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I. SUMMARY 

This research report gives an insight into the artificial modeling of Composite joints using NASTRAN 

Finite Element Analysis Software. The joints are designed to the Navy specifications that they be a thick 

walled- structure. The most important part of this structure is the surface joints. Since the hull will be 

made of composite, there is no way to join the surfaces with typical joining procedures like welding or 

even using rivets. To join these composite plates, uni-directional carbon fiber was used. These same 

physical joints were modeled via CATIA and AutoCAD and were then imported into NASTRAN where 

they were analyzed by static methods. These Methods were to be compared with testing results from the 

Zwick/Roell Machine ran by Zac Tyler. The FE Analysis will show problematic areas in the design that 

need to be addressed. 

 

II. INTRODUCTION 

A. Problem Statement 

With the United States Navy’s inevitable transition from the behemoth steel giants to lighter and stronger 

composite structures, many question and problems arise. With a Metallic Structure, surfaces can be joined 

by a number of techniques, welding, riveting, bolting and lap joints. In Composite structures, surfaces 

cannot be joined by the same methods as metallic structures. Different methods have been created to 

produce the same results in the joints, i.e. lock joints, butt joints, lap joints as well as riveted composite 

joints. The only way to insure the integrity of these joints without costly real life trial and error test would 

be to use Finite Element Analysis. 

B. Historical Background 

 Finite Element Analysis was first developed in 1943 by R. Courant, who utilized the Ritz method of 

numerical analysis and minimization of variational calculus to obtain approximate solutions to vibration 

systems. Shortly thereafter, a paper published in 1956 by M. J. Turner, R. W. Clough, H. C. Martin, and L. J. 

Topp established a broader definition of numerical analysis. The paper centered on the "stiffness and deflection 

of complex structures".  Another method of solving FEA was by using matrix algebra using a stiffness matrix 

and displacement nodes. This method is derived from the stiffness matrix which in turn is part of Hooke’s 

Law F k u= ⋅ .  By the early 70's, FEA was limited to expensive mainframe computers generally owned by 

the aeronautics, automotive, defense, and nuclear industries. Since the rapid decline in the cost of computers 

and the phenomenal increase in computing power, FEA has been developed to an incredible precision. Present 

day microcomputers are now able to produce accurate results for all kinds of parameters. 

 

C. Definitions   

i. What is Finite Element Analysis  

Finite element analysis (FEA) or finite element method (FEM) is a numerical technique for solution of 

boundary-value problems. It was first developed in the late forties for use in structural analysis. In its 

application, the object or system is represented by a geometrically similar model consisting of multiple, 

linked, simplified representations of discrete regions—i.e., finite elements. Equations of equilibrium, in 

conjunction with applicable physical considerations such as compatibility and constitutive relations, are 

applied to each element, and a system of simultaneous equations is constructed. The system of equations 

is solved for unknown values using the techniques of linear algebra or nonlinear numerical schemes, as 



appropriate. While being an approximate method, the accuracy of the model be increased by further 

dividing the mesh to approach the limit of infinity.  the only problem that occurs is that in windows 

processing the software will not allow the user to change the amount of digits setaside for the analysis. 

D. Objectives (Purpose of Study) 

The objective of this research is to correctly model Joint designs and run FEA analysis on them to save 

time and money that would normally go to sample creation. After the joints are modeled the physical joint 

is to be constructed and tested and then compared to the simulated results. This will insure the proper 

construction of the joints and will allow the researchers to pay more attention to the proper joint 

construction. 

 

E. Impact Statement & Significance 

The data received from the Finite Element Analysis will have a great impact on the project as a whole 

because it will allow the research group to have some of the most accurate results to compare their 

analyses with. Without these results, and only just testing there will be no basis to compare the results 

to. This Research will allow for better more reproducible samples and will also allow for future 

additions for the Center for  Nano-Composites and Multifunctional Materials(CNCMM).  The research 

done will also provide more accurate results to show the expected outcome of joint designs before 

using valuable material.  This research will also help in future studies to test joints constructed with 

nano-particles embedded in the matrix and reinforcement as well as iso-grid design.  

 

F. Scope  

The scope of this research is to develop thick-walled structures using composite materials, and then to test 

these materials using both physical testing devices as well as the FE analysis software.  

III. LITERATURE REVIEW 

A.  Advanced Composite Materials 

i. Louis A. Pilato, Michael J. Michno (1994) 

ii. Major School of Thought 

Advanced Composite Materials provides an overview of key components that are considered in the design 

of composite materials, along with surface chemistry, analyses and testing of structural properties. The 

publication is an up to date version of advanced composite design. 

iii. Authors Projected Contribution  

This publication is one of the foremost books on Composite design 



B.  Finite Element Modeling of Cracks and Joints in Discontinuous Structural Systems 

i. Tzamtzis, Athanasios D., 

ii. Major School of Thought 

This paper gives a state-of-the-art report on the different methods developed to date for the finite element 

modeling of cracks and joints in discontinuous systems. Particular attention, however, has been given to 

the use of joint/interface elements, since their application is considered to be most appropriate for 

modeling. A timeline of development of the main types of joint elements, including their pertinent 

characteristics, is also given. Advantages and disadvantages of the individual methods and types of joint 

elements presented are briefly discussed, together with various applications of interest. 

C. Evaluation of the Single-Lap Joint Using Finite Element Analysis 

i.  Major School of Thought 

This report evaluates the effect of moisture, specimen geometry and adherend properties on 

the behaviour of the single-lap joint. Finite element analyses was used to establish the 

effects of these parameters on the joint stiffness and stress distribution within the adhesive 

layer. The report also includes an evaluation of the perforated single-lap joint, assumed to 

promote accelerated ageing by shortening the diffusion path of moisture. A series of stress 

and deformation analyses using finite element analysis (FEA) has been conducted on the 

single-lap configuration for this purpose. 

ii. Problem Summary 

The effect of moisture on the joint performance was investigated using a sequentially 

coupled mechanical-diffusion finite element model that incorporated continuously varying 

adhesive material properties. The numerical predictions revealed that the stress 

distributions become more uniform along the adhesive layer with increasing moisture 

content. Peel stresses at the ends of the bonded area also decrease with increasing moisture 

content. The introduction of holes decreases the time taken for the moisture content in the 

adhesive layer to reach saturation, although increasing the size of the holes and reducing the 

bonded area only has a marginal effect on the joint performance. 

 

iii. Authors Projected Contribution  

The parametric studies on the specimen geometry revealed that stress distributions are 

sensitive to changes in adherend material properties, adherend and adhesive thickness and 

the applied load. In general, stresses were reduced when changes to the joint resulted in 

smaller joint displacement or an increase in the ability of the adhesive layer to plastically 

deform. 

 

 



IV. FINITE ELEMENT ANALYSIS OF COMPOSITE PLATE JOINTS AND ISOGRIDS 

A. Theory Of Finite Element Analysis of Plates 

The theory of finite Element Analysis comes from Hooke’s Law F k u= ⋅ which states that the power of 

any springy body is in the same proportion with the extension. This equation can be transposed to 

determine the displacement of a body or element under a specified load as long as certain properties such 

as the Elastic modulus and Poisson’s ratio are known. An example of this can be seen in the matrix below. 

[σ]
 

=
 

[K][ε]
 

  

To analyze these methods Nastran will be using the Stiffness Method.  This method is defined in the next 

few lines is the simplified form of Hooke’s Law F k u= ⋅  which can be used in matrix form 

11 12 11 1

21 22 22 2

1 2

...

...

... ... ... ...... ...

...

j

j

i i iji i

k k kF u
k k kF u

k k kF u

    
    
    =     
    
     

  where F is the force, K is the Stiffness constant, and u is 

the displacement. In Finite Element Analysis, this same system of equations in matrix form can be written 

to model stress in finite elements by simply changing the form to a linear   system of equations solved by 

the matrix method   where stress is represented by the Greek letter omega, Young’s modulus is related to 

the spring constant through the letter E, and strain is represented by epsilon. Or simply defined 

as Eσ ε= ⋅ .  Stress is defined as F
A

σ ⊥=  and strain defined as

0

L
L

ε ∆=
.In the Nastran Software the 

matrix is a 6x6 which is then symmetrically expanded to 12x12 to provide 12 degrees of freedom for 2 

nodes. 
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The above matrix is used to find deformations in Plate Laminate Surfaces (Composites). Sigma defines 

the loading on the structure and the stiffness matrix ‘K’ is defined in terms of the Elastic Modulus and 

Poisson’s Ratio, while epsilon defines the shear strain in longitudinal and lateral directions and gamma 

gives the engineering shear strain, which relates to G, which defines the Shear Modulus. Using this 

equation it is possible to determine deformations in plate structures. The matrix above only deals in 2 

Degrees of Freedom (DOF), but most Finite Element Analysis software deals in 6 DOF per node. Degrees 

of Freedom give the nodes vectors to deform into. The more Degrees of freedom the more accurate of an 

analysis you will get because it will allow the model to deform in more directions. 

 



B. Concept of Finite Element Method (FEM) 

This is done using Hooke’s Law F=K(dot)u with U being the displacemt of the spring and K being the 

spring constant. This method can be solved in two ways; One way is to solve using a piecewise continuous 

partial differential equation , and the other which is much simpler requires a system of equations that can 

be solved using matrix methods.  This equation can be used to predict any classical physics equation, even 

electromotive force on an element, as well as non-linear gas expansion problems. Finite Element Method 

is the most advanced way to approximate mechanical deformation, although not exact with the use by a 

trained engineer it has limitless potential as a tool for determining loads and stresses on structures.  

The two figures below use  two different types of meshing, one method is the discretionized method, and 

the other is the variational method..However, for the more complicated shape the problem is remaining. 

The new idea proposed by Courant was based on using triangular mesh. In this case the quality of 

dicretization is better, the system of equations is less complicated than in the case of other refined methods 

and the boundary can be approximated better. Other ideas proposed were connected with using variational 

methods, methods of approximate solutions of differential equations and so on. From another hand, some 

ideas of matrix methods in structures made from the set of rods were used in the creating of FEM. The 

idea of discretization is combined with idea of interpolation. The value of the function at the point not 

coinciding with node can be found by interpolation from known values of the function at the adjacent 

nodes. But if we have not set of the discrete points, but the set of elements (squares, triangles,…) inside 

which function is varying according the same law, which is used in interpolation procedure (linear, 

square), then we will have similar formulations of the problem. However, in the case of finite elements we 

need to consider the boundary conditions at the boundaries between neighbor elements. And here instead 

of precise boundary conditions we can use some more weak boundary conditions. 

The classical methods for boundary problems include such ones as collocation method, least square 

method, Galerkin’s method, Ritz’ method and some others. The ideas of the last two are used in the FEM. 

 

 

There are three sources of the errors in the calculations: 

(1) Errors of replacement the continuous derivative by difference expressions. 

(2) Errors due to shift of the boundary. 

(3) Errors of the solution of the big system of equations.Fundamentals of FEA 



ii. Drawing/Importing Design 

a) For imported models the design is imported using specifications set by the FEA software. Care 

must be taken to make sure that the CAD software has a compatible export file type. For Nastran 

AutoCAD, “.dxf” files and CATIA, ”. model” files were used.  

b) Nastran also allows Simple Model Design within its own program, which is easier than 

importing designs from other CAD software. 

iii. Defining Boundaries  

a) Defining the boundaries in Nastran allows the software to have a region in which it can apply 

loads, constraints and most importantly a mesh to the surface /solid structure. In Nastran the 

boundaries may either be defined by selecting lines on a closed surface or, by simply selecting the 

surface. 

iv. Meshing 

a) FEA and more importantly Nastran, uses a complex system of points called nodes, which make 

a grid called a mesh (Figure 2). This mesh is programmed to contain the material and structural 

properties, which define how the structure will react to certain loading conditions. Nodes are 

assigned at a certain density throughout the material depending on the anticipated stress levels of a 

particular area. Regions, which will receive large amounts of stress usually, have a higher node 

density than those, which experience little or no stress. Points of interest may consist of: fracture 

point of previously tested material, fillets, corners, complex detail, and high stress areas. The mesh 

acts like a spider web in that from each node, there extends a mesh element to each of the adjacent 

nodes. This web of vectors is what carries the material properties to the object, creating many 

elements. Also within the meshing process it may be necessary especially in the case of joints to 

apply gap elements to define the “blank” space as a zero stress region.  In this model the mesh was 

connected 

v. Applying Constraints 

Constraints are applied to the model to constrain movement in different Degrees of freedom, six to 

be exact, Translation in the X direction, Translation in the Y direction, Translation in the Z direction, 

Rotation about the X axis, Rotation about the Y axis, and Rotation about the Z axis. These 

constraints can be applied to simple nodes all the way up to full surfaces and are crucial in the design 

of joints and other systems. In joint testing the constraints are set so that they only allow movement 

in the X – axis, which means that is an infinite body in the Y-axis, which simulates a ships hull. 

vi.  Analyzing Model 

a) To analyze the model you must make sure that there are no coincident nodes and that all 

surfaces are meshed. Once that is taken care of the next step is to choose the analysis type, for these 

experiments we used a static analysis. When the analysis is run and it completes with no errors it 

then goes to post processing where you can view the model in its deformed state. An interesting 

feature in Nastran is that it allows the user to have the ability to scale the deformation to exaggerate 

the deformities. 



C. Why Finite Element Analysis 

i. Why FEA 

Finite Element Analysis is the strongest method for determining mechanical deformations in structures. It 

uses few variables to create the stiffness matrix. All that is needed is the Poisson’s ratio, the Elastic 

modulus and the type of force or stress applied to the element. Also it can readily handle complex 

geometry: 

• Vibration  

• Transients  

• Nonlinear  

• Heat transfer  

• Fluids 

• Can handle complex loading: 

• Node-based loading (point loads).  

• Element-based loading (pressure, thermal, ninertial forces).  

• Time or frequency dependent loading. 

• Can handle complex restraints: 

• Indeterminate structures can be analyzed. 

• Compute the internal forces using the method of sections taken at an arbitrary 

location along the arch. The system is statically determinate when the arch acts 

as a single unit (without the deck and spandrels). 

ii. Why NE NASTRAN 

a) NASTRAN has been used since the late 70’s in aerospace applications. The original FEMAP 

software was developed by NASA to design the Space Shuttle. NASTRAN later evolved into 

different companies selling generally the same product. The industry leader up through the 80’s and 

into the 90’s was MSC NASTRAN, the only problem is that without the MARC add-in, which cost 

extra, the user would not be able to run non-linear test. Not only that but MSC does not provide in 

house cad design. NE Nastran emerged in the late ‘90s and offered the same product with non-linear 

properties already imbedded into the software along with simple CAD software in the modeler. Not 

only does NE NASTRAN offer more but it also offers much for a lower price than its main 

competitor MSC. 

 

 



 

 

D. Principles of Joint Design and Techniques Used in Joining Thick Walled Structures 

i. Initial design    

a) For this analysis to be accomplished, first and foremost there must be some physical model 

joint to be tested in real life and then compare those results to the modeled joint. This was 

accomplished by Jarvis Wintjen, Joints were created using Cytec Engineered materials Uni-tape Pre-

impregnated Carbon fiber, along with Glass Reinforced Plastics from Creative Pultrusions. To keep 

in-line with the requirements given to us and inferred from the Office of Naval Research, certain 

guidelines were set up.  

(1) Joint has to maintain consistent surface and shape  

(2) Joint has to be hermetically sealed  

(3) Joint has to maintain hydrodynamic properties  

(4) Joint has to be of composite nature  



b) Through these requirements joints were constructed by hand lay-up methods using 

unidirectional carbon fiber and heat press application. After the sample was prepared it was then 

drawn in a CAD (computer Aided Design) Program, and then imported into the Nastran FEA 

software where it will be analyzed.  

V. METHODOLOGY 

A. Joint Construction 

i. Equipment Used 

a)  Band Saw 

b) Table Saw (located in W129) 

c) Belt Sander 

d) Instron Machine (located in W124) 

e) Customized composite plate transfer press mold (machined by Tom Musgrove) 

 

ii. Materials Used 

a)  Acetone 

b) Scissors 

c) Utility knife 

d) Rubber gloves 

e) Putty knife 

f) Cytec Engineered Uni-directional Carbon Fiber Pre-preg 

g) Fiberglass composite (base) 

B.  Milling 

i. Butt Joint & Dovetail Joint 

(1) 1.  Obtain .250” thick sheets of fiberglass composite, found in W123. 

(2) Obtain design drawings. (Compliments of Dale Widiger) 

(3) Take material to the wood department. 



(4) Using the CNC milling machine, enter all the data from the drawings. 

(5) Put the material in the machine and run it. 

(6) With the drawings entered into the machine the material should come out just 

like the drawings. 

 

* Dimensions of samples are located in the Appendix. 

C. Preparation & Construction 

 

1. Take some paper towels, apply acetone, and wipe the surface of the area to be    bonded.  Allow to dry. 

2. Using the carbon fiber pre-preg, cut forty strips, ten for each side of each sample in the longitudinal direction, to the 

dimensions specified in the appendix. 

3. Once the milled samples are cleaned with acetone, remove the paper backing from the carbon fiber and apply one at a 

time, using a putty knife to press down on the material to remove any bubbles. 

4. Once one side of the sample is finished, flip the sample over and repeat the steps for the other side. 

5. Do the same for the dovetail sample. 

D. Pressing & Curing 

 

1. Turn on breaker to side of machine. 

2. Set temperatures of both top and bottom platen to 350°F. 

3. Allow machine time to warm up. 

4. Set clamp pressure to 7 tons. 

5. Apply mold release to two aluminum plates to keep the sample from sticking to the plates. 

6. Place sample between the aluminum plates. 

7. Set the sample in between the two platens. 

8. Let the platens warm the material for one hour with no pressure. 

9. Press both “Clamp Close” buttons (green) until red light comes on. 

10. Apply a constant 7 tons of pressure to the sample for one hour. 

11. Press both “Clamp Close” buttons (green) until red light comes on. 

12. Using gloves, remove the aluminum plates from the press. 

13. Allow the sample to cool off for approximately one hour and then remove the sample from the aluminum plates. 

14. Repeat for other samples. 

15. When finished, simply turn the breaker off and clean up surroundings. 

E. Material Testing for Properties 

 

1. Using the carbon fiber pre-preg, cut out ten layers that measure 12” x 12”. 

2. Apply mold release to the two 12” x 12” pieces of aluminum. 

3. Place one of the aluminum pieces into the mold. 

4. Remove the paper backing from the carbon fiber. 

5. Stack one layer at a time and make sure all of the bubbles are out of the pre-preg and then add the next layer. 

6. Repeat until all of the layers have been placed on top of each other. 



7. Once all the layers have been placed, apply the second aluminum plate onto the carbon fiber. 

8. Next, heat the Hull Transfer Press to 350°F (both platens). 

9. Allow machine to heat up. 

10. Place mold in the middle of the machine. 

11. Allow mold to heat up for one hour without pressure. 

12. Set the clamp pressure to 7 tons. 

13. Apply pressure for one hour. 

14. Release the pressure. 

15. Shut the machine off. 

16. Remove mold with gloves and allow time to cool. 

17. Cut the material into test strips with the table saw. 

18. Test the material using the Instron Universal Testing Machine, to determine the properties of the material. 

F. Finite Element Analysis Using NASTRAN 

i. FEM Modeling  

a) Model is first imported into the FEA software. Then all boundaries are defined in the software 

to allow multiple materials to be analyzed. To obtain such accurate results for the model a mesh is 

applied and a specific size is supplied to the program. After the mesh is applied to the solid or 

surface, the boundary conditions are set. These conditions determine what type of analysis is run. In 

the Nastran software there are many different loads, temperature, Electromagnetic, Static loads, 

Dynamic loading and all in between. Once the loads are set, the constraints are to be set as well. 

Once completed the model is ready for analysis. Once analyzed the modeling program will show the 

subject after deformities. 

VI. EVIDENCE 

A.     Initial Dovetail design with boundaries set 

 



A.  Stress at Ply Number 10 

 

B. Flexural test at 20,000 N 

 

C. Side view of Flexural test 

 

 



D. Lock Joint Tension prior to addition of carbon fiber 150,000 N 

 

E. Hexahedral Mesh of Butt joint 

 

F. Tensile test of Butt Joint 

 



VII.   DISCUSSION OF RESULTS 

A.  Although  incomplete the results shown are very promising. Adding  

VIII. CONCLUSIONS 

A.  

IX. RECOMMENDATIONS 

A. Models should be designed to exact CAD specifications  

B. Hot Press should be retro-fitted with single temp control 

C. CATIA software should be used in the stead of AutoCAD CATIA brings in full models 

D. Stronger Computers to handle more advanced Dynamic analyses 

E. Stronger Testing Machine 

i. Current testing machine is only capable of loads up to 50kN 

F. More accurate readings from extensometers 

G.  
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