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ABSTRACT 

As explicit finite element codes improve and advanced material models become 

available, such tools find more widespread application in many industries. This thesis reports the 

research study of the low velocity impact simulation on carbon reinforced polymer epoxy 

composite tube using nonlinear explicit finite element software LS-Dyna. Validation of the 

experimental results is done with the proposed finite element model in LS-Dyna. A finite 

element model is implemented on quadratic stress based global failure progressive damage 

formulation to model the response and damage progression through carbon epoxy tube. 

Belytschko-Tsay shell quadrilateral shell element is used to model the eight layer unidirectional 

lamina’s composite cylinder with [30/-30/90/90/30/-30/90/90] lay up configuration. Also 

parametric studies were done to find their effects on the low velocity impact damage process.  

Comparisons of the finite element simulations to the experimental data include 

degradation, as well as the time history responses. Results indicate that the general shapes of the 

force versus time curve histories are correlate well with the experimental test data results. 

Parametric study results are also co related with the results in the published literature and papers 

and good agreement was found between the simulation results and the published data. 

Parameters such as impactor velocity, lay-up configurations, boundary conditions on composite 

tube, and different impactor velocity were considered which affect the impact damage process.  

Thus this study work demonstrates the accuracy and effectiveness of finite element 

simulation of low velocity impact test on composite cylinder with LS-Dyna and predicting good 

simulation results with published data for various parameters. 
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION 

Advanced fiber-reinforced materials with high stiffness and high strength such as 

carbon/epoxy, graphite/epoxy and Kevlar/epoxy are now widely used in as structural materials in 

aerospace industries and for material transport purposes. Other important benefits are their low 

coefficients of thermal expansion which reduces inter-laminar stresses and their low elastic 

modulus which gives high flexibility. Due to low weight requirements, filament-wound 

composite tubes have been utilized extensively in many applications. However, such composite 

structures are susceptible to the impact loading such as handling loads and dropping, which is 

one of the major concerns in designing composite-made structures. Failure due to impact may 

cause severe damage in composite structures in the multiplicity of modes such as matrix 

cracking, fiber breakage, and delamination. Impact generally causes low to medium energies 

which cause a global structural response, and often results in internal cracking and delamination 

for lower energies level, while high impact energies cause penetration and excessive local shear 

damage [1] . The problem is generally complex, involving the structural response of the 

impacted object, the effect of subsequent stress states on damages, and finally the effect of this 

damage on the strength and stiffness of the structure. 

It is well known that composites, unlike metallic materials, can suffer a significant 

reduction in compressive and tensile strengths after impact [2]. Numerous experimental and 

analytical tests have been conducted to study the damage in composite structures[1, 3-5]. The 
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experimental studies attempted to replicate the actual impact situations under controlled 

conditions. For example, tool dropping on the composite structure is simulated by the drop 

weight tester for low velocity impact. Damage due to low velocity impact on fiber reinforced 

composites is considered to be particularly dangerous mainly because the damage is not visible 

to the naked eye; this damage is known as Barely Visible Impact Damage (BVID). For example, 

this type of impact damage can contribute up to 60% loss in the composite structure’s 

compressive strength [5]. 

In general, there are many parameters which define the nature of the damage in 

composite structures, such as delamination in composite structure, which is sensitive to 

compression loadings [1]. Various other parameters which define the morphology of the impact 

process include impactor velocity, geometric constraints applied to the system, impactor shape, 

and dimensions of the impacted structure. Therefore studies of these parameters are important in 

understanding the impact process and the damage caused by them in the composite structures. 

Although a significant amount of work is being done to characterize damage for flat plate 

composite laminates, there has been little work on characterizing and modeling of low velocity 

impact effects on the curved structures such as tubes and vessels. Due to their curved profile 

these structures possess natural boundary constraint.

Damage propagation on the curved laminates was studied analytically by Ganapathy and 

Rao [4]. For their finite element analysis they used four node quadrilateral elements for 

determining the damage on the cylindrical panels due to low velocity impact. The progressive 

failure analysis due to impact was carried out by considering the fiber breakage and matrix 

cracking modes of composite failure. Hwang and Sun [6] used an iterative three dimensional 
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finite element method for failure analysis of laminate composite. Unlike the isotropic, 

homogeneous materials such as the metals, the yield and the post yield theories for structural 

behavior after the onset of the permanent deformation were experimentally verified. Because 

composite laminates are heterogeneous, the interaction of the matrix and fiber upon the failure of 

the lamina or laminate is significant [2]. 

As explicit finite element codes improve and advanced material models become 

available, such tools find widespread application for designing and modeling purposes. This 

thesis study describes an analytical study of low velocity impact effects on a filament wound 

composite tube, using a geometric nonlinear explicit finite element code LS-DYNA (LSTC). The 

non-linear material damage analysis capability of this code also takes into account the material 

stiffness degradation associated with lamina matrix and fiber damage. The parameters considered 

in this thesis study includes the effects of different impactor velocities on the composite tube, 

changing the lay-up sequence, i.e. by following certain lay-up patterns, effect of angle between 

two piles,  impactor of a different material, and changing boundary conditions on the composite 

tube. All these parameters affect the damage resistance of the composite structures and thus 

affect the contact force and time history graph. 

1.2  OVERVIEW 

The importance of carbon reinforced polymer fiber (CRPF) has been generally 

recognized both in space and civil aircraft industries and CRPF composite laminates are widely 

used. Unfortunately, CRPF laminates are too brittle under dynamic loading, particularly impact 

loading. Therefore, the impact problems of composites have become important. A dropped 

wrench, bird strike or runway debris can generate localized delaminated areas due to foreign 
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object damage (FOD), by impacts that are frequently difficult to detect with naked eye. Although 

this damage may seem innocuous to the composite structure, it may result in premature 

catastrophic failure due to decreased strength caused by the impact loading [1]. 

The presence of different forms of damage clearly shows that composite materials are 

susceptible to low-energy impacts. Delamination, for example, is commonly observed between 

plies of the composite material and, that under special conditions, may be indirectly responsible 

for the final failure of a composite. The most severe cause of composite delamination is low-

energy impact. The consequences of such damage impact events effects the global integrity of 

the structural component and may result in drastic reductions in strength, elastic moduli, 

durability, and damage tolerance characteristics.  

Due to impact damage, the stress and deformation in the structure usually follows very 

complex distributions; for example impact, damages due to low energy ( impactor velocity is less 

than 40m/s) results in the formation of a matrix crack. In some cases the laminate is flexible and 

due to tensile flexural stresses this crack occurs in the bottom of the structure. The matrix crack 

in a structure is usually perpendicular to the plane of the laminate and is therefore a tensile crack. 

For thicker laminates, the occurrence of the cracks is near the top of the structure and is created 

by the contact stresses. These cracks are called shear cracks. These cracks are inclined relative to 

the normal to the mid plane of the laminate. The occurrence of the matrix cracks in the laminate 

structure leads to delamination at interfaces between adjacent plies and thus initiates a pattern of 

damage in the structure.  Therefore, the general idea is that due to impact, high stresses occur 

near the impact point and these contained stresses initiate cracks, propagates delamination 

between laminas, and eventually leads to final damage state. Also damage initiation can be 
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predicated by the appearance of the first matrix crack, using a detailed three dimensional stress 

analysis of the impact zone and appropriate failure criteria. Then, delamination sites are 

determined and the propagation of this delamination is studied. 

On these laminates, stresses due to low velocity impact are caused by the pressure 

distribution due to contact. These stresses can be found by the integration of the contact force 

over the contact area. Under the impactor, a complex state of stress is present. Therefore, to 

predict the failure in a laminate structure, principal stresses ( 1, 2) and maximum shear stress 

( max) can be determined at each point, and the maximum compressive stress and maximum shear 

stress distribution are predicated. Structural damage is initiated below the indenter surface due to 

shear stress, which increases with the impactor’s radius. Stress due to Hertz contact loading can 

be determined by integrating the stress components due to a point force over the region of 

contact. The radial ( r) and tangential ( ) stresses are dependent on the ratio of in-plane to 

transverse moduli (ER/EZ), i.e. theses stresses increases as the ratio of the Young’s moduli 

increases [1]. Whereas for low velocity impact on thin laminates, damage occurs when impact 

force reaches the threshold impact force. Delamination is assumed to occur when the transverse 

shear force Qn is such that it exceeds the average transverse shear stress Qn/h. This force 

successfully predicts the delamination damage for several quasi-isotropic laminates. 

Because of their complicated failure mechanism, there are still no generally accepted 

analytical models that can accurately predict the impact damage in laminated composites. Low 

energy impact damage in composite structures has been the subject of numerous studies [1, 3-7] . 

Hosur et al. [7] studied the damage caused due to impact in CRPF laminates by analyzing the 

ultrasonic images. Luo et al. [8] developed a method for modeling and testing carbon/epoxy 
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composite plates. In their study they considered three failure modes: fiber breakage, interlaminar 

delamination and matrix failure for a damage simulation into finite element software ABAQUS. 

However they did not consider the progressive failure of the structure. Hou et al. [7] studied the 

impact damages in laminated composites by considering an improved failure criterion. Failure 

modes have been confirmed using strength and energy concepts applied to cross-ply laminates. 

These studies derived a relationship between transverse crack spacing and laminate strain. 

Experimental techniques have also been offered to detect impact damage [2], which focus on 

defining damage thresholds and considered the use of impact force as a governing parameter.  

Damage propagation on the curved laminates can be found in the study done by Ganapathy and 

Rao [4]. They used a 4-noded, 48 degree of freedom double curved quadrilateral shell element 

for studying the extent of the damage in laminated composite cylindrical/spherical panels 

subjected to low-velocity impact. They did not consider the delamination mode of failure in their 

study. For low velocity impact, delamination is major mode of failure because the level of 

impact energy needed to initiate the delamination is low and the post-impact compressive 

strength is dramatically reduced due to delamination. Therefore to simulate the gradual change in 

the constitutive material properties of the laminate according to the extent of the damage, a 

mathematical model is needed and it is necessary to integrate the failure models provided into 

the load step/time step regime of a dynamic analysis code. The integration of appropriate failure 

models provides the opportunity to accurately describe the nonlinear behavior of composite 

materials due to the progression of local composite damage. 

The micro failure modes commonly observed in composite laminates are (1) fiber 

breakage, (2) fiber micro buckling and matrix crushing, (3) transverse matrix cracking, (4) 

transverse matrix crushing, (5) debonding at the fiber-matrix interface and (6) delamination. The 
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first four failure modes can be treated using thin shell theory, since they depend on in-plane 

stress. The debonding failure mode needs three-dimensional representation of the constitutive 

equations and kinematics, and cannot be treated in thin shell theory. The delamination failure 

mode requires micro-mechanical modeling of the interface between layers and cannot be treated 

in thin shell theory that deals with the stresses in macro levels. Consequently, debonding and 

delamination are usually ignored when thin shell elements are used to model failure in composite 

lamina. 

As explicit finite element codes improve and advanced material models become available, 

such tools will find more widespread application within many industries. The ability of the finite 

element solver to model the damage that arises from the impact load will provide the suitability 

and applicability for composite structures. The derivation of a finite element model for impact is 

governed by certain behavioral characteristics of the impact process. These loads often initiate 

the damage in the specimen, which suggests that a dynamic analysis would be appropriate. Three 

dimensional finite element analysis of impact shows that in the case of low and medium impact, 

transverse normal stresses are small which suggest that a plate/shell analysis would be 

appropriate. Finally, it has been shown that at the onset of impact interlaminar stresses are high 

due to the large flexural stress gradients [1].

The prediction of impact damage is a difficult task for which complete success may not be 

possible. Therefore extensive experimental work is being done to date to understand which of the 

parameters affect the initiation and growth of impact damage in the composite structures. The 

constitutive material constants of the laminates affect the overall stiffness of the structure and the 

contact stiffness and thus have significant effect on the dynamic response of the structure in the 
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impact scenarios. Other factors which affect the response of the composite laminate in an impact 

conditions are the properties of the matrix, fibers, and fibers-matrix interface, all of which affects 

the initiation and growth of the impact damage. For thick composite laminate structures, the size 

of the specimen, and the boundary conditions applied to it, are important factors that influence 

the impact dynamics, since they control the stiffness of the target. The characteristics of the 

impactor including its density, elastic properties, shape, initial velocity, and incidence angle are 

another set of parameters to be considered. The effects of lay-up, stitching, preload, and 

environmental conditions are important factors that have received various degree of attention. In 

addition, temperature changes and moisture absorption have a strong bearing upon the stiffness 

and strength of the laminates, and the peak loading and the total absorbed energy are 

substantially reduced during impact. 

1.3 DEFINATION OF THE PROBLEM 

Composite structure components in many applications must survive different energy 

impacts: low-energy impacts from dropped tools and rough handling during maintenance, 

intermediate energy impacts from runway stones, bird strikes, hail, or other unintentional 

impacts from foreign objects and damage from manufacturing processes, assembly and handling, 

and in-service operations. Damage generated by the impact of a foreign object deserves special 

attention because it can result in a drastic reduction of the composite strength, elastic moduli, 

durability and damage tolerance characteristics. 

A common objective for the design of structures is the prediction and control of damage. 

For composite laminates that are heterogeneous, the assumptions on the behavior and interaction 

of fiber and matrix upon failure of the composite lamina or laminate is limited. Since laminate 
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theory is used to approximate the properties of the material, the failure criterion must be based 

on the stress distributions calculated from the lamination theory. 

Many concerns surround aircraft manufacturing when application of composite structure 

components are routinely subjected to low-energy impacts. Impact loading events cause damage 

to develop in the form of fiber breakage, matrix microcracking, and delamination, thus leading to 

material property degradation affecting the compressive strength of the material [3]. Low 

velocity impact on the composite structure may not produce visible indications on the surface but 

may cause considerable internal damage, therefore it is likely that non-visible damage might 

occur in the early in the composite structure and go undetected during the subsequent service 

inspections. Such a scenario needs a proper damage tolerance characterization, where the 

resulting damage of a low-energy impact event is assumed to be present on the structure for its 

whole life. Therefore the material property’s degradation represents a concern on the 

performance of the structure, wherein the structure must provide support for nominal 

compressive loads during normal operations. 

The fact that low-energy impact damage considerably alters the response of composite 

structures to loads and reduces the performance level of the structure has gained more general 

acceptance. However, the completeness of damage generated by impact loading and the effect of 

such damage in the structural response remain unclear. Understanding the process of impact 

damage initiation and growth and identifying the governing parameters are important for the 

development of mathematical models for damage prediction, for designing impact resistant 

structures, and for developing improved material systems. Qualitative models providing the 
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intuitive explanations for the observed damage patterns in the composite structures are studied 

through experiments and testing [1, 3-5]. 

Owing to the complex response of the composite structures to dynamic loading conditions, 

a significant amount of research effort has focused on investing at the damage, and the behavior 

of such structures under impact. Impact damage in composites occurs when a foreign body 

causes through-the-thickness and/or in-plane fracture in the material. Even in the low velocity 

cases, where the damage may not be clearly visible, the loss in laminate strength can be 

dramatic. This loss can be determined by considering the residual strength after the impact event. 

The extent of the strength reduction and degradation depends on the energy and the number of 

impacts. Belingardi et al. [9] and Luo et al. [8] adopted the simple assumption that when damage 

occurs during impact, the mechanical properties of the damage materials would reduce to certain 

levels regardless of the extent of damage. However, based on experimental results, impact 

damage would continue to develop after the initial damage appears. A model is needed to 

simulate the gradual change of material properties according to the extent of damage.  

Damage modes, which may occur in a composite structure subjected to transverse impact 

loading, are matrix tensile cracking, matrix compressive/shear failure, ply 

separation(delamination) and fiber breakage(tensile or compressive). Under these conditions, all 

six stress components are generally necessary to characterize and discriminate among the various 

possible failure modes. Failure based on the 3D stresses in a unidirectional composite layer, with 

improved progressive failure modeling capability should be developed. The layer failure criteria 

define the initiation of fiber and matrix damage modes by adopting the well-known Hashin 

failure functions. 
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With the advent of the higher computational power of computer and advanced finite 

element codes for defining the failure in composite structure, implicit finite element methods can 

be used to define and study the failure mechanism in composite structures. The advantage of the 

explicit finite element method is due to the nature of the computational approach, i.e., extremely 

small time steps, coupled with an iterative solving method; produce a good ability to solve time-

domain dynamic problems with extreme nonlinearities from material and geometrical effects.   

1.4 SCOPE OF THESIS 

The scope this thesis includes the analytical study of low velocity impact analysis on a 

composite tube in explicit finite element solver LS-Dyna. The simulation results were verified 

with the published experimental results. Also, a parametric study was done to find the effects of 

different lay-up sequences, boundary condition on the composite tube, impactor of different 

material, effect of angle between two plies, and different impactor velocity. The simulation 

results of various parameters were correlated with the published results in the literature. The 

damage analysis is performed by using the Tsai-Wu quadratic failure criterion. The composite 

structure was modeled using Belytschko-Tsay formulation four-node quadrilateral elements.  

The main focus of this research study was to provide comprehensive details on the 

formulation of the low velocity impact analysis of a composite tube and effects of different 

parameters on the impact force vs. time graph. The report of this research work is divided into 

two parts. The first part, chapters 2, 3, and 4 discuss the various failure modes and failure 

theories in composite structures.  The second part, chapters 5 and 6, include the finite element 

simulation of low velocity impact on composite tubes; analysis of various parameters that affect 
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the impact damage process, discussion of simulation results, conclusions, recommendations and 

future work. 

Chapter 2 in general discusses the significance of composite structures, their characteristic 

properties, the manufacturing process, and various constitutive and failure theories.

Chapter 3 discusses various failure modes and failure theories of composites applied in 

finite element formulation. Shell element formulation theory is also discussed. This chapter gives 

an overview of how finite element formulation is done for modeling of composites. 

Chapter 4 summarizes the work that has been done by various researchers in low velocity 

impact on composite laminates and cylindrical/spherical structures. The definition of the problem 

that has been dealt in this thesis work is also explained. Finite element modeling of low velocity 

impact on composite tubes and various other parameters that affects the damage process are 

discussed.

Chapter 5 gives detailed information of finite element formulation of the composite model 

and also studies various parameters that affect the impact damage on composite tube. Finite 

element results of various parameters are presented and these results are correlated with the 

published results in the literature. 

Finally conclusions and recommendations for future work are discussed in chapter 6. 
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CHAPTER 2 

 THEORIES AND PROPERTIES  

2.1 STRUCTURES AND PROPERTIES 

In general, composite materials are made by combining a matrix and reinforcement to 

create a material which has desirable characteristics and which are superior to either of the 

original materials individually. The majority of composite material usage is in a form of a fiber 

reinforced polymer matrix. Epoxy based systems are the most commonly used in matrix 

materials for polymer composites. Epoxy exhibits excellent properties overall, with excellent 

adhesion, high strength, low shrinkage, good corrosion protection and processing versatility. The 

second portion of a composite material is the reinforcement. Fiber reinforcement is used almost 

exclusively. The fiber material is the reinforcement in a composite material that gives the 

material the majority of its strength properties. The fibers generally have very high specific 

tensile strength and moduli, but depend on the matrix material to provide the transverse and 

compressive strength contributions. One of the types of fiber reinforcement such as carbon fibers 

offers light weight, high specific tensile modulus and strength, thus making them ideal for use in 

critical composite structures. They can be made from a variety of organic or petroleum fibers. 

Reinforcement can in the form of long fibers, short fibers, particles or whiskers. Composite 

materials have following advantages: 

High specific strength (strength to weight ratio) and specific modulus (stiffness to 

weight ratio). 

Much higher fatigue and endurance limit. 

Flexible applications-allows the design of materials and structures. 
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When comparing the properties of composites to monolithic materials, the stiffness or the 

strength of a composite may not be different, or perhaps lower than the metals. But when specific 

strength (strength to weight ratio) and specific stiffness (stiffness to weight ratio) are considered, 

composites generally outperform metals. 

2.1.1 CLASSIFICATION OF COMPOSITES  

        Commonly, composite materials show marked anisotropy because of the distinctive 

properties of the constituents in different directions and the inhomogeneous or textured 

distribution of the reinforcement.  The interface between the fibers and the matrix are very 

important due to the load transfer that occurs within that interface. As a result, it plays an 

important role in determining the final properties of the composite. Composite materials are 

classified according to their matrix material as polymer, metal and ceramic matrix composites. 

Composites are also classified according to the type of reinforcement arrangement such 

as shown in Figure 2.1: (a) particulate reinforced, random; (b) fiber reinforced, oriented; (c) fiber 

reinforced, disoriented and (d) fiber reinforced, continuous. 

                                         (a)                     (b)                  (c)                      (d) 

Figure 2.1. Arrangement and types of reinforcements [12]. 
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Reinforcement materials are used in the form of the particles, continuous/discontinuous 

fibers. Most materials are stronger and stiffer in the fibrous form than in any other form. Thus 

fibers are most commonly used for reinforcement in a softer matrix. Fibers usually have high 

stiffness and relatively low density. The most common fibers used are glass, carbon, and boron 

fiber. Figure 2.2 shows a comparison in mechanical properties of various fibers. 

Figure 2.2. Mechanical properties of different fibers [11]. 

Matrix materials are generally polymers, ceramics or metals. However, the majority of 

current composite applications of utilize polymeric matrices. Polymeric matrices can be 

classified into thermosets and thermoplastics. Also there are two types of epoxies, those cured at 

low temperature (120°C) and those cured at a higher temperature (175°C). 

Composites materials incorporating the various constituents display a wide range of 

characteristics. The quality of performance of composite materials can be rated on the basis of 

the specific strength and specific modulus. Carbon/epoxy in its unidirectional form seems to 
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combine the highest specific modulus and strength. The behavior of unidirectional composites in 

the fiber direction, especially the stiffness, is usually dominated by the fiber properties whereas 

in the transverse direction to the fiber directions, strength is dominated by matrix properties.    

Since the fibers do not contribute to the strength transverse to the fiber direction, and the 

strength of the matrix is very low, it becomes necessary to add layers with various orientations to 

face the applied loads. Orientation of the laminas in the composite structure is preferably in the 

0°, 45°,-45° and 90°. The 0 degree lamina carries the axial load, while ±45 degree lamina carries 

the shear load and 90 degree lamina carries the transverse loads. Figure 2.3 shows the laminas 

and their lay-up for a composite structure. 

Figure 2.3. Lamination sequence [10].

Table 2.1 shows the constitutive properties of the most commonly used composite materials [10, 

11]
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TABLE 2.1 

CONSTITUTIVE PROPERTIES OF COMPOSITE MATERIALS 

Property
Carbon/epoxy
(AS4/3501-6)

Graphite/epoxy
(GY-70/934)

E-glass/epoxy

Fiber Volume ratio, Vf 0.63 0.57 0.55 

Density ( )g/cm3 1.58 1.59 2.10 

Longitudinal modulus (E1)GPa 142 294 39 

Transverse tensile strength (F2t) GPa 10.3 6.4 8.6 

In-pane shear modulus (G12) GPa 7.2 4.9 3.8 

Longitudinal tensile strength (F1t) GPa 2,280 589 1080 

Transverse tensile strength (F2t) GPa 57 29.4 39 

In-plane shear strength (F6) MPa 71 49.1 89 

Longitudinal compressive strength 
(F1e)GPa 1,440 491 620 

Transverse compressive strength (F2c)
GPa 228 98.1 128 

2.1.2 MANUFACTURING PROCESSES FOR COMPOSITES 

Fiber reinforcement materials are available in a number of different forms, with the 

specific form utilized depending on the manufacturing process. Fibers come in very small 

diameter, ranging from 5 to 7 microns for carbon fibers [10]. Fibers together are gathered in the 

form of a tow. Prepregging is one of manufacturing processes in which tow is further processed, 

in which the individual fibers are coated with matrix material. Overviews of different 

manufacturing process for composites are given as below [12]: 
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1. Sheet Molding Compound: This is a manufacturing process for producing glass fiber 

with polyester resin. This process gives high rates of production and has been used for 

automobile body panels. 

2. Prepreg and Prepreg lay-up: Prepreg refers to partially cured mixture of fiber and resin. 

The unidirectional prepreg can be cut and stacked to form the final product. Prepreg tape with 

thermosetting polymer resin matrices are stored in refrigerators and can be used afterwards for 

final layup. 

3. Filament Winding: This process consists of winding continuous fiber tow around the 

mandrel to form a structure. In this process the mandrel rotates while the fiber placement is 

controlled to move longitudinally in synchronization. This is a wet lay-up process in which the 

fibers are passed through matrix bath or else tows prepregged prior to winding. This is a low cost 

process and gives high production rates. The figure 2.4 shows the schematic diagram of wet 

filament winding process. 

Figure 2.4. Filament winding process [12]. 
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Other manufacturing techniques for fabrications of composite are resin transfer molding (RTM), 

braiding and weaving, pultrusion, and tube rolling. 

Parameters which may significantly affect the properties of a composite are the shape, 

size, orientation and distribution of the reinforcement, and various features of the matrix such as 

grain size for polycrystalline matrices. These together with volume fraction constitute what is 

called the microstructure of the composite. The orientation of the reinforcement within matrix 

affects the isotropy of the system. When the reinforcement is in the form of equiaxed particles, 

the composite behaves essentially as an isotropic material whose elastic properties are 

independent of direction. Manufacturing processes may result in different orientation of the 

reinforcement and hence the loss of isotropy; thus composite structure becomes anisotropic in 

nature.

2.2 PROPERTIES OF A COMPOSITE BASED ON MICROMECHANICS 

Some basic properties of composite materials can be estimated by using micromechanics. 

The properties of composites are related to the proportions of reinforcement and matrix. The 

proportions of matrix and reinforcement are either expressed by weight fraction (w) or by the 

volume fraction (v). In a composite the proportions of matrix and reinforcement is given by 

weight and volume fractions such as: 

wf + wm =1                    (2.1) 

vf + vm =1         (2.2) 

where subscripts f and m denote fiber and matrix. 
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Since the composite properties are dependent on proportions of matrix and reinforcement, we 

can compute the constitutive property of composite by the following equation: 

Xc = Xf vf  +  Xm vm        (2.3) 

where X represents an appropriate property of a composite. For example, the longitudinal 

modulus E11 of a composite can be computed as 

E11 =  Ef vf + Em vm        (2.4) 

Most properties of a composite are a complex function of a number of parameters as the 

constituents usually interact in a synergistic way, therefore the constitutive properties of the 

composite found by the law of mixtures are not fully accounted. 

Composite laminates are designated in a manner indicating the number, type, orientation 

and stacking sequence of the plies. The configuration of the laminate indicating its ply 

composition is called a lay-up. The configuration indicates, in additions to the ply composition, 

the exact location or sequence of the various plies is called the stacking sequence. Table 2.2 

illustrates various types of laminate designations commonly used: 

TABLE 2.2 

LAMINATE DESIGNATION 

Type  Sequence Notation 

Unidirectional ply ]90/90/90/90[ 4]90[

Cross-ply symmetric ]0/90/90/0[ s]90[
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where s= symmetric sequence 

number subscript = number of plies  

2.3 SCALE OF ANALYSIS OF COMPOSITE LAMINATES 

The interaction of the laminas and failures due to applied loads in the composite structure 

can be analyzed on a micro and macro scale. The approximation of the micro and macro scale of 

failure analysis in a composite structure describes the mechanism of failure at the constituent and 

laminate level, respectively. Thus each of these modes of analysis predicts and quantifies the 

failures in composite structures. Composite materials can be viewed and analyzed at different 

levels and on different scales such as [2, 10, 13]: 

1. Micromechanics: At the constituent level the scale of observation is in the order of the 

particle size and fiber diameter. It includes interactions of the constituents on this microscopic 

level. It deals with the state of deformation and stress in the constituents and local failures, such 

as matrix failure (tensile, compressive, shear), fiber failure (tensile, buckling, splitting, tensile), 

and interface/interphase failure (debonding). Micromechanics are particularly important in the 

study of properties such as strength, fracture toughness, and fatigue life, which are strongly 

influenced by the constituent’s characteristics. Micromechanics also allow the prediction of 

average behavior at the lamina level as a function of constituent properties and local conditions. 

2. Macromechanics: In this mode of analysis, failure criteria can be expressed in terms of 

average stresses and overall lamina strength, which are also associated with the material’s 

strength and stiffness degradation. This approach is recommended in the study of the overall 

elastic behavior of the composite structure, which assumes material continuity. At the laminate 
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level the macromechanical analysis is applied in the form of lamination theory dealing with 

overall behavior as a function of lamina properties and stacking sequences. Finally, at the 

component or structure level, methods such as finite element analysis coupled with lamination 

theory give the overall behavior of the structures as well as the state of stress in each lamina. 

2.3.1 MICROMECHANICS FAILURE IN UNIDIRECTIONAL COMPOSITE 

It is important to understand first the underlying failure mechanisms and processes within 

the constituents of the composite and their effects on the ultimate macroscopic behavior. The 

failure mechanism and processes on a micromechanical scale vary with the type of loading and 

are intimately related to the properties of the constituents such as matrix, fiber, and interface-

interphase. Depending upon the type of loading, different types of failure can occurs such as [2, 

10, 13]: 

1. Longitudinal tension: In this type of loading, the phase with lower ultimate strain will 

fail first. Therefore the average longitudinal stress ( 1) in the composite is defined as 

1 = m* Vm + f* Vf                                                     (2.5) 

where Vm, Vf is matrix and fiber volume, respectively 

m, f is average longitudinal stresses in matrix and fiber respectively 

Two cases of failure arise depending upon the ultimate tensile strain ( u
t ) of the matrix and fiber: 

a) If the ultimate tensile strain of the matrix is lower than that of fiber i.e.  

u
ft >

u
mt                                            (2.6) 

then equation 2.5 in terms of strength will be 
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            F1t = Fmt(
m

f
fm E

E
VV )                                               (2.7) 

where F1t is longitudinal composite tensile strength 

Fmt is matrix tensile failure 

Ef is Young’s modulus of fibers 

Em is Young’s modulus of the matrix 

Figure 2.5 shows the longitudinal stress-strain curves for a composite and its constituents:  

Figure 2.5. Longitudinal stress-strain curve for composites [10]. 

As seen in the Figure 2.5, upon loading the matrix will fail first and therefore the properties of 

the composite laminate are matrix dependent.  

b) The ultimate tensile strain of the fiber is lower than that of matrix as shown by equation 2.8 

u
mt >

u
ft                                                                (2.8) 

then equation 2.5 in terms of strength will be 

                                                  F1t = Fft(
f

m
mf E

EVV )                                              (2.9) 

where Fft is longitudinal fiber tensile strength 

Figure 2.6 below shows the longitudinal stress-strain curves for composite and its constituents 
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Figure 2.6. Longitudinal stress-strain curve for composite [10]. 

Thus upon loading the fibers will fail first and therefore the properties of the composite laminate 

are fiber dependent. 

2. Longitudinal Compression: In this type of loading condition, the failure is due to kinking or 

microbuckling of the fibers in the composite laminate. Tensile and compressive stresses in a 

fiber due to in-phase buckling leads to the formation of a kink zone. Failure depends upon the 

fiber volume ratio (Vf) such as for higher volume ratio of fibers (Vf)) and compressive loading, 

shear failure of fibers is more dominant and it is described by equation 2.10. 

F1c = 
f

m

V

G

1
                                                      (2.10) 

where F1c is the longitudinal compressive strength 

As the fiber volume ratio increases, debonding precedes in-phase microbuckling and 

failure results from the three dimensional state of stress. As the fiber ratio increases, the fiber 

fails in shear due to compressive loading and is given by 

F1c = 2*F6f[ ffmf VEEV1 ]                               (2.11) 
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where F6f is the shear strength of fiber

Ef is Young’s modulus of fiber 

Em is Young’s modulus of matrix 

Figure 2.7 below shows the microbuckling and kinking of fibers due to compressive loading: 

Figure 2.7. Kink zones formation due to microbuckling mode in unidirectional composite [11]. 

3. Transverse tension: This type of loading is the most critical loading in a composite laminate. 

High stress and strains are caused due to this loading in the matrix and interface/interphase. 

Microscopic studies of the fracture of unidirectional composites confirm that transverse cracks 

are nucleated in regions of dense packing, and also propagate preferentially through these 

regions [1]. A main crack will often follow the fiber-matrix interface in regions of dense 

packing. Cracks are nucleated ahead of the main crack by debonding, or by resin fracture very 

close to the fiber matrix interface in regions of maximum radial tensile stress or strain. For 

transversely loaded composite laminate the stresses in the laminate is related by strain 

concentration factor ( K ) is defined as

2

maxK                                                         (2.12) 
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where max is the maximum strain 

2 is the average strain 

Figure 2.8 shows the progressive microcracking of the unidirectional laminate due to transverse 

tensile loading: 

Figure 2.8. Progressive failure in unidirectional composite under transverse tension [14]. 

4. Transverse compression:  Transverse compression is complicated by the fact that two different 

failure modes are possible, i.e. matrix shear and/or fiber-matrix interface failure. High interfacial 

shear stresses may cause matrix shear failure and/or debonding leading to an overall shear failure 

mode. The laminate strength is given as:  

F2c = 
K

Fmcrm                                                 (2.13) 

where F2c is the compressive strength of the unidirectional composite 

rm  is maximum residual stress at the interface 

mcF  is compressive strength of the matrix 



27

5. In-plane shear: High shear stresses at the interface can cause shear failure in the matrix 

and/or fiber-matrix debonding. Under this type of loading the in-plane shear strength of the 

laminate is given as  

F6 = 
r

m

K

F                                                             (2.14) 

where rK  is the shear concentration factor 

mF  is matrix shear strength 

Strength predictions based on micromechanical behavior are accurate but they vary 

considerably with the type of loading. Even when failure predictions are accurate, they only 

approximate the global failure of the lamina. Also the interaction of constituents coupled with 

the loading type makes these stresses more difficult to predict. For these reasons, a 

macromechanical approach to failure is more preferable. 

2.3.2 MACROMECHANICS FAILURE THEORIES 

From a macromechanical point of view, the strength of a lamina is an anisotropic 

property, i.e. it varies with orientation. It is desirable to correlate the strength along some 

arbitrary direction to basic strength parameters along principal directions. Macromechanical 

failure theories for composites have been proposed by extending and adapting isotropic failure 

theories to account for the anisotropy in stiffness and strength of the composite. Of all the 

available theories, the following four theories are discussed as below [2, 10, 11, 13]: 

a) Maximum stress theory: The maximum stress criterion consists of five sub-criterion, or 

limits, each one corresponding to the strength in five of the fundamental failure modes. If any of 
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these limits is exceeded by the corresponding stress expressed in the principal material axes ( 1,

2, 6) , the material is deemed to have failed. The failure condition is expressed as: 

1 =  F1t  when 1 > 0        (2.15) 

                                                     =  -F1c when 1 <0 

2 =  F2t when 1 >0                                                      (2.16) 

                                                    = -F2c when 1<0

66 F                      (2.17) 

where F1t is the longitudinal tensile strength 

          F1c is the longitudinal compressive strength 

          F2t is the transverse tensile strength 

          F2c is the transverse compressive strength 

         F6 is the shear strength 

b) Maximum strain theory: Unlike the maximum stress theory, maximum strain criterion 

merely substitutes strain in the five sub-criteria, i.e., the failure occurs when at least one of the 

strain components along the principal material axes exceeds the corresponding ultimate strain in 

that direction. Therefore failure has occurred in the composite laminate when 

1 = 1t
u when 1 > 0                                          (2.18) 

    = 1c
u when 1 < 0 

2 = 2t
u when 2 > 0       (2.19) 

    = 2c
u when 2 < 0 

u
6126 2         (2.20) 
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where 1t
u is ultimate longitudinal tensile strain 

1c
u is ultimate longitudinal compressive strain 

2t
u is ultimate transverse tensile strain 

1t
u is ultimate transverse compressive strain 

6  is ultimate in-plane shear strain 

c) Tsai-Hill theory: This theory allows for considerable interaction among the stress 

components 1, 2 and 6. The Tsai-Hill criteria was developed from Hill’s anisotropic failure 

criteria which, in turn traced back to the von misses yield criterion. The Tsai-Hill failure criteria 

is

12
1

21
2

6

2
6

2

2

2

2

1

1

FFFF
     (2.21) 

The above relation makes no distinction between tensile and compressive strengths. However, 

the approximate strength values can be used in equation 2.21 according to the signs of the 

normal stresses. Thus  

              F1 = F1t when 1 >0        (2.22) 

    = F1c when 1 <0

                                     F2 = F2t when 2 >0                                         (2.23) 

    = F2c when 2 <0 

For a unidirectional composite subjected to uniaxial stress parallel to a principal direction, the 

Tsai-Hill and maximum stress criteria will give the same failure stress. 

d) Interactive tensor polynomial theory (Tsai-Wu): This theory is capable of predicting 

the strength under general states of stress. It uses the concept of strength tensors, which allows 
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the transformation from one coordinate system to another. For a plane stress state the Tsai-Wu 

criteria is expressed as: 

f1 1+f2 2 +f6 6 +f11 11
2+f22 2

2+f66 6
2 +2F12 1 2+2f16 1 6 +2f26 2 6 = 1           (2.24) 

In equation 2.24, the linear terms allows the distinction between normal stresses 1and 2.

Therefore for different loading conditions the Tsai-Wu criterion gives the failure parameters. For 

example for transverse uniaxial tensile and compressive loadings we get 

f2 = 
ct FF 22

11                                                   (2.25)

                                                            f22 = 
ct FF 22

1                                                      (2.26) 

Similarly, for pure shear loading condition 

6
u = F6                                                                                            (2.27) 

1 = 2 = 0

Therefore from Tsai-Wu criterion we obtain 

f66 = 
6

2
1

F
                                                        (2.28) 

Similarly for other loading conditions we can obtain the failure parameters for the above 

mentioned Tsai-Wu failure criterion. 

2.4 APPLICABILITY OF VARIOUS FAILURE THEORIES 

             The four failure theories described in section 2.3 are the most used criterion for failure in 

composites. Since the failure modes greatly depend on the material properties and the type of 

loading, it seems the applicability of various failure criterions is also related to the type of the 
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material and failure modes. Table 2.3 shows the comparison between the failure theories from 

the point of view of operational convenience, required experimental input and physical basis.

Therefore, from this comparison, it can be inferred that the Tsai-Hill and Tsai-Wu 

criterions are more applicable when ductile behavior under shear or compression loading is 

predominant.  The Tsai-Wu theory is mathematically consistent and operationally simple. Also 

the coefficients in the failure criterion allows for the distinction between the compressive and the 

tensile strengths. 

TABLE 2.3 

COMPARISON OF DIFFERENT FAILURE THEORIES 

Theory
Operational

convenience

Required experimental 

characterization
Physical basis 

Tsai-Wu Comprehensive Numerous parameters Consistent 

Tsai-Hill 
Different functions for 

tension and compression 
Biaxial testing is must 

Ductile behavior of 

anisotropic materials 

Maximum 

Strain

Not easy for 

computations 

Few parameters by simple 

testing

Tensile behavior of 

brittle material 

Maximum 

Stress
Inconvenient

Few parameters by simple 

testing

Tensile behavior of 

brittle material 

However, composite laminates show prominent transitions between the ductile and brittle 

behavior upon different types of loading conditions. Therefore, to best describe the failure in the 

composite, the hybrid theory will be more suited for analysis. This can be achieved by the 
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combinations of different failure criterions that best describe the failure in the composite 

laminate in the respective quadrants. Figure 2.9 shows the failure envelope of the hybrid theory, 

consisting of two distinct failure criterions. 

Figure 2.9. Hybrid failure envelope [10]. 

Most of the failure theories give good validation of the experimental results in the first 

quadrant of the stress tensor, but in other quadrants due to compressive stresses the deviations 

are accountable. In cases when data is available, the Tsai-Wu failure criterion gives the best 

results. Also in cases when the material behavior and mode of failure are not known, then a 

conservative approach is followed and a combinations of all the failure criterions is used to form 

the conservative failure criterion.

2.5 LOAD TRANSFER MECHANISM BETWEEN MATRIX AND FIBER 

The basic mechanism of a load transfer between the matrix and a fiber can be explained 

by considering a cylindrical bar of single fiber in a matrix material as shown in the Figure 2.10. 

Figure.2.10. Tensile force on single fiber [17]
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The load transfer between the matrix material and the fiber material takes place through 

shear stress. When the applied load P on the matrix material is tensile, shear stress ‘ ’ develops 

on the outer surface of the fiber, and its magnitude decreases from a high value at the end of the 

fiber to zero at a distance from the end. The tensile stress ‘ ’ in the fiber cross section has the 

opposite trend, starting from zero value at the end of the fiber to its maximum at a distance from 

the end. The two stresses generated together balance the applied load, P, on the matrix. The 

distance from the free end to the point at which the normal stress attains its maximum and shear 

stress becomes zero is called the ‘characteristic distance’. The pure tensile state continues along 

the rest of the fiber. 

When the compressive load is applied to the matrix, the stresses in the region of 

characteristic length are reversed in sign that is it is in compressive region whereas in rest of the 

fiber length, the fiber tends to buckle. At this point the matrix provides a lateral support to reduce 

the tendency of the fiber to buckle. When the fiber is broken, the load carried by the fiber is 

transferred through shear stress to the neighboring two fibers. 

2.6 LAMINATE STIFFNESS AND LOAD- DEFORMATION RELATION 

With the application of a failure criterion, prediction of failure and failure stresses can be 

made for a given loading condition. Also, with the application of failure theories the magnitude 

of the failure stress and the nature of the failure stress can be predicted in the composite 

laminate. Also, due to loading of multidirectional laminates, the nature of variation of strains and 

stresses through the laminate thickness is different as shown in the figure 2.11. 
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Figure 2.11. Stress and Strain nature on multidirectional laminate [17]. 

 As can be seen from the figure, the strains vary linearly through the thickness of the 

laminate, but the stress does not. Because of the discontinuous variation of the transformed 

stiffness matrix from layer to layer, the stress may also vary discontinuously through the 

thickness. As a result it is more convenient to deal with the integrated effect of these stresses on 

the laminate. Therefore expressions are derived relating forces and moments to laminate 

deformation. Thus stresses acting on a layer of a laminate are replaced by the resultant forces and 

moments. In case of a multilayer laminate the total force and moments are obtained by summing 

the effects for all layers. Equation 2.9 relates the in-plane forces and moments to reference plane 

strains and curvatures [2, 13, 14]:
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where 0 is the reference plane strain 

is the curvature of the laminate 

The relations are expressed in terms of three laminate stiffness matrices [A], [B], and [D], 

which are functions of the geometry, material properties and stacking sequence of the individual 

plies. They are the average elastic parametric parameters of the multidirectional laminate with 

the following significance: 

Aij are extensional stiffness, relating in-plane loads to in-plane strains. 

Bij are coupling stiffness, relating in-plane loads to curvatures and moments to in     

plane strains. 

Dij are bending stiffness relating moments to curvatures.  

where i, j are x, y, s, which are arbitrarily loading directions 

2.7 MULTIDIRECTIONAL LAMINTATES TYPES 

A laminate is a collection of lamina stacked to achieve the desired stiffness and thickness. 

For example, unidirectional fiber-reinforced laminae can be stacked so that the fibers in each 

lamina are oriented in the same or different direction. The sequence of various orientations of a 

fiber-reinforced composite layer in a laminate is termed a lamination scheme or stacking 

sequence. The layers are usually bonded together with the same matrix material as that in a 

lamina. If the laminate has layers with fibers oriented in 30° or 45°, it can take shear loads. The 

stacking sequence and the material properties of individual lamina provide an added flexibility to 
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designers to tailor the stiffness and strength of the laminate to match the structural stiffness and 

strength requirements. Following are the lamination schemes [2, 13, 14]: 

1. Symmetric Laminates: A laminate is symmetric when for each layer on one side of a 

reference plane there is a corresponding layer at an equal distance from the reference plane on 

the other side with identical thickness, orientation and properties. Thus the laminate is symmetric 

in both geometry and material properties. Due to symmetry, the coupling stiffness Bij is zero and 

therefore no coupling exist between in-plane loading and out-of-plane deformation and between 

bending and twisting moments and in-plane deformation. Different lamination scheme results in 

different types of symmetric laminates types such as: 

a) Symmetric Laminates with orthotropic layers: In this type the layers have principal 

material axes coinciding with the laminate axes such as [90/0]ns.

b) Symmetric angle ply laminates: Laminates containing plies oriented at +  and – 

laminas of equal thickness. These laminates can either be symmetric or asymmetric. The shear 

coupling terms Axs, Ays, Dxs, and Dys are non zero, but their magnitude decreases with increasing 

number of layers for the same overall laminate thickness. 

2. Balanced laminates: A balanced laminate consists of pairs of layers with identical 

thickness and elastic properties but having +  and –  lamina of their principal material axes with 

respect to the laminate reference axes. Therefore for balanced laminates the in-plane shear 

coupling stiffness Ais is zero, where i = x, y.

Lamination sequences define different types of balanced laminates due to arrangement of 

+  and –  laminas and are defined as below: 
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a)  Balanced symmetric laminate: This laminate is consists 1, - 1, 2 and - 2 lamina and 

are arranged in the following sequence: 

[± 1/± 2]s

 This laminate sequence is balanced and symmetric. Therefore bending stiffness (Bis) and shear 

coupling stiffness (Ais) are zero i.e. 

Ais = 0 

Bis = 0 

However the torsion coupling stiffness (Dis) is non zero i.e. 

Dis  0 

b) Balanced asymmetric laminate: This laminate consists of 1, - 1, 2 and - 2 lamina and 

are arranged in the following sequence: 

[ 1/ 2/- 1/- 2]

 In this type of balanced laminate the shear coupling stiffness (Ais) and torsion coupling stiffness 

(Dis) are zero i.e. 

Ais = 0 

Dis = 0 

But the extension/bending coupling stiffness (Bis) is non zero i.e. 

Bis  0 

c) Balanced antisymmetric laminate: This laminate consists of 1, - 1, 2 and - 2 lamina 

and are arranged in the following sequence: 

[ 1/ 2/- 2/- 1]
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It is a special case of balanced laminate, having its balanced +  and –  pairs symmetrically 

situated about the mid surface. This type of arrangement the bending/twisting stiffness is zero, 

i.e.

Dis = 0 

3. Antisymmetric cross ply laminates: These laminates consists of 0° and 90° plies and 

are arranged in such a way that for every 0° ply at a distance z from the midplane there is a 90° 

ply of the same material and thickness at a distance –z from the midplane. Therefore this 

laminate has an even number of plies. With increasing the number of plies with alternating 0° 

and 90° plies for a constant thickness results in the coupling stiffness coefficient (Bxx)

approaches to zero. 

4. Antisymmetric angle-ply laminates: These laminates consist of plies of + i and - i

sequence such that  varies between 0° and 90°. The plies are symmetrically arranged about the 

midplane and having the same thickness with elastic properties. Therefore due to symmetry the 

shear coupling stiffness (Ais) and torsion coupling stiffness (Dis) are zero i.e. 

Ais = 0 

Dis = 0 

where i = x, y  

2.7.1 FAILURE AND STRENGTH OF MULTIDIRECTIONAL LAMINATES 

Stress and strain relations are formulated for multidirectional laminates. And the 

composite laminate deformation can be fully described by the parameters defined in the stress-

strain relations. While the nature of strain distribution is continuous through the thickness of the 
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laminate, the stress distribution shows discontinuous pattern through the thickness. There are 

many parameters that govern the stress and strain distribution in the laminate, such as material 

properties and lamination sequence. 

Stress analysis in the laminate structure is more complex in nature due to interaction of 

in-plane and out-of-plane stress and strain parameters. Failure of a lamina does not necessarily 

imply structural failure, but it signifies the initiation of the progressive damage, and the growth 

of the different failure modes in the lamina. The strength of a multidirectional laminate is a 

function of many parameters such as stiffness and lamination sequence. Others factors such as 

coefficients of thermal and moisture expansion can also affect the directional characteristics of 

the laminate strength. The lay-up sequence of the plies affects the coupling stiffness (B) and the 

bending stiffness (D) and thus affects the overall strength of the laminate. Residual stresses in the 

laminate are also influenced by the fabrication process.  

2.7.2 FAILURES IN MULTIDIRECTIONAL LAMINATES 

There are three failures modes seen in the multidirectional laminates: 

1. Initial or first ply failure (FPF) 

2, Ultimate laminate failure (ULF) 

3. Interlaminar failure  

In the FPF mode, the laminate is considered failed when there is a first ply failure in the 

laminate structure. Similarly in ULF mode, the failure occurs in the laminate when the load in it 

reaches or exceeds the maximum load bearing capacity of the laminate structure whereas the 

third failure, i.e. interlaminar failure, is the result of separation between the laminas in the 
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laminate. The FPF and UPF failures modes are similar to the failure mechanism in isotropic 

materials, with two failure levels defining yield and ultimate strength levels of the composite 

laminate. The FPF approach is conservative, whereas the ULF approach is more advanced and 

requires more precise knowledge of loading conditions and stress distributions. A general design 

practice is to keep the working loads below levels producing first-ply failure.
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CHAPTER 3 

FINITE ELEMENT FORMULATION THEORY      

3.1 SHELL THEORY FOR STRUCTURAL ANALYSIS 

Shells are common structural elements in many engineering structures, including pressure 

vessels, submarine hulls, ship hull, wings and fuselages of airplanes, pipes, exteriors of rockets, 

missiles, automobiles and many other structures. Structural analysis can be performed by using 

laminated shells theory which also includes theories of ordinary shells, flat plates, and curved 

beams as special cases.  

A number of theories exist for layered anisotropic shells [15-18]. Many of the proposed 

theories were developed originally for thin shells and are based on the Kirchhoff-love kinematics 

hypothesis, which says that straight lines normal to the underformed midsurface remain straight 

and normal to the middle surface after deformation. Other shell theories can be found in the work 

done by Naghdi [16] and a detailed study of thin isotropic shells can be found in the monographs 

by Ambartsumyan [19]. In his study, orthotropic layers were oriented such that the principal axes 

of material symmetry coincided with the principal coordinates of the shell reference surface. 

Therefore, their work dealt with the orthotropic nature of the laminas in the composite structure, 

which is know known as laminated orthotropic shells. 

All of the work mentioned above is based on the Kirchhoff’s-Love’s hypotheses, in 

which the transverse shear deformation is neglected. These theories yield sufficiently accurate 

results when: 
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1. The ratio of radius to thickness is large. 

2. The dynamic excitations are within the low frequency range. 

3. Material anisotropy is not severe. 

However the application of such theories to layered anisotropic composite shell could lead to 

30% or more errors in calculation of deflections, stresses and frequencies [17]. 

3.2 LAMINATE CONSTITUTIVE RELATIONS FOR SHELL 

Suppose that the shell is composed of N orthotropic layers of uniform thickness, stacked 

on each other with the principal material 1 axis of the ith layer oriented at an angle i from the 

shell x1 coordinate on the counterclockwise direction and x3
(i) is equal to  as shown in the figure 

3.1.

Figure 3.1 Reference direction system [17]. 

Therefore the stress-strain relationship for ith layer in the shell coordinate system is given 

by the equation 3.1: 
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where Qij are the transformed stiffness. 

Qij
(i) are the lamina stiffness referred to the principal material coordinate of the ith lamina 

11Q  = Q11 cos4  + 2(Q12 + 2Q66) sin2 cos2  + Q22sin4

12Q  = (Q11 + Q22 - 4 Q66) sin2 cos2  + Q12 (sin4  + cos4 )

22Q  = Q11 sin4  + 2(Q12 + 2 Q66) sin2 cos2  + Q22 cos4

16Q  = (Q11 - Q12 - 2 Q66) sin cos3  + (Q12 – Q22 + 2 Q66) sin3 cos

26Q  = (Q11 - Q12 - 2 Q66) sin3 cos  + (Q12 – Q22 + 2 Q66) sin cos3

66Q  = (Q11 + Q12 - 2 Q66 - 2 Q66) sin2 cos2  + Q66(sin4  + cos4 )

44Q  = Q44 cos2  + Q55 sin2

45Q  = (Q55 - Q44) sin cos

55Q  = Q55cos2  + Q44sin2

Also                 Q11 =
2112

1

1
E  ;  Q12 = 

2112

221

1
E ;   Q22 = 

2112

2

1
E

Q66 = G12; Q44 = G23; Q55 = G13
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Analytical solutions of the above equations can be obtained for any lay-up sequence, but 

due to the orthotropic nature of the cross-ply they are best suited for defining the above 

parameters. Writing equations of motions, i.e. solving for displacement with respect to time and 

also for finding the force and moment resultant, static analysis of the system can be done using 

the shell based theory for curved structures. Boundary conditions acting on the laminate structure 

do affect the frequency response of the composite, depending upon different loading conditions. 

Also the lamination scheme does affect the nature of response of the laminate. 

3.3 LINEAR FINITE ELEMENT ANALYSIS OF COMPOSITE SHELLS 

The finite element method is a powerful computational technique for the solution of 

differential and integral equations that arise in various fields of engineering and applied science. 

Since most of the real life problems are defined on domains that are geometrically complex and 

have many different types of boundary conditions on different portions of the boundary of the 

domain, it is difficult to generate approximation functions to define the exact problem. Therefore 

the ability of the finite element method to define the domains with irregular geometries while 

conserving the continuity of structural domain makes it a valuable practical tool for engineering 

purposes. The approximation functions are often based on ideas of interpolation theory, and 

hence they are called interpolation functions.  

The major steps in the finite element analysis of a typical problem are: 

1. Discretization of the domain into a set of finite elements (mesh generation).  

2. Development of weighted-integral of the differential equation over a typical finite element. 
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3. Development of the finite element model of the problem using its weighted-integral form. The 

finite element model consists of a set of algebraic equations including the unknown parameters 

of the element. 

4. Assembly of the finite element to obtain the global system of algebraic equations. 

5. Imposition of boundary equations. 

6. Solution of equations. 

7. Analysis of post computation of solution and quantities of interest. 

3.4 QUADRILATERAL ELEMENTS

 An accurate representation of irregular domains, i.e. domains with curved boundaries 

can accomplish by the use of refined meshes and/or irregularly shaped elements. For example, a 

nonrectangular region can not be represented by triangular and quadrilateral elements. It is easy 

to drive the interpolation functions for rectangular elements, and it is easier to evaluate integrals 

over rectangular geometries than over irregular geometries.  Therefore it is practical to use 

quadrilateral elements with curved and straight sides to regenerate the geometry of the structure. 

A coordinate transformation is defined between the coordinates (x, y) used in the formulation of 

the problem, called global coordinates, and element coordinates ( yx, ) used to drive the 

interpolation functions of rectangular elements. The transformation of the geometry and the 

variable coefficients of the differential equation from the geometry coordinate (x,y) to the global 

coordinate ( yx, ) will result in complex algebraic expressions and the analysis upon the interval 

will lead to the solution of the expressions. 
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The element coordinate system, also called a local coordinate system, permits an easy 

construction of the interpolation functions and allows the computational solution of the complex 

problem. Numerical integration schemes, also the Gauss-Legengre numerical integration scheme, 

require the integral to be evaluated on a specific domain. Gauss quadrature, requires the integral 

expressed over a square region of dimension 2x2 and the coordinate system ( , ) be such that -

1<( , )<1 [17]. 

Once the approximation of geometry and solution are selected, the coordinate 

transformations have the sole purpose of numerically evaluating the integrals for the defined 

equations. Therefore in finite element analysis no transformation of the physical domain or the 

solution is involved. The resulting equations of the finite element formulation are always among 

the nodal values of the physical domain and the nodal values are referred to the global coordinate 

system. Different elements of the finite element mesh can be generated from the same master 

element by assigning the global coordinates of the elements. Master elements of different order 

interpolation define different transformations and hence different collection of finite element 

meshes. Thus with the help of an appropriate master element, any given element of the mesh can 

be generated. However, the transformations of a master element should be such that there exists 

no spurious gaps between the elements and no element overlaps occur.  

3.5 NUMERICAL INTEGRATION 

A finite element model is a system of algebraic equations containing the nodal values of 

the primary variables (displacements) and secondary variables (forces). The coefficients of these 

algebraic equations contain integrals of the physical parameters (e.g. material properties) and 
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functions used for the approximation of the primary variables. The integral expressions are in 

general complicated due to the spatial variation of the parameters or coordinate transformations. 

Therefore the numerical integration method, known as Gauss quadrature, is used to evaluate the 

defined function, which assumes a domain of some variables over the time integral. This method 

is most widely used for elements of rectangular or prismatic geometries.   

Table 3.1 [17-19] gives information on the selection of the integration order and the 

location of the Gauss points for linear, quadratic, and cubic elements.  

TABLE 3.1 

ORDER OF INTEGRATION 

Element Type Polynomial Degree Order of Integration 

(r x r) 

Linear 1 2x2 

Quadratic 2 3x3 

Cubic 3 4x4 

3.6 NONLINAER ANALYSIS OF COMPOSITE PLATES AND SHELLS 

The nonlinear partial differential equations composite structures of various geometries 

and boundary conditions cannot be solved exactly. Approximate analytical solutions to the large-

deflection theory of the composite laminate were developed by various authors [15, 17-19]. But 

in most of the studies, the effects of shear deformation and rotary inertia were neglected and only 
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rectangular or cylindrical geometries were considered. The use of numerical methods facilitates 

the solution, whereas among various numerical methods available for the solution of nonlinear 

differential equations defined over arbitrary domains, the finite element method is the most 

practical and robust computational technique. 

Two distinct approaches have been followed in developing nonlinear finite models of 

laminated structures. The first approach is based on a laminate theory, in which the 3-D elasticity 

equations are reduced to 2-D equations through certain kinematic assumptions and 

homogenization through the thickness. In the nonlinear formulation based on small strains and 

moderate rotations, the geometry of the structure is assumed to remain unchanged during 

loading, and the geometric nonlinearity in the form of the von karman strains are included.  

The second approach is based on the 3-D continuum formulation, where any kinematic 

assumptions are exactly introduced through the spatial finite element approximations. Full 

nonlinear strains are included, and the equations are derived in an incremental form directly. The 

formulation accounts for geometric changes that occurred during the previous increment of 

loading. Therefore, the geometry is updated with load increments. Finite element based on this 

formulation is called continuum elements. 

There are two incremental continuum formulations that are used to determine the 

deformation and stress states in such continuum problems can also de defined by: 

            1. Total lagrangian formulation 

            2. Updated lagrangian formulation 
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In these formulations, the configuration (geometry) of the structure for the current load 

increment is determined from a previous known configuration. In the total lagrangian 

formulation, all of the quantities are referred to a fixed, often to an undeformed configuration 

and changes in the displacements and stress field are determined with respect to the reference 

configuration. In the updated lagrangian formulation, the geometry of the structure from the 

previous increment is using the deformation computed in the current increment, and the updated 

configuration is used as the reference configuration for the next increment. Therefore the direct 

consequence of this is that differentiations and integrations are performed with respect to this 

reference configuration. 
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CHAPTER 4 

IMPACT DYNAMICS 

4.1 IMPACT DYNAMICS 

During the life of a structure, impacts by foreign objects can be expected to occur during 

manufacturing, service and maintenance operations. An example of in service impact occurs 

during aircraft takeoffs, and landing. During the manufacturing process or during maintenance, 

tools can be dropped on the structure; in this case the impact energy is small. Laminated 

structures are more susceptible to impact damage than a similar metallic structure. As seen in 

Chapters 1 and 2 composite structures impact damage often cannot be detected by visual 

inspection. This internal damage can cause severe reductions in strength, and further reductions 

occur under the load. Therefore, the effects of foreign object impact on composite structures 

must be understood, and proper measures should be taken in the design process to account for 

expected events. Concerns about the effects of impacts on the performance of composite 

structures have been a factor in limiting the use of composite materials. For these reasons the 

problem of impact has received considerable attention in the literature. 

Understanding the process of impact damage initiation and growth and identifying the 

governing parameters are important for the formulation of numerical models for damage 

prediction, for designing impact resistant structures, and for developing improved material 

systems. An important aspect of a model for predicting the impact dynamics is to accurately 

describe the behavior of the target under impact loading conditions. For some simple cases, the 

structural loading can be modeled by a simple spring-mass system or by using the quasi-static 
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behavior and considering the energy balance for a system. But in general, more sophisticated 

beam, plate, or shell theories are required to model the structure. Two and three dimensional 

elasticity models are also employed.   

4.2 MORPHOLOGY OF LOW-VELOCITY IMPACT DAMAGE 

For impact loading which does not result in complete penetration of the structure, studies 

indicate that damage morphology consists of delaminations, matrix cracking, and fiber failures 

[13]. Delamination, which is the debonding between adjacent laminas, is of most significance, 

because it drastically reduces the strength of the laminate structure. Delamination failure occurs 

between the plies of different orientations. For a laminate impacted on its top surface, at the 

interface between plies with different fiber orientations, the delaminated area has an ‘oblong’ or 

‘peanut’ shape with its major axis oriented in the direction of the fibers in the lower ply at that 

interface. The nature and the shapes of the delaminations are quite irregular and that their 

orientations become rather difficult to ascertain. The figure 4.1 shows the delamination pattern in 

the six ply laminate structure [1]. 

Figure 4.1. Delamination pattern [1]. 
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For low-velocity impacts on composite structure, damage is initiated first by matrix 

cracks which create delaminations at interfaces between plies with different fiber orientations. 

After impact, matrix cracks are arranged in a complicated pattern that would be very difficult to 

predict. But from studies it has been observed that two types of matrix cracks are observed such 

as:

1. Shear crack 

2. Tensile crack 

Shear cracks are at an angle from the midsurface, which indicates that transverse shear 

stress plays an important role in their formulation. Tensile cracks are introduced when in-plane 

normal stresses exceed the transverse strength of the ply. With thick laminates, matrix cracks are 

first induced in the first layer impacted by the projectile because of high, localized contact 

stresses. Damage progresses from the top down, resulting in a pine tree pattern. For thin 

laminates, high tensile flexural stresses in the back side of the laminate introduce matrix cracks 

in the lowest layer, which again starts the pattern of matrix cracks and delamination and leads to 

a reversed pine tree pattern. The figure 4.2 illustrates two types of matrix cracks in the laminate 

structure (a) tensile, (b) shear crack.  

Figure 4.2. Types of matrix cracks [1]. 
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4.3 LITERATURE REVIEW 

To simulate actual impact by a foreign object, a number of test procedures have been 

carried out. The selection of the appropriate test procedure must be made very carefully to ensure 

that test conditions are similar to the impact conditions experienced by the actual composite 

structure. Experimental studies were attempted to replicate actual situations under controlled 

conditions. For example, the falling of the tool on the composite structure can be simulated by a 

drop weight tester, in which the small projectiles are dropped from a known distance. Also 

pendulum systems are also used to generate low-velocity impacts as shown in the Figure 4.3. 

Figure 4.3. Pendulum type tester [1].

For decades, an enormous amount of investigations have been conducted on this subject, 

including experimental and analytical work. Because of their complicated failure mechanism, 

there are still no generally accepted analytical models that can accurately predict the impact 

damage in laminated composites. Davies et al [20] described a procedure for predicting the 

threshold impact energy for the delamination onset of the fiber-reinforced quasi-isotropic 

laminates, under the low-velocity impact. Luo et al. [8] developed an integrated procedure for 

modeling and testing carbon/epoxy composite plates. They implemented three failure modes 

(fiber breakage, interlaminar delamination, and matrix failure) for a damage simulation into the 
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finite element software ABAQUS. But they did not consider the progressive failure of the 

material. Hosur et al. [7] analyzed the impact induced damage in CRFP laminates through 

ultrasonic images. Ultrasonic C-scan using the pulse echo immersion method was utilized to read 

out the delamination area caused by the low velocity impact on composite laminates.  

 Although most of the composite structures have been built as geometrically curved, it is 

unfortunate that the experiments and analysis concerning damage onset and damage propagation 

was performed on laminated composite plates. In an attempt to study the impact induced damage 

initiation and propagation in laminated composite shell under low-velocity impact was done by  

Zhao et.al. [21]. The system and cylindrical coordinates used for their study is shown in figure 

4.4.

Figure 4.4 System and cylindrical coordinate [21]. 

They considered a three dimensional (3-D) eight node element with Taylor’s 

modification scheme to study the interlaminar stress distribution and damage propagation. The 
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Tsai-Wu quadratic failure criterion was considered at all Gauss points. The modes of damages 

that they considered were matrix cracking, delamination and fiber breakage. The reduction in the 

structure stiffness due to progressive failure mode was also considered at all Gauss points. Their 

analysis is based on the 3-D linear elasticity theory. In each lamina the fibers and matrix were 

considered to be orthotropic and homogenous. The contact force is based on the modified 

Hertzian contact law. The simulation results were compared with the experimental results and 

good agreement was found between them. 

In their study, the composite shell with [906/04/906] of thickness 0.23 cm was impacted 

with a steel impactor at velocity of 33.2 m/s. It was found that the damage occurred first at the 

impact point and then at the boundary due to internal forces. They also found that the initial 

damage near the central region of the shell did not occur directly beneath the impact point, but 

away from it. Also, in the top 900 ply group the interlaminar shear stress ( yz), and the in-plane 

transverse tensile stress ( yy) both reach the peak value, which caused the matrix damage mode 

for central impact. Additionally, the peak value of interlaminar shear stress ( yz) approaches the 

material allowable value of Syz= 105 MPa, indicating that the damage mode was mainly caused 

by the interlaminar shear stress. They also found that delamination between the interfaces of the 

first 900 and 00 ply groups could be initiated due the out-of-plane normal tensile stress along the 

interface resulting from the matrix mode. From their studies, Zhao et.al. concluded that 

interlaminar shear stress and in-plane transverse stresses were dominant stresses causing the 

initial matrix damage. Out-of-plane normal tensile stress and out-of-plane normal shear stress 

also played an important role in delamination. 
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Damage prediction caused due to the low-velocity impact in laminated composite plate 

cylindrical/spherical shell panels was studied by Ganapathy and Rao [4]. They treated the low 

velocity impact problem as a quasi-static problem. The Hertzian law of contact distribution was 

used for loading on the composite structure. In their study they first calculated the in-plane 

stresses by two dimensional (2-D) nonlinear finite element analysis by using a four noded doubly 

curved structure, having 48 degrees of freedom. Tsai-Wu quadratic and a maximum stress failure 

criteria was used for damage analysis. Due to low velocity impact the interlaminar normal and 

shear stresses was predicted due to the in-plane damage in the structure. The interlaminar 

stresses in the structure were obtained by integration of 3-D equations through the thickness. 

Only geometric nonlinearity was included in the analysis, and the material was assumed to be 

linearly elastic. The resulting nonlinear algebraic were solved by an incremental/iterative 

procedure using a standard Newton-Raphson method. The damage due to the in-plane stresses 

were obtained at the Gauss point by Tsai-Wu quadratic failure criteria and also the type of the 

failure mode such as matrix cracking and fiber breakage. 

After impact the material stiffness was degraded at all the Gauss points. The cylindrical 

shell panel of radius 381 mm, length 76.2 mm, thickness 2 mm and suspending the angle of 0.2 

radians at the center. The steel impactor of diameter 6.35 mm having impact energy of 0.8 J, was 

impacted at the center. From their study they found that the magnitude of stresses gets increased 

once the damage in the composite cylindrical panel occurred. The magnitude of damage is 

increased near the impact point and the stresses were greatly affected at this zone. The laminate 

becomes unsymmetric in the damage zone. Thus the major mode of damage was matrix 

cracking, and it is along the fiber direction. 
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In a study done by Zhidong Guan and Chihdar Yang [5], the low velocity impact on a 

composite plate was model using a modified Hertzian contact law. The contact law was modified 

so as to accommodate the damages in the composite structure. A finite element program was 

written in Fortran. For the transient dynamic response, they used twenty node solid hexahedral 

elements. Impact damages such as matrix cracking, delamination and fiber breakage were 

studied and analyzed. The Wilson-  scheme was adopted to perform time integration for the 

motion equations for the composite plate and impactor system. Shen’s concept which accounts 

for the material stiffness degradation due to damage caused in the laminate was also incorporated 

in their model. 

The impact damage caused by the impactor can be local and global in nature. Local 

damages are more confined to the impact region and are dependent upon the material properties 

and geometry of the composite structure, whereas the global damages are initiated at the impact 

point and are further intensified such as delaminaion between the plies of different orientation. 

Also contact law plays a very important role in the impact process and its damage growth and the 

contact stiffness. In their study Guan and Yang assumed constant contact stiffness. Of the modes 

of damages due to low velocity impact, delamination is the most important mode of failure. 

Delamination in the composite structure, results in considerable reduction in the post impact 

residual impact properties. They considered the Choi and Chang impact model for their study, 

and considered three modes of failure for their study. Maximum stress and Tsai-Wu quadratic 

failure criteria’s for fiber breakage along the fiber direction and for predicting the initiation of 

the matrix cracking were considered. They also proposed a semi-empirical equation to predict 

the initiation and propagation of delamination at the nth interface based on the observations. In 
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their proposed equation, all the constitutive constants of the laminate, and parameters which 

accounts for the lamination scheme were incorporated.  

Simulation of low-velocity impact was performed on a laminate with lay-up sequence of 

[(45/0/-45/90)s]4. The plate was clamped on all of its sides. Finite element mesh of 336, 20-

noded solid hexahedral elements was used to model. A steel impactor of mass 5.17 kg with 

hemispherical tip in diameter was used. Figure 4.5 shows the force time history on the laminate 

with and without damage.

Figure 4.5. Force versus Time graph [5]. 

At point P1, slight damage in the form of matrix cracking and delamination initiation is 

seen in the structure. Due to the change in the stiffness caused by the damage, the impact force 

starts its deviation from P1 to P2. Delaminations areas near the front and back have almost 

reached the peak at P2. Delamination is expanded near the middle of the laminate due to stiffness 

reduction near the front and back sides of the plates from P2 to P3. The velocity of the impactor 

becomes zero at P4 and the energy absorbed by the laminate reaches its maximum at P4 from P3 

to P4. Also delamination reaches maximum at the end of this stage. Because of serious damage 

and plastic deformation in the structure, there would be a dent left on the plate. Also higher the 
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impact energy, more severe is the damage caused to the structure and larger will be the 

delaminations. 

An experimental study was done by Swanson et al. [22] to evaluate the effect of lateral, 

low velocity impact on carbon epoxy cylinders.  A 3.8 inch diameter cylinder with a lay-up 

sequence of [90/±22]2 and thickness 0.06 inch was fabricated. An impact mass of 5.03 Kg was 

considered. All the tubes were supported in a wooden cradle and the cylinders were impacted 

with different energy levels. From their results they concluded that higher energy levels caused 

more damage in the tube. Damages in the cylinders were combinations of bending stresses and 

delaminations. Direct contact stresses resulted in local permanent deformation in the structure. 

Hoop stress values also decreased with the increase of impactor energy. 

The failure modes which are present in the low velocity impact of the composite structure 

are matrix compressive/shear failure, delamination, and matrix tensile cracking and fiber 

breakage (tensile or compressive). The progressive failure criteria have been established to 

effectively characterize the composite lamina properties and to identify various failure modes.

In the research work done by Yen and Cassin [3] the failure criteria have been developed 

based on the 3-D stresses in unidirectional composite lamina, with enhanced progressive failure 

modeling capabilities have been developed. In their study the lamina failure criteria was 

determined by the initiation of fiber and matrix damage. Initiation of the delamination mode of 

failure was then determined by scaling the matrix damage, which is due to higher magnitude of 

stress components in the laminate structure. With this consideration, the delamination mode of 

failure occurs when there is matrix failure in the subsequent lamina. In their proposed model the 

subsequent failure in the lamina is associated with the material property degradation. 
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Yen and Cassin modeled one quadrant of the impact system using geometric symmetry 

and material properties were assigned to the composite tube and impactor. In their simulation 

study they used 4 noded shell elements and a laminated composite material model. The lay up 

configuration of the composite tube was [30/-30/90/90/-30/-30/90/90], while the tube thickness 

considered was 0.055 inch. The material properties of a transversely isotropic unidirectional 

IM6/Epoxy layer were used for the composite tube. The impactor was modeled using 8 noded 

brick elements with a hemispherical tip. A surface to surface contact option was utilized to 

perform the contact between the tube and impactor.  

Contact force histories for impactor velocity of 3.92 ft/sec and 5.08 ft/sec were calculated 

and analyzed. Good correlation between experimental and analytical results was obtained. The 

progressive mode of failure yielded peak loads which were 6% less than the maximum test 

values as illustrated in figure 4.6. 
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Figure 4.6. Impact load vs. Time for impactor velocity of 3.92 ft/sec [3]. 
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Various parameters which affect the damage process are projectile characteristics, target 

stiffness, lay-up and stitching, preload and environmental conditions. In a study done by Kumar 

and Rai [23], they reported impacting aluminum and steel projectiles on 32-ply graphite-epoxy 

plates. Significant difference was observed between the results obtained using steel and 

aluminum projectiles. This difference was explained for the most part by the fact that the steel 

projectile was three times that of the aluminum projectiles. The damage caused by a steel 

projectile was more than that caused by the aluminum. This was explained by the fact that the 

higher modulus of elasticity of steel gave a higher contact stiffness, which induced higher 

contact forces and a smaller contact zone. Also with the increase in the impactor velocity the 

damage area also increases and damage cased by the steel impactor was more than that caused by 

the aluminum impactor. 

The importance of the stacking sequence on the impact resistance of laminates was first 

demonstrated experimentally by Ross and Sierakowski [24]. They found that in unidirectional 

laminates, since the fibers are all along one direction, no delamination occurs. For two laminates 

structures, with same the thickness but with different stacking sequences, the laminate with the 

higher difference of angle between the two adjacent plies will experience higher delamination 

areas. Increasing the thickness of each ply will lead to increased delamination. Increasing the 

difference between the longitudinal and transverse moduli of the material led to higher bending 

stiffness mismatching and therefore increased delamination. 

Experiments were done by Dost et al. [25] to study the effects of lay-up sequence on the 

compression after impact (CAI) properties of the laminates. Dost et al. presented the CAI test 

results for laminates with multiple ply layers. They found that larger changes in the angle 
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between the two adjacent plies resulted in lower CAI strength. Also, with the increase in the 

impact energy the damage also increase as illustrated in Figure 4.7.  

Figure 4.7. Influence of stacking sequence on the overall damage [1]. 

There are various other parameters which affect the initiation and growth of impact 

damage. Changes in temperature and moisture content, for example, have considerable effect on 

the strength of the laminate structure. Striat et al. [26] showed that the peak load during impact 

and total energy absorbed was substantially reduced for term exposure to sea water prior to 

impact for glass composite. Similarly, preloading also affects the strength of the composite 

laminate. The stiffening effect of the pre-tension was shown to decrease the time required to 

reach the maximum impact load, and increased the indentation depth, as shown by experiments 

conducted by Schoeppner [27]. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 DEVELOPMENT OF THE FINITE ELEMENT MODEL 

The finite element method is a numerical procedure that can be used to obtain solutions 

to a large class of engineering problems including stress analysis in dynamic conditions. The 

finite element is performed in three steps, namely, pre-processing, solving and post-processing. 

The pre-processing involves geometric modeling of the required structures, or importing the 

CAD developed geometry to the finite element window. An appropriate meshing is applied to 

the modeled geometry. Material properties are assigned to the elements and boundary constraints 

are applied to the nodes of the element. Step two, solving, involves the processing of the 

geometric data and generating the output file. The third step, post-processing, involves studying 

the results through stress/strain and force graphs. In this study, MSC/PATRAN serves both as 

pre-processor and post-processor. MSC/PATRAN is interactive 3-D modeling software, used for 

modeling of many of the engineering components. Because of its extensive customization 

capabilities and simple menu driven user interfaces, it is widely used as a powerful tool for 

modeling. LS-Dyna serves as a solver and LS-POST as post-processor. For simulation purposes, 

a LS-Dyna 970 code was used. LS-Dyna is a general purpose, non-linear explicit and implicit 

finite element program used to analyze the non-linear dynamic response. It has a fully automatic 

definition of contact areas and a large library of constitutive material models and failure models.  

 The finite element model of the carbon/epoxy composite tube and impactor was 

developed in MSC/PATRAN. Only one quadrant of the impact system was modeled due to the 

symmetry. The composite tube is 5-inch in diameter and 12.5-inch in length and 0.055 inch of 
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thickness. One time impact is only considered for all simulations. Figure 5.1 illustrates the model 

in MSC/PATRAN. The impactor is one-half inch diameter solid steel cylinder with a 

hemispherical tip. The boundary condition of the experimental test on carbon tube was also 

simulated in the finite element model. Proper material properties, boundary conditions and 

loadings are assigned to the finite element model, similar to the experimental test set up.  

Figure 5.1. Model of impact system. 

5.1.1 MODELING APPROACH 

Due to the geometric symmetry of the tube, only a one quarter model was made. 

Symmetry boundary conditions were imposed on the tube such as x-y boundary plane were 

imposed by restricting the z displacement and x and z rotations, while at the symmetric y-z 

plane, x displacement and y and z rotations were restricted. The V support condition was also 

modeled to simulate the test fixture condition on the tube. A localized mesh refinement was 
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applied at the impact point to better simulate the impact loading. User defined meshing with PCL 

function of 40 mesh points was used to model the composite tube, while Belytschko-Tsay 

quadrilateral shell elements were used to mesh the tube. The shell elements were located at the 

mid-plane of each wall. The lay-up sequence for the composite tube was [30/-30/90/90/30/-

30/90/90] with reference direction coinciding with the axis of the tube and the last 900 lamina is 

the outermost ply. Figure 5.2 illustrates the meshing achieved for this model. 

Figure 5.2 Meshing of composite tube. 

 For the simulation Gauss quadrature rule was defined and one integration point was 

assigned for each layer. Thus there were 8 integration points for the carbon/epoxy tube. The 

integration points were evenly distributed through the thickness. As for example the composite 

laminate with four plies of orientation of [45/-45/45/-45], then for each ply one integration point 

was assigned as illustrated in figure 5.3.
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                                 . 

Fig. 5.3 Integration points through the thickness of laminate 

The number and the location of the integration points as well as the integration rule are 

defined in SECTION_SHELL in LS-Dyna. The weighted factor can be done manually, but for 

this simulation the weighted factor was assigned automatically by the software such that the 

summation of the entire weighted factor assigned at each integration point is one. Shell thickness 

of 0.055 inch was given at each node for 4 noded shell elements. The steel impactor was 

modeled as rigid body, whose deformation was neglected. A finer mesh was attained at the 

impact point on the tube by user defined meshing, so as to model good deformation of the tube 

due to impact loading. In this work the contact analysis capability provided within the LS-Dyna 

was chosen to perform the contact analysis between the impactor and the target composite shell. 

The contact algorithms were used between the composite tube and steel impactor to simulate the 

interaction among them and also to prevent interpenetration.  Figure 5.4 shows the boundary 

conditions imposed on the tube. 

.

t

t/4

.

.

Integration
point
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Fig. 5.4 Boundary conditions on the composite tube 

5.1.2 MATERIAL MODELS 

The material properties of the steel impactor and carbon/epoxy tube were taken from the 

work of Yen and Cassin [3]. The material model selected for the steel impactor was considered 

to be a rigid body. The material model selected for the composite tube, which represents an 

orthotropic material that behaves linearly through damage parameters. Representative properties 

of the carbon/epoxy tube and steel material were obtained from the published paper and are 

listed in Table 5. a and b. 

TABLE 5.1 

CONSTITUTIVE PROPERTIES OF CARBON/EPOXY LAMINATE AND STEEL 

aE tE aG tS1
cS1

tS2
cS2 12S

Carbon/epoxy 165.5 10.3 5.5 2.55 1.58 0.04 0.14 0.12 
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All of the above properties are in GPA (x109)

TABLE 5.1 (cont’d) 

 Density 

Carbon/epoxy 1.6g/cc 

Steel 82.9g/cc 

5.1.3 ANALYSIS AND SOLUTION 

Once modeling was done, boundary conditions were applied and other the parameters 

were assigned to the carbon/epoxy and steel impactor, the MSC/PATRAN was run to generate 

the KEY file, which is the written text format of all the information of the model drawn. The 

KEY file was then edited by adding and modifying the CARDS in it. For example, the 

*INITIAL_VELOCITY_RIGID_BODY card was added to define the velocity parameter for the 

impactor and *DATABASE_NODOUT card was added to obtain displacement information for 

the nodes. Similarly other CARDS were added and existing CARDS were edited as per the 

model requirements. Once the KEY file was formatted, then it was run with LS-Dyna as a solver 

in the UNIX machine and results are studied in post solver LS-POST. The simulation results 

were compared with the experimental results and then comparison and conclusions were drawn. 

Also in this work, study of parameters was done which affected the impact damage process, such 

as lay-up sequence, impactor properties, impactor velocity, and boundary conditions on tube. 
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5.2 RESULTS AND DISCUSSION 

Once the model was made in MSC/PATRAN and the KEY file was edited, the model 

was run on a UNIX machine for solving for the given loading and boundary constraints. The 

results were studied in post-solver LS-POST and were compared with the results in the literature 

and good correlation was found between the simulation and results of Yen and Cassin [3]. Figure 

5.5 illustrates the damage caused to the composite tube due to an impactor with velocity 

V=47.94 in/sec. The region in red shows maximum stress conditions at time t= 0.024sec. 

Figure 5.5 Stress plots for composite tube with lay-up configuration of [30/-30/90/90/30/-

30/90/90] and impactor velocity V=47.04 in/sec. 

For the validation of the proposed FEM model, the FEM simulation results were 

correlated with experimental results of Yen and Cassin [3] for force vs. time. In Figure 5.6, a plot 

of impact force (lb) vs. time is shown for both FEM simulation and experimental results.  
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Comparison of Impact force vs time for experimental 
and FEM results
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Figure 5.6. Comparison of LS-Dyna and experimental results of force vs. time for lay-up 

configuration of [30/-30/90/90/30/-30/90/90] and impactor velocity V=47.04in/sec. 

From Figure 5.6, the impact force vs. time profile is nearly the same for both 

experimental and FEM results for loading only. From Figure 5.6, at time t= 3.5 to 3.9 msec, there 

is an initiation of fiber damage because the hoop stress value ( h = 227.5Ksi) at that time region 

is close to the compressive strength value for fibers S1
2= 229 Ksi. The similar observation is 

made by Yen and Cassin in their study. 

Since there is an initiation of the fiber damage mode, the impact force also decreases at 

that time as can be seen from Figure 5.6. Due to continuous loading beyond that point, there is a 

continuous progression of the damage to the fibers through the thickness of the structure which 

increases with impact load, until time t= 8.5 msec (approx.) as seen from Figure 5.6, where there 

is a permanent damage caused to the structure and thus reduction in the impact force. This 

followed a similar trend as seen by Yen and Cassin [3] in the Figure 5.6. Loading beyond this 
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point resulted in lesser force carried by the structure. Therefore the major mode of failure for this 

impact loading scenario was compressive fiber failure. Thus it was due to the damage to the 

fibers through the thickness of the laminate that there was a reduction in the strength in carbon 

tube, which in turn caused reduction in the load carrying capacity of the tube. 

 Spikes seen in Figure 5.6 were due to a noise component present due to breakage of 

fibers. The noise component affected the peak values of the stress significantly enough not to 

remove the noise. The damage in the structure started with epoxy damage such as matrix cracks, 

since the strength properties of matrix were much less as compared to the carbon fibers. Table 

5.2 shows the comparison of peak impact force that was observed from FEM simulation and 

from the experimental test.  

TABLE 5.2 

COMPARISON OF FEM AND EXPERIMENTAL PEAK FORCE FOR V=47.04 IN/SEC 

Test type Peak impact load (lb) 

FEM Simulation 213 

Experimental test 225 

A similar FEM model was run to validate the force vs. time nature of impact on the 

carbon/epoxy tube with a lay-up configuration of [30/-30/90/90/30/-30/90/90] and similar 

boundary conditions, composite tube properties, and impactor as that of the first simulation. The 

impactor velocity for this FEM simulation was 60.94 in/sec. Results were obtained for force vs. 

time for FEM simulation for the defined loading and boundary conditions, and good correlation 
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was found between FEM results and Yen and Cassin experimental results as illustrated in Figure 

5.7.
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Figure 5.7. Comparison of LS-Dyna and experimental results for force vs. time for lay-up 

configuration [30/-30/90/90/30/-30/90/90] and impactor velocity V=60.94in/sec. 

As seen from Figure 5.7, the nature of graph from FEM matches closely with that of the 

experimental test for impact load vs. time. A higher contact force induced higher contact loading 

at the impact point for impactor velocity V=60.96 in/sec. Note that from the FEM simulation it 

was observed that maximum stress condition was not immediately under the impact point but 

located off from the impact point.  
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Figure 5.8. Stress plots for composite tube with lay-up configuration of [30/-30/90/90/30/-

30/90/90] and impactor velocity V=60.96 in/sec. 

Table 5.3 shows the comparison of FEM and experimental peak impact force for 

impactor velocity V=60.96 in/sec. 

TABLE 5.3 

COMPARISON OF FEM AND EXPERIMENTAL PEAK FORCE FOR V=60.94 IN/SEC 

Test type Peak impact load (lb) 

FEM Simulation 263 

Experimental test 270 

5.3 STUDY OF PARAMETERS THAT AFFECTS THE DAMAGE PROCESS 

Once the proposed FEM model results were validated with corresponding experimental 

results, a parametric study was done on the same model with existing boundary conditions and 
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geometry. The studies included various parameters, i.e. impactor material property, lay-up 

sequence, impactor velocity and boundary conditions that affects the impact damage process. But 

for all simulations the thickness of the composite tube was kept constant throughout as that of the 

experimental test i.e. h=0.055 inch. 

In one of the studies a FEM simulation of a carbon/epoxy tube was impacted with steel 

and aluminum projectiles of the same geometry to study the effect of changing material 

properties of the impactor. The cylindrical diameter of the steel and aluminum projectiles was 

0.5 inch, and the impact velocities were V=47.94 in/sec.  Differences were observed in the nature 

of results for impact force vs. time with steel and aluminum projectiles. For the same impact 

velocity, the kinetic energies of the steel and aluminum projectiles are in the same ratio. The 

peak force from steel impactor was 225 lb (approx.) whereas from aluminum was 205 lb 

(approx.) as illustrated in figure 5.9.  

Comparison of force vs time for different impactor 
materials
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Figure 5.9 Comparison of impact force for steel and aluminum impactor for lay-up 

configuration of [30/-30/90/90/30/-30/90/90] and impactor velocity V=47.04in/sec. 
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This is because the higher modulus of elasticity of steel gives a higher contact stiffness, 

which induces higher contact forces and a smaller contact zone. The maximum deflection is 

more with steel impactor as compared to aluminum impactor. Also, as seen from Figure 5.9, the 

time at which peak force reaches maximum for a steel projectile is less as compared to an 

aluminum projectile. Table 5.4 shows the comparison of peak values of impact force for steel 

and aluminum impactor. 

TABLE 5.4 

COMPARISON OF PEAK IMPACT FORCE FOR IMPACTOR OF DIFFERENT 

MATERIALS

Impactor material Peak impact force (lb) Maximum Deflection  (in)  

Steel 225 0.12 

Aluminum 205 0.072 

Another part of the current parametric study examined how the difference in angle 

between the two plies affected the impact damage process. In this simulation two lay-up 

sequences with (0, 30) and (0, 45) degree plies was modeled with same boundary conditions and 

using an impactor with velocity of V= 47.94 in/sec. The lay-up configurations for the two 

laminates were [0/30/0/30/-30/0/-30/0] (DM1) and [0/45/0/45/-45/0/-45/0] (DM1). The number 

of interfaces between these two lay-up sequences was the same.  
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Comparison of force vs time for DM1 and DM2
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Figure 5.10 Comparison of force vs. time for DM1 and DM2 for lay-up configuration [30/-

30/90/90/30/-30/90/90] and V=47.04in/sec. 

As illustrated from the Figure 5.10, the resultant peak force for DM1 lay-up was more 

than DM2. This difference can be explained by the fact that the greater the orientation difference 

between the two plies, the greater is the damage caused from impact loading. Therefore for lay-

up sequence DM1, less damage was caused as compared to DM2. Lesser damage means that this 

structure was more compliant for existing loading conditions with better load bearing capacity. 

Table 5.5 shows the comparison of peak impact force for different lay-ups. 

TABLE 5.5 

COMPARISON OF PEAK FORCE FOR DM1 AND DM2  

Lay-up Peak impact force (lb) 

DM1 221 

DM2 210 
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Different lay-up sequences also affected the impact damage process, which was seen by 

another parametric study. Three lay-up sequences with 30 and 45 degree laminas were arranged 

to give three different laminates with [ 30/45/45/30/-30/-45/-45/-30] (Ll), [ 30/45/30/45/-30/-45/-

30/-45] (L2) and  [30/-30/45/-45/-45/45/-30/30] (L3) using the same boundary conditions and 

material properties, with impactor velocity V= 47.94 in/sec . From Figure 5.11, the impact force 

vs. time is shown for three different lay-ups. 

Comparison of force vs time for different lay-ups
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   Figure 5.11 Comparison of force vs. time for lay-up sequence L1, L2, and L3 for 

impactor velocity V=47.04 in/sec. 

The number of non similar ply interfaces for lay-ups L1, L2 and L3 were 5, 7, 6 

respectively. From figure 5.11, the peak force (P.F) for L2 was greater than Ll and L3 i.e. 

(P.F)2>(P.F)3>(P.F)1. This can be explained by the fact that the greater the interfaces, the less is the 

damage caused and better is the compressive after impact strength property and more is the 

energy absorbing capacity of the laminate structure. Maximum deflection is observed in L2 as 

compared to L1 and L3 because of a higher localized contact force. Therefore a laminate 
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structure with more interfaces will have better impact resistance. Table 5.6 shows the 

comparison of peak impact force for different lay-up sequences and impactor velocity V=47.04 

in/sec. 

TABLE 5.6 

COMPARISON OF PEAK FORCE FOR DIFFERENT LAY-UP AND V=47.04 IN/SEC 

Lay-up sequence Peak force (lb) Maximum deflection (in) 

L1 227 0.129 

L2 243 0.147 

L3 234 0.136 

Similar parametric studies were done for the carbon/epoxy tube and with impactor 

velocity V=60.96 in/sec. An impact analysis on three different lay-up sequences was done as one 

of the parametric studies. In this analysis the material properties of the carbon/epoxy lamina and 

impactor and the boundary conditions were kept similar to that of the experimental test. Different 

lay-up sequences considered for this study were [30/45/45/30/-30/-45/-45/-30] (M1), 

[30/45/30/45/-30/-45/-30/-45] (M2) and [30/-30/45/-45/-45/45/-30/30] (M3). The number of 

interfaces for lay-up sequence M1, M2, and M3 were 5, 7 and 6 respectively. Figure 5.12 

illustrates the comparison of impact force vs. time for different lay-up sequences M1, M2 and 

M3. It was observed that the peak force for lay-up configuration M2 is more than that of M1 and 

M3 i.e. (P.F)2>(P.F)3>(P.F)1. This can be explained by the fact that the greater the interfaces, the 

less is the damage caused and better is the compressive after impact strength property and thus 

more is the energy absorbing capacity of the laminate structure. Higher energy impactor caused 
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higher deflection in the laminate structures. Thus a laminate structure with more interfaces will 

have better impact resistance. Thus due to lesser number of interfaces, damage in the laminate 

with M1 configuration is more, and therefore, the peak load is also less.  

Comparison of force vs time for different lay-up 
sequences
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Figure 5.12. Comparison of force vs. time for lay-up sequence M1, M2, and M3 for 

impactor velocity V=60.94 in/sec. 

Table 5.7 shows the comparison of peak impact force for different lay-up sequences for impactor 

velocity V=60.94 in/sec 

TABLE 5.7 

COMPARISON OF PEAK FORCE FOR DIFFERENT LAY-UP AND V= 60.94 IN/SEC  

Lay-up sequence Peak force (lb) Maximum deflection (in) 

M1 262 0.162 

M2 278 0.184 

M3 270 0.176 
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Different boundary constraints on the mechanical systems tend to vary the global 

response of the structure. In another parametric study, the global response of the carbon/epoxy 

tube with same constitutive properties as that of the experimental, but with different boundary 

conditions was studied. In this study the impactor, with the same material properties as that of 

experimental data and with velocity V= 47.04 in/sec was used. The two boundary conditions 

studied was the one as that of experimental set-up i.e. V-support condition and the other was 

continuous support as shown in figure 5.13. 

a) V-Support condition    b) Continuous support  

Figure 5.13. Different support conditions. 

The impact force vs. time graph for both of the boundary conditions is shown in Figure

5.14 for carbon/epoxy tube with lay-up configuration of [30/-30/90/90/30/-30/90/90]. As can be 

inferred from the graph, the peak force for the continuously supported tube was lower than that 

of the V-support. This could be due to the more global response of the V-support pipe. This 

global response induced the bending of the entire pipe cross-section, which added to the overall 

stiffness of the response. The V boundary conditions acts as a support to the transverse impact 

load, and thus the tube tends to behave stiffer and leads to higher peak force with shorter contact 

time. 
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Comparison of force vs time for different conditions
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Figure 5.14. Comparison of force vs. time for different boundary conditions. 

The Table 5.8 shows the comparison of peak impact force for the two types of support 

conditions.

TABLE 5.8 

COMPARISON OF PEAK FORCE FOR DIFFERENT BOUNDARY CONDITIONS 

Support type Peak force (lb) 

V-Support 213 

Continuous support 203 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

6.1 CONCLUSION 

Finite element codes can be used effectively to simulate the low velocity impact scenario 

on composite structures with closely predicting the failure in them. A FE model of a 5 inch 

diameter carbon/epoxy composite tube and impactor was successfully developed to analyze the 

structural behavior due to low-velocity impact. A quarter model was made for the tube due to its 

geometric symmetry. The results observed from the FEM simulations match with the results 

from the experimental test data. The difference between the FEM and experimental results for 

peak impact force was less then 12% and validated the model for additional parametric studies. 

 Also a study of parameters such as different lay-up sequences, different impactor 

material properties, different boundary conditions on composite tube, angle difference between 

the consecutive laminas and impactor with different velocities was done, which affects the 

impact damage process. Different parameters discussed affect the damage process significantly. 

Each parameter has its own significance in determining the damage caused in the carbon/epoxy 

tube. Difference in the angle between the two plies and the lamination sequence determines the 

overall response of the laminate structure. It was found that configuration with more number of 

interfaces and less difference between the consecutive laminas yields higher peak loads for given 

loading conditions, which means that particular configuration is more resistant to applied 

loading. Also, the boundary conditions on the composite tube affect the impact load distribution. 

All of the parametric results were also correlated with the research work done by various 

researches in the literature, who mainly looked at the computational and experimental studies of 
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individual parameters. The results obtained from FEM simulation for the different parameters 

shows approximately same results observed by the researchers.  

6.2 RECOMMENDATIONS   

Composite structures being orthotropic in nature, i.e. material properties are direction 

dependent unlike isotropic metals. Therefore, in order to simulate and accurately predict the 

finite element results with the experimental results, constitutive material properties and all the 

failure parameters must be defined for a lamina or laminate if shell or solid modeling is 

considered for modeling respectively.    

Laminate structures with better mechanical properties for dynamic loading can be done 

by defining more than one material for a given model. This is done by the addition of a 

compliant layer of different material in the laminate structure with better mechanical properties. 

Further studies of such types of laminate structures needs to be done in the future. Also with 

changing the material properties of the constituents of the lamina i.e. matrix or the fiber, impact 

resistant structures can be made. Thus for FEM validation of such structures can only be done if 

all the failure parameters are defined from the experimental test data. Effect of the impactor mass 

and impactor geometry can also be studied. Finding the length of the crack in the laminate 

structure can also be done as a future study using LS-Dyna 970. 
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