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Abstract 

 

FREE VIBRATION ANALYSIS OF LAYERED BEAMS WITH DELAMINATION  

DAMAGE-AN ANSYS
®

-BASED FEM INVESTIGATION 

Anahita Rastkar Ghorbanzad, Master of Applied Science, Aerospace Engineering 

Ryerson University, Toronto, 2012 

 

 
Identifying delamination has been a focal point for many researchers. The reason for this interest 

arises from criticality of delamination in a variety of industries: automotive, aerospace, and 

construction. Therefore, vibration-based damage identification method is applied to detect, locate 

and characterize the damage in a mechanical structure. In this method, natural frequency as a 

diagnostic tool to determine the integrity of a structure has been utilized. 

The current research presents a FEM-based investigation into free vibrational analysis of 

defective layered beams with free mode delamination. It is shown that the size, type and location 

of delamination directly influence system non-dimensional frequencies.  

Based on an existing 1D model, the investigation is extended to 2D modelling for single- 

and double-delamination cases. In each case, Fixed-Fixed and cantilevered beam configurations, 

both centred and off-centred delamination conditions are studied. Further, a 3D model is also 

developed for single delamination of a Fixed-Fixed beam. All simulation results show excellent 

agreement with the data available in the literature. The ANSYS
®
 FEM-based modelling 

approach presented here is general and accurately predicts delamination effects on the frequency 

response of beam structures.  
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Chapter 1: Introduction 

=================================================== 

In recent years, mechanical structures are manufactured using composite materials. High specific 

stiffness and strength of the material is what makes these composites the material of choice in 

structures. These composite materials are favoured in the industry such as aerospace because of 

their strength and weight. Composites are fabricated using high-strength fiber filaments and 

embedding them in plastics, metal or ceramics. Composites are often costlier than conventional 

metals but their properties justify their use. 

Glass reinforced plastic (GPR) is the most common plastic material. Polyester and epoxy 

resin, reinforced with glass is used in boats, footbridges and automobile body. 

One of the most expensive composite materials is carbon fibres. They possess an increased 

stiffness with a high tensile strength. Their tensile, strength properties compare with steel but 

weigh about a quarter as much. Carbon fiber materials now compete with aluminium in aircraft 

structures. Airbus A320, saved over 850 kg in weight by using composite materials in aircraft 

structures such as elevators, rudder, vertical stabilizer and ailerons [1] (Figure 1). Mechanical 

properties of composite materials deteriorate due to possible damages. Delamination is one of the 

most common failures of composite materials. Such failures, especially in aerospace industry 

often result in fatal accidents. 

National Transportation and Safety Board (NTSB) reports accidents involving single 

engine planes, gliders and large commercial aircrafts due to delamination. Flight 587 of 

American Airlines crashed on November 11, 2001 in New York due to delamination in vertical 

stabilizer and separation of rudder of the aircraft [17] (Figure 2). 

On August 24, 1996, Sunquest Aviation plane Grob G115D, crashed in Florida, US. 

Eyewitnesses reported hearing the engine ‘revving up’ and saw pieces of airplane falling to the 

ground. Grob’s flutter analysis based on control connection stiffness, indicated signs of potential 

flutter under certain maintenance conditions. Oxidization was discovered on several of the 

elevator hinges displaying signs of de-bonding/delamination. The result was rudder flutter and 

in-flight breakup of the airplane [17]. Therefore, detecting delamination failures especially in 

early stages is of outmost importance to avoid the occurrence of such tragedies.  
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Figure 1- List of Composite parts in the main structure of Boeing 757-200 aircraft, adapted 

from [33] 
 

 

Delamination is caused by improper or imperfect bonding, crack in material, chemical 

corrosion, and separation of joined tiles or broken fibers during manufacturing. Some of these 

failures may be attributed to in-service loads, which are caused by object impact or by fatigue 

[4].  

When delamination occurs in a structure, the bending stiffness at that cross section of the 

material decreases and in turn the natural frequency of the mechanical system also decreases. A 

small change in the value of natural frequency is a great indicator to identify that delamination 

has occurred.  Since frequency is proportional to the square root of stiffness, a small variance in 

frequency would mean a large damage to stiffness of the composite.  It should be noted that the 

reduction in stiffness and natural frequency depends on the size and location of the de-bonding 

of material. 
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Figure 2- Core material of rudder of flight AAL587, adapted from [17] 

The delamination analysis on structures can be categorized into: 

• linear : 

A linear damage can be explained as a damaged structure which remains linear elastic 

after damage, while it was originally linear elastic as well. 

• non-linear: 

In this case, the elastic structure behaves in nonlinear manner while initially behaved in 

linear elastic structure. 

In this research, only linear elastic structure is discussed and nonlinear structure is beyond the 

scope of this thesis. 

Linear methods can be divided in model based and non-model based categories. The 

focus of this study is on model based methods. In this method, material is assumed to be 

homogenized on cross section which will behave like an isotropic material. Another assumption 

which is incorporated in this study is the absence of torque and out of plane coupling for a 
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layered slender beam. With these assumptions, Euler-Bernoulli classic beam theory can be used 

for this model.  

Analysis of delamination in composite material has stirred an interest for many 

researchers and scholars over the years.  The two possible conditions are “free mode” and 

“constrained mode”. In free mode, the delaminated layers deform without touching each other, 

‘freely”, and each deformed layer has different displacement. In constrained mode, in opposition 

to free mode, the delaminated layers are considered to be in contact with one another. That 

would mean the delaminated layers have identical transverse displacement. 

Researchers first concentrated on free mode and following that constrained mode was 

investigated. The research continued with investigation of constrained mode for biomaterial.  

One of the pioneers of these researchers is Ramkumar [7]. In 1979, he introduced a model in 

which four Timoshenko beams were connected at the delamination edges to form a composite 

beam with one through width delamination. The results they obtained from this research were 

lower than experimental measurements. 

In 1982, Wang [5] improved the analytical solution accomplished by Ramkumar [7].  In 

that research a coupling was introduced between flexural and axial vibration of delaminated 

segment of material. Free mode was first examined. By using an isotropic beam with splits and 

the classical beam model theory Euler-Bernoulli, Wang’s [5] calculations of natural frequencies 

were in line with experimental results. He proved Ramkumar’s [7] neglect of coupling effect was 

the reason for discrepancies between calculated and experimental data.  In the same year, 

Mujumdar and Suryanarayan [8] used Euler-Bernoulli theory. In this study, as well as Wang, 

four joined isotropic beams were considered, and assuming coupling between bending and axial 

vibration exists. Wang [5] analyzed “free mode vibration” and Mujumdar and Suryanarayan [8] 

focused their study on “constrained” mode. 

In 1992, Yin and Jane [31] and Chen and Goggin [32] researched vibrations of a 

delaminated beam with respect to buckled reference states using classical and beam theory shear 

deformable beam theory. They assumed delamination was closed during motion. In the same 

year, the research continued with Shen and Grady [38] who developed an analytical model which 

can predict vibration frequencies and modes of delaminated beams.  

In 1994, Han, Zhang and Lu [9] presented finite element models using the Timoshenko 

beam theory. They showed results from their model by finite element are with excellent 
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agreement with other solutions, and Shu and Fan [10] studied constrained mode models for 

biomaterial beams in 1995.  

 Lestari and Hangagud [30] in 1999 researched multiple delamination of a single beam 

using classical beam theory. In their study they simulated the open and closed behaviour between 

delaminated layers.  In 2001, Krawczuk [29] investigated natural frequencies of cantilever beams 

with a delamination incorporating formulation method based on beam and column model. 

Since 1995, Della and Shu [6, 11, 13, 23 and 24] have analyzed both “free mode” and 

“constrained mode” of delaminated multilayer beams. They mathematically proved that 

slenderness ratio has an influence on vibration behaviour of the beam. In their study, normalized 

axial stiffness and normalized bending stiffness were introduced to give a better indication of 

vibration behaviour of delaminated beams. In that study, the coupling between transverse and 

longitudinal vibration in an inhomogeneous beam was formulated and investigated. This 

progression continued when both free mode and constrained mode were investigated in the same 

research, introducing slenderness ratio and normalizing axial and stiffness and bending stiffness. 

Y. Zou, L. Tong and G. P. Steven [2] focused on the model-based delamination detection 

methods for composite structures using vibrations. In this study finite element using formulation 

analysis was utilized. 

In 2011, Erdelyi and Hashemi [4] studied finite element modeling for doubly delaminated 

composite beam. In that work, the laminated beam was considered to have double equal length 

delamination in some point along its span. He developed a finite element solution using Galerkin 

method. This method consisted of developing two separate element schemes and testing for 

sensitivity of each element. Erdelyi and Hashemi [4 and 26] also proposed a Dynamic Stiffness 

Matrix (DSM) model for free vibration analysis of doubly delaminated layered beams. In their 

paper, DSM was derived from general solution to the governing differential equation of motion 

and element’s mass and inertia properties enclosed in a single matrix. Their FEM and DSM 

results showed excellent agreement with those available in the literatures. 

With recent advancements in simulation software, the FEM modelling of defective 

structures has become easier and more popular. However, to the author’s best knowledge, up to 

the present time, only limited FEM-based studies on fundamental frequency of fully clamped 

composite layered plate [34 and 35], composites beams using Timoshenko beam theory [39], and 

1D beam model have been reported [25].   
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Johan Bellecave [25], using ANSYS
®
 simulation software, confirmed the results obtained 

by Shu and Della [6, 10, 11 and 23], through 1D simulation. Bellecave [25] investigated only 

clamped-clamped, homogeneous beam with single delamination.   

Obviously, 1D simulation was a great start to use ANSYS
®

 software, but for practical 

purposes 2D and 3D simulations need to be investigated.  The present study, not only expands 

the work accomplished by Bellecave, but also delves into 2D and 3D simulations for different 

boundary conditions. The cantilever and clamped-clamped beam configurations and data 

reported by Della & Shu [6, 10, 13 and 23] were investigated in this research. For both clamped-

clamped and cantilevered boundary conditions, single and double delaminations are investigated. 

Further, to investigate the effect of delamination location on the natural frequencies of defective 

layered beams, both centred and off-centred delaminations are studied. These simulations are 

carried out in 2D. The comparison is made between the frequency data resulting from the FEM 

modeling and those available in the literature to show the effect of delamination size, type, and 

location, on the system frequencies.  

Last but not least, clamped-clamped beam is also simulated in 3D for single 

delamination. The limitation of computer capabilities prevents the 3D simulation of double 

delamination configurations.  

In the following chapter, for the convenience of the reader, a brief discussion on the 

development of analytical formulation and results, as reported by other researchers is first 

presented. A brief discussion is also provided regarding the effects that size, type and location   

of delaminations have on natural frequencies.  Chapter 3 presents, a comprehensive structure of 

this report, all 2D and 3D simulations including a comparison with other literatures. These 

comparisons include the validity and proof of how and to what extent size, type and location of 

delaminations impact on natural frequencies in beam structure. Concluding remarks and future 

works are presented in Chapter 4. Finally, the report ends with Appendices A, B, and C, 

presenting, respectively, additional information about element and analysis types in ANSYS
®
, 

applied ANSYS
®
 codes in this research, and additional supporting simulation illustrations. 
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Chapter 2: Theory 

=================================================== 

2.1 Vibration 

Vibration is a mechanical condition where oscillation develops around an equilibrium point. 

These oscillations can be either periodic like a pendulum or random such as the movement of a 

tire on a road [1].  

Vibration can be desirable like musical instruments or speakers in a sound system, or 

more often it is undesirable. The vibrations of engines, electrical motors are unwanted and 

basically it is a sign of energy being wasted. 

2.1.1    Types of vibration [1] 

• Free vibration  

This condition occurs when an initial input sets off a mechanical system and then the 

system is allowed to vibrate freely. An example of this type of vibration is when a string 

on a guitar is pulled and then let go to vibrate. In this type of vibration, the mechanical 

system vibrates at one or more of its natural frequency and then damp down to zero. 

• Forced vibration  

When an alternate force is applied to a mechanical system it is called forced vibration. 

Earthquake is a good example of this type of vibration. In this type of vibration the 

frequency of vibration is the frequency of force applied. The order of magnitude of this 

vibration is dependent on the actual mechanical system. 

 

The frequency at which a system vibrates naturally after it has been set in motion is called 

natural frequency. Therefore, if there is no interference, the number of times a system oscillates 

between its original position and the position it moved to after it was set into motion is the 

natural frequency of that system. For example, if a beam that is fixed on one end and a weight 

attached to its other end, (Figure 3), is pulled and then released, the beam oscillates at its natural 

frequency. 
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In this example, the natural frequency can be calculated using this formula: 

ƒ=1/2π√(k/m) 

Where m is mass weight at the tip and k is the beam stiffness in lbs/in, or N/m.  

       
 Figure 3- Natural Frequency, adapted from [16] 

 

The study of natural frequencies and modes of free vibration of a system can be accomplished by 

one of the many well-established methods, namely Analytical and semi-analytical Methods, in-

house codes based on (Numerical) Finite element Method (FEM) formulations, Software-based 

FEM Simulations, and Experimental Methods, etc.  

In what follows, the application of analytical methods to the free vibration analysis of 

delaminated beams, as reported in the literatures [6 and 24], is first briefly discussed. The main 

focus of the present study is the application of the educational version of FEM-based commercial 

ANSYS
®

 software to the free vibration analysis of various layered beam configurations with 

delamination(s).  

2.2   Analytical Method 

To narrow down the field for analytical method, the focus of this research will be on single and 

double delaminations.  

2.2.1   Single delamination 

Single delamination was studied by previous scholars in two conditions. First, free mode and 

also constrained mode. In this research, free mode is primarily considered. To explain analytical 
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method in single delamination, and how it is determined, the work done by previous researchers 

will be illustrated. They reported the analytical solutions for “free mode”. 

In their research, the beam has three spanwise origins: two integral and one delamination. The 

assumption was that the beam is divided into 4 segments. 

Free mode  

All four beams are treated as Euler–Bernoulli beams, therefore, the present solution is valid as 

long as ��>>�� , �=4, Figures 4, 5, 6, and 7 [6]. 

 For simplification of the analysis, the following assumptions are considered: 

(a) the delamination pre-exists;  

(b) The two layers of the beam are linear elastic;  

(c) the effect of coupling due to the difference in the material properties of the two layers is 

neglected; and  

(d)  the two layers are identical in densities, which is relevant only for the ‘free mode’ model 

 

  
           Figure 4- A beam consisting of two distinctive layers is delaminated along the interface 
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      Figure 5- Front view of delaminated beam; showing three different origins  

 

The delamination occurs between point x=x2 to x=x3 (Figure 6). The assumption is: there is no 

shear and axial deformation and also torsion is ignored.    

 

Figure 6- Beams 2 and 3 are connected at their ends to the integral beams 1 and 4  
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Figure 7- Diagram of forces and bending moment of the beam 

        

 

The governing equation for free mode is: 

��� ��	
��
��� � ����

��	
��
��� � 0	               (1) 

 

For beam 1, we have [6 and 24]: 

             

  (2) 

 

 

Substituting ����, � � ����sin	�ωt in above formula [6 and 24]:  

            

  (3) 

 

For beam 2 and 3, the governing equations are as follow: 

            

 (4) 

     

    (5)  

 

The general solutions for above equations (3) to (5) are,      

   

 

���� �  !� cos $%�
�
&

' �(�sin $%�

�
&

' �!�� cosh $%�

�
&

' �(�� sinh $%�

�
&

'*+                   

 

(6) 
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where 

%�
, � -�./


01

�,                                                (7) 

   

%� is the non-dimensional frequency, and Ci, Si, CH and SH are unknown coefficients in 

Equation 6, which can be obtained from four boundary conditions and twelve continuity 

conditions. 

2.2.2   Double delamination 

Overall, there are two possibilities with double delamination. One is overlapping delamination 

which is also known as “non-enveloped”, and “enveloped” delaminate, in which damaged 

laminates have the same centre on beam (Figures 8 and 9). 

When the beam vibrates, different layers can vibrate freely and have different transverse 

deformations or may be vibrated together in a constrained mode. In current research, only free 

mode is considered. 

          
Figure 8- Free mode vibration on envelped delamination, adapted from [23] 

 

 

         
Figure 9- Constrained mode on envelped delamination, adapted from [23] 
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In this section a clamped-clamped homogeneous beam with double delamination is 

studied. In previous literatures, the beam was divided into four segments: two integral and two 

delaminations. Researchers considered the beam as having seven segments and they assumed 

sections interconnected, to form a single beam [6 and 24] (Figure 10).  

 

Figure 10 (a) – A model of a beam with two overlapping delamination, adapted from [24] 

          

 

Figure 10 (b) – The delaminated beam is modeled by seven interconnected beams, adapted from [24] 

 

Wang [5] studied a model where layers of delamination did not touch each other; Mujumdar and 

Suryanarayan [6] followed that study, but focused on layers touching each other. More recently, 

Della, Shu and Yapu Zhao [24] concentrated their efforts on rigid and soft connectors. Their 

finding was that the actual results are closer to the results of rigid connector (Figure 11). 
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Figure 11- Graph of the actual, soft and rigid connectors on the deformed beam, adapted from [24] 
 
 

To avoid stating repetitive formulations, the formulations for single delamination can also be 

applied for double delamination except, in this case, the number of unknown coefficients is 28, 

which can be determined by appropriate boundary and continuity conditions. 

 2.3 The Finite Element Method  

The Finite Element Method (FEM) is a versatile numerical method frequently used to solve 

engineering problems. FEM utilizes the stress/strain equation for an element of whole structure.  

In this method a mechanical structure is broken down to a large number of substructures known 

as element. The Finite Element Method considers a number of compatible elements connected to 

each other. Using this technique any complex structure can be modelled as an assembly of 

simpler structures. The greatest advantage this method has over other methods is its generality 

with which natural frequencies and mode shapes can be determined. The challenge for this 

method is that it requires a large (memory) computer to be sensitive enough to achieve numerical 

output.  

The global nodal forces “F” and the global nodal displacements “d” are related through 

use of the global stiffness matrix “K” by 

{F} = [K] {d} 
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The above equation is called the global stiffness equation. It is the basic equation formulated in 

the stiffness or displacement method of analysis.  

General Steps of the Finite Element Method (FEM) [37] 

In this section general steps that are included in finite element method formulation, and solution 

to an engineering problem are outlined. These steps are used as guides in developing solutions 

for structural and non-structural problems. 

Step 1: Select the Element Types: In this step body of a structure is divided into an equivalent 

system of finite elements and their nodes. The element that mostly resembles actual physical 

behaviour is chosen as a model.   

Step 2: Select a Displacement Function 

In this step a displacement function of each element is chosen. This function is represented 

within the element using its nodal values. Some of the examples of these functions are linear, 

quadratic and cubic polynomials. 

Step3: Define the strain/Displacement and Stress/Strain Relationship 

Stress/strain and strain/displacement relationship are important to develop equations for each 

finite element. For instance, in one-dimensional deformation of x, strain εx related to 

displacement u by: 

εx = du/dx 

The stress must be in relation with strain through a law called the constitutive law. Obviously, 

accurate results stem from the ability to determine the material behaviour. Hooke’s law is often 

the governing law for stress analysis, and is:  

σx = Eεx 

Step 4: Derive the Element Stiffness/Mass Matrix and Equations 

The matrices that govern element stiffness and element equations were originally based on the 

concept of stiffness influence coefficients. This required a background in structural analysis. 

There are three methods to determine the stiffness matrix. They are Direct, Variational, and 

Weighted Residual Methods. In direct equilibrium method, the element stiffness matrix and 

element equations that relate nodal forces to nodal displacements are derived by using force 

equilibrium conditions for a basic element, in conjunction with force/deformation relationship. 
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The mass matrix of the system, representing the inertia effects in the dynamic analysis, is also 

derived and included in the element equations.  

Step5: Assemble the Element Equations to Obtain the Global or Total Equations and Introduce 

Boundary Conditions (B.C.) 

This step involves element nodal equilibrium equations that were developed in last step and 

implying them into global nodal equilibrium equations. 

Step 6: Solve for the unknown Degrees of Freedom (DOF) 

For a simple static analysis, equation below takes into account the boundary conditions and it is 

written in expanded form: 

 

where ‘n’ is total number of unknown nodal degrees of freedom in structure. 

These equations can be solved for displacement matrixes (d1 to dn) by using eliminating methods 

available.ds are the primary unknowns; because they are the first values calculated using the 

stiffness finite element method. 

Step 7: Solve for the Element Strains and Stresses 

Secondary quantities of strain and stress which are important can be obtained. These can be 

directly expressed as displacements determined in previous section. 

Step 8: Interpret the Results 

Obviously, the main objective is to interpret and analyze the results. The results are important in 

determining the location and size of delamination in a structure. These determinations are helpful 

in design and analysis decisions that have to be made. 

When a beam is considered as a mechanical structure, as it is in this research, it is 

considered to be divided by imaginary lines into a series of elements, and these elements are 

connected at the intersections of these imaginary lines. These intersections are known as nodes. 

Any stress and strain at each element would be defined as the stress and strain displacements and 

forces at nodes. From these displacements, equations are developed individually for nodes and a 

series of these equations would be needed to cover the whole system (beam). To determine the 
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stresses, strains and natural frequencies of the system, these equations must be solved 

simultaneously (i.e., assembly + application of the B.C.).  

In dynamic/vibration modeling, the mass/inertia effects are also included in the dynamic 

equilibrium equation of the system. For free vibration analysis, finite element method leads to a 

linear eigenvalue problem,  

([K]-ω
2 
[M]){d} = {0} 

This is then solved to find natural frequencies (eigenvalues) and modes (eigenvectors) of 

the system. FEM displays great accuracy in lower modes of vibration, and the precision increases 

as the number of elements increases [26]. 

2.4   Simulation Method 

In recent years, software technology has made significant progress, and with this advancement, 

simulation software has improved noticeably. One of the capable software that has been 

developed is ANSYS
®

. ANSYS
®
 software, like in any other methods of problem solving, the 

information must be given and the problem is characterized. All conditions and properties are 

set, and the analysis and solutions are developed.  

These solutions are usually examined by comparing them with baseline results. These baseline 

results are obtained by traditional analytical methods. 

In order to get familiar with ANSYS
®
 release 12.0 some of the characteristics are 

discussed here. The interface in this release is called “Mechanical APDL application”. This 

application provides a combination of power and user friendly software. This would translate 

into more flexibility options for users.  

With this software, Design Model is developed to enable the user to edit geometry.   

Design Model is a tool to draw 2D sketches, upload 3D CAD models, and model 3D parts. 

Whether an intermediate or an experienced user, this software can offer the functionality and 

power that either user desires. 

In summary, certain recommendations would be given to enable other researchers to 

continue the analysis for other related subjects. Each solution presented in ANSYS
®
 serves as a 

template to be used as a model to solve similar types of simulations.  
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2.4.1 The Mechanical Application Approach 

Mechanical applications can be used to carry out different types of structural, electromagnetic 

and thermal analyses. Using this application, model’s environment and boundary conditions are 

defined, the problem is solved, and then results are visualized. In what follows, an overall 

understanding of the workflow logic involved in any mechanical application is briefly discussed. 

Overall steps to use the Mechanical Application are further explained in Appendix A.   

These logical steps start with (1) Creating Analysis System, and continues with (2) Defining 

Engineering Data, (3) Attaching Geometry, (4) Defining Part Behavior, and finally is completed 

with (4) Stiffness Behavior.   

In ANSYS
®
 there are limited tools to create geometry. Therefore, it is a favourable to 

create geometry in CAD software and then import it to ANSYS
®
. Normally, the model will be 

automatically meshed at solving time, but the option also exists to mesh it before that. 

Determination of element size and type is dependent upon a number of factors such as, overall 

model size, complexity of structure, and body curvature.  There are almost 200 different types of 

element in ANSYS
® 

library (see Table A1, Appendix A).  Selecting an element type from the 

large library of elements in ANSYS
®
 could be intimidating to the user; however, this selection 

can be narrowed down by knowing the type of analysis, whether it is linear or nonlinear, and if it 

is for structural, modal or electrical analysis, etc.   Elements are categorized into groups with 

similar characteristics such as: Shell, Plane, Solid, etc. Each element has two sections: Group 

type + number. The older version of elements have a lower number than the newest version. 

LINK1, BEAM3, SHELL181, SOLID187, etc. are the most modern in the element library.  It is 

interesting to know that some simulation software such as NASTRAN
®
 have a general type of 

element that is used for all types of analyses. 

The strain on nodes can be linearly varied from one to another in linear elements because 

there is no mid-side node. These types of linear elements in ANSYS
®

 are called “fully 

integrated”, which means they react like semi-quadratic element, but not completely.  In general, 

the simulation time for a linear element is shorter than a quadratic element which contains mid-

side node.  To choose an element some factors need to be considered: 

• Quadratic elements function much better than linear elements for in-plane bending type 

problems. Even turning on several linear elements cannot be as good as quadratic elements.  
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• Linear elements tend to have more errors to non-perfect element shapes. Linear elements 

perform better in a mapped mesh as oppose to a free mesh. 

• Contrary to in-plane bending, linear and quadratic elements perform the same in out-of-

plane, plate type bending. 

• If the elements are regularly shaped, linear bricks display good results. If the volume has a 

complex shape, which results in skewed elements, meshing should be done with 20 node 

bricks or tetrahedral elements. Because linear triangles are constant-strain elements they 

give poor results.  In general, one quadratic element having three nodes is more accurate 

than two linear elements with three nodes along the same dimension. 

• A finer mesh of linear elements, in non-linear analysis, is more accurate and stable than a 

rougher quadratic mesh with same number of nodes. 

2D Solid Elements: 

There may be confusion for ANSYS
®
 users in the beginning asking, how 2D element can be a 

“solid”.  The answer is: By modeling a cross section in ANSYS
®
, 2D element can behave like 

solid part. In general, 2D solid elements are used in three types of analysis:  

• Plane Strain: When a subject for modeling is thin sheet or very long with small thickness, 

2D solid element provides the same result, which can be established by shell model. 

Stresses in the thickness direction are significant. 

• Plane Stress:  A plane stress analysis is a 2D model of a thin sheet with in-plane loading. 

Axisymmetric: In this type of analysis, we are modeling a cross section of a structure that 

is fully defined by rotating the cross section around a central axis. A pressure vessel or 

bottle would be examples of this kind of structure. The thickness direction here represents 

the circumferential (hoop) direction and those out-of-plane stresses are very significant 

(picture a tank under pressure).  

• Axisymmetric: when a cross section of a structure is 360°  rotated around central axis, this 

type of analysis should be considered because the thickness direction presents the 

circumferential direction, and out-of-plane stresses are important to be considered. 

Considering the analysis made here is assumed to be linear, and because the ANSYS
®
 package 

is educational, with the help of following chart, PLANE 42, PLANE 182, and SOLID 45 were 
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selected for this research. For instance, Table 1 provides the most commonly used element types 

for stress analysis. 

 
Table 1- Samples of element types in ANSYS

®
, adapted from [27] 

PLANE42: It is a basic 2D solid element (Figure12). This element can be used in Plane stress or 

strain. As it is shown in following figure, it is defined by four nodes having two degrees of 

freedom at each node: UX and UY. The element has plasticity, creep, swelling, stress stiffening, 

large deflection, and large strain capabilities. 

 
Figure 12- PLANE42 Geometry, adapted from [27] 

PLANE42 Assumptions and Restrictions: 

• The area of the element cannot be zero. 

• This element is only applicable in XY plane as shown in Figure 12  

• If K and L node are duplicated, a triangular element may be used in meshing 

• For purpose of having a constant strain element result,  any extra shape triangular 

elements is automatically deleted  
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PLANE42 Product Restrictions 

• Plane 42 cannot be used in DAMP material  

• KEYOPT(6) = 3 cannot be applied  

PLANE82: 8 nodes version of PLANE42. A triangular is an option in this type of element. 

PLANE182: The new version of PLANE42, which can be used for nearly incompressible 

elastoplastic materials, and fully incompressible hyperelastic materials. 

3D Solid Elements: 

These types of elements have their geometry fully defined by the element nodes. They are 

elements that are used to mesh volumes in ANSYS
®
. These volumes could be created in the 

ANSYS
®

 preprocessor or imported from a CAD system. Hexahedral elements (bricks) can be 

used to mesh regularly shaped rectangular type volumes, and tetrahedral elements (tets) can be 

used to mesh any volume. Even linear bricks, if not distorted, can model a thin plate in out-of-

plane bending with one element through the thickness since they have “extra shapes” turned on. 

SOLID45: Basic Linear Brick. This element is used for the 3-D modeling. As it is shown in 

Figure 13, this element is identified by 8 nodes and each node has three degrees of freedom in 

UX, UY and UZ. 

 

Figure 13- SOLID45 Geometry, adapted from [27]  

 

SOLID45 has the capabilities of plasticity, creep, swelling, stress stiffening, large deflection, and 

large strain. An option of reduced integration with hourglass control is available.  

SOLID45 Assumptions and Restrictions 

• Zero volume elements are not allowed. 
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• Elements may be numbered either as shown in Figure 13: SOLID45 Geometry or may 

have the planes IJKL and MNOP interchanged. 

• The element should not be twisted such that the element has two separate volumes. This 

occurs often when the elements are not numbered properly. 

• All elements must have eight nodes. 

• A prism-shaped element may be formed by defining duplicate K and L and duplicate O 

and P node numbers (see Triangle, Prism, and Tetrahedral Elements). 

• A tetrahedron shape is also available. The extra shapes are automatically deleted for 

tetrahedron elements. 

SOLID45 Product Restrictions 

• When used in the products listed below, the stated product-specific restrictions apply to 

this element in addition to the general assumptions and restrictions given in the previous 

section. 

• The DAMP material property is not allowed. 

• The only special feature allowed is stress stiffening. 

• KEYOPT (6) = 3 is not applicable. 

SOLID95, SOLID185, SOLID186, SOLID92, and SOLID187 are other available solid elements 

in ANSYS
®

.  A brief explanation is provided in Appendix A. 

3D Shell Elements: 

A shell element is simply a surface type element. It is a 2D element that is called 3D because it is 

not restricted to the XY plane like a 2D solid element; it can be located anywhere in three-

dimensional space and it can be damaged out-of-plane. Shell elements are engineering 

“abstractions”, because a geometric surface has no physical thickness. An ANSYS
®
 real constant 

is used to give a theoretical thickness to a shell element. Shell elements can also be called plate 

elements, and are utilized to model panel type structures where the thickness is smaller than the 

other dimensions of the part. They are capable of carrying in-plane loads (also called membrane 

loads) and also out-of-plane bending moments and twisting. More information about SHELL63, 

SHELL93 and SHELL181 are presented in Appendix A. 
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Beam Elements: 

Line elements are segments of shells and they are better known as a simple line, which 

exemplifies a long slender structure that can carry axial, bending, shear and twisting forces. Real 

constants describe the cross sectional properties of the beam element. Different types of beam 

elements and their applications are further explained in Appendix A.  

2.4.2 Analysis Types 

 Several types of analyses in the Mechanical application can be performed using pre-configured 

analysis systems (see Create Analysis System). For doing more advanced analysis, Commands 

objects in the Mechanical interface can be used. This will allow the user to enter the Mechanical 

APDL application commands in the Mechanical application to perform the analysis.  

There are various analysis types that can be performed in the Mechanical interface. For 

furether info, please find Depending on how experienced a user is, the results and features could 

vary. Due to the application of Modal analysis in this research, and the extensive usage of it 

throughout this thesis, a brief review of this analysis will be discussed below.  

Modal Analysis in ANSYS
®
 

Modal Analysis is a tool used to determine vibration characteristics or natural frequencies of a 

mechanical structure. It can also be used for dynamic analysis, harmonic response, and transient 

dynamic analysis. Modal analysis in ANSYS
®

 is linear analysis.  In this research natural 

frequencies and mode shapes are concentrated upon.  

Process Involved in a Modal Analysis 

The overall process for modal analysis includes the following steps: 

1. Building the Model for a Modal Analysis 

To build a model for modal analysis, the following conditions must be considered: only 

linear behaviour is accepted and if non-linear elements are specified, ANSYS
®
 would 

ignore the specification and treats it as linear. 

2. Mesh Controls Overview 

As mentioned before, when Mechanical application is being used, a part or structure is 

automatically meshed at solve time. If it is desired, meshing can be done before solve 

time. To achieve this feat, select mesh from Tree Outline, right click on that, and then 
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select Generate Mesh. In addition, mesh controls assist the user to refine and fine tune the 

mesh. 

The element size is determined by the size of the bounding box, body curvature and 

complexity of the structure. 

3. Apply loads and obtain the solution 

There are several mode-extraction methods that can be selected in ANSYS
®
. These 

include: Block Lanczos, Supernode, PCG Lanczos, reduced, unsymmetric, damped, and 

QR damped. Damping in the structure can be accomplished by the damped and QR 

damped methods. The QR Damped method also allows for unsymmetrical damping and 

stiffness matrices.  

4. Visualize/Review the results 

Results from a modal analysis are written to a structural result file called, Jobname.RST. 

Results could include: 

Natural frequencies 

Expanded mode shapes 

Relative stress and force distributions (if requested). 

The results can be reviewed in POST1 [/POST1], the general postprocessor. 
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Chapter 3: ANSYS
®
 Models 

3.1 Introduction 

With aid of ANSYS
®

 simulation, the size, location and type of delamination in a beam structure 

can be varied to study their effects on, and the changes in, the system natural frequencies.  As 

will be shown later in this chapter, in general, the larger the delamination, the lower the natural 

frequency. In addition, the location of the delamination also affects the natural frequencies of the 

defective system. Furthermore, if beam structure has more than one delamination, then natural 

frequencies decrease even more. As also reported by other researchers, the extent of defcet is 

also an important factor; after a certain delamination size the fundamental natural frequency 

decreases more sharply.  

 ANSYS
®
, as previously explained, is capable to do simulations in 1D, 2D and 3D 

environments. 1D FEM simulations are omitted here, as they have been previously investigated 

[25]. Therefore, this study concentrates its focus mostly on 2D and 3D simulations. These 

simulations include different frequencies and delamination conditions on two types of beams. 

These beams are further divided into different categories and each category is individually 

investigated.   

Since this work covers a wide area of effects of delaminations and their effects on the 

natural frequencies of defective systems for a number of beam configurations, a flow chart is 

included for the reader convenience (Figure 14). 

This is also to ease the usage of this research for future users and to have a better understanding 

of process involved in this research. 
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Figure 14- Flow chart of current thesis 
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3.2 Results and discussion 

Contrary to other finite element software, ANSYS
®
 provides the option to write a specific 

program or commands in Microsoft Word, Notepad or Word pad. This written Macro file can 

then be executed in ANSYS
®
. 

To that end, several programs that are developed specifically for this research have been 

included in appendix A at the end of this research. In this program some of the parameters had to 

be included as assumptions which are as follow: 

1) The material is homogeneous and isotropic 

2) No coupling has been employed 

3) Free mode only is considered 

4) Rigid connectors are applied 

With these assumptions, modal test for different cases is carried out. 

In present study, two types of models are created: 2D and 3D. 

3.2.1    2D Model 

For the finite element modeling of layered beam, PLANE182-2D-4Node element was used. In 

this case study the effects of delamination on vibration characteristic of a beam is illustrated. For 

simplicity, a single delamination is considered and these results can be extended to multiple 

delaminations as long as there is no separation between the layers of delamination at the mid-

plane. For 2D modelling, a Macro file has been created to simulate single delaminated clamped-

clamped and cantilever beams, with consideration that delamination can happen on either center 

or off-center of the beam (Appendix A).  

3.2.1.1     Case study 1 - Single delamination (Clamped-Clamped beam) 

A clamped-clamped homogenous beam model is developed where delamination is located in mid 

plane and centered position (Figure 15). In modeling, two layers are stitched as shown by green 

color in Figure 15. 
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Figure 15- 2D clamped-clamped beam  

    

The modal test was conducted with the following conditions: 

Delamination length over Length of beam (a/L) = 0.40, Thickness of beam (H) =2x H2 = 2x H3  

and homogenise E= E2= E3, UX=UY=0 for both ends. The element size is 0.1. The first set of 

modal test results are summarized in Table 2. These numbers are natural frequencies which were 

obtained for this beam from ANSYS
®
. 

Mode 

No. 

Frequency 

(Hz) 

Non-dimensional frequencies 

 %�
2 � 3�2√

./

01


 

1 0.27859 21.829 

2 0.56021 43.896 

 3 0.84178 65.959 

Table 2- First three modes of single centered delaminated clamped-clamped beam from 

ANSYS
®

 

 



 29 

   

 

The corresponding mode shapes for above frequencies have been captured in Figures 16 to 18. 

 

Figure 16- First mode of single centered delamination clamped-clamped beam 
 

 
Figure 17- Second mode of single centered delamination clamped-clamped beam 
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Figure 18 (a) - Third mode shape in interval 1 while upper and lower layers are twisting 
 

 
Figure 18 (b) - Third mode shape in interval 2 while upper and lower layers are opening 
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3.2.1.2 Result 1 - Single delamination (Clamped-clamped beam) 

To further investigate the effects of delamination ratio of a/L on non-dimensional frequency of 

single centered delamination of a clamped-clamped beam, the aforementioned macro file was 

run several times, and in each case the length of delamination was varied from 0 to 0.6L. 

The results obtained from this simulation are compared with those of Della and Shu [13] 

and Wang’s [5] data to verify the presented ANSYS
®
 model program (Table3). Comparing these 

results proves the fact that the length of delamination significantly impacts the non- dimensional 

frequency provided that a/L>0.4. However this impact lessens for the length values below 0.4. 

 
  Table 3- First and second non-dimensional frequencies comparison 

 

The performance of present simulation is compared with developed analytical data by Wang [5], 

and Della-Shu [13], and errors for first and second modes are reported in Table 4. 

 

    
First  Mode 

    

 

Second Mode 

 

Min. error Max. Error Ave. Error Min. Error Max. Error Ave. Error 

0.00% -0.21% 0.09% 0.06% 1.36% 0.52% 

    Table 4- Result deviation between FEM model and reference data 

The low percentage of errors displayed in Table 4, reiterates the fact that the simulation program 

in ANSYS
®
 is functioning properly and is giving acceptable results. A better indication of the 

comparison made above between simulation data and analytical data, can be observed in Figures 

19 and 20. The former, presents comparison between the ANSYS
® 

results and those from Della-

Shu [13] (1
st
 mode). The latter compares the ANSYS

® 
results to those presented by Wang [5] 
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(2
nd

 mode).  Figure 20, compares the results that were obtained from ANSYS
®

 to the results from 

Wang [5].  

   
 Figure 19- First non-dimensional frequencies comparison between Della-Shu [13] and ANSYS

®
 

 

 
Figure 20- Second non-dimensional frequencies comparison between Wang [5] and ANSYS

®
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3.2.1.3     Result 2 - Single delamination (Clamped-clamped beam) 

In order to verify the effect of length of the beam segments on the precision of ANSYS
® 

analysis 

(provided L/H is very large), the frequency data was reproduced for different a/L values, by 

setting a/L=0.2 and changing L/H ratio (see Table 5).  Three different sets of values, L/H=20, 40, 

and 60, were used in simulations and comparison was made between ANSYS
®
 results and those 

reported by Della and Shu [13]. The data available in the literature [13] are based on Euler-

Bernoulli beanding beam theory, which is valid for long and thin (slender/engineering) beams. 

As can be observed from the data in Table 5, when L/H ratio becomes significantly high, the 

effect on frequency becomes almost negligible; when L/H increases the error decreases. This is 

an indication that analyses are length-independent for large L/H ratio, i.e., Euler-Bernoulli beam.  

 

     

    

 
Table 5- Non-dimensional frequencies are independent from L/H ratio 
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3.2.1.4     Case study 2 - Single out of mid-plane delamination  

Previous clamped-clamped beam example is repeated with the exception of delamination is out 

of mid-plane. H2=0.67H, and H3=0.33H. After simulating this model in different cases of a/L, 

the data is summarized in Table 6. It can be observed from the table that the location of 

delamination with respect to mid-plane is a determining factor in primary frequency. To clarify 

this matter more, if results from Table 3 are compared with results in Table 6, the primary 

frequency, or non-dimensional frequency, will decrease as delamination occurs closer to the edge 

in width direction of the beam.  

 

 

   Table 6- Primary frequency of single out of mid plane delamination 

 

 3.2.1.5     Case study 3 - Single delamination (Cantilever beam) 

In this section, the effects of delamination ratio, a/L, on the natural frequency of a cantilever 

beam with single off-centered and centered delaminations, are studied. The macro file was run 

several times, and in each case the length of delamination was varied from 0 to 0.6L.  

A cantilever beam was developed and delamination is located in non-mid plane and centered 

position (Figure 21).  The modal test was conducted with the following conditions: 

The delamination length over length of beam (a/L) is 0.4, Thickness of beam2 (H2) = 0.33H, 

d=0, Thickness of beam3 (H3) = 0.67H and homogenise E1= E2= E3. Boundary condition is: one 

end is clamped, UX=UY=0 and other end is free. The element size is 0.1. 

 

 

a/L L/H a/H2  Lambda 

0.1 60 8.955224 4.732 

0.2 60 17.91045 4.725 

0.3 60 26.86567 4.699 

0.4 60 35.8209 4.63 

0.5 60 44.77612 4.472 

0.6 60 53.73134 4.166 
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Figure 21- The cantilever beam with single centered delamination  

In Figure 22, a comparison is made between clamped-clamped results and those of 

cantilever beam. It shows the impact delamination length has on primary frequency which is 

higher in clamped-clamped beam than cantilever beam for a>0.4L (Table 8). 

 

  Figure 22- Influence of a/L on primary frequency 
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In the table below (Table 7), the numerical results for clamped-clamped and cantilever beams are 

tabulated. 

There are three important results that can be observed from this table. First, the primary 

frequency for clamped-clamped and cantilever beams decreases as delamination length (a) 

increases. Secondly, primary frequency slightly decreases in a short delamination (a<0.4L) for 

both boundary conditions. Thirdly, for delaminations with long length (a>0.4L), the primary 

frequency sharply decreases in clamped-clamped beam rather than cantilever beam. 

cl
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o
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a/L L/H a/H2 Primary Freq. 

0 60 0 4.732 

0.1 60 8.955224 4.732 

0.2 60 17.91045 4.730 

0.3 60 26.86567 4.714 

0.4 60 35.8209 4.657 

0.5 60 44.77612 4.502 

0.6 60 53.73134 4.183 

          

  C
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 a/L L/H a/H1 Primary Freq. 

0 60 0 1.877 

0.1 60 18.18182 1.877 

0.2 60 17.91045 1.874 

0.3 60 26.86567 1.866 

0.4 60 35.8209 1.851 

0.5 60 44.77612 1.829 

0.6 60 53.73134 1.798 

 Table7- Comparison of clamped-clamped & cantilever beam   

           

When the simulation results displayed in Figure 22 are compared with those reported by 

Shu [11] in Figure 23, the similarities are noticeable. This proves the fact that the new model 

created for cantilever beam is working properly. 
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Figure 23- Test results adapted from Shu [11] 

3.2.1.6     Case study 4 - Single off-centred delamination  

For this part of the thesis, and to find out about the influence of off-centered delamination on 

primary frequency, macro files are updated from centred to off - centered position. Therefore, the 

files in Results 3.2 and 4 have been adapted to simulate off-centered delamination of clamped-

clamped and cantilever beam, d=6 (Figures 24 and 25).  

 
Figure 24- Single off-centred delamination cantilever beam 
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After running the updated programs, the following results are obtained for clamped-

clamped and cantilever beam: 

 

Figure 25- Single off-centred delamination clamped-clamped beam 

When data from Table 8 and figure 26 are compared, it can be concluded that the primary 

frequency decreases similar to single centered delamination for both types of boundary 

conditions. However, in off-centered delamination, there is a slightly sharper decrease at a/L≥0.3 

compared to centered delamination.  
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 a/L L/H a/H2 Primary Freq. 

0 60 0 4.732 

0.1 60 8.955224 4.732 

0.2 60 17.91045 4.725 

0.3 60 26.86567 4.699 

0.4 60 35.8209 4.630 

0.5 60 44.77612 4.472 

0.6 60 53.73134 4.166 
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0 60 0 1.877 

0.1 60 8.955224 1.877 

0.2 60 17.91045 1.874 

0.3 60 26.86567 1.867 

0.4 60 35.8209 1.854 

0.5 60 44.77612 1.834 

  0.6 60 53.73134 1.806 

Table 8- Comparison of clamped-clamped & cantilever beam            
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     Figure 26- Influence of a/L on primary frequency. 

  

 

3.2.1.7     Case study 5 - Double centered delamination 

There are a number of possible configurations for double delamination of a beam. These 

possibilities, including centered, off-centered, mid-plane, overlapped, and enveloped are 

captured below in Figure 27.  
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Figure 27- Different possibilities of double delamination 

 

To gain a better understanding of the effects of double delamination on vibration of 

beam, 2D model as shown in Figure 28 is created in ANSYS
®

. The macro file created for this 

investigation, and certain parameters as followed were considered:  

a) Material type: isotropic homogenous (E5= E4= E3=E) 

b) Element type: Plane 182 

c) Element size=0.1 

d) Boundary condition: Clamped-clamped beam 

e) Analysis type: Free mode 

f) Center of delamination is center of beam (d1=d2=0) 
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Figure 28- Double delamination 

 

Various models were created and modal test was run for each case. All results confirm 

that an increase in delamination length ratio will cause a decrease in primary frequency (Table 

9). The outcome of simulation of Double central delaminated beam is compared with Erdelyi [4] 

and Della, Shu and Yapu Zhao’s [24] results in table 9. The results achieved by ANSYS
® 

simulations are in agreement with previous analytical literatures [4, 24]. Therefore, it can be 

concluded that the new macro file for double delamination is a suitable template for further 

investigation of other configurations of double delamination of beams. These beams, for 

example, could have different thicknesses, lengths, delamination sizes and locations, etc. 
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Table 9- Comparing new program with analytical results and other literatures 

 

3.2.1.8     Case study 6 - Double non-enveloped delamination 

Double non-enveloped delamination model ANSYS
® 

is created with following assumptions: 

The beam in homogenous, and the boundary condition is set as UX=UY=0, for both ends.  

Furthermore, at/L= 0.6, d1=d2, a1=a2, a1+a2= a0+at and H3=0.5H, H4=0.2H, H5=0.3H (Figure 29). 

 
Figure 29- Enveloped delamination with a1+a2= a0+at condition 
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In figure 30, influence of delamination length on the fundamental natural frequency of a 

clamped-clamped beam is displayed. Total axial delamination length is shown as at, which 

represents the length of the entire delamination region, including overlapping segment. The 

length of overlapping delamination section is denoted as at.  Frequencies are compared as the 

ratio of fundamental frequency, ω, with respect to the natural frequency, ω0, of an intact beam. 

In what follows, two delamination configurations are studied. In the first case, both 

delaminations are assumed to be of equal length, i.e., a1=a2 and at +a0 = a1+a2. The overlapping 

segment, a0, is assumed to be at the center of the beam.  

The second case studied here is a non-overlapping delamination, where a0=0.0. Also, d1 

is assumed to be equal to d2, where d1 and d2 are the distance of each delamination from center of 

the beam.  

For the free mode delamination, which is the focus of the present study, the frequency 

ratio ω/ω0 decreases slightly when at/L is less than 0.3. This decrease remains insignificant until 

the value of at/L reaches 0.4. At this time, frequency decreases significantly and it continues to 

decrease as at/L increases. Another noteworthy fact is that the fundamental frequency decreases 

as the length of overlapping delamination, a0, increases. Observation of this simulation is 

illustrated in table 10 and figure 30. 

 

Figure 30- Influence of overlapping length on the fundamental frequency of a clamped-clamped 

beam 
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Table 10- Influence of overlapping length on fundamental frequency of clamped-clamped beam 

 

Similar to Della, Shu and Zhao [24], the results obtained in this simulation show that the 

fundamental frequency ratio ω/ω0 decreases sharply after at/L = 0.4 for free mode delamination 

model (Figure 31). 

 
Figure 31- Relation between fundamental frequency and delamination length, adapted from [24] 

However, there are some discrepancies for values higher than 0.4, which provides opportunity 

for further studies in future. 
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3.2.1.9     Case study 7 - Impact of Size, location and type of delamination  

The following table is created based on reported data in previous sections of this thesis. From the 

table, it can be observed that when size of delamination increases, the non-dimensional 

frequencies decrease, especially when a/L≥ 0.4.  

In addition, in case of more than one delamination, the non-dimensional frequency of 

defective beam structure is affected more than a single-delamination configuration. 

As presented in the Table 11, when defect occurs closer to the edge of beam (out of mid-

plane), the slope of decrease of non-dimensional frequencies is sharper than mid-plane 

delamination. 

 

Table 11- Impact of Size, location and type of delamination 

In summary, each of the size, type and location of delamination has a direct influence on non-

dimensional frequencies.  

3.2.1.10     Case study 8 - Effects of element size in simulation results  

The size of element is an important factor in FEM-based simulation, affecting the results 

precision. Selecting too many or too few elements would have a diverse effect on simulations 

performed. Based on current research and the data tabulated in Table 12, in 2D simulation, size 

of element should not exceed 0.17% of length of beam, as the variance between simulation data 

and mathematical results grows larger when the element size is greater than 0.0017L.  
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Single Central delamination clamp-clamp beam 

a/L L/H a/H2 ƒ ω=2pƒ λ
2
 Wang[5] variance Elem. Size 

QTY 

Element 

0.4 60 48 0.279 1.7504 21.829 21.83 0.00% 0.17L% 6000 

0.4 60 48 0.281 1.7646 22.007 21.83 -0.80% 0.33L% 1800 

0.4 60 48 0.285 1.7887 22.307 21.83 -2.14% 0.5L% 800 

Table 12- Effects of element size in simulation result 

In addition, when the mesh is coarse (QTY=800), the penetration in mode shape cannot be 

captured as well as in fine mesh (QTY=6000), Figures 32 and 33. 

 
Figure 32- Penetration in fine mesh 
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Figure 33- Penetration in coarse mesh 

3.2.1.11     Case study 9 - Influence of element type  

As it was mentioned earlier in this report, selection of element type depends on the nature of 

analysis preformed, in this case liner modal analysis, and also accuracy and calculation time. 

Therefore, Plane182 element was selected for this research. However, it should be noted that 

Plane182 is not the only option; there are other types of elements that one could use and produce 

more accurate results. However, the time for simulation would have been longer, but in the end 

the results are not different significantly.  

For comparison purposes, Shell63 element was also examined in a 2D simulation. A 

modal test was conducted with both Plane182 and Shell63 elements. The average difference in 

results for the first four modes was found to be very small, i.e., around 0.25%. A model created 

using Shell163, however, needed more time to solve. Therefore, to save in simulation time 

without compromising the precision of results, Plane182 was selected for all 2D simulation tests 

in this research. 
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3.2.2     3D modeling 

Even though 2D modelling is found to be quite sufficient for investigating effects of 

delamination on natural frequency, but 3D modelling is probably more practical in today’s 

industries. It would also pave the road for a more realistic modelling/simulation and analysis of 

defective 3D components.  Therefore, in what follows, an ANSYS
®

 FEM-based 3D modelling, 

for the free vibration analysis for delaminated layer beam will be examined. Single delaminated 

clamped-clamped beam is modeled in ANSYS
®
. Assumption: beam is homogeneous, free mode 

test is run by new 3D program in ANSYS
®

 (Figures 34 and 35). 

 

  
Figure 34- 3D single delaminated beam  
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Figure 35- Close look at 3D model 

The advantage of having simulations in 3D modeling as opposed to 2D is that more frequencies 

along the other axes could also be captured in 3D simulation which is an important issue in 

design and predicting delamination. It should be noted that these frequencies cannot be captured 

as easily in 2D modeling. 

To have a detailed report of how 3D simulation is carried out in this research, the logical steps 

will be explained in the form of an example as follow: 

3.2.2.1     Case study 10 - 3D single centered delamination beam 

This is a uniform beam along its length and its cross-sectional area and it is fixed at both 

ends, clamped-clamped. The investigation focuses on the effects of single delamination on the 

system natural frequency and its mode shapes. 

    

Figure 36- 3D model of delaminted beam 
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Approach and Assumptions 

Assumption is that both sides of the beam are fixed so that it has no degrees of freedom. The 

beam is isotropic so the material properties are constant.   

First a 2D model of length of the beam is created using solid modeling. This area is then 

extruded across the thickness of the beam to form a 3D solid model. 

Assumptions: 

Applicable ANSYS
®

 Products ANSYS
®
 ED (ANSYS

®
 Mechanical) 

Discipline: Structural 

Analysis Type: Modal 

Element Types Used: PLANE42 and  SOLID45 

ANSYS
®
 Features Demonstrated: extrusion with a mesh 

 

Summary of Steps 

Following is a list of necessary steps and a description of each step completed to achieve the end 

results in Table 8.  

a) Input Geometry 

For this step, any geometry file which is saved in IGS format can be imported to ANSYS
®
. 

b) Define Materials 

In order to introduce the material that is specific to any given example, the preference will be set 

as follow: 

“Structural”, “Linear”, “Elastic”, “Isotropic” for each layer and beam is homogenous. E=E1= E2. 

c) Generate Mesh 

The first step of meshing the model is defining element type. In this practice, there are two types 

of elements: 2-D element (PLANE 42) and 3D element (SOLID 52) should be defined. 

Length area of beam is meshed with 2D elements. Then extrude the area to create a 3-D volume. 

The mesh will be "extruded" along with the geometry so 3-D elements will automatically be 

created in the volume. 

The size of each element is identified as 0.1. 

In extrusion process, “Element type number should be selected SOLID45. Also, the number of 

"Elem divs” is 5 in this problem. And “Offsets for extrusion” = 0, 0, 0.5. 
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The ANSYS
®

 software used in this thesis is ANSYS
®
 ED, which is the educational version. 

Because of limitations with this version, 4-node PLANE 42 element is used instead of 8-node 

PLANE82.  

In designing this problem, the maximum node limit of ANSYS
®

 ED was taken into 

consideration. That is why the 4-node PLANE42 element, rather than the 8-node PLANE82 

element was used.  

SOLID45 to run this problem in ANSYS
®

 ED will produce this warning message. If ANSYS
®

 

ED is not being used, then SOLID95 (20-node brick) can be used as element type 2.  

d) Apply Boundary conditions 

In this particular example, the beam is clamped-clamped. Therefore, the displacement of 

nodes at both ends of beam are 0 (UX=UY=UZ=0). 

e) Obtain Solution 

The next step is specifying analysis type. In this example, a modal analysis type is chosen: Block 

Lenczoc. 

 10 modes to extract are identified and also number of modes to expand is 10 in this problem. 

After meshing and applying boundary conditions, the model is ready to be solved. 

 

 

f) Review Results 

The list of natural frequencies (Table 13), and first 3 mode shapes for this 3D beam (a=0.5L , 

H2= H3=0.5H, and E2= E3=E) are obtained for this problem (Figures 37, 38, 39, and 40).  

As it can be observed, all natural frequencies on all planes are captured by one simulation. 
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3D simulation 

Mode No. 
Frequency from 

ANSYS
® 

(Hz) 
Plane 

1 0.24803 Y-Z 

2 0.27980 X-Y 

3 0.55174 X-Y 

4 0.68039 Y-Z 

5 0.83676 X-Y 

6 1.1717 Y-Z 

7 1.3302 X-Y 

8 1.4635 X-Y 

9 1.9179 Y-Z 

10 2.1933 X-Y 

   Table 13- Modal test results from 3D beam 

 

Figure 37- First Mode in X-Z plane 
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Figure 38- Second mode in X-Y plane 

Figure 39- Third mode in X-Y Plane
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Figure 40- Forth mode in X-Z plane 

 

 

In addition, the non-dimensional frequency parameter (λ
2
) results from 3D simulation are 

compared with Della-Shu [13] to verify the presented ANSYS
® 

program in Table 14. 

        

 

a/L L/H a/H2 
λ

2 
from 

 3D simulation 

Della & Shu 

[13] 
Variance 

 

 

0.00 60 0 22.394 22.37 0.11% 

 

 

0.10 60 12 22.398 22.37 0.13% 

 

 

0.20 60 24 22.431 22.36 0.32% 

 

 

0.30 60 36 22.339 22.24 0.44% 

 

 

0.40 60 48 21.924 21.83 0.43% 

 

 

0.50 60 60 20.907 20.89 0.08% 

 

 

0.60 60 72 19.206 19.3 -0.49% 

 

 

       

Table 14- Comparison of 3D simulation with analytical results [13] 

 

The variance between simulation and analytical methods is less than 0.5%. This result proves 

that 3D simulation could not only be confidently used as an alternative to analytical methods, it 

also captures more natural frequencies, representing the beam vibration along the axis 
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perpendicular to the original axis. 

Finally, to have a better overall view of simulation in 1, 2 and 3D, the following tables are 

created:   

a/L L/H a/H2 

3D simulation 

(Present 

study) 

2D 

simulation 

(Present 

study) 

1D 

simulation 

[25] 

Della 

& Shu [13] 

0.000 60 0 22.394 22.396 N/A 22.37 

0.100 60 12 22.398 22.395 22.2588 22.37 

0.200 60 24 22.431 22.375 22.2414 22.36 

0.300 60 36 22.339 22.250 22.1268 22.24 

0.400 60 48 21.924 21.829 21.7298 21.83 

0.500 60 60 20.907 20.866 20.8025 20.89 

0.600 60 72 19.203 19.260 19.2283 19.30 

      Table 15- Comparison of 3D simulation with 1D [25], 2D and analytical results [13] 

 

a/L L/H a/H2 

Variance 

Between  

3D & Della-Shu 

[13] 

Variance 

Between  

2D & Della-Shu 

[13] 

Variance 

Between  

1D [25] & Della-

Shu [13] 

0 60 0 0.11% 0.12% N/A 

0.1 60 12 0.13% 0.11% -0.50% 

0.2 60 24 0.32% 0.07% -0.53% 

0.3 60 36 0.45% 0.04% -0.51% 

0.4 60 48 0.43% 0.00% -0.46% 

0.5 60 60 0.08% -0.11% -0.42% 

0.6 60 72 -0.50% -0.21% -0.37% 

     Table 16- Variance between 1D [25], 2D, 3D simulations and analytical results [13] 

 It can be concluded from Table 16 that 2D simulations results match best with analytical results 

from previous literatures. Also, the results obtained from 3D simulations are comparable to those 

of 2D, and any variance in 3D simulation is negligible. However, 3D simulation is more realistic 

because it takes into account frequencies in all planes, while in 2D simulations only frequencies 

on a particular plane is considered and frequencies on other planes are neglected. Therefore, 3D 

simulation should be used for any investigations on free vibration of delaminated beam because 

it captures all possible frequencies on defected beam in all planes in one simulation process. 
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3.2.3     Additional modal test results  

To get a better understanding and to gain a better insight into the problem of defective beam 

structures with delamination(s), a number of additional modal tests have also been performed. 

These tests and the results have been included in Appendix C. However, the author was not able 

to find any existing similar data in the literature that these results could be validated against. In 

the future, if this data becomes available, the results here can be used as reference.  
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Chapter 4: Concluding Remarks and Future Work 

=================================================== 

Delamination causes weakening of strength and the integrity of a mechanical structure, resulting 

in a final failure. It also reduces the stiffness of the structure, which will have a direct impact on 

the system vibration and stability characteristics. There have been some analytical approaches, 

and limited number of other method, used to investigate the vibrational response of delaminated 

layered beams. However, to the best of author's knowledge, there has been no extensive study 

reported on the FEM-based modal analysis of such systems, exploiting commercial software and 

applications.  

This research, presented an ANSYS
® 

FEM-based study of the delamination effects on the 

vibration characteristics of a beam-type structure. The works and results reported by Shu and 

Della [6, 11, and 23], Della, Shu and Zhao [24], Shu and Fan [10], and Wang [5] were further 

examined. A brief explanation of their mathematical formulation and solution methods was 

offered, and the reported results were also discussed.  The results obtained in this research 

illustrate that the effect of the delamination on frequencies depends on the size, type, and 

location of delamination(s). These effects are also dependent upon the type of boundary 

conditions and vibration mode.   

It was shown that delamination leads to new vibration modes and frequencies proper to 

the defective structure, which are different form the ones commonly encountered in the case of 

intact beam configurations. The change in the magnitude of such frequencies depends upon the 

type, size and location of delamination, as well as the system boundary conditions.  

With the aid of ANSYS
®
, and exploiting 1D and 2D modelling capabilities of the 

software, various delaminated layered beam configurations reported in the literature were 

simulated, and the natural frequency/mode results were verified against the existing data. 

Furthermore, a 3D model was also simulated. It was found that frequencies of vibration in other 

planes can be captured in one single simulation while these frequencies were neglected in 

previous research. In order to capture all the frequencies in analytical methods, calculations must 

be carried out for each plane separately. Obviously, repeating calculations is timely and 

ANSYS
®

 FEM-based 3D simulation and modal analysis offer an alternative to the existing 

analytical method, which can save this time. 
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The following is a list of all simulations carried out in this research. These simulations 

represent the relationship that exists between delamination and frequency in different boundary 

conditions:  

No. of  

options   

See  

Result 

/Case 

study No. 

1 2D single centered delamination Cantilever beam 
 C.S. 3 

2 2D single off-centered delamination Cantilever beam 
 R. 3 

3 2D single centered out of mid-plane delamination Cantilever beam 
C.S. 2 

4 2D double centered delamination Cantilever beam 
 Future 

work 

5 2D double off-centered delamination Cantilever 
 Future 

work 

6 2D single centered delamination clamped-clamped beam  
 C.S. 1 

7 2D single off-centered delamination clamped-clamped beam 
 R. 3 

8 
2D single centered out of mid-plane delamination clamped-clamped 

beam  C.S. 2 

9 2D Double enveloped delamination clamped-clamped beam 
 C.S. 4 

10 2D Double non-enveloped delamination clamped-clamped beam 
 C.S. 5 

11 3D-Single centered delamination clamped-clamped beam 
 C.S. 6 

 

In summary, the present work paved the road to ANSYS
®
 commercial software and its 

application in the free vibration analysis of a number of delaminated beam configurations. 

In the future, all 2D defective configurations with boundary conditions not covered in this 

study can be studied. As mentioned in above table, items number 4 and 5 can be conducted in the 

future and be included in this study. Furthermore, experimental tests for the above conditions 

will add more credentials to the simulation. It is worth nothing that high accuracy and time 

savings are critical factors in any industry. To this end, incorporating ANSYS
®
 software or any 

simulation method can benefit all industries and will be a more trusted tool in the future.  
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Appendix A: Element Types in ANSYS
®
 

================================================== 

The reason for having a variety of elements in ANSYS
®
 is:  

First of all there is a logical plan from the beginning of the simulation. For instance, if 

structural analysis is required, there is no need to use an element with thermal degrees of 

freedom or vice versa. It should be noted that ANSYS
®
 has some elements that are multi-

functional and are capable to do either analysis. 

As it is well published, ANSYS
®
 is a huge program. It is quite capable in many physics fields. 

That would require ANSYS
® 

to have elements for electric fields, electromagnetics, fluids, 

acoustics, and explicit dynamics analysis.  

Secondly, the new version of ANSYS
®
 has been issued in the past two decades, and new 

types of elements are introduced for researches. However, ANSYS
®

 is keeping the old type of 

elements as well, which were used in modeling in the past, for compatibility with older models.  
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Table A1- Different types of elements in ANSYS
®

, adapted from [27] 
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“3D Shell Elements: 

SHELL63: This is an older shell element but still very widely used. It can analyze large 

deflections but not plasticity. 

SHELL93: Quadratic version of SHELL63. In addition it can analyze plasticity. 

SHELL181: Newest linear shell element. Has plasticity and can be used to model laminated 

composites and sandwich panels.  

Beam Elements 

Line elements are an engineering abstraction from shells; they are physically known as a simple 

line, which represents a long slender structure that can carry axial, bending, shear and twisting 

forces. Real constants define the cross sectional properties of the beam element. 

BEAM3: Simple 2D beam element. This element must be created in XY plane. 

BEAM4: Beam element that can be modeled in 3D space. Has large deflection. 

BEAM44: Tapered beam element. Can use the beam tool to define a section and have real 

constants automatically calculated. 

BEAM188: Timoshenko beam that includes shear deformation. Can handle plasticity and can 

define a section with the beam tool. It can have a built-up cross section with more than one 

material. By default this is a true linear element. You need a lot of them to give the same results 

as one BEAM3/4/44/189. In release 8.0 turn on KEYOPT (3) = 2 to give an internal quadratic 

shape function to eliminate this problem. Also, it can display stresses on the actual beam shape 

as if it was solid. 

BEAM189: Three node quadratic version of BEAM188. This is the ultimate beam element that 

can do everything well” [27]. 

Establish Analysis Settings: 

Every specific analysis requires specific settings to achieve various solution options. For more 

customized option, researcher must refer to specific analysis type. The values can be selected in 

this section or default values may be used. 

1. Define Initial Conditions: 

This step depends on analysis type selected.  

2. Apply Loads and Supports: 
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Loads and support types are applied based on the type of analysis. In any application 

these may be different. For stress analysis, pressure and forces are considered while in 

thermal analysis, temperatures and convections are involved. 

3. Solve: 

In this step, the initial stages of solution process starts. The solution can be obtained via 

local or remote machine which is sufficiently powerful. 

Some applications such as non -linear solutions may take a significant amount of time to 

complete. For convenience, a status bar is provided to display overall progress. More 

detailed information can be accessed from Solution Information Object. 

4. Review Results: 

In Mechanical Application section results are available in post processing. Depending on 

the different systems, various results may be observed. In a structural analysis, the results 

from equivalent stress may be interesting while in thermal analysis, temperature or heat 

flux may be desired. 

To add result objects in the Mechanical application: 

1. Highlight a Solution object in the Tree. 

2. Select the appropriate result from the Solution context toolbar or use the right- click 

option. 

To review results in the Mechanical Application: 

1. Click on a result object in the Tree. 

2. After the analysis has been completed, the results can be reviewed and interpreted as 

follow: 

• Contour results - Displays a contour plot of a result such as stress over geometry. 

• Vector Plots - Displays certain results in the form of vectors (arrows). 

• Probes - Displays a result at a single point of time, or as a variation over time, using a 

graph and a table. 

• Charts - Displays different results over time, or displays one result against another result, 

for example, force vs. displacement. 

• Animation - Animates the variation of results over geometry including the deformation or 

delamination of the structure. 

• Stress Tool - to evaluate a design using various failure theories. 
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• Fatigue Tool - to perform advanced life prediction calculations. 

• Contact Tool - to review contact region behavior in complex assemblies. 

• Beam Tool - to evaluate stresses in line body representations. 

Analysis Types: 

  Several types of analyses in the Mechanical application can be performed using pre-configured 

analysis systems (see Create Analysis System). For doing more advanced analysis, Commands 

objects in the Mechanical interface can be used. This will allow the user to enter the 

Mechanical APDL application commands in the Mechanical application to perform the 

analysis.  

  There are various analysis types that can be performed in the Mechanical interface. Depending 

on how experienced a user is, the results and features could vary. These analyses include: 

• Electric Analysis 

• Explicit Dynamics Analysis 

• Harmonic Response Analysis 

• Linear Buckling Analysis 

• Magneto-static Analysis 

• Modal Analysis 

• Random Vibration Analysis 

• Response Spectrum Analysis 

• Shape Optimization Analysis 

• Static Structural Analysis 

• Steady-State Thermal Analysis 

• Thermal-Electric Analysis 

• Transient Structural Analyses 

• Transient Thermal Analysis 

• Special Analysis Topics 

• Wizards 
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Appendix B: ANSYS
®
 Templates 

================================================== 

ANSYS® MACRO FOR THE 2D SINGLE CENTERED DELAMINATION MODELING 

!------------------------------------------------- 2D -------------------------------------------------------------  

! INPUT TO THIS MACRO:  

! ARG1 - L length of the beam  

! ARG2 - H1 height of the bottom beam  

! ARG3 - E1 young modulus of the bottom beam  

! ARG4 - DENS1 density of the bottom beam  

! ARG5 - H2 height of the top beam  

! ARG6 - E2 young modulus of the top beam  

! ARG7 - DENS2 density of the top beam  

! ARG9 - A1 length of the delamination  

! ARG10 - PREC element size 

 

!-------------------------------------------------------------------------------------------------------------------  

KEYW,PR_STRUC,1  

!---------------------------------------------------DEFINITION OF PARAMETERS----------------------  

*SET,L,ARG1   

*SET,H1,ARG2  

*SET,H2,ARG5  

*SET,H,H1+H2  

*SET,DENS1,ARG4  

*SET,DENS2,ARG7  

*SET,I1,H1**3/12  

*SET,I2,H2**3/12  

*SET,E1,ARG3  

*SET,E2,ARG6  

*SET,D1,0 

*SET,A1,ARG9  

*SET,PREC,AR10  

*ASK,MOD,'1 - cantilever beam 2 - clamped-clamped'   

!-----------------------DEFINITION OF ELEMENTS-------------------------------------------------------  

/PREP7  

ET,1,PLANE182  

KEYOPT,1,3,3  

!---------------------DEFINITION OF REAL CONSTANTS----------------------------------------------  

R,1,1,  
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!------------------------------------------------DEFINITION OF MATERIAL PROPRIETIES----------  

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,1,,E1  

MPDATA,PRXY,1,,0  

MPDATA,DENS,1,,DENS1   

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,2,,E2  

MPDATA,PRXY,2,,0 

MPDATA,DENS,2,,DENS2  

!------------------------------------------------------------MODELING----------------------------------------  

/PREP7  

RECTNG,-L/2,L/2,H1/2-H2/2,-H/2  

RECTNG,-L/2,L/2,H1/2-H2/2,H/2  

!-------------------------------------------------------------MESHING-----------------------------------------  

TYPE,1   

MAT,1   

REAL,1  

 ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0   

AMESH,1  

TYPE,1  

MAT,2  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,2  

!---------------------------------------------------------CONSTRAIN NODES-------------------------------  

*DO,i,-L/2+PREC,L/2-PREC,PREC  

*IF,i,LT,D1-A1/2,OR,i,GT,D1+A1/2,THEN  

NSEL,S,LOC,X,i-0.0001,i+0.0001  

NSEL,R,LOC,Y,H1/2-H2/2-0.0001,H1/2-H2/2+0.0001  

CP,NEXT,UX,ALL  
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CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

*IF,MOD,EQ,1,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

*IF,MOD,EQ,2,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

NSEL,S,LOC,X,L/2-0.0001,L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!-------------------------------------------------------------SOLUTION----------------------------------------  

ANTYPE,2 

MODOPT,LANB,10 

EQSLV,SPAR  

MXPAND,10, , ,0  

LUMPM,0  

PSTRES,0  

MODOPT,LANB,10,0,0, ,OFF  

!lauching the solver  

/SOLU  

/STATUS,SOLU  

SOLVE  

FINISH  

ANSYS®  MACRO FOR THE 2D SINGLE OFF-CENTERED DELAMINATION 

MODELING 

!---------------------------------------------------2D ------------------------------------------------------------  

! INPUT TO THIS MACRO:  

! ARG1 - L length of the beam  

! ARG2 - H1 height of the bottom beam  

! ARG3 - E1 young modulus of the bottom beam  

! ARG4 - DENS1 density of the bottom beam  

! ARG5 - H2 height of the top beam  

! ARG6 - E2 young modulus of the top beam  
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! ARG7 - DENS2 density of the top beam  

! ARG8 - D1 position of the delamination from the middle of the beam  

! ARG9 - A1 length of the delamination  

! ARG10 - PREC element size 

 

!-------------------------------------------------------------------------------------------------------------------  

KEYW,PR_STRUC,1  

!---------------------------------------------------DEFINITION OF PARAMETERS----------------------  

*SET,L,ARG1   

*SET,H1,ARG2  

*SET,H2,ARG5  

*SET,H,H1+H2  

*SET,DENS1,ARG4  

*SET,DENS2,ARG7  

*SET,I1,H1**3/12  

*SET,I2,H2**3/12  

*SET,E1,ARG3  

*SET,E2,ARG6  

*SET,D1,ARG8  

*SET,A1,ARG9  

*SET,PREC,AR10  

*ASK,MOD,'1 - cantilever beam 2 - clamped-clamped'   

!---------------------------------------------------DEFINITION OF ELEMENTS---------------------------  

/PREP7  

ET,1,PLANE182  

KEYOPT,1,3,3  

!--------------------------------------------------DEFINITION OF REAL CONSTANTS-----------------  

R,1,1,  

!------------------------------------------------DEFINITION OF MATERIAL PROPRIETIES----------  

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,1,,E1  

MPDATA,PRXY,1,,0  

MPDATA,DENS,1,,DENS1   

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,2,,E2  

MPDATA,PRXY,2,,0 

MPDATA,DENS,2,,DENS2  

!------------------------------------------------------------MODELING----------------------------------------  
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/PREP7  

RECTNG,-L/2,L/2,H1/2-H2/2,-H/2  

RECTNG,-L/2,L/2,H1/2-H2/2,H/2  

!-------------------------------------------------------------MESHING-----------------------------------------  

TYPE,1   

MAT,1   

REAL,1  

 ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0   

AMESH,1  

TYPE,1  

MAT,2  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,2  

!---------------------------------------------------------CONSTRAIN NODES-------------------------------  

*DO,i,-L/2+PREC,L/2-PREC,PREC  

*IF,i,LT,D1-A1/2,OR,i,GT,D1+A1/2,THEN  

NSEL,S,LOC,X,i-0.0001,i+0.0001  

NSEL,R,LOC,Y,H1/2-H2/2-0.0001,H1/2-H2/2+0.0001  

CP,NEXT,UX,ALL  

CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

*IF,MOD,EQ,1,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

*IF,MOD,EQ,2,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  
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ALLSEL,ALL  

NSEL,S,LOC,X,L/2-0.0001,L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!-------------------------------------------------------------SOLUTION----------------------------------------  

ANTYPE,2 

MODOPT,LANB,10 

EQSLV,SPAR  

MXPAND,10, , ,0  

LUMPM,0  

PSTRES,0  

MODOPT,LANB,10,0,0, ,OFF  

!lauching the solver  

/SOLU  

/STATUS,SOLU  

SOLVE  

FINISH  

 

ANSYS® CODE FOR 2D DOUBLE ENVELOPED DELAMINATION MODELING  

H3=0.3, H4=0.3 and H5=0.4, E3=E4=E5, D1=D2=0,a1=6 a2=6 

!---------------------------------------------------DEFINITION OF PARAMETERS----------------------  

*SET,L,60  

*SET,H1,0.3 

*SET,H2,0.3 

*SET,H3,0.4 

H=H1+H2 

*SET,DENS1,10000 

*SET,DENS2,10000 

*SET,DENS3,10000 

*SET,I1,H1**3/12  

*SET,I2,H2**3/12  

*SET,I3,H3**3/12 

*SET,E1,10000000000 

*SET,E2,10000000000 

*SET,E3,10000000000 

!definition of the delamination  

*SET,D1,0 

*SET,A1,6 
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*SET,D2,0 

*SET,A2,6 

*SET,PREC,0.1 

*ASK,MOD,'1 - cantilever beam 2 - clamped-clamped'  

!---------------------------------------------------DEFINITION OF ELEMENTS---------------------------  

/PREP7  

ET,1,PLANE182   

KEYOPT,1,3,3  

!--------------------------------------------------DEFINITION OF REAL CONSTANTS-----------------  

R,1,1,  

!------------------------------------------------DEFINITION OF MATERIAL PROPRIETIES----------  

MPTEMP,,,,,,,,   

MPTEMP,1,0  

MPDATA,EX,1,,E1  

MPDATA,PRXY,1,,0   

MPDATA,DENS,1,,DENS1   

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,2,,E2  

MPDATA,PRXY,2,,0  

MPDATA,DENS,2,,DENS2 

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,3,,E3 

MPDATA,PRXY,3,,0  

MPDATA,DENS,3,,DENS3   
!------------------------------------------------------------MODELING----------------------------------------------------------------  

/PREP7  

RECTNG,-L/2,L/2,H1/2-H2/2,-H/2  

RECTNG,-L/2,L/2,H1/2-H2/2,H/2  

RECTNG,-L/2,L/2,(H1/2-H2/2)+H2,(H/2)+H3 

!-------------------------------------------------------------MESHING-----------------------------------------  

TYPE,1  

MAT,1  

REAL,1  

ESYS,0   

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,1  
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TYPE,1  

MAT,2  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,2  

!layer 3 

TYPE,1  

MAT,3  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,3 

!---------------------------------------------------------CONSTRAIN NODES-------------------------------  

*DO,i,-L/2+PREC,L/2-PREC,PREC  

*IF,i,LT,D1-A1/2,OR,i,GT,D1+A1/2,THEN  

NSEL,S,LOC,X,i-0.0001,i+0.0001   

NSEL,R,LOC,Y,H1/2-H2/2-0.0001,H1/2-H2/2+0.0001    

CP,NEXT,UX,ALL  

CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

*DO,j,-L/2+PREC,L/2-PREC,PREC  

*IF,j,LT,D2-A2/2,OR,j,GT,D2+A2/2,THEN  

NSEL,S,LOC,X,j-0.0001,j+0.0001  

NSEL,R,LOC,Y,(H1/2-H2/2)+H2-0.0001,(H1/2-H2/2)+H2+0.0001 

CP,NEXT,UX,ALL  

CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

!choice of a cantilever beam study  

!then only one end is blocked  
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*IF,MOD,EQ,1,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!choice of a clamped-clamped beam study  

!then the two ends are blocked  

*IF,MOD,EQ,2,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

NSEL,S,LOC,X,L/2-0.0001,L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!-------------------------------------------------------------SOLUTION----------------------------------------  

ANTYPE,2 

MODOPT,LANB,10 

EQSLV,SPAR  

MXPAND,10, , ,0  

LUMPM,0  

PSTRES,0  

MODOPT,LANB,10,0,0, ,OFF  

/SOLU  

/STATUS,SOLU  

SOLVE  

FINISH 

ANSYS®  CODE FOR 2D DOUBLE NON-ENVELPOED DELAMINATION 

MODELING  

H3=0.3, H4=0.3 and H5=0.4, E3=E4=E5,D1=3 D2=-3,a1=6 a2=6 

!---------------------------------------------------DEFINITION OF PARAMETERS----------------------  

*SET,L,60  

*SET,H1,0.3 

*SET,H2,0.3 

*SET,H3,0.4 

H=H1+H2 

*SET,DENS1,10000 

*SET,DENS2,10000 

*SET,DENS3,10000 
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*SET,I1,H1**3/12  

*SET,I2,H2**3/12  

*SET,I3,H3**3/12 

*SET,E1,10000000000 

*SET,E2,10000000000 

*SET,E3,10000000000 

!definition of the delamination  

*SET,D1,3 

*SET,A1,6 

*SET,D2,-3 

*SET,A2,6 

*SET,PREC,0.1 

*ASK,MOD,'1 - cantilever beam 2 - clamped-clamped'  

!---------------------------------------------------DEFINITION OF ELEMENTS---------------------------  

/PREP7  

ET,1,PLANE182   

KEYOPT,1,3,3  

!--------------------------------------------------DEFINITION OF REAL CONSTANTS-----------------  

R,1,1,  

!------------------------------------------------DEFINITION OF MATERIAL PROPRIETIES----------  

MPTEMP,,,,,,,,   

MPTEMP,1,0  

MPDATA,EX,1,,E1  

MPDATA,PRXY,1,,0   

MPDATA,DENS,1,,DENS1   

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,2,,E2  

MPDATA,PRXY,2,,0  

MPDATA,DENS,2,,DENS2 

MPTEMP,,,,,,,,  

MPTEMP,1,0  

MPDATA,EX,3,,E3 

MPDATA,PRXY,3,,0  

MPDATA,DENS,3,,DENS3   
!------------------------------------------------------------MODELING----------------------------------------------------------------  

/PREP7  

RECTNG,-L/2,L/2,H1/2-H2/2,-H/2  

RECTNG,-L/2,L/2,H1/2-H2/2,H/2  

RECTNG,-L/2,L/2,(H1/2-H2/2)+H2,(H/2)+H3 

!-------------------------------------------------------------MESHING-----------------------------------------  
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TYPE,1  

MAT,1  

REAL,1  

ESYS,0   

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,1  

TYPE,1  

MAT,2  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,2  

!layer 3 

TYPE,1  

MAT,3  

REAL,1  

ESYS,0  

SECNUM,  

ESIZE,PREC,0,  

MSHAPE,0,2D  

MSHKEY,0  

AMESH,3 

!---------------------------------------------------------CONSTRAIN NODES-------------------------------  

*DO,i,-L/2+PREC,L/2-PREC,PREC  

*IF,i,LT,D1-A1/2,OR,i,GT,D1+A1/2,THEN  

NSEL,S,LOC,X,i-0.0001,i+0.0001   

NSEL,R,LOC,Y,H1/2-H2/2-0.0001,H1/2-H2/2+0.0001    

CP,NEXT,UX,ALL  

CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

*DO,j,-L/2+PREC,L/2-PREC,PREC  

*IF,j,LT,D2-A2/2,OR,j,GT,D2+A2/2,THEN  
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NSEL,S,LOC,X,j-0.0001,j+0.0001  

NSEL,R,LOC,Y,(H1/2-H2/2)+H2-0.0001,(H1/2-H2/2)+H2+0.0001 

CP,NEXT,UX,ALL  

CP,NEXT,UY,ALL  

ALLSEL,ALL  

*ENDIF  

*ENDDO  

!choice of a cantilever beam study  

!then only one end is blocked  

*IF,MOD,EQ,1,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!choice of a clamped-clamped beam study  

!then the two ends are blocked  

*IF,MOD,EQ,2,THEN  

NSEL,S,LOC,X,-L/2-0.0001,-L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

NSEL,S,LOC,X,L/2-0.0001,L/2+0.0001  

D,ALL,,,,,,ALL,,,,,  

ALLSEL,ALL  

*ENDIF  

!-------------------------------------------------------------SOLUTION----------------------------------------  

ANTYPE,2 

MODOPT,LANB,10 

EQSLV,SPAR  

MXPAND,10, , ,0  

LUMPM,0  

PSTRES,0  

MODOPT,LANB,10,0,0, ,OFF  

/SOLU  

/STATUS,SOLU  

SOLVE  

FINISH 
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Appendix C: Various examples of simulations  

========================================================== 

Additional supporting simulation data: 

This simulation is for 2D double enveloped delamination of a cantilever beam.  

The assumptions are as follow: 

H3=0.3, H4=0.3 and H5=0.4, E3=E4=E5, d1=d2=0, a1=6 a2=12 

 

First 10 modes from ANSYS
®
 for this beam
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First mode 

  

Close look on delamination area in first mode 
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Second Mode  

 

 

A close look at delamination area is shown in the following picture 
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The 3
rd

 mode shape of this beam is as follow 

 

 

 

Close look on 3
rd

 shape mode 

 

4
th    

mode shape
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This simulation is for double non –enveloped delaminated of Clamp-Clamp beam with following 

assumptions: 

a/L=0.4, Off center d1=-d2=3, Out of mid plane H2=H5=0.3H and H3=0.4, a/H3= 60, L/H= 60 

and Homogenous E=E1=E2 
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First 10 modes obtained from this simulation: 
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First mode 

 

Close look at mid-point of first mode
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Second mode 

 

Zoom in on middle of the beam in second mode 
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3
rd

 mode of double non enveloped beam 
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Fourth mode of this modal test 

 

2D Clamped-Clamped Beam 

2D single centered delamination clamped-clamped beam is modeled with Plane182 elements 
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Modal test for first 10 modes is done on this 2D model 

 

with applying B.C. ,the following result is obtained 

 

Deformed shape of First 3 modes of this examination are illustrated as follow:  
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Third shape mode 

 

 

Forth mode 
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2D Double centered delamination clamped-clamped 

 

 

 

Modal test is applied on the above beam and 10 first modes is extracted from this test. 
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Modal test result for double centered delamination on clamped-clamped beam is summarized in 

the following file: 

 

 

 

 

First mode shape of this test is shown in this picture: 
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Second mode shape 

 

The following pictures are providing some of the simulation of all possibilities that exist with 

relationship between delamination, frequency and different type of beams.  

1-2D single centered delamination cantilever beam 
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2-2D single off-centered delamination Cantilever 

 

3-2D double centered delamination Cantilever 
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4-2D double off-centered delamination Cantilever 

 
 

 

5-2D Double non-enveloped delamination clamped-clamped beam 

 

 


