The adhesive film is 0.2 mm thick. The applied line load (F) 
is 600 N/mm. 

  
Figure 4.5 Illustrates the geometry of the scarf joint. The joint has a 1:20 height to length ratio. The adhesive 

film is 0.2 mm thick. The applied line load (F) is 600 N/mm. 
 

An adhesive film (FM300-2M) is placed between the two composite plates. The applied line 
load (F) is an arbitrary load of 600 N/mm in tension. The composite plates on either side of 
the bonded joint have layup A. 
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4.2.2 Results 
 
In order to be able to interpret the REPAN calculations, Figure 4.6 illustrates the principal 
shear stress distribution in a bonded joint. For more information see SMAC (1994).  
 

                 
Figure 4.6 Illustrates the principal shear stress distribution in a step and scarf joint. 

 
Figure 4.7 shows a plot of the calculated shear stress distribution for the two joints. The 
results indicate that the scarf joint does not reach as high shear stress as the step joint. This 
leads to the conclusion that the scarf joint should be able to withstand at least the same stress 
as the step joint. 
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Figure 4.7 Illustrates the shear stress ( xz) distribution in the step joint and the scarf joint. 
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5 FE analysis 
 
In this chapter the method of modelling composites and bonded joints has been examined. 
This is done in order to create credibility in the FE methods. The tests that have been 
performed are: 
 

 Determine if a homogenous representation can be used when modelling composites 
 Determine if a bonded joint can be modelled correctly using the homogenous method 

and if the adhesive can be modelled using a linear elastic representation 
 
The results are then compared to the results of the analytical tools. All FE models have been 
created using solid elements. 

5.1 FE modelling methods 
 
When modelling composites in an FE pre-processor one method is using a homogenous 
method. This is a method commonly used when setting up solid elements of composites. This 
is done by defining an anisotropic material in the pre-processor that has the same properties 
and thickness as the entire composite laminate.  
 
In order to determine if the homogenous method will be applicable in this project it has been 
compared to a shell model and calculations made in COLT. The shell method is built in to the 
FE pre-processor and is commonly used when performing simulations on a composite shell. 
This means that a bonded joint cannot be simulated using the shell method as it is only a 2D 
representation of a composite laminate, therefore not an applicable option.  

5.1.1 Model description 
 
As illustrated in Figure 5.1 a plate has been constructed and a line load (F) has been applied 
on face B to result in the same stress in all tests. The plate has been attached to a fixed support 
on face A. The layup A is used as the composite plate. In order to eliminate the effects of the 
constraints and applied load the length of the plate has been made ten times the height (20.8 
mm). The plate has been made 4 elements thick (0.52mm). The element size used is 0.13 mm 
quad elements. 
 

 
Figure 5.1 Illustrates the plate used to perform the tests. Note the cross section X-X from which the strains are 

retrieved. The applied line load (F) is 1059 N/mm in tension. 
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The line load (F) has been calculated using COLT to result in a 1% strain in the x-direction. 
When creating an anisotropic material in the pre-processor the stiffness matrix has to be 
supplied. This is done by using the analytical tool COST.  

5.1.2 Results 
 
The results of the tests are illustrated in Figure 5.2. They are retrieved from the X-X cross 
section illustrated in Figure 5.1. The expected strain is 1%. The results show the strain for the 
plate in the x-direction.  
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Figure 5.2 Illustrates the results of the tests performed to validate which method of modelling to be used.  

 
It is noticed that the homogenous and shell methods yield strains that are similar to the 
analytical results in COLT. The results for these methods are expected and indicate that the 
homogenous method is applicable for the continuation of this project. See more about 
composite modelling and shell method in Altair (2012). 
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5.2  Cross section analysis 
 
In order to strengthen the choice of the homogenous method a comparison of the bonded joint 
has been made with help of the analytical program REPAN. It is also to be examined if a 
bonded joint can be simulated correctly using a FE model. This is done using a cross section 
of a bonded joint. 
 

5.2.1 Model description 
 
The cross sections geometry was created according to Appendix 10.1. The model is 
constrained in the out-of-plane direction (z-direction) along face C in order to simulate the 
test panels which have an aluminium honeycomb core. Face A has been attached to a fixed 
support and the line load (F) is applied on face B. This is illustrated in Figure 5.3. The applied 
line load is an arbitrary load of 600 N/mm in tension. The same line load magnitude has been 
applied in all cross section models. 

 
Figure 5.3 Illustrates the profile of the cross section. Face A, B and C as well as the line load F is illustrated. The 

load F and constraints are applied on same edges for both joint types.  
 
Layup A has been used for the composite plates on both sides of the joint. This has been done 
for the step joint, scarf joint and REPAN. The adhesive used is FM300-2M. 
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5.2.2 Modelling strategy, step joint 
 
When performing the analysis of the 3D cross section the shear stress in the global coordinate 
system in the bonded joint was studied. In order to get a valid measurement in the joint the 
decision was made to create five elements across the joint and then look at the values in the 
centre row of the elements, illustrated in Figure 5.4. 
 
 

 
Figure 5.4 Illustrates the number of elements across the step joint, marked as green. 

 
Due to the fact that the FE pre-processor does not support elements smaller then 0.1 mm the 
decision was made to scale the model 10:1. This would allow an appropriate number of 
elements to be placed across the bonded joint. The element size is 0.4 mm. 
 
In order to be able to get results from the bonded joint the lateral contraction had to be taken 
in to account. After discussions with FE experts at SAAB, using their experience the 
conclusion was reached to make the cross section three elements thick (1.2 mm). This is 
illustrated in Figure 5.5. 
 

 
Figure 5.5 Illustrates the number of elements across the thickness of the cross section. The element size is 0.4 

mm. 
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An issue when modelling the step joint was that the bonding material was modelled as a linear 
elastic material using a linear model. This means that it never reached plasticity. As the 
bonded joint is more sensitive to peel stress the assumption was made that the area in Figure 
5.6 will deform plastically immediately. Therefore the vertical elements have been removed. 
Otherwise an unrealistically large load will be transferred in these areas.  
 

 
Figure 5.6 Illustrates the area that has been removed due to plasticity in the step joint. 

 
 
 

5.2.3 Modelling strategy, scarf joint 
 
The same conclusions have been made regarding the number of elements in the bonded joint, 
illustrated in Figure 5.7, as well as regarding the number of elements across the cross section. 
 

 
Figure 5.7 Illustrates the number of elements across the scarf joint. 
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5.2.4 Results step joint 
 
In order to determine if the homogenous model is applicable the shear stress ( zx) in the 
bonded joint has been analysed. A comparison with the results from REPAN has been made.  
 
When studying the shear stress in the step joint the conclusion is that the homogenous method 
varies little from the REPAN model. This is illustrated in Figure 5.8. 
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Figure 5.8 Illustrates shear stress ( zx) in the step joint. 

 
As observed in Figure 5.8 the FEM model has a negative spike at the start and finish of each 
step. This spike is not found in the REPAN model. The reason for the spike is that in the 
corners, as observed in Figure 5.9 there is a spot where little shear stress occurs.     
 

 
Figure 5.9 Arrow points at the area in the step joint where the negative spikes in Figure 5.8 occur. 
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Negative spike 
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With the results from the FE model and REPAN analysis the conclusion has been made that 
the homogenous method can be applied when continuing representing the composite plate in 
FE modelling of a step joints. 

5.2.5 Results scarf joint 
 
Figure 5.10 shows that the homogenous method results in a similar shear stress distribution to 
that of REPAN model.  
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Figure 5.10 Illustrates shear stress ( zx) in the scarf joint. 

 
The result from the scarf joint FE model shows that the homogenous model is applicable for 
modelling scarf joints in the continuation of this project. The results from both the step joint 
and scarf joint analysis also indicate that the adhesive joint can be modelled correctly using a 
linear elastic representation. 
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5.2.6 Secondary results, scarf joint 
 
Illustrated in Figure 5.10 is a peak in the shear stress graph. This is due to a hard point created 
in the bonded joint. The hard point occurs in the beginning and end of the scarf joint. The 
hard point has been made 0.13 mm high, the same as the ply thickness, see Table 2.2. This is 
illustrated in Figure 5.11. 
 

 
Figure 5.11 Illustrates the difference in shear stress in the scarf joint with and without the hard point. 

 
The effect of removing the hard point is illustrated in Figure 5.12. The reason for the spikes in 
the hard point model is that the load path is abruptly interrupted and a large portion of the 
load is transferred at that point. The smooth transition point has a much more evenly 
distributed shear stress. The reason for this is that the load is evenly distributed across the 
scarf joint as the laminate thickness decreases.  
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Figure 5.12 Illustrates shear stress ( zx) in the scarf joint. 

 
The result of this study is an FE technical issue. The larger the hard point, the larger spike in 
shear stress graph. An infinite sharp edge results in unrealistic results in the FE program. 

 

Hard point 
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6 Test plate 
 
In this chapter a comparison between the physical tests and FE models are performed. The 
composite panel from the physical test report (Nilsson, 2001) have been simulated in the FE 
program. The composite panel is called Test plate. 
 
This comparison is made in the following steps: 
 

1. Step 1: Starts with a comparison study between three panels from physical test 
program and FE models. The three panels have different repair patch layups and have 
been exposed to environmental effects (HW). In this FE model a step joint repair is 
used. The curvature has been included in the calculations for the line load.  

 
2.  Step 2: A comparison study between the same FE step joint model used in Step 1 and 

a FE model with scarf joint. Three different plate and repair patch layups will be 
compared. An arbitrary line load is applied.     

 
3. Step 3: A study of how equivalent hole can be used for repair calculation. CONAN is 

the analytical tool used for the calculations. The results from CONAN are compared 
with those of an FE model with an equivalent hole and two FE models with step and 
scarf joints. Due to the fact that CONAN cannot simulate bonded joints the adhesive 
has been removed in the FE models.  

 

6.1.1 Model description of Test plate 
 
The Test plate geometry is illustrated in Appendix 10.2. The geometry is the same as in the 
physical test program except for the curvature. This has been left out and replaced by an 
increasing linear load when the curvature is essential to the results.  
 
Three measuring points, as indicated in Figure 6.1, have been used to measure the same 
results in all tests. These three points are the same as the ones used in the physical test 
program. 

 

 
Figure 6.1 Illustrates the three measure points used. 

 
The placement of the measuring points is listed in Table 6.1. 
 
Table 6.1 Lists the distances a and b from the outer edge of the composite plate. 
a [mm] b [mm] 
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6.1.2 Model strategy 
 
Since the Test plate is fully symmetrical only a quarter of the plate has to be modelled in the 
FE program. This saves time since the number of elements in the model is reduced by a factor 
of four. The homogenous method of simulating the composites has been used. 
 
The part of the plate that has been modelled is illustrated in Figure 6.2. To simulate the 
aluminium honeycomb core that supports the underside of the laminate face C has been 
constrained from moving in the out-of-plane direction (z-direction). To achieve the symmetry, 
face A has been constrained from moving in the x-axis and face B in the y-axis.  
 

 
Figure 6.2 Illustrates the part of the plate that is modelled. Face A, B, C and D are illustrated and the line load 

(F) is applied in compression. 
 
When meshing the plate smaller elements (0.5 mm) have been used in the repair patch and the 
bonded joint and progressively larger elements (1.5 mm) towards face D. This is done to keep 
the number of elements to a minimum. The bonded joint is one element across. The mesh is 
illustrated in Figure 6.3. 
 

 
Figure 6.3 Illustrated the Test plate mesh around the step joint. 
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6.2 Comparison between FE model and physical test 
 
In order to establish a confidence in the FE model of the Test plate a comparison has been 
made to the physical tests performed. If similar strains can be achieved in the FE models the 
results from the step and scarf joint comparison can be assumed to be correct. 

6.2.1 Model description 
 
The Test plate model with a scarf joint has been used. The layups of the composite plate and 
the repair patches are as described in Table 6.2. The adhesive is also described for each 
specimen.  
 
Table 6.2 Describes the layup (see in Table 2.3) of the repair patch and composite plate used for each specimen. 
A* indicates that materials used are not hot wet.  
 Plate Repair patch Bonded joint 
Specimen 1 Layup A* Layup A*  FM 300-2M  
Specimen 2 Layup A Layup A  FM 300-2M  
Specimen 3 Layup C  Layup C  FM 300-2M  
 
 



 36 

6.2.2 Load description 
 
The Test plate model does not have a curvature like the physical test panel, shown in figure 
6.4. To compensate for the difference in stress that occurs when bending the test panel an 
increasing line load has been calculated. The increasing line load calculation is found in 
Appendix 10.3 and shown in an example in Figure 6.5. 
 

Figure 6.4 Show the curvature of the physical test panel 
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Figure 6.5 Calculated line load to simulate the curvature of the plate. Calculated for failure load 51 000 N. 

 
The equation used to calculate the increased line load is Equation (9).  
 

I
zM

t       (9) 

 
The variable that is changed to calculate the increased line load in Equation (9) is the height 
(z), illustrated in Appendix 10.3. The moment (M) is different for each physical test and 
calculated from the failure load. 
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6.2.3 Results 
 
The results of the comparison with the strains in the physical test program are illustrated in 
Figure 6.6.a-b. The strains at the measure points A, B and C is present as well as the 
difference between the FE model and the physical tests. The strain is measured in the x-
direction (applied load direction see Figure 6.2).  
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Figure 6.6.a Illustrates the difference in strain between the FE model and the physical tests for specimen 1. 
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Figure 6.6.b Illustrates the difference in strain between the FE model and the physical tests for specimen 2. 

 
These results indicate that the FE model shows strains that are very similar to the strains in the 
physical test program. It should be noted that if results are within 15% with the FE model 
compared to a physical test, the results from the FE model are considered good (Nitin, Sanjay, 
Sanjeev & Thite 2008). This means that the results from the FE models are to be considered 
credible.  
 
It should also be kept in mind that the strains and loads measured during the physical test are 
at complete failure and there might be delaminations, laminate failure and failure of the 
bonded joint before complete failure is achieved on the test panel. The FE model is a linear 
model and does not have failure modes included.  



 38 

6.3 Comparison between repair methods 
 
In order to determine how a material change from CFRP tape to CFRP fabric and the use of  a 
scarf joint instead of a step joint affects the repair of a composite plate, FE models have been 
created.  
 

6.3.1 Model description 
 
The model has been made using the geometry of the Test plate. The same three measuring 
points illustrated in Figure 6.3, have been used. The layups of the composite plate and the 
repair patches are as described in Table 6.3. The adhesive is also described for each specimen.  
 
Table 6.3 Describes the layup (see Table 2.3) of the repair patch and composite plate used for each test plate. 
 Plate Repair patch Bonded joint 
Test plate 1 Layup A Layup A FM 300-2M  
Test plate 2 Layup A Layup C FM 300-2M  
Test plate 3 Layup B Layup C  FM 300-2M  
 
Exactly the same FE model has been used as in the comparison with the physical tests except 
for the applied line load. In this model an arbitrary line load of 600 N/mm has been applied in 
compression. One FE model with step joint and one with scarf joint is used.    
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6.3.2 Results of repair method comparison 
 
The results that are illustrated in Figures 6.7.a-c also include the strain in the x-direction for 
an undamaged composite plate. This has been calculated using COLT. 
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Figure 6.7.a Illustrates the strains in the x-direction. Note the unrepaired strain level at 0.567%. 
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Figure 6.7.b Illustrates the strains in the x-direction. Note the unrepaired strain level at 0.567%. 
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Test plate 3
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Figure 6.7.c Illustrates the strains in the x-direction. Note the unrepaired strain level at 0.37%. 

 
The results for test plates 1 and 2 indicate that the strain in the repair patch is similar to the 
unrepaired strain. This indicates that the repair patch transfers about the same load as an 
unrepaired composite plate. These results are observed for both the CFRP tape and CFRP 
fabric repair as well as for both the step joint and scarf joint. This should result in an equal 
quality of repair when changing materials and joint type. 
 
The fact that the scarf joint shows higher strains than step joint in measure point B is a result 
of the fact that the scarf joint repair patch is placed flush and the step joint is not. This results 
in a larger area in which the load can be transferred in the step joint i.e. the step joint has a 
higher stiffness at measure point B. This is illustrated in Figure 6.8. 
 

 
Figure 6.8 Illustrates the stiffness difference (E1 > E2) due to the increased area in the step joint. 

 
This also indicates that for a scarf joint repair, failure mode is most likely to be induced at the 
outer edge of the repair patch. 
 
For Test plate 3 it is observed that the repair patch has a higher strain than the unrepaired 
composite plate. This is an excepted knock-down of about 40% as shown in the CONAN tests 
in chapter 4.1.This is once again an effect of the difference in Young’s modulus in the 
primary load direction. 
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6.4 Equivalent hole 
 
Two different tests are performed to see if the use of equivalent hole, as described in chapter 
2.2 is correct. Two tests have been performed in order to determine if the use of equivalent 
hole is conservative or not. 
 

 Test 1 investigates the strain in the centre of the repair patch for both a step joint and a 
scarf joint. 

 
 Test 2 investigates the strain variation in the -direction of the composite plate at 

±90º.  
 
The end results of this comparison should indicate if CONAN can be used to determine if a 
composite part of the air frame is applicable for repair. 

6.4.1 Model description 
 
The FE model geometry and boundary conditions used is the same as the Test plate. The plate 
has layup A and the repair patch has layup C. The only difference in this FE model is that the 
bonded joint has not been modelled. This has been done to be able to compare the results with 
CONAN.  
 
The repair base diameter (d) is 70 mm and the lamina thickness (t) is 2.08 mm. These 
variables result in an equivalent hole with diameter 112 mm, Equation (8). The applied load is 
a line load with magnitude 200 N/mm, which is applied in compression in the x-direction as 
previously illustrated in Figure 6.1. 

6.4.2 Results test 1 
 
The Figure 6.9 shows the strain in the center of the repair patch for the different joints and 
programs. The strain is measured in the global x-direction. The scarf joint and the equivalent 
hole results in similar strains. The difference between the FE models is 4.6%, and the 
difference between equivalent hole FE model and CONAN is 11.7%. CONAN`s value has 
been corrected using the infinite width factor, Equation (7).  
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Figure 6.9 Strain comparison between different joints, FE models and CONAN. The applied line load is 200 
N/mm in compression. 
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6.4.3 Results test 2 
  
The measure point for this analysis is the bottom row of elements in the plate, shown in 
Figure 6.10. Verification that the strain does not vary over the plate and repair patch thickness 
has been made. The strain is measured in the x-direction. 

 
Figure 6.10 Illustrate the elements used for the result in test 2.  

 
The Figure 6.11 shows how the strain in a scarf joint, step joint and equivalent hole is 
distributed in a composite plate. The measurement has begun 0.5 mm from the edge of the 
milled out are. The milled out area for the joints has a base diameter of 70 mm and the 
equivalent hole 112 mm. That is why the measurements start at a distance 21 mm in Figure 
6.11.  
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Figure 6.11 Strain comparisons in composite plate between different chamfers, equivalent hole and programs, 

applied load 200 N/mm in compression.  
 
The results show that CONAN yields the highest strains. This means that using an equivalent 
hole and CONAN to determine if a part of the airframe is subject to repair is an applicable 
option. The strains calculated in CONAN are somewhat conservative and must be corrected 
using the infinite width factor, Equation (7). 
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7 Evaluation and conclusions 
 
The results from the tests performed in this project will be evaluated in this chapter. The 
results for the material change, joint comparison and the use of equivalent hole will be 
evaluated. 
 

7.1 Material change 
 
The results of the change in repair materials from CFRP tape to CFRP fabric shows that the 
change can be made in quasi isotropic composite plates. The strain in the centre of the repair 
patch is about the same for both the tape and fabric repair patch and is similar to the strain in 
an unrepaired composite plate. This indicates that the load path of the composite plate is 
restored when using both a fabric and tape repair patches. 
 
When repairing an orthotropic composite plate with fabric there is a knock-down effect of 
about 40% of the strain in the centre of the patch. If this knock down is acceptable or not 
depends on the load situation and margin to failure.  
 
The results from the comparison between the step joint and scarf joint show that the adhesive 
film is exposed to a smaller and more evenly distributed shear stress when using a scarf joint. 
This indicates that the adhesive should be able to transfer more load using a scarf joint than a 
step joint before failure is induced in the bonded joint.  
 
The strains measured in the repair patch when using the two different types of joints indicate 
that when using tape in the repair patch the strains are similar. When using fabric the strains 
are lower using the scarf joint. This indicates that the step joint restores the load path better 
than the scarf joint. However, the difference is only about 10%.  
 

7.2 Equivalent hole 
 
The results of using equivalent hole to determine if a composite part on the air frame is 
suitable for repair indicates that CONAN can be used to perform the calculations. The strains 
calculated by CONAN are higher than in the FE models. CONAN calculations resulted in 
strains 10-15% higher than the other results. This means CONAN is slightly conservative 
when used to calculate if a composite plate can be repaired. 
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8 Discussion 
 
There have been many sub-steps in this project before arriving at the final results. In the 
beginning in-house analytical tools where used to evaluate details and predict results. The FE 
studies show similar results to these analytical tools, and in a way they validate each other. 
There are however some limitations with the SAAB in-house analytical tools in that they only 
perform in-plane calculations (except for COST).  
 
Results from the scarf joint and step joint comparison show a lesser strain in the step joint 
repair patch. The reason for this is the increase in stiffness, as illustrated in Figure 6.7, in the 
step joint repair patch. This indicates that a scarf joint will probably induce failure at a lower 
load than the step joint. The step joint repair patch has a 15.5% larger volume than the scarf 
joint repair patch. It is therefore the author’s opinions that the possibility to elevate the scarf 
joint repair patch, as illustrated in Figure 8.1 should be examined more carefully before 
proceeding with future work.  
 

 
Figure 8.1 Illustrates an elevated repair patch in a scarf joint. 

 
The change in materials has already been discussed in the previous chapter but it is the 
author’s opinions that the change will work well. It is however important to investigate this 
more thoroughly in a physical test program.  
 
A big part of this project has been to match the results from FE models with the results from 
the physical tests. The comparison fell out well and with only about 10% difference in strains 
and should be considered a success. This shows that an FE representation is fairly close to a 
physical test. However only linear calculations were performed and it is therefore very hard to 
try to predict the possible failure modes of the repaired composite plates. 
 
It should also be noted that FE models with a high element density has been used during this 
project, the number of elements does not mean that the calculations performed by the FE 
program will be more accurate.  
 
The decisions made in this project has been in order to evaluate and analyse technical 
solutions, the social and ethical aspects has not been taken in to consideration during this 
project.  

Elevated 0.52 mm 

10.4 mm 
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8.1 Future work 
 
A list of interesting parameters and studies for future work is presented here. Some of the 
parameters we have touched on in this project, but time does not allow sufficient investigate.  
 

 Investigate how an elevated and thicker repair patch with scarf joint will improve the 
repair quality.  
 

 Examine how the scarf joint height to length ratio, for example1:10 or 1:15 will affect 
the stress in the bonded joint. 

 
 Investigate other repair geometries (not always circular repair patches), and other 

laminate thicknesses which have an influence of the repair patch and joint length. 
 

 Look into repairs that take place in areas where a step in the laminate is included. 
 
 Investigate how the bonded joint behaves with the same failure load as the physical 

tests with a non-linear solution. 
 
All future work pointed out above can be done by using FE programs, and give the result in a 
parametric study. But FE software is not always correct, especially not with composite 
models. Therefore, we recommend that a new physical test program will be designed with 
more repairs made by fabric patches and scarf joints. It has also been shown in this project 
that an elevated repair patch in comparison with a flush, gives the repair more strength which 
is an interesting parameter that the physical test could show. There are also other interesting 
parameters that the homogenous FE models don’t show. One is how the patch orientation 
affects the repair. If the new physical tests confirm the same repair quality as the FE studies 
illustrated, a new robust repair method is available for composite repairs. 
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10 Appendix 

10.1 Appendix 1A 
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Appendix 1B 
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10.2 Appendix 2A 
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Appendix 2B 
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10.3 Appendix 3 
 
Calculations of the line load to simulate the curvature 
 
The equations used are from Zenkert & Battley, (2003) and the data for the calculations are 
from Nilsson, (2001). 
 

I
zM

t        (1) 

 
aPM Failload      (2) 

 
Equation (1) is for simulating the line load for the physical sandwich test panel. 
 
M= Moment arising from the four-point bend [Nm] (calculated from Equation (2))   
a = Lever arm [m] (calculated from the physical test panel)   
P fail load = Physical test fail load (different from each physical test) [N] (Nilsson, 2001) 
I = Second moment of area [m4] (calculated from the physical test panel)   
z = Distance from centre of gravity to curvature [m] (calculated from the physical test panel)   
 

 
Figure 1 show the different height to the curvature for the physical test panel 

 
Centre of gravity for the physical test panel is at height 17.64 mm from the underside of the 
sandwich panel. (Calculated from the physical test panel)   

 
cbz        (3) 

 
b = height from the underside to the curvature of the sandwich panel 
c = height of centre of gravity for the sandwich panel 
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