
 

  

 

 

 

Characterisation of Low Velocity Impact 

Response in Composite Laminates 

 

Zeng Shen 

 

 

A thesis submitted in partial fulfilment of the requirements of the University of 

Hertfordshire for the degree of Doctor of Philosophy 

 

 

The programme of research was carried out in the School of Engineering and 

Technology, University of Hertfordshire 

 

November 2014  



Abstract 

 

I 

 

Abstract 

A major concern affecting the efficient use of composite laminates in aerospace industry is 

the lack of understanding of the effect of low-velocity impact (LVI) damage on the structural 

integrity. This project aims to develop further knowledge of the response and damage 

mechanisms of composite laminates under LVI, and to explore the feasibility of assessing the 

internal impact damage with a visually inspectable parameter. 

The response and damage mechanisms of composite laminates under LVI have been 

investigated experimentally and numerically in this project. Various parameters including the 

laminates thickness, lay-up configuration, repeated impact, and curing temperature have been 

examined. The concept and the phenomena of delamination threshold load (DTL) have been 

assessed in details. It was found that DTL exists for composite laminates, but the 

determination of the DTL value is not straightforward. There is a suitable value of range 

between the impact energy and the laminates stiffness/thickness, if the sudden load drop 

phenomenon in the impact force history is used to detect the DTL value. It is suggested that 

the potential menace of the delamination initiation may be overestimated. The composite 

laminates tested in this project demonstrate good damage tolerance capacity due to the 

additional energy absorption mechanism following the delamination initiation. As a result, 

the current design philosophy for laminated composite structure might be too conservative 

and should be reassessed to improve the efficiency further. 

To explore the feasibility of linking the internal damage to a visually inspectable parameter, 

quasi-static indentation (QSI) tests have been carried out. The dent depth, as a visually 

inspectable parameter, has been carefully monitored and assessed in relation to the damage 

status of the composite laminates. It is proposed that the damage process of composite 

laminates can be divided into different phases based on the difference in the increasing rate of 

dent depth. Moreover, the internal damage has been examined under the optical microscope 

(OM) and the scanning electron microscope (SEM). Residual compressive strength of the 

damaged specimen has been measured using the compression-after-impact (CAI) test. The 

results further confirm the findings with regard to the overestimated potential menace of the 

delamination initiation and the proposed damage process assumption. The proposed damage 

process assumption has great potential to improve the efficiency and accuracy of both the 

analytical prediction and the structural health monitoring for damages in composite laminates 

under low-velocity impact. 
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Ὃ  critical energy release rate in mode III J/m2 

Ὃ  total energy release rate J/m2 

Ὃ  reduced shear modulus GPa 

h laminates thickness mm 

Ὅ, Ὅ, Ὅ, Ὅ stress invariants under a rotation about the fibre direction  

k the kth layer  

Ὧ bending stiffness N/m 

Ὧ  bending and shear contribution stiffness N/m 

Ὧ contact stiffness by Hertz contact law N/m 

Ὧ  membrane stiffness  N/m 

Ὧ shear stiffness N/m 

Ὧᶻ effective contact stiffness; 

contact stiffness of a half-space 

N/m 

N/m 

K shear factor of laminates  

ὑ cohesive stiffness N/m 

ὑ contact stiffness N/m 

ὑ  contact stiffness N/m 

ὑ  penalty stiffness N/m 

L unsupported length mm 

m plate mass per unit area g/m2 

M indenter mass g 

- , -  bending moment per unit length N 

-  twisting moment per unit length N 

ὓ ᶻ effective plate mass g 
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Î number of delamination interfaces  

Îᶻ number of delamination interfaces starting from the 

laminates back face 

 

N layers of laminates  

. , .  normal force per unit length N/m 

.  shear force per unit length N/m 

P impact force N 

ὖ  critical impact force N 

ὖ adhesive nodal force in i-direction N 

q constant  

ὗ  effective out-of-plane stiffness N/m 

ὗ  component of the stiffness matrix of an on-axis 

configuration 

 

ὗ  component of the stiffness matrix of an off-axis 

configuration 

 

r radius of contact area; 

transverse coordinate used in elastoplastic contact model  

mm 

mm 

R radius of indenter tip mm 

Ὑ radius of contact area mm 

Ὑ radius of indenter mm 

Ὑ  radius of plastic zone mm 

S shear strength MPa 

Ὓ  component of the compliance matrix; 

shear strength in ij -plane 

 

GPa 

Ὓᶻ effective shear stiffness of an orthotropic laminates   N/m 

Ὓᶻ effective shear stiffness of an orthotropic laminates with n 

delaminations 

N/m 

t laminates thickness mm 

ὸ clustering thickness including the thickness of layers with 

the same fibre orientation 

mm 

ὺ initial velocity of impactor m/s 

w laminates width mm 

ύ global plate deflection of point c mm 

ύ impactor mass centre displacement mm 
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ύ  global plate deflection of point o mm 

ύ  laminates back-surface deflection mm 

ύЉ, όЉ nodal displacements at the nodal point Љ in the upper crack 

face 

mm 

ύЉz, όЉz nodal displacements at the nodal point Љᶻ in the lower crack 

face 

mm 

ὢ longitudinal compressive strength MPa 

ὢ shearing force at nodal point i close to the crack tip N 

ὢ longitudinal tensile strength MPa 

ὣ transverse compressive strength MPa 

ὣ transverse tensile strength MPa 

ὤ material yield strength MPa 

ὤ opening force at nodal point i close to the crack tip N 

Ўὥ length increment mm 

ЎόЉ shearing displacement at the two nodal points Љ mm 

Ўύ deflection difference between points o and c mm 

ЎύЉ opening displacement at the two nodal points Љ mm 

ЎὉ energy required to extend crack  J 

 

Greek Symbols           Description                                                                                 Unit 

‌ relative displacement; 

contact indentation 

mm 

mm 

‌ indentation depth of point c mm 

‌ indentation depth of point o mm 

‌ᶻ centre indentation of corresponding half-space mm 

‍ shape parameter of Weibull distribution for the property 

degradation 

 

‎ fracture energy J 

‎  shear strain in ij -plane  

‐ strain  

‐ ultimate compressive strain  

‐ normal strain in i-direction  
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‐ ultimate shear strain  

‐  longitudinal ultimate compressive strain  

‐  longitudinal ultimate tensile strain  

‐  transverse ultimate compressive strain  

‐  transverse ultimate tensile strain  

‐  transverse normal strain  

‐ strain rate  

— rotation angle of an off-axis configuration; 

angle between the material principal axis and the load 

direction  

degree 

degree 

— an arbitrary initial angle degree 

— orientation of the kth layer of a laminates degree 

’ Poissonôs ratio  

ʉ  negative ratio of the normal strain in j-direction to the 

normal strain in i-direction 

 

„ flexural strength MPa 

„ normal stress in i-direction MPa 

†  shear stress in ij -plane  MPa 

†  transverse shear strength MPa 

 

Abbreviations 

ABD stiffness matrix 

AFRL Air Force Research Laboratory 

AMCS autoclave management & control system 

BVID barely visible impact damage 

CAI compression-after-impact 

CDM continuum damage mechanics 

CFRP carbon fibre reinforced plastic 

CZM cohesive zone model 

DCB double cantilever beam 

DTL delamination threshold load 
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ECT edge-cracked torsion 

ENF end-notched flexure 

FEA finite element analysis 

FRP fibre reinforced polymer 

IKE initial kinetic energy 

ILSS interlaminar shear strength 

LEFM linear elastic fracture mechanics 

LVI  low-velocity impact 

MMB mixed-mode bending 

OM optical microscope 

PFM progressive failure model 

PTFE poly tetra fluoro ethylene 

QI quasi-isotropic 

QSI quasi-static indentation 

SEM scanning electron microscope 

UD unidirectional 

VCCT virtual crack closure technique 
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CHAPTER 1 Introduction  

This chapter consists of three sections. The first section gives a brief introduction of the value 

and industrial relevance of the proposed research in the project. Project aims and objectives 

are defined in the second section. The final section of the chapter outlines the structure of the 

thesis. 

1.1 Background 

Modern composite materials have been extensively used in high-performance structural 

applications, such as the aeronautical, automotive and marine industries, since the 1970s [1]. 

The excellent specific strength/stiffness, high corrosion resistance, long fatigue life and good 

design flexibility of advanced carbon fibre reinforced plastic (CFRP) composites have 

distinguished them from the traditional metallic materials.  

The usage of composite material in the most recent aircraft such as the Boeing B787 and the 

Airbus A350 has exceeded more than 50 percent of the structural weight of the aircraft [2, 3]. 

However, the potential weight saving offered by the advanced material is still restricted by 

the current conservative design philosophy. This conservative approach is mainly associated 

with the underestimated allowable design strength due to the concern about the effect of low-

velocity impact (LVI) damage on the performance of composite laminates. Out-of-plane 

impact by foreign objects, such as runway debris and dropped tools, is expected to occur 

during the operation, manufacturing, maintenance and service of composite component. In 

most cases, this type of impact leaves damage that is hardly detectable by visual inspection; 

such damage is referred to barely visible impact damage (BVID). It is generally accepted that 

such internal impact damages may significantly reduce the structural performance of 

composite laminates and grow under service loads [4-9].  

Compared with conventional metallic structures, composite laminates structures are more 

susceptible to impact damage due to the inherent brittleness of both the carbon fibre and the 

epoxy resin matrix. Different damage modes including matrix crack, delamination, and fibre 

breakage can be introduced into the composite laminates and interacted with each other, 

resulting in complicated damage mechanisms. Among the low-velocity impact induced 

damages, delamination is the dominant failure mode and may cause severe degradation of the 
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structural strength when the structure is under a compressive load. When the propagating tip 

of the matrix crack reaches the brittle interface, the high stress concentration may cause 

debonding of the adjacent layers with different fibre orientations and initiate delamination. 

Extensive research has been carried out to understand the mechanism of delamination and the 

effect of delamination on the performance of composite laminates [10-12]. It has been 

reported that there exists a delamination threshold load (DTL) for composite laminates [10, 

13, 14]. When an impact load exceeds the DTL, the area of delamination will increase 

significantly and thus lead to a large reduction of the residual compressive strength of the 

delaminated laminates. However, due to the complexity of the failure mechanisms associated 

with composite laminates, the reliable assessment of damage resistance and damage tolerance 

of composite laminates remains a major challenge to the aerospace industry. Further research 

is therefore required to understand the concept of DTL and its effect on the material 

behaviour under low-velocity impact to improve the conservative design philosophy of 

composite laminates. 

This project also focused on the study of delamination initiation through the investigation of 

the contact behaviour of composite laminates under both low-velocity impact and quasi-static 

indentation (QSI) loading conditions. The impact response and damage mechanisms of 

composite laminates under low-velocity impact will be investigated by considering the effect 

of the delamination initiation. The detection and prediction of the DTL will be assessed. The 

feasibility of relating internal damage to the dent depth through visual inspection has also 

been explored. 

1.2 Aims and Objectives 

The project has following two aims: 

1. To develop further knowledge of the impact response and damage mechanisms of 

composite laminates under low-velocity impact. 

2. To explore the feasibility of assessing the internal damage with a visually inspectable 

parameter. 

To achieve above aims, the contact behaviour of composite laminates under LVI and QSI 

loading conditions has been investigated through experimental, numerical, and analytical 

studies to achieve the following objectives:  
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1. To gain a good knowledge of the behaviour of composite laminates under low-

velocity impact through a comprehensive literature review. 

2. To conduct a series of detailed investigations of the impact response and the 

detection/prediction of delamination threshold load of composite laminates under low-

velocity impact. 

3. To establish a relation between indentation depth and internal damage through the 

investigation of the static response of composite laminates under quasi-static 

indentation loading condition. 

4. To simulate the contact force history and the initiation of delamination of composite 

laminates subjected to low-velocity impact and quasi-static indentation loading. 

5. To characterise the effect of damage on the residual compressive strength of 

composite laminates through the compression-after-impact (CAI) test, optical 

microscope (OM), and scanning electron microscope (SEM) observations. 

1.3 Outline of the Thesis 

This thesis presents the research work carried out between October 2010 and October 2014 

for the PhD project titled ñCharacterisation of low-velocity impact response in composite 

laminatesò. It consists of eight chapters. Chapter 1 gives a brief introduction of the 

background associated with the project and defines the project aims and objectives. Chapter 2 

is a comprehensive review of the concept, theories, techniques, and key findings in the field 

related to the project. Chapter 3 explains the research strategy employed in the project. The 

fabrication of composite plates and the derivation of the basic mechanical properties of the 

unidirectional (UD) material are described in Chapter 4. Chapter 5 and 6 present detailed 

investigations, which were conducted in experimental, numerical and analytical approaches, 

on the impact behaviour of composite laminates under low-velocity impact and the contact 

response of composite laminates under quasi-static indentation load. Results achieved from 

the project are analysed and discussed from a project point of view in Chapter 7 to establish 

the relations among them. Chapter 8 summarises the key results achieved in the project and 

the areas where further work is required.  
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CHAPTER 2 Literature Review 

This chapter details the existing research, techniques and theories related to the work carried 

out in this project. Topics of composite material, composite laminates, low-velocity impact 

damage mechanisms, delamination threshold load and quasi-static indentation behaviour of 

composite laminates are reviewed and discussed. 

2.1 An Overview of Composite Material 

Composite material is a structural material typically constructed from at least two constituents 

with significantly different properties. The constituents are combined at a microscopic or 

macroscopic level and have a distinct interface between each other. This combination 

produces a material possessing more desirable properties, such as improved stiffness-to-

weight and strength-to-weight ratio, long fatigue life, and high electrochemical corrosion 

resistance, which are not attainable with the individual constituent [5, 6, 15]. These 

advantages have made the composite materials a very broad and important class of 

engineering materials; the world annual production of composite materials (over 10 million 

tons) has been increasing 5-10% per annum in recent years [7].  

2.1.1 Historical Development of Composite Material 

Many natural biological materials are effective composite materials, due to a combination of 

two or more components in many cases. Bamboo, bone and celery are good examples of 

cellular natural composite; while muscle tissue is a kind of multidirectional natural fibre 

composite as shown in Figure 2.1 [7, 15]. 

Composite materials have been exploited throughout human history. Inspired by natural 

composite materials, the ancient civilizations mixed two or more components to reinforce the 

mixture. For instance, the Ancient Egyptians introduced glued laminated wood and papier-

mache (1500 B.C.) [5] and the Inca and Mayan civilizations strengthened bricks and pottery 

with plant fibres [15]. 
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Figure 2.1 Examples of natural composite materials. 

Advanced composite materials have been manufactured and applied to the modern marine, 

automotive and aerospace industries since the early 20th century. Glass fibre reinforced resin, 

commonly called fibre-glass, has been applied in boat and missile construction since it was 

first made in the 1930s. The applications of modern composite materials made significant 

progress in 1970s, due to the development of new fibres, such as carbon, boron, and aramid, 

and new composite systems with matrices made from metal and ceramic [1]. These new-

generation high-strength composite materials proved to be the ideal alternative materials to 

meet the extreme requirements of performance in the aerospace industry. As Airbus claimed 

in the A350 XWB launch press conference [2], over 50% of the airframe by weight, including 

wings, hybrid fuselage, empennage and belly fairing, is made of advanced composite 

materials, such as carbon/epoxy and graphite/titanium, as shown in Figure 2.2. The extensive 

application of composites on the A350XWB has reduced its weight significantly, resulting in 

better fuel efficiency and up to 8% lower operating costs than its competing Boeing 787 

Dreamliner. 

http://en.wikipedia.org/wiki/Boeing_787_Dreamliner
http://en.wikipedia.org/wiki/Boeing_787_Dreamliner
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Figure 2.2 Applications of modern composite materials [2]. 

Ashby [16] summarised the historical development and extrapolated the expectative 

progression of composite materials compared with other three most commonly used materials, 

metal, polymer/elastomer and ceramic/glass, considering the relative importance of each 

group, which is presented in Figure 2.3.  

 

Figure 2.3 Chronological variation of the relative importance of materials [16]. 
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It should be noted that the relative importance of each material in Figure 2.3 is not associated 

with any specific unit of measure; it only reflects the importance weighting factor of each 

material group at different ages. This helps to explain the steady growth of polymer/elastomer, 

composite, and ceramic/glass since 1960s. The steady growth can be attributed to the 

innovations (from both manufacturing and analysis viewpoints) of these advanced materials 

including high modulus polymers, carbon fibre and ceramic composite. Meanwhile, the 

progress of metal has faced its bottleneck after the dramatic development since the first 

industrial revolution. 

2.1.2 Classification of Composite Material 

A composite material generally consists of a discontinuous phase embedded within a 

continuous phase. The discontinuous phase is the reinforcement which is much stronger and 

stiffer than the continuous phase termed as matrix [7, 15, 17]. 

 

Figure 2.4 Schematic illustration  of polymer, metal, and ceramic matrix composite 

materials [7]. 

Based on the difference in reinforcements and matrixes, two methods are commonly applied 

in classifying composite materials. In one way, composite materials are divided into three 

principle categories based on the matrix material type: polymer, metal and ceramic based 

composites as illustrated in Figure 2.4 [7]. On the other hand, the geometry of the 

reinforcement is used to classify the composite materials into fibre, particulate, and flake 

reinforced composites as illustrated in Figure 2.5 [5, 15]. 
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Figure 2.5 Schematic illustration  of fibre, particulate, and flake reinforced composite 

materials [5]. 

Currently, fibre reinforced polymer (FRP) matrix composite is one of the most extensively 

used composite groups in aerospace industry. The reinforcement fibre can be produced from a 

range of materials, such as glass, aramid, boron, carbon and graphite. Polyester, polyamide, 

polypropylene, phenolic and epoxy are commonly used as matrices. Although the high 

strength-to-weight and stiffness-to-weight ratios of the fibre reinforced composite system are 

mainly determined by the reinforcements, the matrix is still required due to the inherent 

brittleness of the fibre reinforcement. The matrix binds fibres together and isolates them from 

each other; the matrix transfers the load from fibre to fibre and protects them from 

environmental attack; the matrix also carries the shear stress in the composite and restricts the 

initiation and propagation of cracks [8]. 

2.1.3 Advantages and Limitations of Composite Material 

Compared with conventional materials such as steel, aluminium and titanium alloys, the 

carbon fibre reinforced epoxy composite material offers superior specific strength 

(strength/density) and specific modulus (modulus/density) as shown in Figure 2.6. As a 

consequence, the composite material has its unique advantages in the application of aircraft 

structure [7, 9, 17-19]. 

In addition to the high strength and stiffness to density ratios, several other outstanding 

benefits provided by composite material also attract the engineers, designers and 

manufacturers in aerospace industry. For instance, the ability to optimise mechanical 

properties by adjusting the lay-ups of composite material improves the design flexibility; the 

excellent fatigue and electrochemical corrosion resistance of composite material increases the 

operation stability; the part consolidation of composite material also reduces the assembly 

cost and time [19]. 
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Figure 2.6 Specific strength and modulus of general engineering materials [19]. 

It is however worth noticing that the fibre reinforced composites are typically anisotropic. 

The low transverse and through-thickness strengths of fibre reinforced composite need to be 

considered in design and analysis [6-8, 17, 18]. Compared with conventional structural 

materials, the following limitations still restrict the further application of composite material: 

¶ High fabrication cost of composites material. 

¶ Complicated design and analysis of anisotropic composites. 

¶ Complexity in failure mechanisms and detection of internal damage. 

¶ Expensive and complicated repair of damaged composite structure. 

2.2 An I ntroduction to Composite Laminates 

Composite laminates, a typical form of composite material, has been used increasingly in 

aerospace industry as a result of its superior mechanical properties. But insufficient 

understanding of the failure mechanisms under low-velocity impact is a major concern which 

limits its further applications. A detailed understanding of its structural performance is to 

fully exploit the potentials of composite laminates. 

2.2.1 Characterisation of Composite Laminates 

Composite laminate is constructed by stacking laminas in the thickness direction, as 

illustrated in Figure 2.7. A lamina is typically a thin fibre reinforced composite layer which 
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has either a unidirectional (UD) fibre orientation as illustrated in Figure 2.7(a), or a woven 

fibre configuration as illustrated in Figure 2.7(b) [5]. Specific procedures, including filament 

winding, autoclave curing and resin transfer moulding, are involved to bond the laminas 

together depending on different matrix materials. 

 

Figure 2.7 Schematic illustration  of (a) the UD composite laminates [5] and (b) the 

woven composite laminates. 

2.2.2 Lay-up of Composite Laminates 

It is well-established that the lay-up configuration of composite laminates can be adjusted to 

achieve the desired mechanical properties including in-plane structural stiffness/strength and 

out-of-plane impact resistance [5, 15, 20]. Laminated woven composite material can be 

generally treated as a quasi-isotropic material since the fibres are weaved together in each 

lamina. On the contrary, composite laminates made of unidirectional laminas normally is 

anisotropic due to different principal material axis of individual lamina. The lay-up 

configuration of composite laminates made of UD laminas can be divided into following 

categories in order to achieve required material performance [17]: 

¶ Unidirectional laminates: multiple layered UD laminates with orthotropic mechanical 

properties (e.g. π  and ωπ). 

¶ Symmetric laminates: multidirectional laminates with pairs of laminas of the same 

fibre orientation, material, and thickness; the laminas are stacked symmetrically with 

respect to the mid-ply of laminates (e.g. τυȾπȾωπ). 

¶ Antisymmetric laminates: multidirectional laminates with pairs of laminas of the 

opposite fibre orientation but same material and thickness stacked symmetrically with 

respect to the mid-ply of laminates (e.g. [+45/-45/+45/-45]). 
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¶ Cross-ply laminates: symmetrical or antisymmetrical laminates only has laminas 

oriented at 0Ј and 90Ј (e.g. [0/90]s, [0/90/0/90]). 

¶ Angle-ply laminates: symmetrical or antisymmetrical laminates with pairs of laminas 

oriented at — (e.g. [ 45]s, [+30/-30/+30/-30]). 

¶ Quasi-isotropic laminates: a laminates constructed by the following manners in order 

to gain the in-plane isotropic properties (e.g. [ 45/0/90]s).  

1). minimum 3 layers; 

2). all layers have identical orthotropic material properties and thickness;  

3). the orientation of the kth layer of an N-layer laminates can be generated by an 

arbitrary initial angle —: 

                                     Ᵽ▓
▓ Ⱬ

╝
Ᵽ                                                 (2.1) 

In practice, the mechanical properties of fibre reinforced composite laminates sometimes need 

to be quickly estimated. Hart-Smith [21] suggested an empirical prediction, termed as Ten-

Percent Rule, to estimate the fibre-dominated in-plane strength and stiffness of laminated 

composites based on the rule of mixtures of 0Ј, 45Ј, and 90Ј fibre orientations. In this rule, 

the primary 0Ј laminas are considered to contribute 100 percent of its longitudinal strength 

and modulus to the resultant mechanical properties of laminates, while the secondary laminas 

(90Ј & 45Ј) are credited with only 10% of the reference strength and modulus in the 

estimation of overall mechanical properties. In the latest articles [22, 23], the Ten-Percent 

Rule has been extended beyond its prior restriction to select fibre patterns by introducing the 

implicit lamina failure envelope and increasing the transverse failure strain of fibre. It should 

be noticed that this simplification is only valid for the highly orthotropic materials.  

2.2.3 Mechanical Analysis of Composite laminates 

The overall performance of composite laminates can be estimated accurately through detailed 

mechanical analysis as described in comprehensive literatures [4, 5, 7, 15]. The compliance 

and stiffness matrices of individual unidirectional lamina are firstly determined, followed by 

the study of the overall performance of composite laminates considering the thickness and 

lay-up configuration of laminates.  
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Figure 2.8 Schematic illustration of the applied stresses for determining compliance 

matrix  of a lamina [15]. 

In the study of Staab [15], normal stresses are applied to the unidirectional lamina in the 

principal directions of orthotropic material to determine the relationship of compliance matrix 

to engineering elasticity constants of a lamina as illustrated in Figure 2.8. The relationships 

between strains in the 1, 2, and 3-directions, termed as ‐, ‐, and ‐, and the only nonzero 

applied normal stress, „, are expressed as 

‐      ‐     ‐                  (2.2) 

where, Ὁ is the elasticity modulus in the i-direction; ʉ  is defined as the negative ratio of the 

normal strain in the j-direction to the normal strain in the i-direction, when the only normal 

load is applied in the i-direction. 

Similarly, the strains developed with the only nonzero stress component, ʎ, are 

‐     ‐      ‐                  (2.3) 

Under the 3-direction normal nonzero stress, ʎ, the strains are expressed as 

  ‐
ʉσρʎσ
Ὁσ

    ‐
ʉσςʎσ
Ὁσ

    ‐                (2.4) 

The compliance matrix, Ὓ, can be established by combining the above results and recalling 

the relation ‐ Ὓ „  as 
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Ὓρρ   Ὓρς   Ὓρσ

Ὓςρ Ὓςς  Ὓςσ

Ὓσρ    Ὓσς  Ὓσσ

                 (2.5) 

The shear terms, Ὓ , Ὓ , and Ὓ , are determined for complete compliance matrix by 

applying pure shear stresses in the 2-3, 1-3, and 1-2 planes. In principle, the inexistence of 

shear-extension coupling simplified the matter as 

 Ὓ
ρ

Ὃςσ
      Ὓ

ρ

Ὃρσ
    Ὓ

ρ

Ὃρς
                 (2.6) 

where, Ὃ is the shear modulus corresponding to a shear stress applied to the ij -plane. 

Therefore, the compliance matrix is expressed as 

 Ὓ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὓ Ὓ Ὓ
Ὓ Ὓ Ὓ
Ὓ Ὓ Ὓ

π    π   π
π    π   π
π    π   π

π   π     π
π   π     π
π   π    π

Ὓ π π
π Ὓ π
π π Ὓ Ứ

ủ
ủ
ủ
ủ
Ủ

 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

π   π   π
π   π   π
π   π   π

 

π       π        π
π       π       π
π       π       π

π π

π π

π π Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

       (2.7) 

The stiffness matrix, ὗ, is obtained by inverting the compliance matrix. The individual 

stiffness coefficient, ὗ , is expressed in terms of the engineering elasticity constants as 

       ὗ Ὁ ρ ʉ ʉ ȾЎ      ὗ Ὁ ρ ʉ ʉ ȾЎ      ὗ Ὁ ρ ʉ ʉ ȾЎ 

      ὗ Ὁ ʉ ʉ ʉ ȾЎ Ὁ ʉ ʉ ʉ ȾЎ              ὗ Ὃ  

       ὗ Ὁ ʉ ʉ ʉ ȾЎ Ὁ ʉ ʉ ʉ ȾЎ             ὗ Ὃ                          (2.8) 

       ὗ Ὁ ʉ ʉ ʉ ȾЎ Ὁ ʉ ʉ ʉ ȾЎ             ὗ Ὃ  

where,         

    Ў ρ ʉ ʉ ʉ ʉ ʉ ʉ ςʉ ʉ ʉ                                                             



CHAPTER 2 Literature Review 

 

14 

 

The current stiffness matrix is only applicable for the analysis of an on-axis configuration as 

shown in Figure 2.9(a). A new matrix, ὗ, is required in the analysis of an — angle lamina 

with an off-axis configuration shown in Figure 2.9(b). 

 

Figure 2.9 Schematic illustration of (a) on-axis and (b) off -axis configurations [15]. 

The expanded form of the stress-strain relationship is [15] 

ừ
Ử
Ừ

Ử
ứ
„
„
„
†
†
† ữ
Ử
Ữ

Ử
ử

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὗ ὗ

ὗ ὗ

ὗ π

ὗ π

π ὗ

π ὗ

ὗ ὗ
π π

ὗ π

π ὗ

π ὗ

ὗ π

π π
ὗ ὗ

π ὗ

ὗ π

ὗ π

π ὗ Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

ừ
Ử
Ừ

Ử
ứ
‐
‐
‐
‎
‎
‎ ữ
Ử
Ữ

Ử
ử

                                (2.9) 

where, „, „ and „ are the normal stress in the corresponding direction, respectively; † , 

†  and †  are the shear stress in the corresponding plane, respectively; ‐, ‐ and ‐ are the 

normal strain in the corresponding direction, respectively; ‎ , ‎  and ‎  are the shear strain 

in the corresponding plane, respectively. 

Each stiffness coefficient, ὗ , is expressed as 

                   ὗ ὗ ά ςὗ ςὗ ά ὲ ὗ ὲ 

                   ὗ ὗ  ὗ τὗ ά ὲ ὗ ά ὲ  

                   ὗ ὗ ά ὗ ὲ 

                   ὗ ὗ ὗ ςὗ ά ὲ ὗ ὗ ςὗ άὲ 

                   ὗ ὗ ὲ ςὗ ςὗ ά ὲ ὗ ά                                                (2.10)    

                   ὗ ὗ ὲ ὗ ά  

 ̒
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                  ὗ ὗ ὗ ςὗ άὲ ὗ ὗ ςὗ άὲ                          

                  ὗ ὗ                             ὗ ὗ ὗ άὲ    

                  ὗ ὗ ά ὗ ὲ         ὗ ὗ ὗ άὲ 

                  ὗ ὗ ά ὗ ὲ         ὗ ὗ ὗ ςὗ άὲ ὗ ά ὲ  

where,  

                ά ÃÏÓ— and ὲ ÓÉÎ—  

Once the stiffness and compliance matrices of an individual unidirectional lamina are 

determined, the overall performance of composite laminates can be estimated based on the 

thickness and lay-up configuration. Each lamina is assigned a reference number and a z-

coordinate to identify the location in the coordinate system as shown in Figure 2.10. 

 

Figure 2.10 Laminates stacking sequence nomenclature [5]. 

Therefore, the stress for kth lamina can be determined by following relation 

 

ʎ
ʎ
ʐ

1 1 1

1 1 1

1 1 1

ʀ

ʀ

ɾ

 ᾀ 

Ὧ
Ὧ

Ὧ
                       (2.11) 

The resulting force and moment in the laminates can be written in matrix form as [15] 

 
.
.

.
В ᷿

ʎ
ʎ
ʐ
ÄÚ         

-
-

-
В ᷿

ʎ
ʎ
ʐ
Ú ÄÚ             (2.12) 



CHAPTER 2 Literature Review 

 

16 

 

where, 

          . , .  = normal force per unit length                 .  = shear force per unit length 

          - , - = bending moment per unit length           - = twisting moment per unit length 

Combining them together, gives 
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where, 

         ! В 1 È È          i, j = 1,2,6  extensional stiffness matrix 

         " В 1 È È    i, j = 1,2,6  extensional-bending coupling matrix 

         $ В 1 È È    i, j = 1,2,6  bending stiffness matrix 

The loads and moments of a composite laminates can be expressed in matrix form, after 

integration, as 
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The form of equation often can be simplified as                             (2.15) 

2.3 Composite Laminates under Low-velocity Impact 

Impact damage is one of the crucial concerns in the design, manufacture, and maintenance of 

composite laminates. The failure mechanisms of composite laminates are much more 
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complex compared with conventional metallic material. Different damage modes may occur 

at both interlaminar and intralaminar levels and interact with each other. The failure 

mechanisms of composite laminates are generally classified as either low-velocity impact 

induced damage or high-velocity impact induced damage. The low-velocity impact damage, 

which is the most difficult to be detected in practice, will be focused in the current study.  

2.3.1 Definition of Low-velocity Impact 

The definition of low-velocity impact is still under debate among leading researchers in the 

filed due to the uncertain transition between low-velocity impact and high-velocity impact. 

On one hand, a commonly accepted one is suggested by Cantwell and Morton [24] under 

which the impact velocity is up to 10 m/s considering the height limit of test facility (such as 

drop-weight tower). On the other hand, Abrate stated in his review book [4] that the impact 

speed of an low-velocity impact event should be less than 100 m/s. 

Sjoblom et al. [25] and Shivakumar et al. [26] insisted that the upper limit of low-velocity 

impact vary from 1 to 10 meters per second depending on the material properties of target and 

the mass and stiffness of impactor. The impact response is dominated by the stress wave 

propagation through material. Very localised damage and energy dissipation are induced by 

high-velocity impact as a result of the lack of response time and negligible boundary 

condition effect. On the contrary, low-velocity impact event generates an entire structural 

response and in consequence more energy is absorbed elastically, as a result of a long enough 

impact duration. Davies and Robinson [27] defined the low-velocity impact not only simply 

by a numerical limit , but by the material property, in which case the through-thickness stress 

wave effect on the stress distribution is negligible. A cylindrical zone under the impactor is 

considered to undergo a uniform strain, as the stress wave propagating through the plate, 

which gives the ultimate compressive strain, ‐ὧ, as [27] 

‐
  ÖÅÌÏÃÉÔÙ 

     
                                           (2.16) 

Several researchers [28, 29] suggested that the type of impact can also be categorized by the 

existence of damage types. Low-velocity impact damage is characterised by delamination and 

matrix crack; whereas high velocity impact is dominated by fibre breakage and penetration.  
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In conclusion, considering the maximum impact velocity studied in this project is less than 10 

m/s, and therefore the studied impact falls in the category of low-velocity impact. 

2.3.2 Classification of Low-velocity Impact Tests 

An impact test should be selected properly to replicate the actual loading condition to be 

experienced by structure in practice, and introduce the damage modes and failure mechanisms 

likely to occur. 

 

Figure 2.11 Schematic illustration of common impact test rigs [4]. 

Two types of impact tests are commonly employed in investigations [30-40] , although many 

details of the actual test apparatus may differ. Gas gun test, as illustrated in Figure 2.11(a), is 

suitable to simulate the impact events with small mass and high-velocity projectiles, such as 

the runway debris impact on aircraft during its take-off and landing. Drop-weight test, as 

illustrated in Figure 2.11(b), is used extensively to simulate the low-velocity impact condition 

caused by larger projectile that may occur when tools are accidentally dropped on composite 

structure. Although the hemisphere is the most commonly used shape of impactor, the 

changeability of the geometries of impactor and target is still one of the benefits associated 

with the drop-weight test. Mitrevski and co-workers [41-43] conducted their detailed studies 

on the effect of impactor shape on the impact response and damage mechanisms of composite 

laminates. 
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In addition, pendulum-type and cantilevered-type systems are also used to generate low-

velocity impact. As Cantwell and Morton suggested in their review paper [24], the pendulum-

type test system was used by many early impact studies. The information about the energy 

absorption and dissipation in the composite can be gained by using the pendulum-type test 

method. Lal [44, 45] used the cantilevered impactor, by pulling back and then releasing a 

flexible beam with a steel ball mounted at the end, to produce a low-velocity impact. 

2.3.3 Failure Modes of Composite Laminates under Low-velocity Impact 

Kaw [5] suggested that the failure of composite laminates may not be catastrophic. It is much 

more possible that some layers fail firstly and the laminates continues to take more loads until 

the entire laminates fails. The failure process is quite complex, involving both intralaminar 

damage mechanisms, including matrix crack and fibre fracture, and interlaminar damage 

mechanisms, such as delamination and penetration.  

 

Figure 2.12 Cross-section view of the impact damaged composite laminates [46]. 

Matrix crack as illustrated in Figure 2.12 occurs parallel to the fibre direction due to tensile, 

compressive, and shear stresses induced by the low-velocity impact [47]. Delamination is the 

separation between layers with different fibre orientations as shown in Figure 2.12, and 
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triggered by the interlaminar stress due to the bending stiffness mismatch between adjacent 

layers [48]. Fibre fracture generally occurs under higher load after matrix crack and 

delamination. The fibre breaks under high tensile stress and buckles under high compression 

load [47]. Penetration is a macroscopic damage and occurs when the laminates failure reaches 

a catastrophic level which is not common in the low-velocity impact event [49]. Numerous 

researches have been conducted in order to achieve comprehensive understanding on the 

damage initiation and propagation of composite laminates under low-velocity impact. 

Matrix Crack  

Abrate [4] suggested that the distribution of matrix cracks was complicated and difficult to be 

predicted accurately. The prediction of the complex pattern is not essential since matrix crack 

does not significantly affect the performance of laminates. Matrix damage, including matrix 

crack and debonding between fibre and matrix, is the inception of other failure mechanisms 

and may induce delamination at the interface [4]. 

 

Figure 2.13 Schematic illustration of the low-velocity impact damage natures in a 

composite laminates [11]. 

Zhang [11] reported a typical damage pattern of composite laminates under low-velocity 

impact as shown in Figure 2.13. The highly localized contact damage (refer to notation 1 in 

Figure 2.13), named as crushing, appears close to the contact surface under the impactor and 

may extend into the target plate within 2 or 3 layers. It depends on the Hertz type contact 
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force and transverse material stiffness of the top layer. The matrix cracks on the impact face 

start at the edge(s) of the impactor (refer to notation 2 in Figure 2.13) and are at an angle of 

approximately 45Ј from the mid-surface. These shear cracks are caused by high transverse 

shear stress/compressive bending strain through the material [4, 50]. The vertical matrix 

cracks on the lower face (refer to notation 3 in Figure 2.13) are termed as tensile cracks. 

These cracks are introduced by high in-plane normal stress/tensile bending strain which are 

related to the flexural deformation of laminates [4, 51]. The internal delamination near the 

mid-plane (refer to notation 4 in Figure 2.13) and the delamination near the back surface 

(refer to notation 5 in Figure 2.13) are triggered by either shear crack or tensile crack, 

respectively. Once the sharp crack tips reach the interfaces, the stress concentration at 

interface may initiates the delamination [52]. 

 

Figure 2.14 Schematic illustration of different damage patterns [4]. 

Abrate [4] and Cantwell et al.[53] reached similar conclusions about the geometry effect on 

matrix crack type and its distribution. The laminates thickness is proved to be the key factor. 

The thick specimen is stiffer and introduces transverse shear crack in the upper layers firstly 

due to higher contact force, resulting in the pine tree distribution damage pattern as shown in 

Figure 2.14(a). In contrast, the tensile cracks in the lower layers are more likely to be 

introduced in thin laminates by the excessive transverse deflection and subsequent membrane 

effects. The matrix crack and delamination are distributed in a reversed pine tree pattern as 

illustrated in Figure 2.14(b). 

Delamination 

Delamination, an interlaminar failure mode, plays a dominant role in the damage and energy 

dissipation of composite laminates subject to low-velocity impact. Delamination and matrix 

crack interact with each other and contribute to up to 60% degradation in compressive 

strength of composite laminates [4, 10, 12]. 



CHAPTER 2 Literature Review 

 

22 

 

Experimental studies [10, 11, 48, 54] consistently report that delamination only occurs at the 

interface between layers with different fibre orientations as a result of the Poissonôs ratio and 

bending stiffness mismatches between adjacent layers. Figure 2.15 presents the studies on the 

delamination shape. 

 

Figure 2.15 (a) Top and side views of the delamination area from C-scan observations 

[46]; (b) schematic illustration of delamination [4]; (c) ideal model of delamination [46]. 

The top and side views of a delaminated 32-ply laminates from the C-scan observations are 

shown in Figure 2.15(a). The top-view C-scan observation suggests the entire delamination 

area has a circular projection shape. Meanwhile, the side-view result indicates the 

delamination area is combined by several delaminations at different interfaces. The back 

surface of laminates tends to have larger delamination area than that at the top-surface. The 

individual delamination area is often in a ópeanutô shape with its major axis oriented in the 

direction of fibres in the lower layer at the interface as illustrated schematically in Figure 

2.15(b). In the computer generated ideal model of delamination as shown in Figure 2.15(c), a 

spiral staircase is used to characterise the delamination distribution. It is however necessary to 

notice that delamination shapes often are quite irregular and the orientations become rather 

difficult to be ascertained. Therefore, the delamination area measured from C-scan 

observation, as a projection of all damaged interfaces on a single plane, is commonly used as 

a key parameter in the study of low-velocity induced delamination. 

Liu [48] reported that the bending stress was the major cause of delamination. Sun and Joshi 

[28] concluded that delamination was initiated by the shear crack in upper layer, the 
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transverse shear crack in middle layer, and the vertical bending crack in lower layer. The 

initiation of delamination is believed to be associated with a critical value of impact force, 

named as the delamination threshold load. A detailed review of the work by a number of 

researchers in the area of delamination initiation and propagation will be presented in Section 

2.4. 

Fibre Fracture 

Matrix crack can be considered as the precursor of delamination causing significant reduction 

in the residual strength of composite laminates under low impact energy. The initiation of 

fibre fracture can be considered as the precursor of catastrophic failure of composite 

laminates (such as penetration) under relative high impact energy. The fibre fracture generally 

occurs later than the matrix crack and delamination in the failure process of impacted 

composite laminates, as a result of the brittle fibre losing the protection provided by matrix. 

The damaged matrix cannot transfer the loads to fibre uniformly, which may cause the high 

stress concentration. There are two main kinds of fibre failure modes including the tensile 

fibre breakage and compressive fibre buckling as illustrated in Figure 2.16. 

 

Figure 2.16 Schematic illustration of fibre failure modes. 

Richardson and Wisheart suggested in their review paper [47] that the in-tension fibre 

breakage was introduced by high bending stress on the non-impacted surface; the in-

compression fibre buckling was introduced by the high local contact stress and indentation 

effect under impactor. Dorey [55] also presented a simple prediction of the energy required 

for the back-surface flexural induced fibre fracture as 

%ÎÅÒÇÙ
„ςύὸὒ

ρψὉὪ
                                         (2.17) 
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where, „ is the flexural strength, Ὁ is the flexural modulus, w is the laminates width, L is the 

unsupported length, and t is the laminates thickness. 

However, the accurate prediction of fibre fracture is a challenging task and depends on the 

modelling of all damage modes, including matrix crack and delamination, with the 

consideration of interactions among them in the progressive damage development.  

Penetration 

Penetration is a catastrophic failure mode of composite laminates subjected to a high 

velocity/energy impact as a result of fibre fracture. It is the research focus of the ballistic 

impact response of composite laminates, while this macroscopic failure mode may also occur 

in some low-velocity impact events with high impact energy level. 

Efforts have been made to predict the initiation of penetration. Some researchers [53, 56] 

suggested that the threshold penetration energy of composite laminate was not a linear 

function of the laminates thickness and rised rapidly with the increase of specimen thickness. 

In contrast, other researchers reported that the threshold penetration energy was proportional 

to specimen thickness. Dorey [55] belongs to the latter group and presented the prediction of 

the energy absorbed by penetration: 

%ÎÅÒÇÙ“‎ὸὨ                                                             (2.18) 

where, ‎ is the fracture energy, t is the specimen thickness, and d is the diameter of impactor. 

2.3.4 Failure Criteria of  Composite Laminates 

The material strength is the material capability to resist failure. A failure criterion of 

composite material cannot however be simply defined by material strength due to the material 

anisotropy. There are three principal directions of an orthotropic composite laminates, which 

may cause the principal stress direction different from the principal strain direction. Moreover, 

composite laminate has different strengths in different directions. As a result, the maximum 

strength may not correspond to the critical loading condition. Therefore, the failure criterion 

of composite laminates must be determined based on a proper comparison between the 

practical stress field and allowable stress.  
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Numerous failure criteria of composite laminates based on different phenomenological 

considerations have been suggested. The maximum stress and strain criteria are the earliest 

ones and are improved further by many researchers in their modified failure criteria. 

Maximum Stress Criterion 

Erdogan et al. [57] proposed the maximum stress criterion assuming the failure occurs when 

any of the stress components along the principal material direction exceeds the corresponding 

strength in that direction. The failure criterion is expressed as 

under tension 

„  ὢ
„  ὣ
ȿ†ȿ Ὓ

 

under compression 

                 
ȿ„ȿ ὢ
ȿ„ȿ ὣ

                                                         (2.19) 

where, „, „, † , ὢ, ὣ, ὢ, ὣ, and S are the longitudinal stress, transverse stress, shear 

stress, longitudinal tensile strength, transverse tensile strength, longitudinal compressive 

strength, transverse compressive strength and shear strength, respectively. 

In practice, the stress components along the material principal axis („, „, and † ) are 

usually unknown. But the stress components in the non-principal direction, such as „, „, 

and † , are determinable. By introducing the angle — between the material principal axis and 

the load direction, the maximum stress criterion can be rewritten as 

„            ȿ„ȿ  
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                                       (2.20) 

Therefore, the material strength in the — direction can be determined as the maximum value 

„ by Equation 2.20. 
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Maximum Strain Criterion  

The maximum strain criterion, which is similar to the maximum stress failure criterion, is 

believed to be firstly applied in advanced fibre-reinforced polymer composites by Waddoups 

[58] in 1960s. In this criterion, the failure is assumed to occur when any of the stain 

components along the material principal axis exceeds the corresponding ultimate strain in that 

direction. The failure criterion is expressed as 

under tension 

‐  ‐

‐  ‐

ȿ‎ ȿ ‐

    

under compression 
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                                                          (2.21) 

where, ‐, ‐, and ‎  are the longitudinal strain, transverse strain, and shear strain in material 

principal axis, respectively. ‐ , ‐ , ‐ , ‐ , and ‐ are the longitudinal ultimate tensile strain, 

transverse ultimate tensile strain, longitudinal ultimate compressive strain, transverse ultimate 

compressive strain and ultimate shear strain, respectively. 

Similarly, the maximum strain criterion can also be rewritten by introducing the rotational 

angle — and the Poissonôs ratios (’  and ’ ) to determine the maximum stress in the — 

direction. 
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                         (2.22) 

In general, both the maximum stress and maximum strain criteria are the mostly used ones in 

practice due to their simplicities. They are among the few criteria that can identify the failure 

mode, although the prediction is sometimes not very reliable. The theoretical prediction and 

experimental result may differ significantly due to the simplification and lack consideration 

on the interactions among the failure modes. Consequently, the modifications of these failure 

criteria are required for composite laminates. 
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Tsai-Hill  Failure Criterion  

Hill [59] extended the application of the von Mises criterion for the isotropic material to the 

orthotropic material, assuming the plastic deformation was dominated by the 

incompressibility, and the tensile and compressive strengths were equal (ὢ ὢ ὢ, and 

ὣ ὣ ὣ). The Tsai-Hill failure criterion of an orthotropic unidirectional plate is 

expressed as 

ρ                                             (2.23) 

where, Ὓ  is the shear strength in the 1-2 plane. And the orthotropic laminates will fail  when 

the left of the expression is equal or greater than 1. 

Hoffman Failure Criterion  

Hoffman [60] modified the Tsai-Hill failure criterion in order to predict the failure in the 

orthotropic laminates with different tensile and compressive strength (ὢ ὢ, and ὣ ὣ). 

The Hoffman failure criterion is expressed as 

„ „ ρ                               (2.24) 

The orthotropic laminates will fail  when the left of the expression is equal or greater than 1.  

Tsai-Wu Failure Criterion  

Tsai and Wu [61] proposed a failure criterion for the anisotropic composite laminates based 

on the following equation 

Ὂ„ Ὂ„„ Ὂ „„„ Ễ ρ                                (2.25) 

where, i, j, k, Ễ = 1, 2, 6, Ễ; Ὂ, Ὂ , and Ὂ  are the corresponding material strength 

parameters. The failure will be introduced into composite when the value is equal or greater 

than 1. 

In practice, only the first two terms are used in the failure criterion shown as 

Ὂ„ Ὂ„„ ρ                                                  (2.26) 

In the matrix form 
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There are nine strength parameters to be determined in the criterion. The material strength is 

expected to be independent on changing the sign of shear stress „ († ). Therefore, the shear 

stress related strength parameters should be zero due to the symmetry of stress tensor, which 

gives  

Ὂ Ὂ Ὂ π                                              (2.28) 

Substituting these strength components into Equation 2.27, and thus the failure criterion is 

expressed as 

Ὂ„ Ὂ„ Ὂ „ Ὂ „ Ὂ „ ςὊ „„ ρ               (2.29) 

Six independent strength parameters of Ὂ, Ὂ, Ὂ , Ὂ , Ὂ , and Ὂ , are required to be 

experimentally determined. Parameters, Ὂ, Ὂ, Ὂ , Ὂ , and Ὂ , can be determined by the 

axial tensile/compressive, and shear tests along the material principal axis. The interacted 

parameter, Ὂ , should be determined from a biaxial test, supposing „ „ „, and „

π. The strength parameters are expressed as 
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               (2.30) 

Pipes and Cole [62] reported a good agreement between the Tsai-Wu model predictions and 

the experimental results by conducting the off-axis strength tests on boron/epoxy composites. 

Moreover, the Tsai-Wu failure criterion has been available in most of the commercial FEM 

software, e.g. MAT-55 in LS-DYNA, due to its better accuracy and higher efficiency. 

Hashinôs Failure Criterion  

Hashin [63] proposed a specific criterion to predict the failure in the transversely isotropic 

material (e.g. the unidirectional composite laminates). Unlike the Tsai-Wu criterion, which is 

a phenomenological failure criterion, the choice of quadratics in the Hashinôs failure criterion 

is based on the physical reasons and not on curve fitting considerations. 



CHAPTER 2 Literature Review 

 

29 

 

Considering the coordinate transformations, the stress invariants under a rotation about the 

fibre direction (axis-1) are [63] 

Ὅ „ȟὍ „ „ȟὍ † „„ȟὍ † †                 (2.31) 

Thus the most general transversely isotropic quadratic approximation is [63] 

ὃὍ ὄὍ ὃὍ ὄὍ ὅ ὍὍ ὃὍ ὃὍ ρ                 (2.32) 

Seven independent strength parameters of ὃ, ὃ, ὃ, ὃ, ὄ, ὄ, and ὅ  are involved in the 

failure criterion. Different modes of failure may expect different sets of independent 

parameters, for the fibre failure 

ὃὍ ὄὍ ὃὍ ὃὍ ρ 

and for the matrix failure 

ὃὍ ὄὍ ὃὍ ὃὍ ρ                                  (2.33) 

The failure criteria for different failure modes can be expressed as 
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Further modifications [64, 65] based on these criteria have made the Hashinôs criterion to be 

one of the most widely involved failure criteria in the commercial FEM software. 

Chang-Chang Failure Criterion  

Chang-Chang failure criterion [66] is based on a progressive damage model and capable of 

predicting damage in laminates with arbitrary fibre orientations. The failure criterion is 

proposed by a nonlinear material model with consideration of accumulated damage in 

laminates.  
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Ὡ
„

ὢ

†

Ὓ
ρ ÆÁÉÌÕÒÅ
ρ ÎÏ ÆÁÉÌÕÒÅ

 

For the compressive fibre failure, where „ π 

Ὡ
„

ὢ
ρ ÆÁÉÌÕÒÅ
ρ ÎÏ ÆÁÉÌÕÒÅ

 

For the tensile matrix failure, where „ π 

Ὡ
„

ὣ

†

Ὓ
ρ ÆÁÉÌÕÒÅ
ρ ÎÏ ÆÁÉÌÕÒÅ

 

For the compressive matrix failure, where „ π 

Ὡ ρ
ρ ÆÁÉÌÕÒÅ
ρ ÎÏ ÆÁÉÌÕÒÅ

                (2.35) 

where, Ὡ, Ὡ, Ὡ , and Ὡ are the history variables for fibre and matrix failures in tension and 

compression, respectively. 

When matrix failure occurs in a layer, the transverse modulus Ὁ and Poissonôs ratio ’  (’ ) 

are reduced to zero. However, the longitudinal modulus Ὁ is unchanged. For the existence of 

fibre failure in a layer, the material degradation within the damaged area depends on the size 

of damage. Both the transverse modulus and Poissonôs ratio are reduced to zero, but the 

degraded longitudinal modulus and shear modulus (Ὃ ) are expressed as follow 

Ὁ ÅØÐ
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Ὃ ÅØÐ Ὃ                                             (2.36) 

where, Ὁ  and Ὃ  are the reduced longitudinal and shear modulus, respectively. A is the 

damage area predicted by the fibre failure criterion, and ὃ is the fibre failure interaction area 

associated with the measured tensile strength. ‍ is the shape parameter of the Weibull 

distribution for property degradation. 

Chang-Chang failure criterion is capable of assessing the failure modes, damage area, 

material degradation, residual strength and failure load. Therefore, most commercial FEM 

software contains the material type associated with this failure criterion. For instance, MAT-

54 material model in LS-DYNA used in this project uses Chang-Chang failure criterion and 

will be described in Section 5.2.3.  

2.4 Delamination Initiation and Propagation of Composite Laminates 

As has been discussed above, delamination is the dominant failure mode in composite 

laminates subjected to low-velocity impact and will cause a large reduction in the post-impact 

compressive strength [4, 10, 13, 14, 67]. The relationship between the delamination area 

measured from ultrasonic scan and the initial kinetic energy (IKE) of impactor has been 

documented in many investigations [48, 68-70]. There is however no clear energy threshold 

for delamination initiation as the delamination size increases with the impact energy. 

Meanwhile, several studies [10, 13, 14] have indicated that the initiation of delamination can 

be related to a critical load named as delamination threshold load (DTL). It is believed that 

the impact will not initiate any delamination if the peak impact force is below the 

delamination threshold load. Instantaneous delamination will occur when the peak impact 

load is above the DTL. Therefore, an accurate detection and prediction of delamination 

initiation is extremely important for the damage characterisation of composite laminates 

under low-velocity impact. 

2.4.1 Experimental Detection of Delamination Initiation  

It has been widely reported that the DTL value can be detected through an experimental 

investigation, assuming the first sudden drop of impact force in the impact force history as the 

sign of delamination initiation. This sudden load drop is due to the sudden reduction in the 
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stiffness of laminates under the impactor as a result of the unstable damage development [10, 

11]. 

Sjoblom [25] stated that the overall laminates stiffness was not dramatically affected by the 

presence of matrix crack during the impact event. But the matrix crack tips may act as the 

initiation points for delamination that can significantly reduce the stiffness of laminates. 

Therefore, the sudden load drop in the impact force history can detect the initiation of 

delamination experimentally. 

 

Figure 2.17 Impact force history of a composite laminates subjected to low-velocity 

impact [14]. 

Figure 2.17 shows the load history for a 24 ply graphite/epoxy laminates subjected to a 6.24J 

impact [14]. A clear sudden load drop occurs at around 3.4kN which is lower than the peak 

impact load of 4.0kN. 

Zhang [11] conducted a series of impact tests with a wide range of composite laminates 

specimens made of Ciba-Geigy 6376C-HTA carbon fibre prepreg. The specimens have three 

different plate thicknesses, two different plate sizes, and simply supported and clamped 

boundary conditions. The damage area measured by the ultrasonic scan is plotted against the 

incident energy and the impact force as shown in Figure 2.18. The test results proved the 

existence of a threshold load, but not threshold energy for the initiation of delamination. The 

test results suggest that DTL value is an intrinsic property of composite laminates dominated 

by the laminates thickness, and independent of the laminates size and boundary condition.  
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Figure 2.18 (a) Damage area vs. incident energy, and (b) damage area vs. impact force 

for a large number of composite laminates with different thicknesses, plate sizes, and 

support conditions [11]. 

Davies et al. [71] obtained similar results in their impact tests conducted on the woven fabric 

glass/polyester laminates specimens with different thicknesses and sizes. They also suggested 

that the damage force map was not only effective in detecting the delamination initiation, but 

also in monitoring the delamination propagation. 

 

Figure 2.19 Impact force histories of composite laminates caused by (a) the small mass 

impactor and (b) the large mass impactor under same impact energy level [72].  

However, Olsson [13, 72-74] indicated that the laminates size and boundary condition 

affected the response of composite laminates as shown in Figure 2.19. Figure shows that the 

accurate detection of delamination initiation through experimental approach is dependent on 

the contact duration which is dominated by different contact response models. The detailed 

contact response models will be discussed in Section 2.5.1.  
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2.4.2 Analytical Prediction on Delamination Threshold Load 

The delamination threshold load of composite laminates can also be predicted through an 

`=analytical approach. An empirical relation between delamination threshold load and 

laminates thickness was suggested by Schoeppner et al. [14] using approximately 500 low-

velocity impact force histories from the Air Force Research Laboratory (AFRL) low-velocity 

impact database and is expressed as follows 

$4,ὅ ὸȾ                                                         (2.37) 

where, C is a curve fit coefficient determined by the impact curves; t is the laminates 

thickness. Equation 2.37 indicates that the DTL for the initial delamination is proportional 

to ὸȾ . 

Sjoblom [75] predicted the similar trend by proposing a simple material strength model 

including several more parameters governing the critical force 

ὖ ς“†  ὸ ȾὨȾὯ Ⱦ
                                       (2.38) 

where, ὖ  is the critical impact force, †  is the transverse shear strength, d is the diameter 

of a spherical impactor, and Ὧ is the contact stiffness determined by a Hertz contact law 

based contact model. The detailed contact model will be reviewed in Section 2.5.3. 

Davies and Zhang [10, 11] proposed a fracture mechanics based model by introducing the 

critical energy release rate in mode II, Ὃ , at the boundary of a central circular delamination 

[27] to predict the threshold load. In their model, the quasi-isotropic laminate was simplified 

as isotropic; and the through-thickness-distributed delamination was idealized to a single mid-

plane delamination with an axisymmetric circular shape. The critical impact force, ὖ , for a 

quasi-isotropic laminate is given by 

ὖ                                                         (2.39) 

where, Ὁ  and ’ are the flexural modulus and Poissonôs ratio, respectively. It is worth 

noticing that the critical force predicted by Equation 2.39 is independent of the delamination 

size since the radius of the axisymmetric circular delamination is not considered in the 

prediction. This scenario indicates that the delamination would occur at the threshold load, 

but the induced delamination area would still be indeterminate. 
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Olsson et al. [13] further developed the prediction by considering the delamination through 

thickness, which is defined as 

Ὂ ʌ                                                        (2.40) 

where, D is the bending stiffness of composite laminates, Î is the number of delamination 

interfaces. When the value of Î  is equal to 1, the current prediction is equivalent to the 

prediction suggested by Davies and Zhang [10, 11]. 

Gonzalez and co-workers [76] proposed a modified prediction considering the layer 

clustering effect in composite laminates, which is 

Ὂ ᶻ τʌςὈzὋ ρ
ᶻ ᶻ

Ⱦ

                       (2.41) 

where, Îᶻ is the number of delamination interfaces starting from the back face of laminates, 

Ὀᶻ is the effective bending stiffness of an orthotropic laminates, and ὸ is the clustering 

thickness including the thickness of layers with the same fibre orientation. They suggested 

that the layer clustering effect may lower the damage resistance of composite laminates under 

low-velocity impact. The reduction in threshold load is attributed to the decreased number of 

interfaces with different fibre orientations where delamination is expected to occur. 

Consequently, larger delamination areas may be introduced into fewer interfaces by higher 

interface shear stress between different layer groups due to bigger bending stiffness mismatch. 

2.4.3 Numerical Simulation of Delamination 

Over the years, extensive efforts have been made in simulating the initiation and propagation 

of delamination in composite laminates. Finite element analysis (FEA), as the most 

extensively used method, shows great capability to simulate the delamination when it has 

been applied properly. 

Tay [77] reviewed the development in simulating delamination employing FEA method from 

1990 to 2001. Several advanced models and elements, which can speed up FEA computations, 

are described with their advantages and applications. Among these analytical advances, the 

tie-break interface contact and cohesive zone element method are the most commonly used 

approaches to simulate the delamination in composite laminates. 



CHAPTER 2 Literature Review 

 

36 

 

Borg et al. [78] suggested the initiation and propagation of delamination could be simulated 

by monitoring the force-displacement relation between pairs of coincident nodes employing 

the stress based tie-break interface contact. In the FEA method, the delamination path is 

restricted to a presumed adhesive interface; the coincident nodes along the interface are used 

to initially tie the material on each side of the interface. The principle of tie-break contact is 

shown in Figure 2.20. 

 

Figure 2.20 Schematic illustration of the tie-break interface contact in normal direction 

[78]. 

The linear elastic fracture mechanics (LEFM) based penalty formulation associated with the 

interface contact is 

 ὖ ὑ Ὀ                                                             (2.42) 

where, ὖ and Ὀ are the adhesive nodal force in i-direction and the relative distance between 

the two coincident nodes, respectively. ὑ  is the penalty stiffness, which is only valid up to a 

maximum adhesive force. The delamination will be propagated when the limitation is 

exceeded. 

 

Figure 2.21 Schematic illustration  of three delamination fracture modes [79]. 
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It is worth noting that delamination can be caused by a combination of three basic fracture 

modes shown in Figure 2.21. Mode I opening is caused by the peel stress, while modes II and 

III deformations are driven by the interlaminar shear stresses [79]. The penalty stiffness, ὑ , 

in Equation 2.42 should therefore be a diagonal matrix which complies with the interpretation 

of the penalty formulation as three orthogonal springs [78]. 

 

Figure 2.22 Cohesive element pre-inserted positions in the practical simulation model 

[12]. 

The cohesive zone model (CZM) is firstly proposed by Hillerborg et al. [80] in order to 

predict the delamination in composite laminates. The cohesive zone model treats 

delamination as a gradual phenomenon in which the separation takes place across the 

extended cohesive zone with the adhesive traction force. The cohesive zone element does not 

represent any physical material. It is used to determine the cohesive forces induced by the 

separation of material elements [81]. The cohesive zone element can be inserted between 

layers with different fibre orientations to simulate the interface delamination as shown in 

Figure 2.22(a), and placed within the lamina plane to simulate the in-plane matrix crack as 

shown in Figure 2.22(b) [12]. 

It is noticed that the initiation and propagation of delamination can be simulated by the 

cohesive zone model which employs traction-separation law, although uncertainties exist in 

the sensitivity of simulation results to the traction-separation law [82, 83]. 

Figure 2.23 illustrates the principle feature of a cohesive zone model [84]. The adhesive stress 

increases to its maximum while the crack tip approaches the end of the cohesive zone; and the 

adhesive stress is a simple function of opening gap, D, inside the cohesive zone 
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„ ʎὈ                                                              (2.43) 

The adhesive stress is zero when the crack is fully open. 

 

Figure 2.23 Principle of the cohesive zone model [84]. 

Various traction-separation laws are available in literatures and can be classified into bilinear 

[85-87], trapezoidal [88], parabolic [89], and exponential [90, 91]. Aymerich et al. [85] 

proposed a popular bilinear traction-separation law under mode I and mode II/III as illustrated 

in Figure 2.24 to simulate multiple delaminations in cross-ply laminates. 

 

Figure 2.24 Traction-separation law for mode I (a) and mode II/III (b) fractures [85]. 

In this bilinear cohesive law, the normal (mode I) and the tangential (mode II/III) adhesive 

tractions are related to the corresponding separation, or the relative displacement, between the 

upper and lower cohesive surfaces. This implies that the area under the traction-separation 

curve can be considered as the energy required to delaminates the cohesive interface. As 

illustrated in Figure 2.24, an initial linear increasing stage is included in the traction-
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separation law. After the traction reached its maximum, a consequent linear softening stage is 

observed due to the progressive decohesion of cohesive interface with increasing damage. 

The complete delamination of interface occurs at the end of the softening stage when the 

adhesive traction decreases to zero. The unloading process follows a linear path with reduced 

stiffness after the initiation of delamination. Moreover, the normal stiffness of cohesive 

interface in the mode I will restore to its original value under compression in order to prevent 

the interpenetration of material at the delaminated interface. 

 

Figure 2.25 Schematic illustration of the 2D elements model in the virtual crack closure 

method [93].  

The virtual crack closure technique (VCCT), which is proposed by Rybicki and Kanninen 

[92], is a common method implemented in the finite element model to determine the energy 

release rate. The principle theory behind the FE model is that the amount of energy released 

by the crack growth is identical to the energy required to close the same crack by a same 

length increment, Ўὥ [93]. For the 2D elements shown in Figure 2.25, the energy, ЎὉ, 

required to extend the crack between two steps, is expressed as 

ЎὉ ὢϽЎόЉ ὤϽЎύЉ                                          (2.44) 

where, ὢ and ὤ are the shearing and opening forces at the nodal point i close to the crack tip, 

respectively. ЎόЉ and ЎύЉ are the shearing and opening displacements at the two nodal points 

Љ, respectively; which is shown schematically in Figure 2.25.  
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Figure 2.26 Virtual crack closure technique for the 2D four-node elements model [93]. 

The energy release rates in mode I and mode II, Ὃ and Ὃ , are calculated for the 2D model 

with 4-node elements as shown in Figure 2.26 

Ὃ
Ў
ϽὤϽύЉ ύЉz      and      Ὃ

Ў
ϽὢϽόЉ όЉz               (2.45) 

where, ύЉ, όЉ, ύЉz, and όЉz are the nodal displacements at the nodal point Љ in the upper 

crack face and nodal point Љᶻ in the lower crack face, respectively. 

Therefore, the total energy release rate, Ὃ , is calculated from the individual mode 

components as 

Ὃ Ὃ Ὃ Ὃ                                                   (2.46) 

where, Ὃ  can be obtained in a similar way to Ὃ  based on a 3D analysis. Ὃ  is zero for the 

2D analysis. 

The critical strain energy release rate, named as fracture toughness, can be determined by an 

experimental approach. The pure mode I fracture toughness, Ὃ , can be determined by the 

double cantilever beam (DCB) test [95] as illustrated in Figure 2.27(a). The pure mode II 

fracture toughness, Ὃ , can be obtained using 3 or 4 points end-notched flexure (ENF) tests 

[96-98] as illustrated in Figure 2.27(b) & Figure 2.27(c). The mixed-mode I/II fracture 

toughness, Ὃ Ⱦ , can be measured from mixed-mode bending (MMB) test [99] as illustrated 
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in Figure 2.27(d). If the pure mode III fracture toughness, Ὃ , is required, the edge-cracked 

torsion (ECT) test [100, 101] can be used. 

 

Figure 2.27 Methods to determine the critical strain energy release rates [94]. 

Cohesive zone model has been employed by numerous applications to simulate the 

delamination in composite laminates. Zhang et al. [12] developed a numerical model using 

cohesive element to predict the low-velocity impact induced force and damage in composite 

laminates. The cohesive element is governed by a bilinear traction-separation law with the 

introduction of a new contact stiffness spring alongside the cohesive stiffness spring in the 

model to account for the frictional force between the contact pair as shown schematically in 

Figure 2.28. The low-velocity impact event is modelled as a quasi-static indentation case to 

save the computation cost. The similarity between the LVI and QSI has been observed and 

will be reviewed in details in Section 2.5.2. 

Hadavinia et al. [81, 102] carried out researches to predict the delamination of impacted 

composite structures by numerical simulation approach. Different models, including thick 

shell elements with cohesive interface, solid elements with cohesive interface and thin shell 

element with tiebreak contact, are developed. The FEA results in terms of force and energy 

show good correlations to the experimental test results in literature. It is however noticed that 

the numerical simulation results are strongly influenced by several parameters, in particular, 

the element size, the number of shell sub-laminates and the contact stiffness scale factor. 
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Figure 2.28 Relationship between the cohesive element and the frictional contact [12]. 

Heimbs and his colleagues [39, 103] predicted the low-velocity impact response of 

compressively pre-loaded composite laminates using a cohesive element model with the 

commercial explicit finite element code LS-DYNA. The prediction shows a good agreement 

with the experimental data in terms of force/energy plots and the evaluated damage profile. 

Similar to the work of Hadavinia et al. [81, 102], simulation results are strongly dependent on 

the simulation parameters, which adds the complexity of FE simulation of impact damage of 

composite laminates under low-velocity impact. 

2.5 Composite Laminates under Quasi-static Indentation 

A number of studies [25, 49, 104, 105] have indicated that the low-velocity impact and quasi-

static indentation cause a similar contact response of composite laminates in terms of the 

induced damage and the residual strength. In most cases, the low-velocity impact introduced 

by a large mass impactor can be treated as a quasi-static indentation event [72, 74]. As a 

result, the contact response of composite laminates under QSI has been investigated in order 

to achieve a comprehensive understanding of the damage mechanisms in composite laminates. 

The application of the quasi-static indentation test method to study the low-velocity impact 

event has been proved to be popular and successful due to the simplicity and reliability in 

obtaining required results from the easily controlled quasi-static indentation process. 

2.5.1 Contact Models of Composite Laminates 

The structural models for contact events between composite laminates and foreign objects, 

which are used to simulate the motion of the projectile, the dynamics of the target, and the 
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local indentation in the contact zone, are the fundamental for understanding the contact 

response and predicting the induced damage [106]. A number of contact models to 

characterise the responses of composite laminates are available in the literature. 

Olsson [72-74] suggested that the contact response of composite laminate was governed by 

the impctor-plate mass ratio, not the impact velocity. It is explained by the fact that different 

contact durations may generate different contact responses of composite laminates as 

illustrated in Figure 2.29. 

 

Figure 2.29 Schematic illustration  of the classification of contact responses [74]. 

An impactor with very small mass and contact time causes a ballistic response dominated by 

through-the-thickness wave propagation as shown in Figure 2.29(a). An impactor with 

moderately small mass and contact time causes a small mass response dominated by shear 

and flexural waves as shown in Figure 2.29(b). An impactor with much larger mass than the 

mass of the target plate and much longer contact time than the time needed by shear and 

flexural waves to reach the boundaries of the target plate causes a quasi-static response 

dominated by the lowest natural frequency of the structure as shown in Figure 2.29(c).  

 

Figure 2.30 Schematic illustration of the one-dimensional contact model for a ballistic 

response [72]. 
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It is reported that the ballistic response is not influenced by the plate size and boundary 

conditions, and the corresponding damage is easily detectable in most cases. Olsson [72] 

proposed a simplified one-dimensional contact model as shown schematically in Figure 2.30 

to predict the ballistic response. 

The contact force, F, and the relative displacement,‌, are related as 

Ὂ ὑ‌ ὑ ύ ύ                                        (2.47) 

where, ύ  and ύ  are the impactor mass centre displacement and laminates back-surface 

deflection, respectively. The constant, q, is equal to 3/2 according to the Hertz theory of 

contact between the composite plate and a hemispherical indenter. ὑ  is the contact stiffness, 

which is derived by 

ὑ
τ

σ
ὗЍὙ 

where, R is the radius of the indenter tip; and ὗ . The effective out-of-plane stiffness is given 

by 

ὗ         and     ὗ ὉȾρ ’’  

where, indexes i and p refer to the indenter and plate; E and ’ are Youngôs modulus and 

Poissonôs ratio, respectively.  

 

Figure 2.31 Schematic illustration  of the three-element spring-dashpot contact model for 

a ballistic response [107]. 

Lim et al. [107] proposed a three-element contact model to characterise the ballistic response, 

including two Hooke springs and a Newtonian dashpot as shown schematically in Figure 2.31. 

The stress-strain relation of the ballistic contact model is described by 
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ρ „ „ ὑ‐ ‘‐                                           (2.48) 

where, ὑ , ὑ , and ‘ are the semi-empirically derived constants of the springs and the 

dashpot, respectively. „ is the stress. ‐ and ‐ are the strain and strain rate, respectively. Good 

correlation of the analytical prediction to the experimental data is achieved, in terms of the 

ballistic limit, residual velocity, energy absorption and transverse deflection of the laminates 

[107]. 

More efforts have been focused on the contact models of other response types, including the 

small mass response and large mass response since the damage caused by these responses is 

difficult to detect. The small mass response is governed by flexural and shear waves with no 

input from the boundary condition as the impact finishes before the stress wave reaches the 

boundary of the plate. Figure 2.32 shows a contact model proposed by Olsson [72, 73] for a 

small mass response.  

 

Figure 2.32 Schematic illustration  of the contact model for a small mass contact 

response [72]. 

In this model, the plate mass per unit area, m, and the effective bending stiffness of the 

orthotropic laminates, Ὀᶻ, are introduced to account for the propagation wave effect. The 

plate effective stiffness is approximately determined by 

Ὀᶻ Ὀ Ὀ ὃ ρȾς    where, ὃ Ὀ ςὈ ȾὈ Ὀ                  (2.49) 
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Figure 2.33 Schematic illustration of impactor (a) before and (b) during indentation of a 

plate [73]. 

In Olssonôs recent paper [73], the small mass contact model is further developed to account 

for the effect of the delamination as illustrated in Figure 2.33. The effective bending stiffness 

of an orthotropic laminates with n delaminations, Ὀᶻ, is defined as 

Ὀᶻ ὈᶻȾὲ ρ                                                    (2.50) 

and the effective shear stiffness of an orthotropic laminates with n delaminations, Ὓᶻ, defined 

as 

Ὓᶻ Ὓᶻ   where,    Ὓᶻ ὑὋ Ὤ 

where, K is the shear factor of the laminates and is υȾφ for homogeneous plates. The shear 

stiffness is therefore independent of the delamination. The delamination size, load, and 

deflection history can be predicted by the small mass contact model. 

The large mass contact response, as a quasi-static contact event, occurs when the impactor 

mass is more than one quarter of the plate weight [72]. It has been experimentally 

demonstrated that the large mass impactor causes a relatively smaller contact load and a 

significantly smaller damage than small mass impactor with the same initial energy. Moreover, 

the load and the deflection are more or less in phase in the contact response of a quasi-static 

contact, while they are out of phase during a small mass contact as shown in Figure 2.34 [72]. 
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Figure 2.34 Comparison between (a) large mass and (b) small mass contact responses 

[73]. 

Shivakumar [108] proposed a two degree-of-freedom spring-mass model for the large-mass 

contact response considering the shear and membrane effects as shown schematically in 

Figure 2.35. 

 

Figure 2.35 Schematic illustration of the contact model for a large mass contact 

response [108]. 

M is the indenter mass. ὓ ᶻ is the effective plate mass, which is taken as one-fourth of the 

total mass of the plate. There is a Hertz contact law based spring to connect those two masses. 

The bending stiffness, Ὧ , the shear stiffness, Ὧ, and membrane stiffness, Ὧ , are also 

introduced in the model to generate the forces induced by the bending, shear, and membrane 
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deformations of the plate, respectively. However, the material damping, plate damage, and 

surface friction are not considered in the model. 

 

Figure 2.36 Schematic illustration  of the modified contact model of a large mass contact 

considering delamination in the plate [74]. 

Olsson [74] proposed a modified contact model with the consideration of the reduced bending 

stiffness caused by delamination. The modified model as shown in Figure 2.36 is suitable for 

the case, in which the plate is unable to support a load larger than the delamination threshold 

load, Ὂ , given by Equation 2.40.  

The total load on the plate, Ὂ , is the sum of the bending and shear contribution load, Ὂ , 

and the membrane load, Ὂ , 

Ὂ Ὂ Ὂ                                                       (2.51) 

where, 

        Ὂ Ὧύ     and      Ὂ Ὧ ύ Ὂ  

where, 

ρ

Ὧ

ρ

Ὧ

ρ

Ὧ
 

In general, the large mass low-velocity impact on composite laminates can be treated as a 

quasi-static indentation event due to the similar contact response. The detailed researches on 
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the similarity between the contact responses of composite laminates under LVI and QSI will 

be reviewed in the next section.  

2.5.2 Similarity between Contact Responses of Composite Laminates under LVI and 

QSI 

Brindle and Zhang [109] compared the reaction force versus deflection curves of a 32-ply 

quasi-isotropic composite laminates by conducting low-velocity impact tests (at impact 

energy of 20J and 30J) and a quasi-static indentation test. The QSI and LVI test results agree 

well as shown in Figure 2.37. The sudden load drop, which represents the initiation of 

damage, and the ultimate load, which represents the catastrophic damage, can be both 

obtained from the LVI and QSI test results with an engineering application acceptable 

difference (less than 15%). Thus, the similarity between the low-velocity impact and quasi-

static indentation in terms of the damage characterisation has been proved. 

Kaczmarek et al. [104] conducted a comparative study of the damage detected by a ply-by-

ply ultrasonic scan method on a quasi-isotropic composite laminates after a quasi-static 

indentation and a low-velocity impact, respectively. The delamination areas are plotted 

against the maximum force as shown in Figure 2.38. 

 

Figure 2.37 Comparison of indentation and impact force vs. displacement relations [109]. 

Similar delamination growth behaviours were observed under the two loading modes. Both 

tests were capable to capture two important features of the response of the laminates to the 

contact force: delamination threshold and fact damage propagation threshold. The damage 
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area vs. maximum contact force relations are in good agreements, especially within the 

relative lower maximum force region where the delamination initiated. 

 

Figure 2.38 Comparison of the impact and indentation induced delamination area vs. 

maximum force relations [104]. 

 

Figure 2.39 Comparison of the impact and indentation tests in relationships between 

load level and (a) damage area, (b) damage width, and (c) dent depth [110]. 

Yan et al. [110] carried out a series of QSI and LVI tests on the foam core sandwich 

composites, in order to determine the relationships between load level and various damage 

parameters including the damage area as shown in Figure 2.39(a), damage width as shown in 

Figure 2.39(b), and dent depth as shown in Figure 2.39(c). A good correlation of the test 

results between QSI and LVI tests has been established, although the correlation of damage 

area and damage width to load level is not as good as the correlation of dent depth to load 

level. This indicates that the dent depth can be the most suitable damage parameter when the 

LVI test is replaced by the QSI test to investigate the impact response of composite laminates 
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under low-velocity impact. The quasi-static indentation test can be used as an alternative to 

investigate the low-velocity impact damage mechanisms of composite laminates.  

Chen et al. [111] conducted detailed studies on using the dent depth as a damage parameter to 

characterise the failure mechanisms of composite laminates subjected to static indentation. 

The knee point phenomenon in the variation of dent depth against the indentation force is 

obvious as shown in Figure 2.40. Before the knee point, the dent depth increases slowly and 

almost linearly. Once the knee point is reached, or the indentation force exceeds a certain load, 

a sharp increase in dent depth is observed. This rapid increase in dent depth is attributed to 

the fibre breakage. After the plastic failure occurred in the resin near the contact surface, the 

brittle fibre will lose the protection provided by the relatively ductile resin. 

 

Figure 2.40 Knee point phenomenon in variation of dent depth vs. indentation force 

[111]. 

In one word, the similarity between contact responses of composite laminates under low-

velocity impact and quasi-static indentation has been established, especially for the damage 

characterisation. Therefore, the quasi-static indentation method can be used to represent the 

low-velocity impact event in most cases. This will save the research cost and obtain some 

important data efficiently and accurately. The dent depth, as the key damage parameter, is 

closely linked to the contact force in the characterisation of the damage mechanisms of 

composite laminates. Contact law plays a key role in the study of contact behaviour of 

composite laminates under QSI and will be reviewed in the next section.  
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2.5.3 Contact Laws of Composite Laminates under QSI 

The Hertz contact law [112] is a classic contact theory to characterise the contact behaviour 

between homogeneous isotropic bodies. A variety of modifications has been made in order to 

extend the application of the classic contact law to composite laminates. 

Yang and Sun [113] proposed one of the most widely used contact laws based on the Hertz 

contact theory to solve the contact problems between a composite laminates and a rigid 

sphere indenter. The modified contact law is expressed as 

Ὂ Ὧ‌Ȣ                                                         (2.52) 

where, F is the contact force, ‌ is the contact indentation, and the Hertz contact stiffness, Ὧ, 

is approximated by  

Ὧ
τ

σ
ЍὙὉ 

where, Ὁ is the Youngôs modulus of the upper layer in the thickness direction, and R is the 

radius of the rigid spherical indenter. In Yang and Sunôs contact law, it is assumed that the 

material remains to be linear elastic; even if the permanent deformation has been introduced 

into the contact zone at relatively low contact forces [4]. Further, the laminates thickness 

effect has not been taken into account by the current contact law since the isotropic modulus 

of elasticity is replaced by the orthotropic modulus in the thickness direction. 

Turner [114] proposed a modified contact law for transversely isotropic materials, such as the 

quasi-isotropic composite laminates, by replacing the isotropic modulus with a combination 

of the transversely isotropic properties. Thus relationship between the contact force and the 

contact indentation is expressed as  

Ὂ
Ѝ ᶻ

‌Ȣ                                                     (2.53) 

where, Ὁ ᶻ is the effective modulus of transversely isotropic material. The effective modulus 

Ὁ ᶻ and contact stiffness, Ὧᶻ, are derived as follows 

Ὁ ᶻ      and    Ὧᶻ ЍὙὉ ᶻ                                   (2.54) 

where, 
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ϳ

 , ‌
ϳ

, and ‌  

where, Ὁ , Ὁ , Ὃ , Ὃ , ’ , and ’  are the three-dimensional effective constants of 

transversely isotropic material. Therefore, the effective modulus of the quasi-isotropic 

composite laminates can be determined if the three-dimensional effective elastic parameters 

are available. 

However, the prediction of the modified Hertz contact law may still deviate considerably 

from the experimental results, especially for the cases with relatively large indentations. It is 

reasonable to ascribe such deviations to the drawbacks of the Hertz contact law since the 

original theory is only valid for the elastic half-space entity, not for the anisotropic plate with 

finite thickness. Chen et al. [115] modified the Hertz contact law by involving the global 

deflation in the contact model to consider the thickness effect as shown in Figure 2.41. 

 

Figure 2.41 Schematic illustration  of the contact between a composites plate and a rigid 

sphere indenter [115].  

The geometrical relationship of deformation in the contact region is expressed as 

Ўύ ‌ ‌ Ὑ ЍὙ ὶ        and       Ўύ ύ ύ                           (2.55) 

where, subscribes o and c refer to the initial contact point, o, and the contact point, c, at the 

boundary of the contact area, respectively. ύ , ύ, ‌, and ‌ are the global plate deflections 

and the indentation depth of the two points o and c, respectively. R is the indenter radius, r is 

the radius of the contact area, and Ўύ is the deflection difference between the two points. 

It is further assumed that the contact force and the indentation follow the same mathematical 

formation as the Hertz contact law. The above contact model can be transformed into the 
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contact model including the half-space. Therefore, the relationship between the contact force 

and the indentation for model illustrated in Figure 2.42 is derived as 

Ὂ Ὧᶻ‌ᶻȢ                                                         (2.56) 

where, Ὧᶻ is the contact stiffness of the half-space, which can be determined by Equation 2.54. 

‌ᶻ is the centre indentation of the corresponding half-space, which is equal to the sum of the 

deflection difference between the two points, Ўύ, and centre indentation depth, ‌. Therefore, 

the deflection difference, Ўύ, is proved to be the key factor dominating the contact force 

predictions. 

 

Figure 2.42 Schematic illustration of the contact between a half-space and a rigid sphere 

indenter  [115]. 

 

Figure 2.43 Stress-strain relation for  the elastoplastic analysis [4]. 

In addition to these Hertz contact law based predictions, the contact law with elastoplastic 

model is an alternative approach to predict the contact behaviour of composite laminates. The 

elastoplastic contact law is based on the following rules: (1) the material behaves elastically 
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until the indentation exceeds a critical value; (2) the material behaviour in the transverse 

direction is governed by the stress-strain behaviour of the matrix as illustrated in Figure 2.43. 

[4].

 

Figure 2.44 Schematic illustration of the indentation of a thin laminates supported by a 

rigid substrate [4]. 

The indentation as shown in Figure 2.44(a) is assumed to occur when a laminates of thickness 

h, is indented by a sphere rigid indenter under a uniaxial compression in the z-direction. A 

relation among the indentation, ‌, the radius of the indenter, Ὑ, and the radius of contact area, 

Ὑ, can be expressed as 

Ὑ ς‌Ὑ ‌ ς‌Ὑ                                          (2.57) 

For simplicity, the second term inside the first square root of Equation 2.57 can be neglected 

since the indentation is much smaller than the radius of the indenter. 

The displacements under the indenter can be derived from Figure 2.44(b) as 

ὶ‏ ‌ Ὑ ρ ρ ‌                               (2.58) 

Again, the bracketed quantity can be simplified since the contact radius is much smaller than 

the indenter radius for small indentations. 

The transverse normal strain is assumed to be uniform through the thickness and can be 

determined by ‐ ὶ‏ Èϳ . The contact force, P, is given by 

ὖ ᷿  ὶὶ Ὠὶ                                                  (2.59)‏
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where, E is the modulus of elasticity in the transverse direction. Substituting Equation 2.58 

and Equation 2.57 into Equation 2.59, the contact law for the elastic contact is given by 

ὖ ‌                                                           (2.60) 

The contact law indicates that the contact force is proportional to ‌  instead of ‌Ȣ as 

demonstrated by Hertz contact law based predictions. 

Moreover, the permanent indentation effects are also taken into account, by assuming the 

composite material is elastoplastic in the transverse direction. The stresses will reach the yield 

strength first in the contact centre since the largest deformations occur at the centre of the 

contact zone. Thus, the contact area are divided into a plastic zone of radius, Ὑ , and an 

elastic zone between Ὑ  and Ὑ . Further, the stress is equal to the material yield strength, ὤ, 

at the boundary between the two zones. Therefore, the radius of the plastic zone, Ὑ , is 

expressed as 

Ὑ ςὙ ‌                                                       (2.61) 

as long as the indentation, ‌, is larger than the critical indentation, ‌ ,  

‌                                                                  (2.62) 

the critical indentation is related to the laminates thickness, but not a material property as 

assumed by the Hertz contact law based prediction. 

Therefore, the contact force in the elastoplastic model is approximated as 

ὖ “Ὑ ὤ ᷿  ὶὶ Ὠὶ                                      (2.63)‏

The contact law can be simplified as 

  ὖ “Ὑὤ ς‌ ‌      when  ‌ ‌                                (2.64) 
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2.6 Summary 

Presented in this chapter is a review of the related research work on the failure mechanisms of 

composite laminates subjected to low-velocity impact. Following important statements can be 

made based on the literature review. 

Composite materials, in particular the composite laminates, are becoming more and more 

important in the aerospace industry due to their advantages compared with conventional 

engineering alloys. However, the further application of the advanced material is restricted by 

the conservative design philosophy due to lack of understanding of low-velocity impact 

induced damage in composite laminates. Thus, developing further knowledge of damage 

mechanisms and impact response of composite laminates subjected to low-velocity impact is 

highly desirable to the industry and is one of the main focuses of this research.  

The damage mechanisms of composite laminates, especially for the damage modes and 

corresponding failure criteria, were reviewed. Extensive researches have been conducted on 

the analysis and modelling of the delamination which is the dominant failure mechanism and 

may affect the post-impact load bearing capacity of composite laminates significantly. It is 

noticed that the initiation of delamination occurs consistently under a certain threshold load 

for a given laminates. Various analytical prediction models on the delamination threshold 

load have been proposed. These predictions indicate that the DTL value is influenced by the 

laminates thickness and the critical strain energy release rate. Further, the delamination has 

also been modelled with tie-break contact and cohesive zone model in the FE simulation in 

order to simulate the initiation and propagation of delamination.  

The barely visible impact damage is a major concern in the practical operation and 

maintenance of composite structures. Therefore, developing an engineering approach to 

predict the impact damage by relating the internal damage to a visually detectable parameter 

is the other main focus of this research.  

The quasi-static indentation test is an efficient alternative to represent the low-velocity impact 

response in developing such an inspection approach. The dent depth is proved to be a proper 

damage parameter to characterise the damage mechanisms in composite laminates. The 

contact force also needs to be estimated in order to relate the visually detectable parameter to 

the internal damage in composite laminates. Although exclusive Hertz theory or elastoplastic 

model based contact laws are available, the modified contact force prediction, considering 
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relation between the global deformation and the delamination induced stiffness degradation, 

is still required. 
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CHAPTER 3 Research Strategy 

Aims of this PhD project are to develop further knowledge of the impact response and 

damage mechanisms of composite laminates under low-velocity impact, and to explore the 

feasibility of assessing the internal damage with a visually inspectable parameter. To achieve 

these aims, a series of investigations need to be conducted in the coordinated experimental, 

numerical, and analytical research work in this project.  

 

Figure 3.1 Research strategy flowchart . 

Figure 3.1 shows the flowchart of the research strategy employed in this project. Only the 

purpose and method of the research activities are discussed in the current chapter in terms of 
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the feasibility and rationality of the research. The technical details, including the experimental 

test set-up, numerical model creation, and analytical procedure, will be described in the 

corresponding chapters.  

In the experimental approach, the composite laminates will be firstly manufactured following 

the procedure involving the hand lay-up, vacuum bagging, and autoclave curing. Specimens 

with different geometries and lay-up configurations can be reliably prepared. Then, the basic 

mechanical properties of T700/M21 UD material will be determined through a number of 

material property derivation tests in accordance with different test standards, including 

ASTM D3039 [116] for the determination of tensile properties, ASTM D3846 [117] for the 

determination of in-plane shear strength, and ASTM D3518 [118] for the determination of in-

plane shear response. 

The instrumented low-velocity impact test will be conducted on the impact test specimen, in 

accordance with the ASTM 7136 test standard [119], to develop further understanding on the 

damage mechanisms and structural behaviour of composite laminates subjected to low-

velocity impact. Particular attention is paid to the phenomenon of DTL and its detection 

based on the impact force history obtained from the drop weight test. Effects of the laminates 

thickness, repeated impact, lay-up configuration and residual thermal stress on the impact 

response of composite laminates are investigated systematically to develop further knowledge 

of impact response and damage mechanisms of composite laminates under low-velocity 

impact. 

Furthermore, instrumented quasi-static indentation test will be conducted in accordance with 

the ASTM 6264 test standard [120]. It is based on extensive literature results [104, 109-111] 

that the QSI test can be an alternative method to further investigate the low-velocity impact 

response of composite laminates. Compared with low-velocity impact test, quasi-static 

indentation test can be controlled more reliably and often delivery more reliable test data. As 

a result, not only the first aim of this project, to develop further understanding on the damage 

mechanisms and structural behaviour of composite laminates under low-velocity impact, is 

better achieved; but also the second aim of this project, to explore an engineering applicable 

inspection technique to estimate the impact induced damage based on the relation between the 

internal damage and a visually inspectable parameter, can be reached by monitoring the dent 

depth variation under different indentation loads. Moreover, the back-face displacement is 

also measured during the indentation test, which provides further information on the 
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structural behaviour of composite laminates subjected to quasi-static indentation/low-velocity 

impact. 

In order to establish relations among dent depth, residual strength, and the internal damage 

distribution, specimens loaded up to different loads need to be investigated by the 

compression-after-impact test and internal damage observation. The compression-after-

impact test is carried out in accordance with the ASTM 7137 test standard [121]. The internal 

damage observation is conducted with the optical microscopy and the scanning electron 

microscopy. Based on the suggestion that the internal damage spread from the point 

immediately under the impact/indentation position [4], the specimen is cut along the 

longitudinal centreline to observe the cross-section of the internally damaged area. The OM 

observation with relative low magnification is firstly conducted to have a big picture of the 

internal damage distribution within the observed cross-section. The same cross-section will 

then be further examined by SEM under the guidance of the OM observation result. More 

information on damage mode and damage distribution at specific locations under different 

loading levels can be identified by the SEM observation results under high magnification. 

In parallel to the experimental approach, analytical and numerical investigations will be 

carried out synchronously to achieve a better understanding of impact response of composite 

laminates under low-velocity impact. 

In the numerical approach, the static FE analysis will be firstly conducted in the ANSYS 

Mechanical APDL 14.5 software to simulate the elastic behaviour of composite laminates 

under constant directional load. The simulation results are compared with the experimental 

results from material property derivation test. The impact event between the impactor and 

composite laminates will  then be simulated in the ANSYS/LS-DYNA software. There are 

two main modelling strategies involved in the dynamic FE simulation. The modelling strategy 

without consideration of damage deliveries the estimation of overall structural behaviour of 

composite laminates by employing the ABD matrix. The ABD matrix, which is the effective 

stiffness matrix of composite laminates, is calculated from the mechanical properties as 

derived in the former experimental study and the lay-up configuration of composite laminates. 

The simulation based on the ABD matrix is capable of simulating the structural behaviour of 

the undamaged composite laminates. The numerical prediction will deviate from the 

experimental result when impact force exceeds the DTL since no material degradation in 

considered in the simulation. Therefore, simulation will be carried out with the second 
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modelling strategy considering the damage mechanisms. In the second modelling strategy, the 

failure criterion and degradation scheme are defined in the material model for each individual 

lamina to simulate the intralaminar damage, while the tie-break contact is used to connect the 

adjacent layers to simulate the interlaminar damage. The result so obtained is capable of 

simulating the low-velocity impact event, especially for the impact induced damage initiation 

and propagation [81, 103, 122]. The simulation results will be compared with the 

experimental result achieved from the low-velocity impact test to develop a further 

understanding on the damage mechanisms and structural behaviour of composite laminates 

under low-velocity impact. 

Furthermore, the quasi-static indentation response of composite laminates will be investigated 

in both the numerical and analytical approaches to understand the contact behaviour of 

composite laminates under low-velocity impact. The numerical simulation of the indentation 

event is conducted in the ANSYS/Workbench software. In the simulation, the plastic 

deformation of the indented composite laminate is of particular interest. The elastoplastic 

material properties of matrix material is assigned to the target entity only in the simulation 

model, which is based on the assumption that the structural behaviour of composite laminates 

in the transverse direction is governed by the material properties of matrix resin [123, 124]. 

The simulation result, in terms of the local plastic deformation, is capable of validating the 

relation between the contact force and resultant dent depth derived from the quasi-static 

indentation test. Moreover, the contact force will be predicted through analytical studies. Two 

main contact models are used: one is the elastoplastic response based contact model and the 

other is the Hertz contact theory based contact model. The work with the first analytical 

contact model is conducted based on the same assumption as employed in the numerical 

approach in which the indented composite laminate is simplified to an ideal material bonded 

to the rigid substrate and the contact response is dominated by the elastoplastic material 

behaviour of the matrix. The analysis with the second analytical contact model is conducted 

based on the Hertz contact theory in which the contact stiffness and the effective modulus are 

determined for the contact event. As a result, the local permanent deformation and the 

relatively displacement can be linked to the contact force by the analytical predictions using 

the two contact models, respectively. Finally, the results on the indentation behaviour of 

composite laminates from the experimental, numerical, and analytical studies will be 

compared and analysed to explore the feasibility of assessing the internal damage with a 

visually inspectable parameter. 



CHAPTER 4 Derivation of Mechanical Properties of UD Material 

 

63 

 

CHAPTER 4 Derivation of Mechanical Properties of UD 

Material  

Reliable data of the basic mechanical properties of unidirectional material is essential in the 

characterisation of low-velocity impact response of composite laminates. This chapter 

presents the experimental work to determine the basic mechanical properties of the UD 

material used in this project. Composite plates were firstly fabricated using the autoclave 

curing technique. Different test coupons were then prepared and tested in accordance with 

different test standards to determine the corresponding basic mechanical properties. 

4.1 Composite Plate Fabrication 

The procedure of hand lay-up, vacuum bagging, and autoclave curing were followed in the 

fabrication of composite plates for the coupons tested in this study. The unidirectional 

material is the carbon/epoxy prepreg Hexply UD/M21/35%/268/T700GC/300 supplied by the 

Centre of Composites, Airbus Operations Ltd (UK).  

 

Figure 4.1 Hand lay-up of the composite plate. 

The T700/M21 UD material roll needs to be stored in a sealed moisture-proof bag at -18ᴈ, 

and be removed from the refrigerator 24 hours before use to defrost [125]. The sealed 

moisture-proof bag only can be opened until the material temperature rises to the room 

temperature to prevent the condensation. The prepreg is 300mm wide and covered by a non-

stick protective sheet. After curing, each layer is around 0.26mm thick [125]. A composite 



CHAPTER 4 Derivation of Mechanical Properties of UD Material 

 

64 

 

dedicated scissor and a paper trimmer were used to cut the prepreg into sheets with required 

specifications (dimensions and fibre orientations) according to the patterns drawn on the 

protective sheet. 

The lay-up of the laminate was carried out manually to stack the laminas in a predetermined 

sequence. The first lamina was laid on a clean smooth surface with the black prepreg face 

down, and then the white protective sheet was removed as shown in Figure 4.1(a). The next 

layer with the prepreg face down was carefully laid onto the adhesive prepreg face of the first 

layer so that the fibres were aligned in the desired direction. A hand roller was used to 

remove the air bubbles out of the laminates as shown in Figure 4.1(b). Moreover, the layered 

panel was debulked every four layers by placing the plate into a temporary vacuum bag for 15 

minutes at a slightly increased temperature of around 30ᴈ. The temporary vacuum of the 

stacked layers helped to minimise the presences of voids in the laminates caused by 

unremoved air and volatiles. The elevated temperature during debulking ensured the good 

adhesion between layers. All these processes were repeated until the desired lay-up 

configuration was achieved. 

 

Figure 4.2 Schematic diagram of the vacuum bagging. 

A breather & bleeder system was used in the vacuum bagging process in order to absorb 

excess resin and allow the escape of volatiles during the autoclave curing process. The 
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schematic diagram of the vacuum bagging is shown in Figure 4.2. A layer of glass fibre fabric 

coated with Teflon (PTFE) was taped to a flat and smooth glass base plate. The composite 

plate was placed on the non-stick Teflon coated fabric to prevent the bonding between the 

laminates and the glass after curing. The composite plate was also covered by a layer of peel 

ply with small hole, which improved the surface finishing quality of the laminates after curing 

and provided a path for the excess resin and escaped volatiles to go through the peel ply 

during curing. Another layer of release film was used to ensure the separation between the 

plate and the breather fabric after curing. Appropriate amount of the breather fabric was used 

to absorb the excess resin depends on the laminates size and thickness. Finally, the entire 

assembly of composite laminates and auxiliary materials was covered by the vacuum bag film. 

The high-temperature resistant double-side tape was used to seal the vacuum bag on all the 

four edges of the rectangular glass base plate. Moreover, two through-bag connectors were 

used to connect to the sealed vacuum bag to the vacuum pump and vacuum sensor. 

 

Figure 4.3 Prepared vacuum bagging and composite plates under the required vacuum 

pressure for curing. 

Figure 4.3(a) shows a prepared vacuum bagging under vacuum overnight and ready for 

curing. The vacuum pressure (-1 bar full vacuum) was measured by the vacuum gauge as 

shown in Figure 4.3(b). The vacuum quality was evaluated by checking whether the vacuum 

bag was holding pressure after turning off the vacuum pump.  

The composite plates were cured by the Aeroform gas fired autoclave system at University of 

Hertfordshire as shown in Figure 4.4(a). The allowable working temperature and pressure of 

the autoclave are 200ᴈ and 100PSI, respectively. The curing process was fully controlled by 
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the autoclave management & control system (AMCS) developed by AIC as shown in Figure 

4.4(b). The all-digital controlled system includes four vacuum sensors and up to eight 

thermocouples, which provides simpler operation and improves curing reliability. 

 

Figure 4.4 (a) Composite curing autoclave and (b) its control system. 

Figure 4.5 shows the curing cycle used in this project to fabricate the composite plates [125].  

 

Figure 4.5 Autoclave curing cycle used to fabricate composite plates [125]. 

The autoclave was first pressurized to 7 bar. The vacuum pressure of the full vacuum bag (as 

-1 bar) was then vented to a safety value of -0.2 bar, when the autoclave pressure was reached. 

The autoclave was heated from room temperature to 180ᴈ  5ᴈ at an actual component 
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heat-up rate of 1-2 ᴈ/min. The curing temperature was hold for 120min  5min at 180ᴈ  

5ᴈ. After the holding phase, the autoclave was cooled at an actual component cool-down rate 

of 2-5 ᴈ/min. Finally, the autoclave pressure was released when the component temperature 

was less than 60ᴈ. 

The fabrication quality of composite plate was further checked by the cured specimen 

thickness and the surface visual inspection. The qualified specimen had a shining smooth 

surface and the mean individual lamina thickness was 0.26mm  0.015mm. 

4.2 Specimen Preparation and Test Set-up 

Following the fabrication procedure outlined in section 4.1, the qualified composite plates 

were further processed to obtain the final test coupons in accordance with different test 

standards. 

The composite plates were cut into pieces with the required dimensions using a cutting 

machine with a diamond-coated saw. A consistent cutting speed of 5 mm/s was applied to 

improve the cutting quality and minimize the cutting induced damage. The specimen 

dimension was measured by a digital vernier. The dimensional tolerance was about 0.5mm. 

Aluminium tabs were bonded on the faces of specimen ends (see Figure 4.6) by the 

!2!,$)4%2
420A/B two components epoxy adhesive system. The 5251-H22 aluminium 

alloy end taps were firstly bonded to one face of each specimen. A minimum setting period of 

24 hours was required for the adhesive before bonding the end tabs to the opposite face of 

each specimen. Although the gripping tabs were not essentially required by the test standard, 

they were strongly recommended by the test standards to ensure the acceptable failure mode 

and location. The successful introduction of force into the specimen and the prevention of 

premature failure rely on the proper applications of the end tabs. Moreover, electrical strain 

gauges were used in some specific tests in which the specimen deformation measurement was 

required. The strain gauge was bonded onto the surface of the specimen at the required 

position. The strain gauge bonded on the test specimen was EA-13-060RZ-120/E (see Figure 

4.8) with a resistance of 120  0.4%Ohms and a gauge factor of 2.09 at 24ᴈ. 
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4.2.1 Specimen Geometry and Set-up of Tensile Property Test 

The tensile properties of the unidirectional material were determined by a series of tensile 

tests in accordance with the ASTM D3039/D3039M-07 test standard [116]. The longitudinal 

and transverse tensile strengths were determined by using the πЈ and ωπЈ tensile test 

specimens without strain gauge bonded. The longitudinal Youngôs modulus and major 

Poissonôs ratio was derived by the stress-strain relationship of the πЈ tensile test specimen 

with strain gauge bonded. Similarly, the ωπЈ tensile test specimen with strain gauge 

bonded was used in the derivation of the transverse Youngôs modulus and minor Poissonôs 

ratio.  

 

Figure 4.6 Two types of specimens in tensile test. 

The standard recommended specimen geometry for the determination of the ultimate tensile 

strength was illustrated in Figure 4.6. To determine the longitudinal tensile strength, the πЈ 

tensile test specimen was loaded continuously at a constant test speed of 5 mm/min on the 
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Hounsfield 50kN universal test machine until the final failure. During the test, the applied 

force and the axial extension were automatically recorded by a data acquisition system as 

shown in Figure 4.7. The accuracies of the force and the extension are  0.5% of the 

indicated values within the force and extension ranges. The longitudinal tensile strength was 

derived by the applied force over the cross-section area. The ωπЈ specimen was tested on 

the Hounsfield 10kN universal test machine to determine the transverse tensile strength. 

 

Figure 4.7 Hounsfield 50kN universal test machine and the computer aided data 

acquisition system. 

The determination of the Youngôs modulus and the Poissonôs ratio requires the information of 

the specimen deformation. Figure 4.8 shows the specimen with centre bonded 45Ј strain 

gauge rosettes to measure the specimen deformation during the tensile test. The strain gauges 

in axial and lateral directions were wired to the strain gauge amplifier using the quarter 

Wheatstone bridge connection. Moreover, the tensile test was conducted on the Hounsfield 

10kN universal test machine to achieve more accurate results since the derivation of the 

material elasticity property only required the strain-stress relationship of the tested specimen 

in the elastic region. 
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Figure 4.8 Tensile test specimen with the multidirectional strain gauges bonded. 

During the test for Youngôs modulus and Poissonôs ratio, the specimen was loaded in a step-

by-step approach, in which the applied force and the axial/lateral strains were manually 

recorded at different loads. The longitudinal πЈ specimen was loaded up to 10kN with a 

step of 0.5kN to determine the longitudinal Youngôs modulus and the major Poissonôs ratio. 

The transverse ωπЈ specimen was loaded up to 1.5kN with a load step of 0.05kN to 

determine the transverse Youngôs modulus and the minor Poissonôs ratio.  

4.2.2 Specimen Geometry and Set-up of Shear Property Test 

The shear properties of the unidirectional material, including the interlaminar shear strength 

and the in-plane shear modulus/strength, were determined by a series of tests in accordance 

with the ASTM D3846/D3846M-02 [117] and the ASTM D3518/D3518M-01 [118] test 

standards. 

The test specimen with two notches on the opposite faces as illustrated in Figure 4.9 was 

designed to determine the shear strength of the bond between the two adjacent layers 

(interlaminar shear strength). The specimen was prepared in accordance to the ASTM D3846 

test standard with some modification to the creation of the notches.  
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Figure 4.9 Schematic illustration  of specimen for the interlaminar  shear strength test. 

The notches were originally required to be cut halfway through the thickness of the cured 

specimen. It was however found to be extremely difficult to achieve such precision notch by 

using the available cutting equipment. Therefore, it was decided to lay four individual lamina 

stacks (6 layers of πЈ prepreg) together to achieve the structure required by the test standards. 

The notch was temporarily filled by a strip of the high temperature resistant double sided tape 

to prevent any resin spilling into the notch during curing as shown in Figure 4.10. The double 

sided tape strip was completely removed after the curing process to create the required notch. 

 

Figure 4.10 Preparation of ILSS test specimens. 
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The specimen was loaded continuously to the final failure in order to determine the failure 

load. The 10 kN Hounsfield universal test machine was used to apply the axial tensile load at 

a constant speed control of 1.3 mm/min. Although the compressive load was required by the 

original test standard, the tensile load was used to introduce the in-plane shear failure in order 

to prevent the possible buckling under compression. The failure plane was expected to be 

located along the longitudinal axis of the specimen between two centrally located notches 

which were halfway through its thickness on opposing faces.  

 

Figure 4.11 Schematic illustration  of the in-plane shear modulus test specimen. 

Figure 4.11 shows the τυЈ specimen with strain gauge bonded, in accordance to the 

ASTM D3518 test standard, to determine the in-plane shear modulus of the unidirectional 

material. The test set-up was similar to the tensile test to determine the elasticity property of 

the material. The test specimen was loaded step-by-step up to 3kN on the Hounsfield 10kN 

universal test machine. During the loading process, the applied force and the axial/lateral 

strains were manually recorded for every 0.25kN to obtain the stress/strain curve of the 

unidirectional material. However, the stress and strain were calculated by: 

†         and       ‎ ‐ ‐                                   (4.1) 

where, †  and ‎  are shear stress and shear strain at i-th data point, respectively. ὖ is the 

applied load at i-th data point. A is the specimen cross section area. ‐  and ‐  are the 

longitudinal and lateral normal strains at i-th data point, respectively. 

Moreover, the τυЈ specimens without strain gauge bonded were loaded continuously to 

the final failures by the Hounsfield 50kN universal test machine. The maximum in-plane 
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shear stress, † , was therefore determined by dividing the half of the maximum applied load 

by the cross-section area of the specimen. 

4.3 Test Results 

The test results for the determination of the basic mechanical properties of the unidirectional 

material are presented in this section. At least five specimens were tested repetitively for each 

test condition. 

4.3.1 Tensile Property Test 

The dimensions of the tensile strength test specimens were measured by a digital vernier and 

summarized in Table.4.1. The data listed below is the average value by taking at least five 

measurements at different locations. 

Table 4.1 Dimensions of the tensile strength specimens 

 Ј  tensile strength test specimen Ј  tensile strength test specimen 

Specimen No. 1.6 1.7 1.8 1.9 1.10 2.6 2.7 2.8 2.9 2.10 

Average width (mm) 15.08 15.18 15.05 15.21 15.21 24.63 24.52 25.02 24.72 24.70 

Average thickness 

(mm) 

1.09 1.08 1.07 1.08 1.09 2.18 2.09 2.10 2.11 2.12 

Cross-section area 

(mm2) 

16.36 16.42 16.08 16.38 16.56 53.61 51.29 52.62 52.25 52.40 

Once the geometries of the specimens were measured, the specimens were tested following 

the test procedure described in section 4.2.1 to determine the maximum tensile load each 

specimen could take. 

The explosive final failure was observed during the longitudinal tensile strength test as shown 

in Figure 4.12(a) since all the fibres were aligned in the axial loading direction. The specimen 

only failed when the ultimate tensile strength was reached. However, the final failure 

happened to the transverse tensile strength test specimen was at a much lower load level as 

the loading direction was perpendicular to the fibre direction. The straight fracture section, 

which was parallel to the fibre direction, could be introduced into the transverse tensile 
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strength test specimen at any place due to the uniformly distributed tensile stress as shown in 

Figure 4.12(b). 

 

Figure 4.12 Tested specimens after reaching the tensile strengths. 

Table.4.2 presents tensile strength test results including the maximum load and cross-section 

area for each test specimen. The average longitudinal tensile strength was 2116.60 MPa and 

the average transverse tensile strength was 44.60MPa. 

Table 4.2 Tensile strength of M21/T700 UD material 

 Maximum load 

(N) 

Cross-section area 

(mm2) 

Ultimate tensile 

strength (MPa) 

 

 

Ј  tensile strength test 

specimen 

1.6 34540 16.36 2111.02 

1.7 34917 16.42 2127.00 

1.8 33884 16.08 2107.00 

1.9 34676 16.38 2117.01 

1.10 35118 16.56 2121.01 

Average longitudinal tensile strength 2116.60 

 

 

Ј  tensile strength test 

specimen 

2.6 2470 53.61 46.07 

2.7 2290 51.29 44.64 

2.8 2272 52.62 43.18 

2.9 2375 52.25 45.46 

2.10 2288 52.40 43.67 

Average transverse tensile strength 44.60 
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The dimensions of the tensile test specimens with strain gauge bonded, which were used in 

the derivations of the elastic properties of the unidirectional material, are summarized in 

Table.4.3. 

Table 4.3 Dimensions of tensile test specimens with strain gauge bonded 

 Ј  specimen with strain gauge Ј  specimen with strain gauge 

Specimen No. 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 

Average width (mm) 15.39 15.46 15.33 15.19 15.43 25.48 25.37 25.34 25.26 25.42 

Average thickness 

(mm) 

1.07 1.09 1.08 1.1 1.07 2.12 2.06 2.10 2.09 2.11 

Cross-section area 

(mm2) 

16.47 16.85 16.56 16.71 16.51 54.02 52.26 53.21 52.79 53.64 

Five πЈ specimens with strain gauge bonded were tested following the test procedure 

described in Section 4.2.1 to determine the longitudinal tensile modulus of elasticity, Ὁ , and 

the major Poissonôs ratio, ’ . The test results of the longitudinal tensile test specimens with 

strain gauge bonded are shown in Figure 4.13.  
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Figure 4.13 Test results of the longitudinal tensile test specimens with strain gauge 

bonded. 

Figure 4.13(a) shows the stress-strain curves of πЈ specimens where the tensile loading 

was applied in the fibre direction. Figure 4.13(b) shows the relation between the axial 

deformations and the lateral deformations of the specimens under different loads. The major 

Poissonôs ratio was determined by the ratio between the lateral strain and the axial strain. The 

test results of different specimens in terms of the longitudinal Youngôs modulus and the 

major Poissonôs ratio are summarized in Table.4.4. 

Table 4.4 Longitudinal Youngôs modulus and major Poissonôs ratio of M21/T700 UD 

material 

Ј  specimen with strain gauge 1.1 1.2 1.3 1.4 1.5 Average value 

Longitudinal Youngôs modulus (GPa) 133.05 132.31 130.87 131.57 131.95 131.95 

Major Poissonôs ratio 0.252 0.253 0.253 0.253 0.252 0.253 

Five ωπЈ specimens with strain gauge bonded were tested following the test procedure 

described in the previous section to determine the transverse tensile modulus of elasticity, Ὁ , 

and the minor Poissonôs ratio, ’ . The test results of the transverse tensile test specimens 

with strain gauge bonded are shown in Figure 4.14.  
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Figure 4.14 Test results of the transverse tensile test specimens with strain gauge bonded. 
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Figure 4.14(a) shows the stress-strain curves for ωπЈ specimens where the direction of the 

applied tensile loading is perpendicular to the fibre direction. The linear correlation was 

applied to the test data to obtain the linear equation between the applied stress and the axial 

strain. Figure 4.14(b) presents the recorded strains in both axial and lateral directions of the 

different test specimens under different loads. The minor Poissonôs ratio was derived from the 

linear correlation equation in terms of the gradient of the approximate trend line. The test 

results of different specimens in terms of the transverse Youngôs modulus and the minor 

Poissonôs ratio are summarized in Table.4.5. 

Table 4.5 Transverse Youngôs modulus and minor Poissonôs ratio of M21/T700 UD 

material 

Ј  specimen with strain gauge 2.1 2.2 2.3 2.4 2.5 Average value 

Transverse Youngôs modulus (GPa) 7.36 7.71 7.52 7.61 7.43 7.53 

Minor Poissonôs ratio 0.0135 0.0119 0.0127 0.0123 0.0131 0.0127 

4.3.2 Shear Property Test 

The dimensions of the notched πЈ  specimens are summarized in Table.4.6. The width of 

the specimen was measured between the notches, and the length of the failed area was 

measured by the distance between the two notches as shown in Figure 4.15. 

 

Figure 4.15 Schematic illustration of the measurements of the specimen width and the 

failed area length. 

Five specimens were tested in accordance with the test procedure described in Section 4.2.2 

to determine the failure loads. The interlaminar shear strength was calculated by dividing the 
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maximum applied load by the product of the width of the specimen and the length of the 

failed area. 

Table 4.6 Dimensions of the interlaminar shear strength test specimens 

 Ј  interlaminar shear strength test specimen 

 

Specimen No. ILSS-1 ILSS-2 ILSS-3 ILSS-4 ILSS-5 

Average width of the specimen (mm) 14.66 14.72 15.19 14.87 14.95 

Average length of the failed area (mm) 6.36 6.30 6.31 6.32 6.40 

Failed area (mm2) 93.22 92.74 95.79 93.98 95.63 

 

 

Figure 4.16 Specimens failed under the interlaminar shear stress. 

All the five specimens failed across the desired notched mid-section as shown in Figure 4.16. 

The maximum applied loads and the corresponding interlaminar shear strengths of the 

notched specimens are summarized in Table 4.7. 

Table 4.7 Interlaminar shear strength of M21/T700 UD material 

 Maximum applied 

load (N) 

Failed area 

(mm2) 

Interlaminar shear 

strength (MPa) 

 

 

Ј  interlaminar shear 

strength test specimen 

ILSS-1 3875 93.22 83.14 

ILSS-2 3689 92.74 79.56 

ILSS-3 4077.5 95.79 85.13 

ILSS-4 3797 93.98 80.81 

ILSS-5 4107 95.63 85.90 

Average interlaminar  shear strength 82.91 
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The dimensions of the τυЈ test specimens which were used to determine the in-plane 

shear modulus and strength of the unidirectional material are summarized in Table 4.8. 

Table 4.8 Dimensions of the in-plane shear modulus test specimens 

 Ј Ἳ in-plane shear modulus test 

specimen 

Ј Ἳ in-plane shear strength test 

specimen 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 3.10 

Average width 

(mm) 

24.67 24.62 24.87 24.79 24.73 25.03 24.86 25.16 25.12 25.10 

Average 

thickness 

(mm) 

2.05 2.07 2.10 2.06 2.12 2.09 2.11 2.09 2.10 2.12 

Cross-section 

area (mm2) 

50.57 50.96 52.23 51.07 52.43 52.31 52.46 52.59 52.75 53.21 

Five τυЈ specimens with strain gauge bonded were tested following the test procedure 

described in section 4.2.2 to determine the in-plane shear modulus of elasticity, Ὃ . The test 

results are shown in Figure 4.17.  

 

Figure 4.17 Test results of the in-plane shear test specimens. 
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Figure 4.17 shows the elastic parts of the shear stress-strain curves for τυЈ specimens 

under uniaxial tensile loads. Equation 4.1 was used to convert the applied load and the 

directional strains to the shear stress and strain. Moreover, the linear correlation was applied 

to the converted test data and thus the in-plane shear modulus was equal to the gradient of the 

linear equation. Table 4.9 summaries the shear modulus of the tested specimen. 

Table 4.9 In -plane shear modulus of M21/T700 UD material 

Ј ▼ in-plane shear modulus test specimen 3.1 3.2 3.3 3.4 3.5 Average value 

In-plane shear modulus (GPa) 4.16 4.22 4.09 4.19 4.07 4.15 

The other five τυЈ specimens without strain gauge bonded were tested following the test 

procedure described in section 4.2.2 to determine the in-plane shear strength, † . The test 

results are presented in Table 4.10. 

Table 4.10 In-plane shear strength of M21/T700 UD material. 

 Maximum applied 

load (N) 

Cross-section 

area (mm2) 

In-plane shear 

strength (MPa) 

 

 

Ј Ἳ in-plane shear 

strength test specimen 

3.6 8950 52.31 85.55 

3.7 8889 52.46 84.72 

3.8 8834 52.59 83.99 

3.9 8971 52.75 85.03 

3.10 8924 53.21 83.86 

Average in-plane shear strength 84.63 

4.4 Summary 

The tensile and in-plane shear material properties of the unidirectional materials measured by 

the current study are summarized in Table 4.11.  

Literature results in terms of the manufacturer supplied product data [125] and the test data 

obtained by the conventional experimental tests presented in the literature [126] are also 

included in the table to provide further validation on the current test results. 
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Table 4.11 Summary of tensile and shear properties of M21/T700 UD material 

 

Mechanical properties  

 

Notation 

 

Test result 

Literature results 

Product data  

[125] 

Reference data  

[126] 

Longitudinal tensile modulus (GPa) Ὁ  131.95 148 130 

Transverse tensile modulus (GPa) Ὁ  7.53 N/A 7.7 

Longitudinal tensile strength (MPa) „  2116.60 2375 N/A 

Transverse tensile strength (MPa) „  44.60 N/A 50 

Major Poissonôs ratio ’  0.253 N/A 0.33 

Minor Poissonôs ratio ’  0.0127 N/A N/A 

In-plane shear modulus (GPa) Ὃ  4.15 4.5 4.75 

In-plane shear strength (MPa) †  84.63 95 90 

Interlaminar shear strength (MPa) ILSS 82.91 105 N/A 

Most of test results achieved in the current study agreed well with the literature results. In 

general, the test results differed to the literature results by around 10%. Such deviations are 

considered acceptable in industry due to the inherent experimental error caused by the 

differences in calibration of the test equipment and the preparation of the test specimen. It is 

noticed that the agreement between the current test result and the literature test result was 

slightly better than the one between the current test result and the manufacturer supplied 

product data. This could be attributed to the different test standards used in these 

experimental works. The overall test of the measurement of the tensile and shear properties of 

the unidirectional material has been a success. The test results will be used in the subsequent 

study on the low-velocity impact response of composite laminates for the project. 

Table 4.12 Summary of compressive properties and fracture mechanics of M21/T700 

UD material [125, 126] 

 

Mechanical properties  

 

Notation 

Literature results 

Product data  

[125] 

Reference data  

[126] 

Longitudinal compressive modulus (GPa) Ὁ  119 100 

Longitudinal compressive strength (MPa) „  1465 N/A 

Mode I critical energy release rate (J/m2) Ὃ  N/A 500 

Mode II critical energy release rate (J/m2) Ὃ  N/A 1600 
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Several other material properties of the unidirectional material are required in the current 

study, such as the compressive property and the fracture toughness. Due to the time constraint 

of the project, these data have not been measure in the project. Literature results [125, 126] 

shown in Table 4.12 will be used when necessary. 
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CHAPTER 5 Results of Composite Laminates under LVI  

This chapter presents the results of composite laminates subjected to low-velocity impact. 

The investigation was conducted in both experimental and numerical approaches to develop a 

further understanding of the damage mechanisms and impact response of composite laminates 

under low-velocity impact. Efforts were directed to the study of delamination threshold load, 

a load above which the significant increment of delamination and thus large residual strength 

degradation may occur. The effect of delamination initiation on the load bearing capacity of 

impacted composite laminate was re-evaluated in the current study. The re-evaluated effect of 

delamination initiation in composite laminates could help to improve the conservative design 

philosophy of composite laminates. 

5.1 Instrumented Drop-weight Test 

In the experimental approach, the instrumented drop weight tests were carried out on different 

impact test specimens at different initial kinetic energy levels. The effects of laminates 

thickness, lay-up configuration, repeated impact and curing temperature of laminates on the 

impact response and failure mechanisms of composite laminates under low-velocity 

transverse impact were examined. 

5.1.1 Specimen Preparation and Test Set-up 

A series of instrumented drop weight tests were conducted in accordance with the ASTM 

D7136/D7136M-05 test standard [119] in terms of the specimen preparation and test set-up. 

The test specimens were made of the same carbon/epoxy composite system (Hexply 

T700/M21) as those tested in Chapter 4 to determine the basic mechanical properties of this 

UD material. The fabrication of impact test specimen was conducted in the same procedure as 

described in Section 4.1. 

Table 5.1 shows the different lay-up configurations to study the effects of the laminates 

thickness and lay-up configuration on the impact response of composite laminates. 
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Table 5.1 Lay-up configurations of the impact test specimens 

Thickness (mm) Cross-ply lay-up Quasi-isotropic lay-up 

2 πȾωπȾπ  τυȾπȾωπ 

3 πȾωπȾπ   

4 πȾωπȾπȾωπ τυȾπȾωπȾτυ 

5 πȾωπȾπȾωπȾπ   

Four different laminates thicknesses (2 mm, 3 mm, 4 mm, and 5 mm) and two different lay-

up types (cross-ply and quasi-isotropic) were used to prepare the impact test specimens. The 

lay-up configurations were determined by the following lay-up criteria of Airbus Operations 

Ltd (UK) [127]: 

¶ Put +45Ј and -45Ј layers together as the top and bottom layers 

¶ Symmetrical lay-up with no more than 3 same layers together 

To investigate the effect of curing temperature on the impact response of composite laminates, 

different curing temperatures of 165ᴈ, 180ᴈ, and 195ᴈ were used in the autoclave curing 

process of the 4mm quasi-isotropic specimens. 

 

Figure 5.1 Curing cycles with the normal and the changed curing temperatures. 
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The curing cycles with the normal (180ᴈ) and the changed (165ᴈ and 195ᴈ) curing 

temperatures are shown in Figure 5.1. The same ramp-up rates were used in all the three 

curing cycles to achieve the different curing temperatures. Meanwhile, the curing temperature 

holding period for the 195ᴈ curing condition was set to be the same as it for the curing cycle 

with normal curing temperature, which was 120 minutes. However, the curing temperature 

holding period for the 165ᴈ curing condition was set to 240 minutes, which is the double of 

the normal holding period. It is because of the complete curing of the resin takes much longer 

time, when the specimen is cured at a lower curing temperature. The cool-down rate for all 

the three curing conditions was set to 2-5 ᴈ/min. 

 

Figure 5.2 Schematic illustration  of the drop-weight impact test specimen [119]. 

Figure 5.2 shows the schematic of the drop-weight test specimen in accordance with the 

ASTM test standard [119]. The cured composite plates were cut into the required shape 

following the same cutting procedure as described in Section 4.2. The standard required the 

rectangular drop-weight impact test specimen (150mm by 100mm) with the longitudinal axis 

in the πЈ direction. Moreover, the prepared specimens were impacted under various impact 



CHAPTER 5 Results of Composite Laminates under LVI 

 

87 

 

energy levels. To ensure the reliability of the test results, at least three specimens were 

prepared for each lay-up configuration and each impact energy level. 

During the drop-weight test, the test specimen was clamped by the impact support fixture as 

illustrated in Figure 5.3, which was in accordance with the ASTM D7136 test standard [119]. 

The fixture base was a mild steel plate with dimensions of 300mm  300mm  24mm. There 

was a rectangular cut-out in the middle of the fixture base with dimensions of 125mm by 

75mm. Four guiding pins were used to ensure that the impact test specimen can be positioned 

correctly for the test. The specimen was securely clamped in the fixture base by four toggle 

clamps to prevent movement during the test. The centreline of the toggle clamp was 25mm 

away from the shorter edge of the test specimen and the clamped rubber tip was 6mm centred 

from the edge of cut-out. 

 

Figure 5.3 Schematic illustration of the impact support fixture [119]. 

The low-velocity impact test was performed by using the CEAST drop-weight test rig as 

shown in Figure 5.4. The impact test rig includes a drop tower, a projectile, a base to support 

the fixture plate and a data acquisition system. The projectile consisting of an impact rod with 

a semi-sphere shaped impactor head drops with the support frame. The total mass of the drop-

weight was 11.8kg. The diameter of the semi-sphere shaped impactor head was 20mm. The 

projectile could slide freely along the two guiding rails. An electrical motor at the top of the 

drop tower was used to adjust the drop-weight height to achieve the required impact energy, 

Ὁ, calculated by the following equation: 
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Ὁ άὫὬ                                                               (5.1) 

where, m is the total mass of the drop-weight, g is the acceleration of the gravity, and h is the 

drop weight height. In order to prevent multiple impacts on the specimen, an electrical 

capture system was also involved in the test rig to automatically capture the rebounded 

projectile. 

 

Figure 5.4 CEAST drop-weight test rig . 

The impact force acquisition system is shown schematically in Figure 5.5. The principle of 

the impact force history acquisition system was the relation between the applied load and the 

deformation of the impactor head. Strain gauge was bonded close to the impactor head to 

detect the impactor head deformation. The strain gauge indicator was plugged into a 

PicoScope 3000 series PC oscilloscope to convert the analogue signal to the digital signal. 

The oscilloscope was then connected to a PC to record the test data and display the test result 

history of voltage (mV) against time (ms). The voltage displayed in the test result needed was 

then converted into the impact force through the calibration of the impactor and the strain 

gauge indicator. 
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Figure 5.5 Schematic illustration  of an impact force acquisition system. 

The impactor was calibrated by a compression test to determine the relationship between the 

axial compression load and the impactor deformation. The calibration of the impactor was 

conducted in the Houndsfield universal test machine as shown in Figure 5.6. 
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Figure 5.6 Calibration of  the impactor with strain gauge bonded. 

The recorded test data and the resulting calibration curve are shown in Figure 5.7. The linear 

relationship between the impactor deformation and applied load was clear. 

 

Figure 5.7 Test data of the impactor calibration and its resulting calibration curve. 

In addition, the relationship between the analogue signal exported from the strain gauge 

indicator and the digital signal processed by the oscilloscope also needed to be carefully 

calibrated before each impact test due to the difference among individual strain gauge 

indictors. The calibration was conducted by importing different analogue signals (strain in ‘‐) 
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into the oscilloscope and the digital signals (voltage in mV) recorded on PC. Figure 5.8 shows 

the recorded data and the resulting calibration curve. 

 

Figure 5.8 Recorded data of a strain gauge indicator calibration and its resulting 

calibration curve. 

Therefore, the conversion between the digital signal generated by the oscilloscope and the 

impact force was determined by combining the calibration results of the impactor and strain 

gauge indicator. The relationship between the voltage and the impactor force was expressed 

as: 

ὣ πȢπςττςȢτχτυὢ τȢτωπτπȢρωσψπȢπφπσψὢ πȢπψτςσ      (5.2)  

where, X is the voltage in mV as the digital signal generated by the PC oscilloscope, Y is the 

corresponding impact force in kN. 

However, the impact force history, as illustrated in Figure 5.9(a) as the impact force history 

of the impact test conducted on a 4mm specimen under 9J impact energy, was quite noisy due 

to the high frequency noise and the unwanted vibrations. The high frequency noise needs to 

be filtered out to provide meaningful information on the impact response of the tested 

composite laminates. 

Therefore, the raw data were filtered by LS-PREPSOT software to minimize the noise, in 

which a COS 108Hz filter was used. Figure 5.9(b) shows the same impact force history after 

the data filtering operation. The filtered impact force history was clearer than that from the 

unfiltered raw data. It was then possible to carry out meaningful assessment on the impact 

response without the disturbance of the high frequency noise. 
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Figure 5.9 Impact force history of a 4mm specimen under 9J impact energy. 

Further, the fil tered impact force history, P(t), was used to calculate the history of the 

acceleration, a(t), the velocity, v(t), the displacement, d(t), and the energy, E(t). The equations 

used in the calculations were shown as below: 

ὥὸ Ὣ                                                           (5.3) 

ὺὸ ὺ ὥ᷿ὸὨὸ                                                    (5.4) 
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Ὠὸ ὺ᷿ὸὨὸ                                                         (5.5) 

Ὁὸ Ὠ᷿ὸὖὸὨὸ                                                    (5.6) 

where, ὺ is the initial velocity of the projectile immediately before the impact contact. 

5.1.2 Effect of Thickness on Impact Response of Composite Laminates 

The impact force history of the low-velocity impact event provided important information 

regarding the damage initiation and propagation. It has been documented by many 

investigators [10, 11, 14] that the sudden load drop in impact force history was associated 

with the stiffness reduction of laminates due to the initiation of delamination. 

In this study, detailed impact force histories were obtained under various test conditions 

following the test procedure as described in Section 5.1.1 to catch the possible delamination 

threshold load. The thickness effect on the impact response of composite laminate was 

explored by testing the specimens with cross-ply lay-up configurations of πȾωπȾπ  (2mm), 

πȾωπȾπ  (3mm), πȾωπȾπȾωπ  (4mm), and πȾωπȾπȾωπȾπ  (5mm) under 

various impact energy levels. 

 

Figure 5.10 Filtered impact force histories of 4mm specimens with cross-ply lay-up 

configuration. 
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Figure 5.10 shows the filtered impact force histories of 4mm thick specimens under four 

different impact energy levels. The corresponding un-filtered impact force histories are also 

presented in Appendix I as reference. There is no noticeable fluctuation observed in the 

impact force history under the impact energy of 3J when the peak impact force had not 

exceeded a critical load. The smooth impact force history curve indicates that the impact 

under the impact energy of 3J caused little critical damage (e.g. delamination). On the 

contrary, clear sudden drops in the impact force can be seen for the specimens under the 

impact energies of 6J and 12J once the critical load had been reached. The DTL value of the 

4mm thick laminates with cross-ply lay-up configuration was approximately determined as 

4.3kN since the same DTL value obtained under different impact energy levels, which 

demonstrates that the DTL does exist for the low-velocity impact of composite laminates. 

It is however interesting to note that the impact force history under a relatively higher impact 

energy of 18J does not show a clear dip in the impact force. The overall impact force history 

curve is also smoother than the ones under the impact energies of 6J and 12J with the 

existence of DTL clearly visible. But dramatic damages, including delamination and fibre 

breakage, were found in the specimen. As this observation may look like in contradictory to 

the concept of the DTL, tests were repeated to check the results and similar observations were 

obtained. Considering the current test results under 6J and 12J and the subsequent test results 

of specimens with different thicknesses, it was conclude that the concept of the DTL is still 

valid. The possible explanation for the observation under 18J impact is that the relative 

influence of the delamination initiation on the impact response of the specimen became less 

significant under relatively higher energy levels. The specimen stiffness degradation is caused 

by not only the delamination initiation, but also the delamination propagation and other 

damage types under high impact energy level. The combined effect of delamination initiation 

and damage propagation/other damage types under high impact energy levels may smooth out 

the load drop associated with delamination initiation. It is suggested that there might exist a 

suitable range of ratio of the impact energy to the laminates stiffness/thickness to determine 

the DTL reliably through the impact force history. As a result, care should be exercised in the 

detection of the DTL using the impact force histories. 
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Figure 5.11 Filtered impact force histories of 5mm specimens with cross-ply lay-up 

configuration. 

Figure 5.11 shows the filtered impact force histories of 5mm thick specimens under various 

impact energy levels. The corresponding un-filtered impact force histories are also presented 

in Appendix I as reference.  Reasonable results were achieved in terms of the existence of the 

DTL and the overall trend in the detection of the DTL using the impact force history. The 

existence of the DTL is proved by the same sudden load drops observed in the 12J and 18J 

impact force histories. The delamination threshold load of 5mm thick specimen was 

determined at a higher value (around 5.8kN) than that of 4mm thick specimen (around 4.3kN), 

which indicates the delamination resistance of composite laminate is linked to the specimen 

thickness. However, it is noticed that the load dip in the 18J impact force history is not as 

significant as that in the 12J impact force history. This scenario supports further the previous 

speculation based on the 4mm specimen results that there might exist a suitable range of ratio 

of the impact energy to the laminates stiffness/thickness to determine the DTL reliably 

through the impact force history. In other words, different responses of the impacted 

laminates, in terms of the existence of the sudden load drop, might be triggered under the 

same impact energy level of 18J due to different laminates stiffnesses (thicknesses of 4mm 

and 5mm). Moreover, no delamination was initiated by the impact events under the relatively 
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lower impact energy levels of 3J and 6J since neither of the peak impact forces exceeded the 

delamination threshold load. 

More tests were conducted on the thinner specimens with thicknesses of 2mm and 3mm to 

study the thickness effect on the impact response of composite laminates, especially for the 

existence of DTL and its detectability using the impact force histories. 

 

Figure 5.12 Filtered impact force histories of 2mm specimens with cross-ply lay-up 

configuration. 

Figure 5.12 shows the filtered impact force histories of 2mm thick specimens under various 

impact energy levels from 1J to 9J. The corresponding un-filtered impact force histories are 

also presented in Appendix I as reference. It can be seen clearly that, while the maximum 

impact force increases with the increment of the impact energy, no clear indication of the 

initiation of the delamination can be reliably determined based on the impact force histories. 

To confirm the observations, repeated tests were carried out on the 2mm thick specimens and 

similar results were obtained. The possible reason is that the relatively lower stiffness of the 

2mm specimen makes the thin plate more flexible than the thick one. For the case of the thin 

specimen subjected to the impact with relatively lower impact energy, most of the impact 

energy will be dissipated through the elastic deformation rather than being absorbed by the 

damage mechanism such as the initiation of the delamination in which case the internal stress 

in the laminates may not be high enough to trigger an initial delamination. For the impact 
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event of the thin laminates under relatively higher impact energy, damages such as 

delamination propagation and fibre breakage follow closely after the delamination initiation, 

which makes the load drop due to the initiation of the delamination less obvious and thus 

difficult to detect. As such, alternative method should be considered to determine the DTL for 

the thin laminates. 

 

Figure 5.13 Filtered impact force histories of 3mm specimens with cross-ply lay-up 

configuration. 

Figure 5.13 shows the filtered impact force histories of 3mm thick specimens under four 

impact energy levels. The corresponding un-filtered impact force histories are also presented 

in Appendix I as reference. It is anticipated that the impact response of 3mm specimen is 

somewhere between the impact responses of 2mm thin laminates and 4mm thick laminates. 

Although the impact force histories of 3mm specimens are smoother than the load curves of 

4mm specimen, the impact force dip can still be observed at around 3.3kN in the impact force 

history under 6J impact energy. The load dip is however barely detectable from the impact 

force history under higher energy levels of 9J and 12J. It shows that the impact energy is 

absorbed by the combination of the elastic deformation and the damage mechanisms for the 

3mm laminates. Energy absorbed by the damage mechanism becomes more significant than 

that absorbed by elastic deformation with the increase of laminates stiffness/thickness. It is 
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clear that the impact response of composite laminate is controlled by the interaction between 

the impact energy level and the laminates stiffness.  

 

Figure 5.14 Filtered impact force histories of test specimens with various thicknesses 

under 6J impact energy level. 

The thickness effect on the impact response of composite laminate is shown in Figure 5.14 by 

comparing the impact force histories of the specimens with four different thicknesses under 

the same impact energy level of 6J. It can be seen clearly that the peak impact force will 

increase when the laminates thickness is increased and the impact duration decreases with the 

increase of the laminates thickness. However, no obvious sudden load drop can be observed 

for either the thick (5mm) or the thin (2mm) specimens under the current impact energy level. 

For the thick specimen with 5mm thickness, the damage resistance of the laminate is high 

enough to prevent any delamination damage since the peak impact force is still less than the 

DTL value. For the thin specimen with 2mm thickness, most of the impact energy is absorbed 

by the elastic deformation. The bending stress in the thin laminates may not be high enough 

to trigger the delamination. The load dip can however be observed in the impact force 

histories of the specimens with 4mm and 3mm thicknesses. It further proves that the DTL can 

be determined through the impact force histories but special care should be taken due to the 
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possible existence of a suitable range of ratio of the impact energy to the laminates stiffness 

to determine the DTL reliably. 

5.1.3 Effect of Repeated Impact on Impact Response of Composite Laminates 

The effect of repeated impact on the impact response of composite laminate was investigated 

by conducting repeated impact on the post-impact specimen at the same impact position and 

under the same impact energy level. In particular, the same cross-ply specimens with four 

different thicknesses tested in Section 5.1.2 were experienced a repeated impact under the 

same impact energy level. The number of the repeated impact was set to 3 to 5, depending on 

the correlations among the repeated impact force histories. In the current study, the repeated 

impact force history curve was presented by taking the mean value of all the repeated impact 

test data to reflect the effect of repeated impact more reliably. 

 

Figure 5.15 Filtered first and repeated impact force histories of 2mm specimens with 

cross-ply lay-up configuration. 

Figure 5.15 shows the filtered first and repeated impact force histories of 2mm cross-ply 

specimens under various impact energy levels. It can be seen clearly that the repeated impact 

on the same specimen does not affect the impact duration. The repeated impact force history 

and the first impact force history are almost identical, especially under the relatively lower 
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impact energy levels of 1J, 3J, and 6J. This indicates that little damage has been introduced 

into the laminates by the first impact under the relatively lower energy level, which agrees 

well with the previous assumption that most of the impact energy is absorbed through the 

elastic deformation, not through the damage mechanism, in the thin laminates under the 

relatively lower impact energy level. It is however interesting to note that the maximum 

impact force has been increased by about 0.35kN (~8.7%) during the repeated impact under 

the relatively higher energy level of 9J. This is unexpected and tests were hence repeated. 

Similar results were obtained. This is clearly associated with the introduction of impact 

damage under the relatively higher energy. The existence of the initial delamination and other 

damage types in the laminates affect the impact responses of the respected impacts. 

 

Figure 5.16 Filtered first and repeated impact force histories of 4mm specimens with 

cross-ply lay-up configuration. 

Figure 5.16 shows a further study in the effect of the repeated impact on the impact response 

using 4mm specimens with cross-ply lay-up configuration under various impact energy levels. 

It can be seen clearly that DTL plays an important role in affecting the impact response of 

composite laminates under repeated impact.  

For the impact case under the 3J impact energy level, the maximum load of the first impact is 

less than the DTL value; there is no delamination initiated by the first impact. Similar to the 
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observations from the 2mm specimens, the first and the repeated impact force histories are 

almost identical under the low impact energy of 3J. The clear difference between the first and 

the repeated impact force histories has also been observed for the 4mm specimens when the 

delamination threshold load is exceeded during the first impact under higher impact energy 

level. Compared with the 2mm specimen results, it is noticed that the impact force curve of 

the repeated impact becomes smoother in terms of the impact history of the first impact, 

which could indicate that there is no propagation of the initial delamination caused by the first 

impact during the repeated impact under the same impact energy level.  

Similar to the results of the 2mm specimen, the maximum loads of the repeated impact 

histories under 6J and 12J was increased by 0.61kN (~13.0%) and 0.82kN (~12.5%) 

compared with those of the first impact histories.  

 

Figure 5.17 Filtered first and repeated impact force histories of 5mm specimens with 

cross-ply lay-up configuration. 

Figure 5.17 shows the filtered first and repeated impact force histories of 5mm thick 

specimens with cross-ply lay-up configurations. The overall trend of the test results agrees 

well with the test results achieved from the 2mm and 4mm specimens. The DTL is proved to 

be the dominant parameter affects the correlation between the load curves of the first and the 
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