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Abstract 

Automated fibre placement (AFP) is an advanced and fully automated 

composites manufacturing technique and offers a huge design space for 

lightweight composite structures through flexible fibre distribution and 

orientation. Advanced placed ply (AP-Ply) and variable stiffness laminate (VSL) 

are typical examples and are called Advanced AFP Laminates in this thesis. 

However, due to the machine tolerance and novel fibre path manipulation, a 

great variety of intrinsic mesoscale geometric features (gaps, overlaps, tow drops, 

tow crimping, etc.) can be produced, which may have a great impact on the 

laminate strength depending on specific applications. Despite the increasing 

awareness of the significance of these features, understanding the corresponding 

effect on part performance is still challenging due to the huge parameter space, 

particularly for advanced AFP laminates.  

This research has developed a finite element (FE) method to predict the 

mechanical properties of AFP composites at coupon or part scale while retaining 

the intrinsic geometric features. The AP-Ply is an example used to validate this 

technique due to the sophisticated fibre architecture. Several experimental 

programs including short beam shear, low-velocity impact, combined loading 

compression and compression-after-impact were conducted at first to facilitate 

understanding the effect of these geometric features on the structural 

performance of AP-Ply. The experiments are used as a guideline and database 

for the model development. 
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The finite element method provided in this thesis was developed at mesoscale, 

specifically at a length scale of tows rather than plies or laminates in conventional 

methods. This method significantly improves the geometric fidelity of the model 

with the potential of depicting each tow and mesoscale geometric feature 

individually. To improve the efficiency of model generation, an automated tow-

wise modelling (TWM) algorithm was developed, aiming to build the part 

virtually following the robotic kinematics. The automation significantly reduces 

the pre-processing effort of finite element model generation, which is also a 

critical step to bring AFP into industry 4.0 in the future. 

The downstream use of TWM in the prediction of different failures is achieved 

with the implementation of a novel cohesive network approach, which greatly 

eases the pre-processing effort of explicitly allocating cohesive elements or 

developing complex fracture criteria. This method allows greater mesh size to be 

used in the crack front compared to conventional methods. The feasibility and 

accuracy of TWM in the prediction of mechanical properties of AFP composites, 

as well as the failure progression, were validated with AP-Ply experiments, 

specifically the short beam shear and low-velocity impact tests. 
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Chapter 1 Introduction 

1.1 Background 

Fibre-reinforced composites (FRC) are gaining demand over traditional materials 

due to their superior performance, enabling weight reduction, higher fatigue 

resistance and corrosion resistance, etc. With the increased use of composite 

materials, and maturation of materials technology, the emphasis of industry is 

placed on cost-efficient manufacturing techniques and design innovation and 

optimisation. Filament Winding (FW), Automated Tape Laying (ATL), 

Automated Fibre Placement (AFP), 3D Printing are hence emerging for 

composite manufacture. Among all the FRC manufacturing methods, AFP is one 

of the fastest-growing fully automated techniques and has been widely used in 

various sectors especially in aerospace, transportation, energy, and defence today 

(2021).  

AFP’s rapid growth is driven by alignment with industry needs: 

• Reduction in labour costs and increased manufacturing up-time. 

• Adaptable for manufacturing more complex composite structures which 

other automated techniques (such as ATL and FW) cannot achieve. The 

narrow strips of carbon fibre composite tape (tows) allow for the 

reproduction of highly curved parts. 

• Ability to manufacture high-quality parts with high productivity but low 

material waste. 
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• The ability of precise fibre positional and directional control, which 

enables great tailoring flexibilities and uncovers significant potential in 

laminate multi-objective optimisations [1]. 

The shortcomings of AFP technique are also substantial:  

• AFP systems are expensive and relatively slow. 

• Designing for AFP manufacture requires specialised software, training 

and integrated simulation support. 

• The manufacturing-induced defects such as: angle deviation, tow 

misalignment, waviness, gap/overlap, and twisted tow (to name a few) 

can pose a threat to the structural performance of the laminates. The 

existing solution to this is to adopt a higher factor of safety, which, 

however, substantially offset the weight benefits of composites compared 

to metallic alloys. 

• With the inclusion of various defects in the laminates and many 

unavoidable consequences of the AFP process, understanding structural 

performance and failure becomes extremely challenging. 

Along with efforts to understand and mitigate the effect of these defects on the 

structural performance of AFP composites, the industry has also focused on 

design innovation to reduce overall structural weight. AFP manufacture has two 

critical features, cut-restart (interrupting a tow mid-part) and fibre steering 

(independently varying the fibre orientation along a tow), which unlock a vastly 

expanded design space for composite laminates. These innate features provide 

AFP with the capability of precise fibre positional and directional control, which 

can enable huge advances in composite structure design. Variable Stiffness 

Laminate (VSL) and Advanced Placed Ply (AP-Ply) techniques [2, 3] which are 
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derived from these capabilities, have demonstrated great potential for further 

optimisation of the in-plane and out-of-plane laminate properties, respectively.  

Broadly, these non-conventional AFP laminates are called “Advanced AFP 

Laminates” in this thesis. Compared to traditional composite laminates, the fibre 

in advanced AFP laminates can be placed in a very complex way, which 

substantially increases the difficulties in understanding the structural 

performance and associated failure mechanisms. Another major limitation of 

advanced AFP laminates is that it can generate one or two orders of magnitude 

more local laminates defects than conventional AFP composites, both in terms of 

the defect size and density. These defects can be regarded as the “key geometric 

features” of advanced AFP laminates.  

Due to these limitations, analytical calculations become challenging or 

impossible to characterise the material properties for such complex laminate 

structures. However, to fully exploit the potential of AFP, it is important that the 

material behaviours are well understood. In turn, a higher demand is placed on 

simulation tools to predict the material behaviour and properties without 

onerous and costly experimental tests. 

1.2 Challenges in AFP composites modelling 

Predicting material properties of composites can be difficult especially for 

complex structures. To facilitate the understanding of current challenges in AFP 

composites modelling, a micrograph (Figure 1.1) is used to describe the complex 

geometries involving gaps, overlaps.  

The major challenges of modelling AFP composites are summarized as follows: 
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(Figure 1.1 is from Figure 4 in [4]) 

 

 

Figure 1.1. Micro-images for gaps, overlaps, and staggered gaps [4] 

• The experimental data that can be used for model validation is very 

limited due to experimental execution complexities, especially in 

manufacturing panels with a certain size of embedded defects and testing 

expenses (costs and time).   

• The mesoscale geometric features (gaps, overlaps, tow drops, etc), which 

result in local structural discontinuities that are completely embedded in 

the laminates can be very tedious and difficult to characterise both 

experimentally and numerically.  

• The full kinetics of the consolidation and cure process can further lead to 

tow bridging, tow cross-section distortions, as-cured thickness variations, 

etc. Based on the microscopic images of AFP composites from previous 

experimental studies [4, 5] (see Figure 1.1), the adjacent tows near the 

defect area tend to fill the gaps and create fibre waviness for the overlaps 

during the curing process.  

Existing finite element (FE) simulation tools for composites in literature can be 

simply categorized into three different length scales including micro-, meso-, and 

macro-scale, as simply described in Figure 1.2. Considering the physical part 

scales of AFP composites and available computational power, macroscale models 

(Figure 1.3a) are commonly used, where the structural discontinuities induced  

by defects are neglected for simplification. These methods, however, are limited 

in an approximate global evaluation of elastic behaviours of AFP composites. 
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Figure 1.2. The length scales of AFP composites 

The strength and damage prediction requires an accurate prediction of local 

material state, which means the key geometric features are critical to represent in 

the model. Recent studies [6, 7] have attempted to solve this critical challenge 

with mesoscale methods (Figure 1.3b), which are established based on a length 

scale of ply level modelling. In these methods, the geometric discontinuities are 

introduced between the plies. The defects that result in ply thickness variation 

can be manually depicted based on micrographs, which although powerful, 

require significant manual effort and computational resources, and only suit 

specific cases. In addition to the challenges of defects modelling, it should be 
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noted that the fibre orientations in AFP composites can vary in a very complex 

way, even without big gaps and overlaps. Modelling this general AFP laminate 

structure may be possible with exisiting mesoscale methods, but requires plenty 

of assumptions and simplifications. 

 

Figure 1.3. AFP modelling methods include (a) macroscale; (b) mesoscale at ply level; (c) 

mesoscale at tow level. Note: the colour is only used to indicate the structural 

discontinuities of the model, where (b) represents different plies and (c) represents 

different tows. 

In this thesis, to address these challenges, the length scale of mesoscale modelling 

is further refined from ply to tow (see Figure 1.2). This refers to a generic 

modelling approach for representing tows in an AFP laminate (see Figure 1.3c), 

namely Tow-Wise Modelling (TWM). The major aim of the TWM is to produce a 

3D laminate geometry (and associated mesh) that accounts for tow-tow 

interaction and intrinsically represents the most critical geometric features (gaps, 

overlaps, and tow drops, etc.). A significant advancement of this approach is to 

model AFP composites at a length scale of tow rather than ply or laminate, which 

creates possibilities of depicting each tow individually, hence greatly improves 

the model fidelity and reduces the required model simplifications.  
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1.3 Goals of the research  

This thesis will address some of the research challenges outlined above. The key 

objective of this thesis is to develop a robust and computational-efficient 

mesoscale simulation tool (TWM) that can predict the mechanical properties of 

AFP composites (stiffness, strength, etc.) with greater accuracy compared to 

traditional macro- and meso-scale methods. To achieve this, the following critical 

aims need to be met: 

• Experiments used to provide a guideline for model development and a 

database for model validation need to be designed. To test the model 

capability in predicting the mechanical properties and failure behaviours 

of AFP composites with defects, the relevant key failure mechanisms must 

be understood a priori based on the experiments.  

• An automated TWM algorithm that can represent each tow individually 

following the robotic kinematics needs to be developed to avoid tedious 

and onerous manual effort of model generation.  

• A valid composites failure modelling technique that can be integrated into 

the TWM to predict critical failure mechanisms involved in AFP 

composites at mesoscale must be developed. 

• The feasibility of TWM in predicting the mechanical properties and 

associated key failure mechanisms of AFP composites needs to be 

validated. 

1.4 Thesis outline 

To facilitate understanding the flow of this thesis, an outline is presented as 

follows: 
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1.4.1 Chapter 2 Literature Review 

A comprehensive review of the literature is conducted in this chapter. The major 

aim is to provide a background of the critical importance of the TWM approach. 

Another emphasis is placed on reviewing the state-of-the-art composites failure 

modelling methods and identifying the potential approaches that can be used to 

represent the key failure kinematics of AFP composites at the length scale of tow. 

1.4.2 Chapter 3 Experimental Studies of AFP Composites 

This chapter provides an experimental database that will be used for model 

development and validation. One of the representative AFP composites, AP-Ply 

is studied due to the complex mesostructure, in which tow crimping, tow 

interweaving, tow drops, and tow undulation are commonly observed and can 

result in significant challenges with macroscale modelling, and hence can be used 

to demonstrate the benefits and values of the proposed method.  

A variety of experimental programs on AP-Ply are performed including a short 

beam shear (SBS) test, a low-velocity impact (LVI) test, a combined loading 

compression (CLC) test and a compression-after-impact (CAI) test. For each test, 

a comparison is conducted with a traditional AFP benchmark to facilitate the 

understanding of the associated failure mechanisms with and without defects 

and thus highlight the benefits and limitations of these key geometric features on 

the structural performance. 

1.4.3 Chapter 4 TWM Method 

This chapter presents the development of automated TWM algorithms that can 

represent each discrete tow and capture the key geometric features of AFP 

composites. The TWM will be mainly devoted to addressing the geometric 
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modelling challenges of AFP composites with defects. The key inputs, outputs, 

and assumptions of the TWM method are firstly introduced, followed by a 

detailed stepwise algorithm description. Case studies are carried out at last to 

demonstrate the functionalities of TWM in representing these geometric features 

of AFP composites.  

1.4.4 Chapter 5 Cohesive Network Approach 

A novel cohesive network method is developed in this chapter to address the 

failure modelling challenges of AFP composites at the length scale of tow, where 

each tow is individually modelled and results in non-conformal meshing 

interfaces. Conventional methods are either too computationally expensive or 

unable to be used in the case of non-conformal meshing interfaces. Coupon level 

benchmark testing is carried out to demonstrate the feasibility and efficiency of 

the proposed method. The numerical results are compared against the literature 

for validation. It should be noted that this chapter aims to demonstrate the S2S 

contact algorithms for creating a cohesive network model with contact. 

1.4.5 Chapter 6 TWM Demonstration in AFP Composites 

This chapter aims to combine these two key capabilities (TWM + Cohesive 

Network Approach) into a unified TWM modelling framework. The feasibility  

of the TWM modelling framework in predicting the mechanical properties and 

failure behaviours of AFP composites will be validated as well. The experimental 

studies performed in Chapter 3 will be used for comparison, specifically the SBS 

and LVI tests.  
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1.4.6 Chapter 7 Conclusion 

The final chapter provides a concise summary of the thesis. The remaining areas 

for development and some potential research trajectories are discussed that 

provide a foundation for future research. 

1.5 Research publication outputs 

1.5.1 Conference proceedings 

Li X, Prusty BG, and Pearce GM. Intralaminar and interlaminar progressive failure 

analysis of AFP composites, in the 22nd International Conference on Composites 

Materials (ICCM22). 2019. Melbourne, Australia. 

Li X, Brown SA, Joosten M, Pearce GM. Progressive failure analysis of AP-Ply 

laminate using tow wise modelling technique, in the 5th Australasian Conference on 

Computational Mechanics (ACCM2021). 2021. Sydney, Australia. 

1.5.2 Journal papers 

Li X, Dufty J, Pearce GM. Automation of Tow Wise Modelling for Automated Fibre 

Placement and Filament Wound Composites. Composites Part A: Applied Science 

and Manufacturing. 2021:106449. 

Li X, Brown SA, Joosten M, Pearce GM. Tow Wise Modelling of Non-conventional 

Automated Fibre Placement Composites: Short Beam Shear Study. Composites Part A: 

Applied Science and Manufacturing. 2021:106767. 

Li X, Brown SA, Joosten M, Pearce GM. A segment-to-segment cohesive contact 

network approach for mesoscale composites failure modelling. Composite Structures. 

2022:115205. 
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Li X, Brown SA, Pearce GM. Low-velocity impact and compression-after-impact 

performance of non-conventional automated fibre placement composites. International 

Journal of Impact Engineering. Submitted. 
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Chapter 2 Literature Review 

2.1 Introduction 

Composite materials have been widely used for decades and numerous studies 

focusing on this area have been presented. The general background of 

composites, as well as the critical failure modes, have been introduced in a great 

deal of publications till now, and hence will not be presented here. Instead, this 

chapter will provide a comprehensive review specifically relevant to the field of 

AFP composites to highlight the existing research challenges.  

Five main topics are presented starting from Section 2.2, which provides an 

overview of AFP technology. A categorisation of common manufacturing-

induced defects underlying this advanced technique is considered in Section 2.3. 

The state-of-the-art finite element (FE) modelling methods for AFP composites 

are discussed in Section 2.4. Various failure modelling methods used with 

composites will be reviewed in Section 2.5. A summary of this chapter regarding 

the literature findings will be made in Section 2.6.   

2.2 AFP technology 

This section aims to provide an overview of AFP technology. Section 2.2.1 will 

firstly introduce the background of AFP. The fundamental manufacturing 

mechanisms and layup design process are presented in Sections 2.2.2 and 2.2.3, 
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respectively. The concepts of traditional and advanced AFP laminates, as well as 

their principles of manufacturing, will be introduced in Section 2.2.4. 

2.2.1 Background on AFP technology  

Automated tape laying (ATL) and filament winding (FW) are the first two 

automated composite manufacturing techniques to achieve higher productivity 

compared to hand layup. For FW, the filament which is constrained to move in a 

near-geodesic path under tension cyclically is mainly used to make revolute 

parts, such as pressure vessels or tanks. The tension in the filament makes the 

technique impossible to be used in concave surfaces due to fibre bridging [8]. 

ATL is essentially an alternative to manual tape placement with a higher 

deposition rate on larger structures. The geometry of the structure, however, is 

limited to zero or trivial surface curvature [9].  

AFP is another fully automated composite manufacturing technique and was 

commercially introduced in the 1980s to address the challenges of conforming 

tapes to a curved surface or a geometry with non-zero gaussian curvature 

encountered by the ATL system. AFP perfectly inherits the merits of ATL 

including the compaction and cut-restart capability, which reduces substantial 

material waste. AFP differs from ATL by using narrower tapes, which sacrifices 

productivity but gains higher flexibility of laying fibres over more complex 

geometries. Multiple narrow tapes are generally used in combination to improve 

manufacturing efficiency. The differential fibre payout capability of FW is also 

integrated into AFP and this enables each narrow tape to be delivered at different 

speeds, which is beneficial for fabricating more complex composite geometries 

such as a fuselage with numerous windows cut-outs, door cut-outs and grid 

stiffened components. FW can be essentially regarded as a special case of AFP. 

Any part made with FW could be manufactured with an AFP system by 
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converting the winding geodesics to AFP head coordinates, with a small caveat 

that the robot head must avoid clashing with the tooling. FW is still preferred for 

most revolute parts because the entire system is substantially cheaper and 

simpler due to the reduced complexity of the machinery and design process. AFP 

avoids many of the limitations of FW (such as geodesic fibre paths) so has the 

potential to replace FW in high-performance applications. 

 

Figure 2.1. The automated fibre placement machine [10] 

A typical AFP machine consists of three major parts, a robotic arm, a machine 

head, and a mandrel, as presented in Figure 2.1. The motion of the AFP machine 

is governed by the robotic arm, which provides six degrees of freedom including 

three translational movements and three rotational motions. The machine head 

is specifically used to handle the fibre placement process and in general, a variety 

of machine heads exist that can deal with different materials including thermoset 

prepregs, thermoplastic prepregs and dry fibres. The mandrel is also named the 
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tool, which is essentially a geometry that provides support and guidance for 

placing multiple consecutive layers to build up the ultimate composite structure. 

The mandrel provides another self-rotation degree of freedom, which enables the 

production of complex composite structures in conjunction with the six degrees 

of freedom provided by the robotic arm.  

Automated Dynamics (USA), Accudyne (USA), MAG-Cincinatti (USA), 

Electroimpact (USA), Foster Miller/ATK (USA), Ingersoll (USA), Coriolis 

(France), Mikrosam (Macedonia) and MTorres (Spain) are the major suppliers of 

AFP machine [11].  

One of the key advantages of AFP technology, not able to be achieved by 

alternate lay-up technologies, is fibre steering, which refers to the ability of laying 

tows in a curved format in-plane. Due to the orthotropic characteristics of fibre 

reinforced composites, the properties are dominated by fibre orientation. Fibre 

steering technology uncovers the significant potential of tailoring laminate in-

plane properties, thereby creating possibilities for optimisation which further 

reduces the structural weight. 

2.2.2 Description of AFP manufacturing 

The idea of AFP technology is to deposit slit prepreg tape on the surface of the 

preform via the machine head, as schematically illustrated in Figure 2.2. The slit 

prepreg tape is called a tow, which consists of a bundle of unidirectional fibres. 

Typical AFP machines can have 4 - 32 tows fed simultaneously to improve the 

manufacturing efficiency with standard tow widths of 3.175mm, 6.35mm and 

12.7mm, which is narrower as aforementioned compared to the tape width (75 - 

300 mm) used in the ATL system.  
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The manufacturing processes including material layup, curing/melting and 

compaction are all assembled into the machine head to improve the 

manufacturing efficiency. Figure 2.2 depicts a schematic diagram of the AFP 

manufacturing process, where each tow is coming from an individual material 

spool and is then placed onto the tool surface along with the internal guide rail. 

During the placement process, the tow is heated with a hot gas torch system or a 

laser system to increase the material tackiness and meanwhile, consolidation 

force is applied via a compaction roller to remove trapped air and ensure the tow 

adheres to the as-designed trajectories. After each travel is completed, the tow is 

cut near the designed boundaries through the tape cutter and restarted with a 

new round, resulting in low material waste.  

 

Figure 2.2. The schematic diagram of the AFP manufacturing process [12] 

2.2.3 Tow path planning process 

Each AFP machine has dedicated in-built software, which controls the material 

layup and robotic motion. Tow path planning (TPP) software is one of the critical 

technologies in AFP, as it determines the topology distributions of the fibres to 

be placed on the tool surface. TPP is critical in the design of AFP composite 

structures, with a great impact on the geometry precision and manufacturing 
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efficiency [13]. TPP algorithms require inputs such as the tool/mandrel geometry; 

desired fibre orientation; kinematic constraints of the robot and head; and 

manufacturing constraints on tow paths, such as allowable radii of curvature, etc. 

The focus of TPP is to produce optimal 3D tow paths and control instructions for 

the complex robotics involved in AFP. 

TPP involves several steps including: 

• designing the CAD geometry of the mandrel and importing it into the in-

built TPP software of AFP, such as fibre placement manager (FPM), the 

standard software for the Automated Dynamics AFP system at the 

University of New South Wales;  

• defining layup boundaries;  

• defining layup orientations and selecting a suitable tow path generation 

algorithm; and 

• running a simulation to generate tow paths and checking if it satisfies the 

robotic requirements (e.g., no collision with the tooling).  

The tow path is generally automatically computed by the in-built AFP software 

with the selected TPP algorithm. The TPP algorithm, however, varies from 

software to software but generally involves two critical steps. The first step is to 

define a reference (or guide) curve. Two methods are commonly used, including 

a triangular mesh-based approach [14, 15] and a parametrical approach [16-18]. 

The principles of these methods, as well as their respective benefits and 

limitations, have been discussed in [19]. The second step refers to the generation 

of the remaining tow paths based on the reference curve. The literature has 

reported two dominant approaches, the shifted method and the parallel method 

for the mass production of the other tow paths.  
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The shifted method (Figure 2.3a) refers to offsetting the reference curve in a 

specific direction with an equal distance, which was firstly proposed by Olmedo 

and Gurdal [20] in studies of the bulking response of variable stiffness laminates. 

This method, however, can easily generate either tow gaps or overlaps as shown 

in Figure 2.3c.  

 

Figure 2.3. Illustration of tow path generation algorithms: (a) shifted method, (b) parallel 

method. Ultimate laminate configuration generated by (c) shifted method with 

gaps/overlaps; (d) parallel method with defect-free 

In contrast, the parallel method (Figure 2.3b), proposed by Waldhart et al. [8], can 

be used to generate a defect-free laminate, as indicated in Figure 2.3d. The 

parallel method refers to offsetting all the points in the reference curve with equal 

distance, labelled as w in Figure 2.3b. This method, however, may be inapplicable 

to the generation of variable stiffness laminates because of the smaller turning 
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radius for subsequent tows, as pointed out by Tatting and Gurdal [21]. Thus, the 

shifted method still gains more favour in many studies [22, 23] with in-plane 

curved tow placement, despite the intrinsically introduced gaps and overlaps.   

It should be noted that TPP software also allows users to manually define every 

tow path specifically. This function, although tedious, provides huge degrees of 

freedom for users to customise the fibre architecture and will be mainly used for 

laminate design in this thesis.  

2.2.4 AFP Laminates 

In its early stages, AFP was mainly devoted to producing identical laminate 

structures to manual layup, aiming to obtain higher quality laminates with 

higher productivity. The conventional fibre reinforced laminates, such as with 

quasi-isotropic stack sequence, cannot maximise the efficiency of material usage 

and still suffers from low through-thickness properties. The main feature of fibre 

reinforce laminates is that the properties are highly sensitive to fibre orientation. 

Figure 2.4 depicts the relationship between the tensile and compressive strength 

and fibre orientation for unidirectional laminates. It can be noted that a variation 

of 10 degrees between the load and fibre orientations can result in an 

approximate 80% strength drop. Hence, this becomes clear that conventional 

laminate manufacturing cannot maximise the exploitation of fibres and result in 

substantial material waste. In another word, fibre path customisation offered by 

AFP can facilitate the efficient use of materials and open possibilities for 

designing more lightweight composites structures. This section aims to 

demonstrate the differences between conventional manufacturing and non-

conventional manufacturing of AFP. The advanced laminate concepts achieved 

via non-conventional manufacturing are also presented in detail. 
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(Figure 2.4 is from Figure 1 in [24]) 

 

 

 

 

Figure 2.4. Relative tensile and compressive strength of unidirectional carbon/epoxy 

composite with the variation of fibre orientation [24] 

(a) Conventional AFP laminates 

The most commonly used composite laminates made manually is an assembly of 

several unidirectional layers, usually with 0°, ±45° and 90°, resulting in a quasi-

isotropic characteristic. For conventional AFP applications, each layer is 

constructed by placing multiple unidirectional tows side-by-side. By 

manipulating the fibre orientations in each layer, a quasi-isotropic laminate can 

be manufactured which is identical with the laminate being made manually. The 

mechanical properties between the conventional AFP laminates and manually 

fabricated laminates are also nearly identical. This type of laminate is called a 

constant stiffness laminate and the structural performance optimisation is limited 

to selecting the best stacking sequence.  

(b) Variable stiffness laminates 

Variable stiffness laminates (VSL) were the first-born advanced AFP laminates 

achieved via non-conventional manufacturing of AFP. Instead of laying straight 
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fibres, the tows are steered linearly in-plane to create a laminate with spatially 

varying properties. Figure 2.5 illustrates the difference of tow paths between 

conventional laminates and a typical VSL configuration. Allowing fibre steering 

can potentially benefit from a better stress distribution and higher utilisation of 

materials.  

 

(Figure 2.5 is from Figure 1 in [25]) 

 

 

Figure 2.5. A comparison between conventional and VSL tow paths [25] 

VSL has been shown to have superior structural performance over constant 

stiffness laminates for a variety of properties, including elastic response [2], 

buckling response [20, 26, 27], post-buckling performance [28], first-ply failure 

[29], etc. The flexibility of variable stiffness design also allows for trade-offs 

between different structural properties. The major issues associated with VSL 

design are the huge design space and the manufacturing constraints. Compared 

to conventional laminate design where only a single variable (stacking sequence) 

is involved, VSL introduces numerous additional variables. Narrowing down the 

design space is critical in obtaining an optimum VSL configuration. The main 

optimisation algorithms used for VSL design, as well as their respective benefits 

and limitations, have been thoroughly discussed by Ghiasi et al. [30] including 

the gradient-based method, optimality criterion, typology optimisation, direct 

search methods, multi-level optimisation and hybrid methods.  
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(Figure 2.6 is from Figure 14 in [11]) 

 

 

 

Figure 2.6. Tow buckling and pull up due to fibre steering [11] 

The design and manufacturing of composite structures are two interdependent 

factors [31]. To obtain an optimum VSL configuration in different applications, 

the manufacturing constraints are critical to be considered in the structural 

design phase. Current studies are limited in demonstrating the theoretical 

improvements of VSL compared against the conventional laminates due to the 

practical challenges [31]. The manufacturing constraints primarily refer to the 

minimum turning radius and the distributions of gaps and overlaps. The fibre 

steering technique is essentially based on the shearing and bending 

characteristics of prepreg tow. During the steering process, both sides of the tow 

will be either under tension (pull up) or compression (buckling) and mismatch 

in length, as described in Figure 2.6. The shorter side will push the excess material 

at the compressive side to buckle while the longer side will result in tow pull up 

or fibre bridging due to the shortage of material. To mitigate this issue, a 

minimum turning radius needs to be specified and a typical value is 635mm for 

an AFP machine with 32 tows and 3.175mm tow width [23]. In addition, the 

distribution of gaps and overlaps during AFP manufacturing (e.g., shifted 

method) is also a critical factor to be considered in the design of VSLs. These 
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defects can have a significant impact on the structural properties which will be 

discussed in detail in Section 2.3.  

(c) AP-Ply Laminates 

One of the major drawbacks of composite laminates is the low through-thickness 

strength, which makes layered composite parts extremely sensitive to out-of-

plane damage, such as that induced by impact. Low-velocity impact (LVI) 

attracts more attention as the resulting damage can be embedded in the laminate 

in the form of matrix cracking, fibre breakage and delamination while potentially 

only leaving a trivial indent on the outer surface, which can easily escape routine 

inspections. Those internal damages, especially delamination, can reduce the 

residual compressive strength of the composite structure by more than 50% [32, 

33].  

 

Figure 2.7. The formation process of AP-Ply laminate 

Another advanced laminate concept derived from non-conventional AFP 

manufacturing is named advanced placed ply (AP-Ply), proposed by Nagelsmit 

et al. [3], aiming to improve the damage tolerance of AFP laminates. The AP-Ply, 

also named clutch laminate, has shown great potential in damage tolerance 

improvement and thermal warpage reduction without additional weight 

penalties [3, 34]. The AP-Ply laminate is manufactured by means of varying the 

traditional tow placement sequence, forming a semi-woven fabric architecture 

analogous to textile composites, as shown in Figure 2.7.  
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As the AP-Ply concept was only proposed during the last decade, the 

experimental studies are limited in the literature. Nagelsmit et al. [3] have 

investigated the LVI and compression-after-impact (CAI) performance of AP-Ply 

structure in terms of numbers of design parameters including tow width, 

weaving pattern, fibre angle, number of layers to interweave, etc. The results 

indicated that a slight improvement in the residual compressive strength of 5-

10% is achievable with an optimised design. More importantly, from the cross-

sectional images of the impacted samples, the AP-Ply indicated more 

concentrated damage in the form of multiple small delaminations, matrix cracks 

and fibre failures while the traditional AFP laminates exhibited few major but 

much wider delaminations. The traditional AFP laminates are also labelled as 

UD for simplification because each layer consists of unidirectional tapes. Rad et 

al. [35] studied the high-velocity impact performance of AP-Ply with a hybrid 

laminate structure, which combines both UD and AP-Ply layers. They found the 

hybrid laminate can significantly reduce the back surface damage by 45% and 

deflections by 19.5%. The potential benefits of AP-Ply structure were also 

investigated analytically and numerically by Zheng et al. [17, 18].  

The design space of AP-Ply is huge. Although the potential of this advanced 

laminate concept has been demonstrated with several specific configurations, the 

defects including tow crimping, resin pockets, thickness variations, voids, etc., 

can substantially compromise the structural performance. To obtain an optimum 

AP-Ply design, a thorough understanding of the effect of these defects, as well as 

how they interact with the material failures is is still a large area of research 

interest.  

It is worth mentioning a combination of VSL and AP-Ply concepts may be used 

in the future to achieve a laminate configuration with both optimal in-plane and 

out-of-plane mechanical properties. However, to fully exploit the potential and 
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benefits brought by this advanced manufacturing approach, understanding 

various manufacturing-induced defects or geometric features, such as gaps, 

overlaps, fibre crimping, thickness variation, etc, becomes crucial. Those 

geometric features, as well as the associated experimental and numerical studies, 

are categorised and presented in Section 2.3. 

2.3 Common defects in AFP laminates 

As with other composite manufacturing techniques, various defects can be 

produced in AFP composites. The defects can be categorised into many types 

based on their causes and morphology. Thorough reviews regarding 

manufacturing-induced defects in the AFP process have been conducted by 

Heinecke and Willberg [1], Sun et al. [36],  Harik et al. [37], and Oromiehie et al. 

[38]. Hence, in this thesis, emphasis is placed on common defects that are split 

into two major categories based on their sources, being machine-induced and tow 

path-induced. Other defects induced by external factors such as a foreign object 

or material flaw, however, are not included in this section. The other focus of this 

section is reviewing existing experimental and numerical studies regarding the 

effect of these defects on the mechanical properties of AFP composites and in 

turn, highlighting the importance of understanding these critical geometric 

features. 

2.3.1 Machine-induced defects 

Machine-induced defects essentially refer to imperfections triggered by machine 

tolerance and manufacturing parameters, specifically layup speed, consolidation 

force and heating temperature.  
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(a) Gaps/overlaps  

Gaps/overlaps are the most common defects in AFP laminates. The schematic 

illustration is shown in Figure 2.8. For this case, the tow is not aligned side-by-

side exactly with its neighbours due to the machine tolerance, resulting in gaps 

and overlaps.  

(b) Tow drop  

One of the limitations of AFP is that the tow can only be cut perpendicular to the 

fibre orientation. When it meets angled or irregular curved boundaries, a 

boundary coverage parameter needs to be selected to decide where the tows are 

terminated (or tow drop occurs). A commonly used coverage strategy is 

presented in Figure 2.9 ranging from 0% to 100%, where 0% refers to one side of 

the tow reaching the boundary while 100% refers to both sides of the tow getting 

to the boundary. The tow drop near the boundary can result in fibre 

discontinuities for closed structures. This layup strategy can also create either 

gaps or overlaps or a combination of them.  

(c) Twisted tow 

A twisted tow (Figure 2.10) may also occur due to several factors including the 

kinematic constraints of the machine head, the tool geometry, and the feeding 

rate of material. Good cooperation between these factors is critical to avoid this 

type of defect.  
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Figure 2.8. Schematic representation of gaps and overlaps 

 

 

Figure 2.9. Relationship between tow drop defects and boundary coverage parameter 
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Figure 2.10. Schematic representation of a twisted tow 

2.3.2 Tow path-induced defects 

The tow path-induced defects also refer to the geometric features in the laminates 

that resulted from the manufacturing of complex contoured geometries or the 

non-conventional manufacturing of AFP, such as fibre steering in VSL or tow 

placement sequence reordering in AP-Ply. The main difference between 

machine-induced and tow path-induced defects is that the former can be mostly 

avoided with proper selection of manufacturing parameters while the latter is 

inevitable. Besides, the latter can introduce many more defects of a larger size.   

(a) Gaps/overlaps 

For complex geometries such as a conical shell, gaps/overlaps are inevitable due 

to the different radius of two ends. Figure 2.11a depicts the thickness variations 

with colour code distinguishing between two, three and four layers of material 

coverage. Gaps/overlaps are also common features of non-conventional fibre-

steered AFP laminates. For instance, due to the limitations of the TPP algorithm 

(shifted method) as mentioned in Section 2.2.3, gaps/overlaps are commonly seen 

in VSL as shown in Figure 2.11b-c.  
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Figure 2.11. Schematic representation of gaps and overlaps due to (a) complex geometry  

[39] and (b-c) fibre tow path [40] 

(b) Tow crimping 

Tow crimping here specifically refers to an out-of-plane variation of fibre angle. 

Tow crimping is commonly seen in the Textile family. While for AP-Ply, tow 

crimping is designed on purpose to create the interweaving structure which is 

analogous to textiles. The major aim is to trade improved out-of-plane structural 

performance with slight reductions in in-plane properties. Typical tow crimping 

in AP-Ply is illustrated in Figure 2.12. 

 

Figure 2.12. Schematic representation of tow crimping in AP-Ply 

(c) Resin pockets and voids 

Resin pockets and voids are other terms given to describe gaps. The gaps in some 

cases can be cured with tow deformations (resin/fibre percolation) during the 

curing process, resulting in a wider but thinner tow. Some studies [41-43] 
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attempted to study the effect of the consolidation pressure on tow deformations 

and gap-filling mechanisms during the curing process. However, when the gap 

size is large, either resin pockets or voids will be produced as shown in Figure 

2.13. This image is obtained from a high-resolution optical microscope and 

demonstrates a cross-sectional morphology of fibre and resin for a typical AP-

Ply. The black spots refer to voids, which are air gaps in the laminate.  

 

Figure 2.13. Optical microscopy representation of voids and resin pockets in AP-Ply 

 

Figure 2.14. Schematic representation of tow wrinkling due to fibre steering [37] 

(d) Wrinkling 

Wrinkling is commonly associated with the fibre steering technique of AFP. As 

discussed in Section 2.2.4, a steering radius that breaches the minimum threshold 
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can create buckling and fibre bridging, which further leads to tow wrinkling (see 

Figure 2.14) after consolidation and curing. This type of defect can also occur in 

the layup of a contoured surface.  

2.3.3 Effect of the defects on structural performance 

Understanding potential defects is critical to facilitate the advancement of AFP. 

Over the years, most of the defect types are barely studied due to the occurrence 

frequency, and the primary focus lies in the investigation of the effect of 

gaps/overlaps. Another reason is due to the huge parameter space of defects.   

Sawicki and Minguett [44] studied the effect of gaps/overlaps on the compressive 

strength of unnotched and notched laminates. Defect sizes of 0”, 0.03” and 0.1” 

were tested and it was found that a compressive strength reduction of up to 27% 

was obtained when the defect size was 0.03”, while further reductions were not 

observed for larger defects. Unnotched and notched laminates indicated similar 

reductions and it was concluded that the primary cause of strength reduction 

was out-of-plane waviness. The results were also shown to be insensitive to the 

number of defects. Croft et al. [5] have experimentally evaluated the effect of 

different types of defects (gap, overlap, half gap/overlap and twisted tow) on the 

ultimate structural strength with a range of tests including tension, compression, 

in-plane shear, open-hole tension and open-hole compression. For in-plane shear 

and open-hole compression tests, the defects’ effect was investigated with two 

different triggering mechanisms, being tow length-induced and tow width-

induced. It was found the effect of defects has a smaller effect at the lamina level 

(5%) as opposed to the laminate level (13%). For each specific test, the results 

were summarised in Figure 2.15.  

Lan et al. [45] also examined the effect of gaps/overlaps on shear and compression 

properties with different defect sizes. A configuration of [(-45/45)3/-45] was used 
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to assess the in-plane shear performance, while another configuration of 

[904/03/904] was used to evaluate the compression response. Both configurations 

were cured under two different conditions, with and without caul plates. A 

manually made baseline sample without defects was used for comparison. It was 

found that the effect of overlaps was less critical than gaps on the shear 

properties, especially when caul plates were used. For the compression test, it 

was noted that the defects had a trivial effect on the compression response when 

the gap size was small (0.5mm). However, this difference increased to 55% for 

the configuration with overlaps when no caul plate was used. Other studies [4, 

46, 47] also indicated a significant impact from gaps and overlaps on the 

mechanical properties of AFP laminates. 

 

 

 

(Figure 2.15 is from Table 1 in [5]) 

 

 

 

 

Figure 2.15. Experimental results of different defects’ effect, subject to various loading 

conditions [5] 

Falcó et al. [48] investigated the effect of tow drops on laminate strength with 

different boundary coverage strategies as discussed in Section 2.3.1(b). Three 

different laminate configurations of VSL, 100% coverage, 0% coverage and 0% 
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coverage with ply staggering, were examined with tensile testing of unnotched 

and open-hole laminates. Ply staggering refers to shifting each layer, such that 

the gaps do not overlap. A significant difference was found between 0% coverage 

and 0% coverage with ply staggering, in which the former showed the most 

critical strength reduction. This indicated that the ply staggering technique was 

an effective way to mitigate the effect of defects. In another work also performed 

by Falcó et al. [49], the effect of tow drops on the damage resistance and tolerance 

was studied using two VSL configurations, one with and one without ply 

staggering. The results indicated that the tow drops only had an impact on 

damage resistance when the impact energy was low. The damage tolerance, 

however, exhibited a similar response between different laminate configurations, 

which meant that tow drops did not affect the damage tolerance.  

Considering the huge parameter space of defects, studies that focused on 

developing numerical methods to facilitate the understanding of various defects, 

as well as their failure mechanisms, are still an ongoing area of research. Among 

all the numerical methods (boundary element method [50], finite element 

method [51], finite difference method [52], etc.), the finite element (FE) method is 

the most promising one, which is capable of handling highly nonlinear systems 

and adaptable to very complex geometries [53]. Due to the evolution of 

computational power, FE models that approach reality are emerging. The state-

of-the-art FE methods in the AFP field are discussed in Section 2.4.   

2.4 Finite element modelling of AFP composites 

Based on the review of various defects as well as their effect on the structural 

response, the significance of representing these geometric features in the model 

becomes clear. This section aims to review the existing FE modelling strategies 
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for AFP composites in the literature. Due to the geometric complexities of AFP 

composites, the fidelity of numerical models is highly limited by available 

computational resources. Figure 2.16 depicts the developing trend of FE 

modelling strategies for AFP composites against model fidelity over the years in 

the literature.    

 

Figure 2.16. The finite element model development of AFP composites, (a~d) neglects the 

defects in VSL with various structures, (e~h) present recent simplified defects modelling 

[6, 7], (i~j) realistic defects configuration [4, 5] 

2.4.1 Models with defects being neglected 

In the early stages, defects were generally neglected in the modelling of AFP 

composites, which was commonly seen in studies of VSL [54-57]. In these studies, 

either plate or shell elements were used, and the geometry was modelled as a 

continuum (Figure 2.16a-d). The material orientation was approximately 

mapped to the element based on the designed fibre path. These studies were 

mainly devoted to demonstrating the theoretical improvement of curved fibre 

paths versus unidirectional configurations in certain applications. A substantial 

improvement was observed in the stiffness and buckling loads due to the 

introduction of curved fibre paths, however the defects may compromise the 

structural strength to a great extent. 
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2.4.2 Models with simplified defects 

After realising the significant role of defects in composite structures, the 

emphasis of research was focused on understanding the effect of defects. Initially, 

the defects were greatly simplified due to the constraints of computational 

power, as shown in Figure 2.16e-f.  The geometry was still modelled as a 

continuum at this stage, but the elements located in the defect region were 

assigned to pure resin or double homogeneous properties to represent gaps and 

overlaps. An alternative way to model this was to vary the element thickness 

(e.g., double thickness to represent an overlap). Sawicki and Minguett [44] 

studied the effect of gaps/overlaps on the laminate compression strength with 

this method. In their studies, the material was modelled with plane strain 

elements and the fibre waviness induced by gaps/overlaps was modelled by 

varying the local ply thickness. The authors also clarified that gaps were not 

explicitly modelled as resin pockets.   

Blom et al. [58] numerically investigated the effect of tow drops on the stiffness 

and strength properties of VSLs. In their work, the material was modelled as fully 

integrated shell elements in ABAQUS. Due to the cut-restart process and the 

selected boundary coverage parameter (see Section 2.3.1(b)), numerous small 

triangular gaps were created due to the tow drop of AFP manufacturing, as 

shown in Figure 2.17. The definition given by the authors was that if the midpoint 

of the element was identified to be in these small triangular areas, then resin 

properties would be assigned to these elements to represent the defect of tow 

drops. The same strategy was also used by Falcó et al. [59] who proposed a 

mesoscale 3D model to study the effect of tow-drops on the mechanical 

behaviour of notched and unnotched specimens. An X-ray computed 

tomography was used in their work to identify the regions of resin pockets.  
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(Figure 2.17 is from Figure 10a in [58]) 

 

 

 

 

Figure 2.17. Representation of small triangular resin pockets due to tow drops [58] 

2.4.3 Models with less simplified defects 

With the evolution of computational power, recent research is targeting the 

generation of precise, yet very localised, FE models with embedded defects 

(Figure 2.16g-h). Li et al. [6] introduced a parameter-based ply-by-ply modelling 

technique to efficiently capture the gaps and overlaps of AFP composites. The 

parameters relevant to the defect size were measured experimentally from 

micrographs and were then implemented in the geometric models 

algorithmically. The schematic representation of gaps and overlaps modelling 

used in this study is indicated in Figure 2.18.  

Nguyen et al. [7] developed an FE model by interpolating the ply interface using 

spline points obtained from the cross-section micrographs, as shown in Figure 

2.19. Then the cross-section was extruded in the third dimension, which was 

assumed to be constant because the only defects included were in plies 

orthogonal to the plane of the micrographs. With this method, the geometric 



 

Literature Review 

 

 

37 

 

features of AFP composites can be represented with very high fidelity at this 

cross-section.  

 

 

(Figure 2.18 is from Figure 4 in [6]) 

 

 

Figure 2.18. The schematic representation of gaps and overlaps modelling in Li et al.’s 

work [6]. 

 

(Figure 2.19 is from Figure 7 in [7]) 

 

 

Figure 2.19. The steps of modelling tow gaps and overlaps in Nguyen et al.’s work [7]. 

Abdi et al. [60] proposed a layer-wise multi-scale high-fidelity method to assess 

the impact of gaps. Each layer was modelled as a single shell and the gap areas 

were explicitly modelled by cohesive or spring elements using resin properties. 

Although this work does not treat each tow individually, the feasibility and 

potential of modelling gaps explicitly on the tow level was uncovered.  

2.4.4 Existing modelling challenges of AFP composites 

These “high fidelity” models discussed above, although powerful, require 

significant manual effort and computational resources, and only suit specific 
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cases. In reality, defects are stochastically distributed and can be embedded in 

multidirectional layers. A typical example is AP-Ply.  

AP-Ply involves substantial tow interlacing, tow crimping, tow drops, etc. Lack 

of a robust numerical method that can represent these critical geometric features 

impedes the deep understanding of the failure mechanisms of AP-Ply, and in 

turn, significantly hampers the development of this advanced laminate concept. 

Recent studies of AP-Ply are limited in providing approximate evaluations of the 

structural response. 

Zheng et al. [61] proposed a 2D plane stress finite element model combined with 

cohesive elements, which were inserted along the interfaces between woven 

layers, to evaluate the damage onset and progression of AP-Ply. Later an 

analytical energy-based method was developed by Zheng et al. [62] to study the 

effect of local stiffness variation originating from woven patterns on the strain 

energy release rate (SERR). Rad et al. [34] proposed a sub cell approach with 3D 

shell finite elements to study the thermal and mechanical behaviour of AP-Ply 

laminate. The authors also pointed out that to predict accurate deformations or 

failure events of AP-Ply, a geometric model that can capture the tow undulations 

is necessary. Although the plane stress finite element method proposed by Zheng 

et al. can model the tow undulations, it is limited in applicable configurations 

with fibre orientations of 0/90 only. Hence, a high-fidelity model that can 

represent these critical geometric features is in high demand. 

Similar situation also occurred in textile composites field where the tows are 

interwoven together. In order to resolve this geometrical modelling challenge, 

several well-known tools were developed such as TexGen [63], WiseTex [64] and 

Virtual Textile Morphology Suite (VTMS) [65]. Any textile fabric geometry can 

be automatically generated if the yarn path and cross-section are specified. The 
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yarn / tow path is essentially a series of points with direction vectors representing 

the centre line of 3D geometry, including cartesian coordinates, normal and 

transverse vectors. These tools, although are very robust in the applications of 

modelling weaving technology and 3D fabrics, are not applicable to AFP 

composites due to few reasons. The first one is that the output AFP tow path is 

mapped to the mandrel surface, and can roughly represent the projection curves 

rather than the ultimate 3D spatial locations. This problem also refers to a z-offset 

issue and will be introduced in detail in Section 4.2. Another reason can be the 

tow cross-section is not always consistent during the layup such as tow dropping 

across the width direction. To resolve this and aforementioned challenges of AFP 

composites, an alternative method is required. 

2.5 Review of composite failure modelling methods 

To predict the failure mechanisms of AFP composites, as well as understanding 

the effect of the geometric features on the material failures, the capability of the 

FE model to represent the proper failure kinematics are critical. Three major 

composites fracture types are considered in this thesis including matrix cracking, 

delamination, and fibre breakage. Figure 2.20 depicts the representative failure 

morphology of each fracture type for composite laminates.  
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Figure 2.20. The failure morphology of different composite fracture types [66] 

This section aims to review the state-of-the-art techniques of modelling material 

failures in the field of composites. In general, the literature reports two dominant 

approaches, the smeared crack model (SCM) and the discrete crack model (DCM). 

The mechanisms of each method and the respective benefits and limitations are 

discussed and presented.  

2.5.1 Smeared crack model 

For the SCM, which is developed in the context of continuum damage mechanics 

(CDM), the failed sections are represented using stiffness degradation of the 

corresponding elements instead of a crack or displacement discontinuity, as 

shown in Figure 2.21a. As the crack opens, the load is released, and the stress 

cannot transfer between the newly generated crack surfaces. The load release can 

be captured with SCM by reducing the element stiffness. However, spurious 

stress transfer has been observed across the fully damaged elements, which 

results in an inaccurate stress redistribution [67]. Aligning the mesh edges with 

the prescribed crack path can potentially alleviate this issue [68], but this means 
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accurate failure prediction of SCM requires a specific mesh morphology. Another 

major drawback of SCM is the inability to represent different failure interactions, 

which sacrifices the accuracy significantly, especially when a strong coupling 

effect is observed experimentally between transverse matrix cracking and 

delamination [69]. 

 

Figure 2.21. The modelling methods of composite failures: (a) smeared crack model; (b) 

discrete crack model 

2.5.2 Discrete crack model 

On the other hand, the DCM offers the opportunity to represent the physical 

discontinuities induced by the cracks, as shown in Figure 2.21b. The most 

popular methods include the virtual crack closure technique (VCCT) and the 

cohesive zone model (CZM). The former approach is based on linear elastic 

fracture mechanics and has been successfully applied in many studies [70-75]. 

This technique, however, is highly limited in the conditions of small scale 

yielding and requires the existence of a pre-crack [76]. Hence, the CZM gains 

more favour, as it can predict both failure onset and growth. More details of the 

CZM are presented in Section 2.5.2(a).  
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Other advanced DCM versions include the phantom node method [77-79], the 

floating node method [80-82], the extended finite element method [83-86], and 

the augmented finite element method [87, 88]. These methods can provide a high-

fidelity representation of cracks while also requiring more computational power, 

which constrains their application to small-scale coupons. 

(a) Cohesive zone model  

The CZM is also named the cohesive/interface element method, the behaviour of 

which is governed by a traction-separation relationship. This method was 

primarily employed in the prediction of interface failures [89-92]. As CDM is 

deemed as a less computationally expensive modelling technique than CZM, the 

integration of CDM and CZM has been widely used for intra- and inter-laminar 

failure analysis respectively [93-95]. With the evolution of computational power, 

recent studies [96-98] have gradually started implementing cohesive elements 

within the ply, forming a cohesive network. The improvements of this approach 

were shown in accurately capturing the energy absorption and transverse matrix 

cracks [99]. In these studies, the continuum ply was modelled as an assembly of 

several strips, joined by cohesive elements.  

The major drawback of the cohesive element approach is the strict element size 

requirements near the crack front, which must be less than 1/3-1/5 of the cohesive 

zone length to achieve a mesh size-independent solution [100-102]. The cohesive 

zone length, which is measured over the region ahead of the crack tip that is 

undergoing irreversible deformation, is generally much smaller than the 

specimen dimensions. This element size shortcoming limits the application of the 

cohesive element method to the prediction of just one crack, or a few major cracks, 

considering the computational effort.  
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Several improved integration methods proposed by Do [102] aimed to improve 

the computational efficiency with cohesive elements. In these improved methods, 

the integration points were increased from 2 to 3, and more importantly, were 

allowed to move according to the position of the crack tip, enabling the use of a 

cohesive element size comparable to the cohesive zone length, without 

compromising the numerical accuracy. Alternative approaches such as an 

augmented cohesive element method proposed by Mukhopadhyay and Hallett 

[103] recently also allow a relatively coarse mesh to be used without sacrificing 

the numerical accuracy significantly.  

(b) Cohesive zone model applications 

The cohesive element is a representative application of the CZM, in which the 

traction-separation constitutive relationship is implemented in the element 

integration points. This method, as schematically represented in Figure 2.22a, is 

limited to the case where the in-plane mesh size is equally defined for all layers, 

which is referred to as a conformal mesh. For complex laminate structures such 

as VSL or AP-Ply, which include numerous interleaving and overlapped fibre 

tows, achieving a conformal mesh can be extremely challenging or even 

impossible.  

To predict the failures between the layers with a non-conformal mesh, the use of 

a combined tied contact interaction and cohesive elements was proposed, as used 

in Sun et al’s work [98]. Figure 2.22b illustrates the schematic representations of 

this method, in which the top and bottom surfaces of the cohesive elements were 

tied to the material elements. This approach, although feasible, is limited to 

small-scale samples due to the huge computational cost. 
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Figure 2.22. Types of CZM in literature: (a) cohesive share nodes with material layers for 

conformal mesh; (b) tied contact is enforced between cohesive and material layer for non-

conformal mesh; (c) cohesive layer is modelled as cohesive contact interaction for non-

conformal mesh. 

Another potential solution is to use cohesive contacts (Figure 2.22c), in which the 

cohesive constitutive relationship is implemented in the contact interactions 

instead of element integration points. Different to the tied contact where the 

touching surfaces are not allowed to either penetrate to or separate from each 

other with a stiff connection, the cohesive contact is essentially a soft connection 

and allows the surfaces to move following the provided kinematic equations. 

The cohesive contact is developed based on a node-to-segment (N2S) contact 

algorithm and has been successfully demonstrated in many studies [104, 105]. 

However, the major issue associated with N2S contact is the low numerical 

efficiency due to the master-slave concept. The non-interpenetration contact 

constraints are only enforced at the slave nodes, which means the master nodes 

are allowed to penetrate the slave surface. Hence, a strict rule is that the slave 

surface needs to have a much finer mesh than the master surface, and an 

inappropriate definition can result in significant penetrations. Another issue that 

can occur in the slave node is that it can have serious locking problems due to 

over constraints when it has multiple contact interactions, and hence can provide 

inaccurate simulation results [106]. 
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2.6 Summary 

In this section, the key findings of the literature review are summarised and the 

research challenges in the field are highlighted based on existing studies. 

AFP exhibits great potential in laminate multi-objective optimisations (e.g., 

stiffness & strength) with the capabilities of fibre steering and tow path 

customisation. Advanced AFP laminates, VSL and AP-Ply, are hence emerging. 

Due to the manufacturing constraints of AFP, machine-induced or tow path-

induced defects such as gaps, overlaps, tow crimping, tow drops, etc., become 

the critical geometric features of AFP composites, especially for advanced AFP 

laminates. These critical geometric features, however, were experimentally 

identified with minor to significant effects on the material properties.  

Despite increasing awareness of the importance of understanding these defects 

over the last 30 years, research gaps still exist particularly in the field of advanced 

AFP laminates. The major reason is that experiments cannot thoroughly 

characterise the effect of these geometric features on the structural properties, as 

which are highly dependent on their morphology, location, distribution, loading 

condition, etc. Considering the huge parameter space of defects, a reliable and 

cost-efficient FE approach is in high demand.  

Existing FE methods for AFP composites range from 2D to 3D, from neglecting 

defects to precise defects characterisation, and are essentially limited in the 

macroscale length scale. Typical length scales in AFP composites can be 

categorized as structure, component, laminate, ply, tow, fibre, as shown in Figure 

1.2. The reduction of length scale typically refers to an increase in model fidelity 

and computational resources. With the evolution of computational power, recent 

studies [6, 7] started to use a smaller length scale (ply) to depict the geometric 
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features of AFP composites. Although these models exhibited good predictive 

capabilities, their application scope is quite localised as they need a detailed in-

situ parameterisation of defects. To further ease the burden of explicitly 

characterising the geometric features of AFP composites, particularly for 

advanced AFP laminates, a model with a length scale of tow is required and 

hence is the primary aim of this research. 

Conventional composites failure modelling techniques are either unable to 

represent the failure interactions between different failure modes or have a strict 

element size requirement, in which the element size near the crack front must be 

less than 1/3-1/5 of the cohesive zone length. The reduction of length scale from 

ply to tow, although increasing the model fidelity and capturing the critical 

geometric features of AFP composites, requires substantial extra elements to 

represent these geometric details. Considering the available computational 

resources, a computational-efficient material failure modelling approach that is 

applicable to the numerical model at tow scale is required.  
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Chapter 3 Experimental Studies 

of AFP Composites 

3.1 Introduction 

Various types of defects of AFP composites, as well as their impact on the 

mechanical properties have been thoroughly discussed in Chapter 2. Advanced 

AFP laminates can potentially introduce more than one order of magnitude 

greater defects than traditional AFP manufacturing, where the defects are merely 

produced by the machine tolerance. The potential of advanced AFP laminates 

has been demonstrated, however the benefits can be significantly offset by the 

defects. To obtain an optimum configuration, understanding the failure 

mechanisms of these advanced laminate concept are critical.  

Based on the literature, we have developed a basic understanding of the effect of 

these defects on the mechanical performance of the AFP laminate with strict 

control of defect size and distribution. They can have either trivial or significant 

knock-down effect on some properties subjected to different loading conditions. 

Despite the increasing awareness of the significance of the defects, a huge 

research gap still exists in understanding them due to the huge parameter space, 

particularly for advanced AFP laminates. This chapter, although is not 

attempting to thoroughly resolve this critical challenge, aims to facilitate our 

understanding of the defects’ impact on the structural performance of advanced 

AFP laminates with several specific laminate configurations.  
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AP-Ply laminates are relatively easy to be manufactured, simply by altering the 

tow placement sequence. The variable stiffness laminates, however, require the 

fibre steering technique which has a minimum turning radius to achieve a 

wrinkle-free laminate. This limitation substantially constrains the panel size 

achievable for experimental studies. Hence, in this chapter, AP-Ply laminates are 

used to study the failure mechanisms of AFP composites with defects. As 

aforementioned in Chapter 2, the AP-Ply concept was developed to optimize the 

out-of-plane mechanical properties of AFP composites as traditional laminates 

all suffer from low through-thickness strength which leads to a low delamination 

threshold. To demonstrate the effect of the defects, several experimental studies 

were conducted in this Chapter. 

AP-Ply laminates have already exhibited excellent out-of-plane mechanical 

performance in toughness-based tests such as DCB and ENF, demonstrated by 

Nagelsmit et al. [3]. It hasn’t yet been determined if the AP-Ply laminates affect 

the inter-laminar shear strength (ILSS) and failure initiation mechanisms. Hence, 

the short beam shear (SBS) test was selected to measure the ILSS. In addition, the 

fibre waviness introduced by the AP-Ply is likely to have an effect on the tensile 

and compressive in-plane properties. Literature on textile composites indicates 

that compressive properties are more strongly affected than tensile, hence the 

combined load compression (CLC) was selected in preference to a standard 

tensile test for the main study. Low-velocity impact (LVI) and compression-after-

impact (CAI) tests were also performed to evaluate the core improvement of AP-

Ply in terms of the damage resistance and tolerance. These experimental results 

will serve as a database for the development and validation of the numerical 

model.   

Some of the results presented in this chapter are included in the following 

publications: 
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Li X, Brown SA, Joosten M, Pearce GM. Tow Wise Modelling of Non-conventional 

Automated Fibre Placement Composites: Short Beam Shear Study. Composites Part A: 

Applied Science and Manufacturing. 2021:106767. 

Li X, Brown SA, Pearce GM. Low-velocity impact and compression-after-impact 

performance of non-conventional automated fibre placement composites. International 

Journal of Impact Engineering. Submitted. 

3.1.1 AP-Ply notation 

The AP-Ply laminate is formed by using the tow-wise additive manufacturing 

characteristic of AFP, specifically the tow skip and refill manipulation process. 

Because the AP-Ply geometry includes many more design parameters than 

conventional laminates, a clear notation is necessary to define and communicate 

the extra geometric laminate information. The notation also describes the degree 

of interweaving and the manufacturability of the AP-Ply configuration [3]. 

Different to the conventional laminate notation, where each ply is simply defined 

as θ (ply angle), the notation in AP-Ply is defined as 𝜃𝑚

𝑛
. These two extra indices 

indicate the total number of ply divisions (n) and the specific division number 

(m). This notation simply covers most of the AP-Ply laminates. A simple example 

that consists of 0o and 90o tows shown in Figure 3.1, is employed to further 

illustrate the notation.  
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Figure 3.1. The illustration of AP-Ply notation in the AFP manufacturing process: (a) 

designing a two-ply laminate example consists of 0o (blue) and 90o (red), (b) dividing each 

ply into 2 divisions, (c) reordering the tow placement sequence, (d) placing the tows with 

the new sequence. 

 

3.1.2 Introduction of different weaving concept 

The customisation of the tow placement sequence provides a huge design space 

for AFP manufacturing. Based on the notations introduced in Section 3.1.1, the 

parameters can be the ply angle, ply division number and the sequence of tow 

placement. To achieve an optimum design in practice, these parameters require 

a thorough understanding and investigation, which is out of the scope of this 

thesis. Instead, some typical AP-Ply laminate structures will be used for the 

investigation of the defects’ effect on the structural performance. Specifically in 

this chapter, two typical fibre architecture of AP-Ply laminates including 2D 

weaving and 3D weaving are introduced. 

(a) 2D weaving 

The 2D weaving concept originates from the plain weave of textile composites, 

where every layer consists of two unidirectional interlacing tows, as shown in 
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Figure 3.2. However, due to the additive manufacturing characteristic of AFP, 

the tow cannot be placed underneath preceding tows. Hence, for every layer, a 

semi-woven architecture can be achieved instead of fully woven structure, as 

schematically illustrated in Figure 3.3. Other differences include the tow 

dimension (3.2, 6.4 or 12.7mm for AP-Ply), and the shape of the tow cross-section 

(roughly rectangular for AP-Ply), etc. 

 

 

 

 

(Figure 3.2 is from Figure 1b in [107]) 

 

 

 

 

 

Figure 3.2. Schematic diagram of the 2D plain woven in the through-thickness direction 

[107] 

 

Figure 3.3. Schematic illustration of (a) fully woven and (b) semi-woven structure 

(b) 3D weaving 

The primary issue associated with 2D weaving is between every two woven plies, 

there is a clean and flat interface where the crack can propagate without any 

resistance. Hence, a 3D weaving concept is introduced, which is derived from the 
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3D interlocked architectures in textile composites (see Figure 3.4), where the tow 

can pass through the through-thickness direction, resulting a fully interlocked 

laminate. While for AP-Ply laminates, the interlocked structure is created by 

tailoring the tow placement sequence. This concept was firstly proposed by 

Nagelsmit et al. [3]. The specific tow placement sequence to achieve a fully 

interlocked structure is presented in Figure 3.5. Using this approach, each layer 

can be designed to be interlocked with adjacent layers.  

 

 

(Figure 3.2 is from Figure 1a in [107]) 

 

 

 

 

Figure 3.4. Schematic diagram of the 3D interlock in the through-thickness direction 

[107] 

3.1.3 Non-destructive testing methods 

In this chapter, two non-destructive testing (NDT) methods will be used to 

facilitate the visualisation and evaluation of the cracks inside the specimen 

without secondary damage including a high-resolution optical microscope and a 

X-ray computerized tomography (CT) scan.  
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Figure 3.5. The tow placement order to achieve a fully interlocked laminate structure. 

3.1.4 Chapter scope 

• Section 3.2 presents the specimen preparation procedures including the 

manufacturing, panel curing and cutting. 

• Section 3.3 aims to investigate the defects’ effect on the SBS strength of AP-

Ply.  

• Section 3.4 will evaluate the impact resistance of AP-Ply versus traditional 

AFP laminates using a LVI test.  

• Section 3.5 will assess the pristine and residual compressive strength of 

AP-Ply versus traditional AFP laminates via CLC and CAI tests, 

respectively. 

• Section 3.6 will summarize and highlight the key findings based on these 

experimental studies.   
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3.2 Specimen preparation 

The HST45E23/E-752-LT prepreg (145gsm and resin content of 35%) was used in 

the Automated Dynamics AFP machine at the University of New South Wales 

(see Figure 3.6) for the manufacturing of AP-Ply and unidirectional laminates in 

this chapter. This section aims to illustrate the specimen manufacturing 

procedures including the tow path design, the panel curing and the panel cutting. 

It should be noted that the additional design parameters of AP-Ply also creates 

multiple manufacturing challenges including requiring more manufacturing 

time as also mentioned in Nagelsmit et al’s work [3], more preprocessing efforts 

in tow path design as no dedicated algorithm has been implemented so far, and 

more material defects during the manufacturing due to the variation of laminate 

thickness and robotic kinetics.   

3.2.1 Tow path design 

The tow path is designed in the Fibre Placement Manager [108], which is the 

standard tow path planning software for the Automated Dynamics equipment. 

Due to the concept of AP-Ply being relatively new, the associated tow path 

generation algorithm and the tow skip command for the robot have not been 

developed yet. The in-built tow path generation algorithms at this stage are 

mostly used for conventional manufacturing.  Hence, the only potential option is 

to define each tow path manually, which is used for the tow path generation of 

the AP-Ply in this thesis. 
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Figure 3.6. The AFP robot at the University of New South Wales. 

3.2.2 Panel curing 

The panels are cured in the autoclave (see Figure 3.7) following the curing recipe 

provided by the material data sheet, which includes several steps: 

• Apply full vacuum and a pressure of 2 bar. 

• Increase the temperature to 177 ± 2.8℃ with a rate of 0.6 − 2.2℃ / min. 

• Vent the vacuum to atmosphere and increase the pressure to 6.2 ± 0.35 

bar when the leading thermocouple reaches 107℃. 

• Dwell for 120 ± 10 mins at 177℃ once the lagging thermocouple reaches 

171℃. 

• Reduce the temperature at 2.2℃ / min. 

• Release the pressure when the temperature is lower than 66℃. 

• Remove the panels when the temperature is lower than 49℃. 
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Figure 3.7. The autoclave facility at the University of New South Wales. 

Considering the panel thickness designed in this thesis is thicker than that was 

used for demonstration in the material datasheet, the dwell time was extended 

to 150 mins to ensure the panels were fully cured. Caul plates were placed on top 

of each panel to achieve a uniform thickness and consistent surface finish. 

3.2.3 Panel cutting 

The cured panels were allowed to settle at room temperature (around 20℃) for 

at least 24hrs before cutting specimens via a Multicam Computer Numerical 

Control (CNC) Routing system, as shown in Figure 3.8.  
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Figure 3.8. The Multicam CNC Routing system at the University of New South Wales 

3.3 Short beam shear 

For the SBS test, two different AP-Ply configurations with different weaving 

morphology were studied and a comparison with a unidirectional ply 

counterpart was conducted. It should be noted that this experiment was limited 

to a coupon level analysis with 0/90 cross-ply configurations to obtain a 

preliminary understanding of the failure mechanisms of the AP-Ply laminates, 

while the following sections in this chapter investigate more complex laminates.  

In this section, the specimen design is firstly described. Then the SBS 

experimental setup and testing procedure are introduced. The results in terms of 

the crack path, the short beam strength and the global response between different 

laminate configurations are compared and discussed at last. 
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3.3.1 Specimen design 

(a) Design of weaving morphology of AP-Ply laminates 

As aforementioned in Section 3.1.2, a fully interlocked AP-Ply laminate structure 

was designed for this study to avoid a clean and flat interface in which the failure 

is likely to initiate and propagate without any resistance. For this purpose, a 

special tow placement sequence was used, as shown in Figure 3.9. Using this 

approach, each layer can be designed to be interlocked with adjacent layers. The 

3D visualisation of the AP-Ply configuration and associated layups are presented 

in Section 3.3.1(b). 

 

Figure 3.9. Illustration of a fully interwoven AP-Ply laminate sequence. Note: This image 

only presents 8 steps to indicate how a fully woven laminate is achieved. Steps 2 to 5 can 

be repeated multiple times until reaching the required laminate thickness.  

 

(b) Design of specimen dimensions and layup 

The specimen dimensions were determined following the American Society for 

Testing and Materials (ASTM) D2344 short beam shear test standard [109]. This 
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standard does not have a specific requirement for the specimen dimensions but 

recommends a length/thickness ratio of 6 and a width/thickness ratio of 2. 

However, the AFP tow width used in the present study was limited to 6.35mm. 

To incorporate the in-plane weavings along with the width direction, the 

specimen width was designed as 14mm, which resulted in a requirement of a 

7mm thick laminate. Considering the tow thickness variation before (0.15mm) 

and after cure, a ply number of 53 was chosen to achieve global symmetry 

relative to the centre of the mid-layer for the unidirectional configuration and 

meet the required laminate thickness. It should be noted that AP-Ply laminates 

are never precisely symmetric in the same way as traditional laminates, while the 

corresponding layup has been chosen to mirror the symmetric unidirectional 

configuration as much as possible.  

The in-plane specimen dimensions were then finalized as 52 x 14mm, with a 

loading span length of 40mm. In Xie et al’s work [110], the result indicated that 

the through-thickness interlaminar shear stress distribution varied from 

trapezoidal to parabolic with an increasing span-to-thickness ratio. Hence, the 

span-to-thickness ratio was chosen to be around 6, low enough to avoid bending 

failure while high enough to avoid complex stress field interaction between the 

loading nose and the support rollers [110, 111]. 

As the fibre crimp angles had a significant effect on the mechanical performance 

of AP-Ply laminates [61, 112], two configurations with different fibre crimp 

angles were designed in this study to investigate the failure mechanisms with a 

unidirectional baseline which was labelled as the Benchmark. The fibre crimp 

angle, however, is related to the tow thickness, temperature, consolidation 

pressure, material properties, etc. The most straightforward way to tailor the 

fibre crimp angle is to increase the tow thickness, which can be achieved by 

overlapping multiple tows in the same position. In this study, the AP-Ply 
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configurations were designed as single-tow weaving and double-tow weaving 

(Figure 3.10), namely AP-Ply1 and AP-Ply2 separately for differentiation.  

 

Figure 3.10. The schematic representation of each laminate configuration. Note: this 

image is only used to indicate the 3D woven architecture of the AP-Ply laminates used 

in this study which does not correlate to any dimension of the actual laminate, such as 

the gaps between tows here are shown only for visualisation purposes. 

 

Based on the discussions above, the notations of the three laminate 

configurations can be represented as below, where the repetitive tow placement 

sequence for AP-Ply1 and AP-Ply2 is highlighted within the round brackets.  

• Benchmark: [(0/90)13/0̅]s  
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• AP-Ply1: [01

2

/(901

2

/02

2

/01

2

/902

2

)26/02

2

] 

• AP-Ply2: [01

2

/(901

2

/901

2

/02

2

/02

2

/01

2

/01

2

/902

2

/902

2

)13/02

2

] 

To demonstrate the difference in the fibre architecture between these laminate 

configurations, a 3D view of each case is presented in Figure 3.10. It should be 

noted that this figure does not correlate with any physical dimensions of the 

manufactured laminates. In the amplified view of AP-Ply2, it can be observed 

clearly that the tows are weaving in both x and y axes, resulting in an integrated 

woven architecture. 

(c) Design of “artificial” tow-to-tow gaps 

A major problem with AP-Ply laminates can be the undulation of thickness 

around the weaving corner, leading to many ribbed areas, as described in Figure 

3.11a. The thickness undulation in this area becomes more severe with the 

increase in total laminate thickness. The sharp ribs can also trigger 

manufacturing issues for the upcoming tows, leading to the generation of many 

additional defects in the laminate. Hence, to mitigate this issue but not create 

many extra resin pockets, a 1.3mm tow-to-tow gap (around 1/5 of the tow width) 

was designed in this study, as schematically shown in Figure 3.11b.  
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Figure 3.11. (a) Thickness undulation issue representation in AP-Ply laminate, (b) 

Theoretical fibre crimp angle, (c) Actual fibre crimp angle after consolidation 

The two AP-Ply configurations that use single-tow and double-tow weaving 

separately can theoretically result in fibre crimp angles (𝜃 as shown in Figure 

3.11) of 5.3° and 10.5°, computed based on the tow thickness and tow-to-tow gap. 

Theoretically, these artificial gaps can generate many resin-rich pockets or voids. 

However, the majority of the tow-to-tow gaps are filled with both fibres and 

resins after cure, generating a relatively uniform laminate. This is mainly 

because, during the curing process, the tows tend to deform and squeeze out the 

resins and fibres simultaneously to flow into the gaps, as illustrated in Figure 

3.11c. This phenomenon is observed in the cross-sectional micrographs of the 

cured laminates, as presented in Figure 3.12, where the designed gaps near the 

weaving area have disappeared except for some small resin pockets as 

highlighted with red circles.  

The consolidation process which leads to the deformation of adjacent tows 

reduces the crimp angles considerably, as indicated in Figure 3.11c. As 

mentioned in Zheng and Kassapoglou’s work [61], the crimp angle had a 
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significant impact on the delamination initiation and propagation. Hence in this 

study, the crimp angles of AP-Ply laminates were taken with special care via 

measuring multiple times under the optical microscopes, and the results are 

presented in Section 3.3.2.    

 

Figure 3.12. The AFP manufactured panels before curing (a~c), the micrographs of cured 

specimens (d~f), and the amplified view of tow-tow-tow gaps (g~i). Note: (a,d,g) 

corresponds to the Benchmark, (b,e,h) refers to AP-Ply1, and (c,f,i) denotes AP-Ply2. 

3.3.2 As-cured tow dimensions 

The final as-cured specimen thickness, width, and crimp angle before and after 

cure are summarized in Table 3.1. The as-cured tow thickness was computed by 

dividing the specimen thickness by the total number of layers (53). The mean 

value and coefficient of variation (CV) were determined from 16 specimens for 
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each configuration. A slight thickness discrepancy between different laminate 

configurations was observed and this might be because the weaving geometry 

constrained the resin and fibre flow to some extent. It should be noted that the  

Table 3.1. Measurement of the specimen thickness, width and crimp angle before and after 

cure.  

 
Thickness (mm) 

Mean (CV %) 

Width (mm) 

Mean (CV %) 

Crimp 

angle (deg) 

Mean (CV 

%) 

Config 
Before-

cure 
After-cure 

Before-

cure 

After-

cure 
After-cure 

Benchmark 7.98 (1.4) 6.36 (1.47) 6.35 7.63 (0.26) - 

AP-Ply1 8.09 (1.3) 6.46 (0.89) 6.35 7.69 3.01 (21.33) 

AP-Ply2 8.30 (0.16) 6.54 (1.11) 6.35 7.75 4.63 (20.12) 

 

average as-cured ply thickness was approximated as 0.121mm which is smaller 

than the value (0.14mm) specified in the manufacturer’s datasheet [113]. This was 

attributed to the tows spreading and reducing in thickness as the samples were 

cured.  

The as-cured tow width and tow crimp angle were measured via the micrograph 

under the optical microscope. The as-cured tow width can be estimated as the 

summation of the pristine tow width (6.35mm) and one gap size (1.3mm) as no 

resin-rich pockets were identified between contacting tows. This approximation 

was roughly identical with the measurements obtained from the micrograph. The 

tow crimp angles, however, showed a significant variation across the thickness.  

3.3.3 Experimental setup 

An Instron 3369 50kN machine (Figure 3.13) was used to perform the short beam 

shear test in accordance with ASTM D2344, with a span-to-thickness ratio of 6, at 
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room temperature. Displacement control at a rate of 1mm/min was applied to the 

loading roller via the crosshead. The dimensions of each specimen were set as 

52mm x 14mm x 6.41mm (LxWxt) with a span length of 40mm. The typical 

configuration of the AP-Ply specimen is shown in Figure 3.13. The diameters of 

the loading nose and support rollers used in this test were 6mm and 3mm 

respectively. The reaction force, time and crosshead displacement were recorded 

for each test. As delamination is a very unstable fracture mode, eight samples 

were used for each configuration to obtain a reliable result. A digital camera was 

set in front of the specimen to amplify the cracks during the test for monitoring 

safely.  

 

Figure 3.13. The Instron 3369 50kN machine 

3.3.4 Results 

The global responses and failure mechanisms are presented and compared 

between the different laminate configurations in this section. The pristine and 
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fractured samples are described in Figure 3.14. Similar failure mechanisms can 

be observed among the three laminate configurations including (i) non-

catastrophic damage initiated under the loading roller; (ii) the damage 

propagated in the through-thickness direction at a small angle; (iii) catastrophic 

failure occurred and the delamination suddenly went across the entire laminate 

in the length direction. A comparable global load-displacement trend, presented 

in Figure 3.15, can also be observed.  

 

Figure 3.14. The comparison of different laminate configurations before and after loading. 
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The representative global load-displacement response for each case was plotted 

in Figure 3.15 for clarity. A linear elastic response was firstly noted, and a small 

stiffness drop was then found when the damage initiated under the loading nose, 

which was primarily due to high-stress localisation. The crack was propagating 

near the specimen edges in the through-thickness direction, with a slight angle 

to the vertical axis. The transverse shear stress tended to keep growing at this 

stage. When it reached the critical shear strength, the accumulated strain energy 

in the system was suddenly released via delamination, which was accompanied 

by a sharp load drop.  

 

Figure 3.15. The comparison of global responses of different laminate configurations 

In Figure 3.14, the differences in the crack path between the Benchmark and AP-

Ply laminates are clearly identified. In the Benchmark case, a flat crack path was 

observed. While in both AP-Ply1 and AP-Ply2, a crack deflection in the through-

thickness direction was found, which was mainly attributed to the effect of the 
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3D woven architecture. Most of the cracks, however, were either closed due to 

the unloading or hidden by uncleaned debris, which increased the complexities 

in identifying the specific crack spot. Hence, to facilitate understanding of the 

failure mechanisms between different laminate configurations, a non-destructive 

inspection (NDI) was carried out after the testing with a high-resolution optical 

microscope, OLYMPUS DSX 510. It should be noted that the specimens were 

ground and polished in advance of the testing for a better visualisation under the 

optical microscope. The results of another three samples were scanned and 

presented in Figure 3.16, where the crack deflection was highlighted with black 

rectangles.  

 

Figure 3.16. The cross-sectional micrographs of the tested samples (from top to bottom: 

benchmark, AP-Ply1, AP-Ply2) 

Instead of a curve plot, a scatter plot was used to compare the differences 

between the different laminate configurations regarding the global load-

displacement responses. The scatter plot is presented in Figure 3.17, in which 

each point corresponds to the peak load and associated displacement. A box plot 

is also provided to indicate the variations and distributions of the peak load. The 

configuration with single-tow weaving (AP-Ply1) showed a similar global 
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response to the Benchmark, while the configuration with double-tow weaving 

(AP-Ply2) exhibited a 14% lower critical load.  

 

Figure 3.17. The summation of the peak load and the corresponding crosshead 

displacements of the short beam shear experiments 

To account for the geometric discrepancies between different laminate 

configurations, the short beam shear strength (SBSS) was computed following 

the formula provided in ASTM D2344:  σsbss = 0.75 ×
Fm

b×h
, where 𝜎𝑠𝑏𝑠𝑠, Fm, b, h 

refer to the SBSS, maximum load, specimen width and thickness, respectively. 

The final results were compared and recorded in Table 3.2. A nearly identical 

SBSS was observed between AP-Ply1 and the Benchmark while AP-Ply2 

indicated a -11% difference. This was because the interweaving structure also 

introduced fibre crimping, which tended to accelerate the failure initiation and 

subsequent propagations. It can be found that the effect of fibre crimping was 

significantly reduced when the crimp angle was smaller as in AP-Ply1.  
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Table 3.2. The comparison of the SBSS between different configurations 

 

 

 

3.4 Low-velocity impact 

This section aims to investigate the LVI performance of AP-Ply laminates while 

the residual strength after impact will be studied with a CAI test in Section 3.5. 

In this section, the panel design will be introduced, following by the experimental 

setup. Finally, the results will be presented and discussed. 

3.4.1 Specimen design 

In this test, two typical fibre architectures of AP-Ply laminates were 

manufactured and tested including 2D weaving and 3D weaving, which are 

analogous to the concept of plain-woven and 3D angle-interlock woven in textile 

composites. These two different AP-Ply architectures were labelled as AP2D and 

AP3D for simplification throughout the present study. A traditional AFP 

laminate was also used as a benchmark for comparison (analogous to a UD tape 

laminate). To differentiate with the terminologies used in the SBS test, the 

traditional AFP configuration was labelled as UD while the AP-Ply laminates 

were designated as AP2D and AP3D depending on the specific weaving 

architecture. It is worth noting that UD refers to multiple unidirectional layers 

with different fibre angles stacked here rather than unidirectional laminates. 

Figure 3.18 depicts the difference in fibre architectures between these laminates. 

It also should be noted that the visualisation is only used here to illustrate the 

Configuration 
SBSS (MPa) 

Mean (CV %) 
Difference 

Benchmark 73.42 (3.54) - 

AP-Ply1 72.78 (2.97) -0.87% 

AP-Ply2 65.08 (3.15) -11.36% 
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weaving morphology and does not correlate with any physical specimen 

dimensions.  

 

Figure 3.18. 3D visualisation of fibre architectures between different laminate 

configurations 

Every two orthogonal layers were designed to be semi-woven for AP2D. While 

for AP3D, an interlocked structure in the through-thickness direction was 

achieved with a special tow placement sequence, as presented in Figure 3.5. This 
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technique is called fully interwoven, which was proposed by Nagelsmit et al. [3]. 

Using this approach, each layer can be designed to be interlocked with adjacent 

touching layers, resulting in an integrated woven structure. 

The specimen dimensions of this test were designed following ASTM D7136 

[114], which requires an in-plane specimen size of 150 x 100mm and a thickness 

of 4 to 6mm. A recommended layup [(45/0/-45/90)]4s from the standard was used 

for the UD configuration. The AP-Ply laminate layups were designed based on 

the same stack sequence with a goal of achieving comparable layups with the 

UD. This is to mitigate the effect brought by the differences induced by the stack 

sequence. A total layer number of 32 was designed for each configuration to 

achieve an approximately 4mm thick laminate. To illustrate the tow placement 

sequence, the notation for each configuration is presented below: 

• UD: [(45/0/-45/90)]4s  

• AP2D: [451

2

/−451

2

/452

2

/−452

2

/01

2

/901

2

/02

2

/902

2

)]4s 

• AP3D: 

[451

2

/(01

2

/452

2

/−451

2

/02

2

/901

2

/−452

2

/451

2

/902

2

)7/01

2

/452

2

/−451

2

/02

2

/901

2

/−452

2

/902

2

] 

All the laminates were manufactured in the Automated Dynamics AFP machine 

at the University of New South Wales with the HST45E23/E-752-LT prepreg 

(145gsm and resin content of 35%). The materials were cured with a pressure of 

6.2 bar at 177oC for 150 mins. Caul plates were placed on top of each panel to 

achieve a uniform thickness and consistent surface finish. The specimen cutting 

was accomplished with a Multicam Computer Numerical Control (CNC) 

Routing system. More details have been included in Section 3.2. 
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Figure 3.19. The detailed cross-sectional view of different laminates 

To mitigate the thickness undulations near the tow overlap areas, an artificial 

tow-to-tow gap size of 1.3mm was intentionally added to all plies (see UD in 

Figure 3.18). This does not lead to large resin-rich regions in most laminates as 

the tows easily spread under consolidation pressure. Figure 3.19 presents the 
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cross-sectional tow distributions and resin pockets of the cured laminate 

configurations. It can be observed that the tow-to-tow gaps have nearly 

disappeared in the UD case, while for AP-Ply laminates the resin pockets were 

concentrated on the weaving corner, which might be because the weaving 

structure constrained the flows of fibre with different orientations. The resin gaps 

observed in the semi-woven configurations are comparable to, or smaller than, 

those found in fully-woven textile composites. 

3.4.2 LVI experimental setup 

The LVI experiment was carried out with an Instron CEAST 9350 Drop Tower 

system, as per the ASTM D7136 [114]. A schematic diagram of the LVI 

experimental setup is presented in Figure 3.20. A hemispheric indenter with a 

diameter of 16mm and a mass of 4.392kg was used as the drop weight impactor. 

The specimens were placed in the centre of the impact support fixture base 

including a 125 x 75mm cut-out and secured with four clamps with rubber tips. 

Guiding pins were used to ensure the specimen was centrally aligned over the 

cut-out. An anti-rebound system was activated after impact to prevent secondary 

damage to the samples. The force-time response during the LVI event was 

captured by the data acquisition system. All the laminate configurations were 

tested with two different impact energies, 25J and 40J, which were controlled by 

adjusting the drop height of the impactor. Three samples were tested for each 

laminate configuration and energy level. 

To quantify and understand the damage mechanisms occurring between 

different laminate structures, a Non-Destructive Inspection (NDI) method, X-ray 

CT scanning, was carried out on the impacted specimens. 
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Figure 3.20. The schematic setup of low-velocity impact test 

The displacement (𝛿(𝑡)) and absorbed damage (𝐸(𝑎)) can be computed based on 

the force-time response following the formulations provided by ASTM D7136 

[20], as expressed by 

 
𝛿(𝑡) =  𝛿𝑖 + 𝑣𝑖𝑡 + 

𝑔𝑡2

2
− ∫ (∫

𝐹(𝑡)

𝑚
𝑑𝑡)𝑑𝑡

𝑡

0

𝑡

0

 
3-1 

 
𝐸(𝑎) =  

𝑚(𝑣𝑖
2 − 𝑣(𝑡)2)

2
+ 𝑚𝑔𝛿(𝑡) 

3-2 

Where 𝛿𝑖 refers to the initial impactor displacement from the reference point, 𝑣𝑖 

denotes the initial impact velocity, 𝑔 represents the gravity acceleration, and 𝑚 

refers to the impactor mass. The indenter velocity (𝑣(𝑡)) during the impact can 

be computed by 

 
𝑣(𝑡) =  𝑣𝑖 + 𝑔𝑡 −  ∫

𝐹(𝑡)

𝑚
𝑑𝑡

𝑡

0

 
3-3 

3.4.3 Results 

(a) Global response 

The global responses of different laminate configurations subjected to various 

impact energy levels are presented in Figure 3.21. The representative force-time, 
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force-displacement, and energy-time responses were compared between the 

different laminates. The global trend of the LVI response in this work shows a 

similar pattern with previous studies [115, 116], in which 3-phases of damage 

mechanisms were identified including: (i) in phase-1, an approximate linear 

elastic behaviour was observed, matrix failure can occur in this stage; (ii) in 

phase-2, a clear load drop and structural stiffness variation occurred when the 

load reached the delamination threshold, multiple interfaces failure and matrix 

cracking initiated and propagated; (iii) in phase-3, fibres started to break and 

eventually, catastrophic failure occurred due to multi-layer fibre failures, which 

was accompanied by a significant load drop.  

The delamination threshold (𝐹𝑑𝑡), peak load (𝐹𝑝) and absorbed energy (𝐸𝑎𝑏𝑠𝑜𝑟𝑏) 

were used as the primary metrics of comparison. Specifically in this study, these 

parameters for UD at an impact energy of 25J are highlighted with dashed lines 

in Figure 3.21 and they refer to the load before the first major drop, the maximum 

load before catastrophic failure, and the kinetic energy of the impactor after 

impact, respectively. The results for each laminate configuration at the tested 

impact energies are recorded in Table 3.3.  

Table 3.3. The results comparison between different laminate configurations in terms of 

delamination threshold (𝐹𝑑𝑡), peak load (𝐹𝑝) and absorbed energy (𝐸𝑎𝑏𝑠𝑜𝑟𝑏). For each 

configuration, the mean value is used, and the bracketed value refers to the coefficient of 

variation. 

 Impact energy: 25J Impact energy: 40J 
 UD AP2D AP3D UD AP2D AP3D 

𝐹𝑑𝑡 (N) 
4.88 

(5.17) 

5.52 

(2.10) 

4.89 

(7.06) 

4.53 

(0.93) 

5.50 

(2.69) 

4.98 

(2.21) 

𝐹𝑝 (N) 
9.32 

(0.12) 

9.25 

(1.84) 

8.4 

(6.96) 

10.15 

(2.32) 

10.04 

(4.77) 

8.35 

(6.83) 

𝐸𝑎𝑏𝑠𝑜𝑟𝑏 (J) 
12.64 

(1.44) 

13.17 

(3.27) 

16.3 

(12.32) 

34.05 

(3.39) 

33.93 

(2.00) 

36.16 

(0.00) 
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Figure 3.21. Representative global responses of LVI tests for different laminate 

configurations, where (a-c) refer to the impact energy of 25 J, and (d-f) refer to the impact 

energy of 40 J. 
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When the impact energy was 25J, the phase-3 damage mechanism was not 

observed, and nearly identical loading and unloading global responses were 

obtained in both UD and AP2D configurations. Small indentations and limited 

splitting were observed on the impacted and back surfaces of the laminate, as 

shown in Figure 3.22. While for AP3D, a substantial difference regarding the 

global response can be observed and notably more back face damage was 

observed. This means that for AP3D, the impact energy of 25J reached the load 

level where the phase-3 damage mechanism started to occur. This can also be 

confirmed with the absorbed energy, which showed that AP-3D absorbed 15% 

more impact energy than the other two configurations. However, it should be 

noted that this trend occurred in two of the three AP3D samples while the other 

one showed similar behaviour to the UD and AP2D samples. The AP-Ply 

laminates have spatial variation in their properties due to the weave pattern, so 

the impact event may have been affected by impact location to some extent. 

All the laminates indicated a substantial failure in the form of a greater 

indentation size and increased back face damage at an impact energy of 40J, as 

shown in Figure 3.23. The global responses also experienced a sharp load drop 

for every configuration. Instead of an instant significant load drop, both AP2D 

and AP3D exhibited a degree of plasticity, as illustrated in the force-displacement 

plot shown in Figure 3.21e. In exchange for that, the catastrophic failure initiated 

slightly earlier, which can be noted from both the force-time and force-

displacement plots (Figure 3.21d-e). A comparable amount of impact energy was 

absorbed by UD and AP2D whereas AP3D recorded a slight increase of 5%. 

Moreover, Figure 3.23 depicts similar size of indent at the front face but a 

completely different back face damage pattern, where UD showed an elongated 

hump, while AP2D presented very concentrated but relatively smaller damage 

and AP3D exhibited twisted and concentrated damage with extensive fibre 
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failures. To understand the differences in damage mechanisms between these 

laminates, a non-destructive internal damage evaluation needs to be performed 

and the results are presented in Section 3.4.3(b). 

 

Figure 3.22. The visualisation of impact damage (a) front and (b) back surface for UD, 

AP2D and AP3D at the impact energy of 25J. 

It can be found from Table 3.3 that for each laminate configuration, the 

delamination threshold showed a consistent result between impact energy 25J 

and 40J. AP2D exhibited an approximate 10-20% higher delamination threshold 

than UD and AP3D. The high delamination strength of AP2D can be induced by 

the difference in fibre architecture. A lower peak load was noticed at an impact 

energy of 25J than 40J for both UD and AP2D, whereas the difference was trivial 

for AP3D. AP3D recorded up to 17.7% lower peak load than the other two 

configurations for both impact energies. However, AP3D exhibited a higher 
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energy absorption for both impact energies by 5-10%. As a result, this suggested 

that the AP-3D had the highest degree of plasticity among these configurations.  

 

Figure 3.23. The visualisation of impact damage, (a) front and (b) back surface for UD, 

AP2D and AP3D at the impact energy of 40J. 

(b) Damage area 

The majority of the damage is in the form of matrix cracking, delamination and 

fibre fracture that occurs inside the laminate, hence a non-destructive inspection 

technique, µCT scanning, was carried out to assess the failure mechanisms and 

damage size. Specimens tested at both impact energies of 25J and 40J were 

scanned, the 25J specimens indicated trivial failure damage which was localised 

near the impact area. The group with 40J included more significant damage and 
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hence are presented and compared across different laminate configurations in 

this section. 

Considering the size of the panel (150 x 100mm) and image resolution, only the 

region of interest near the impact location was scanned as shown in Figure 3.24a. 

The crack morphology in the through-thickness direction near the impact centre 

(section A-A), in which the maximum deflection and damage occurred, was 

visualised in Figure 3.24b. The black areas attached to the specimen surface both 

above and below refer to air. In addition to this, several differences can be 

observed in the impacted regions (i) the after-impact indentation depth: AP3D > 

AP2D > UD; (ii) UD exhibited many wide through-thickness delaminations, 

while AP-Ply indicated a more concentrated fracture mode with smaller 

delaminations but extensive matrix and fibre failures, particularly for AP3D.  

 

Figure 3.24. (a) The schematic representation of the CT scanning sample. (b) The cross-

sectional views (A-A) of different laminate configurations at the impact region. 

To further analyse the damage, a 3D damage visualisation of the impacted 

specimen was obtained via Avizo 2020. The segmentation technique can be used 

to partition the cracks based on different material grayscale. Figure 3.25 depicts 
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the approximate size of the in-plane damage of different laminate configurations. 

As the voxel size is around the same magnitude as the ply thickness, identifying 

the  

 

Figure 3.25. The results of CT-Scan with different laminate configurations, including a 

top view, a front view and an isometric view. 

specific interface damage is challenging. Hence, the damage is not separated by 

interface angle in this visualisation. An isometric view and a front view are 
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provided for the visualisation of the 3D damage morphology. To quantitatively 

assess the impact resistance, the damaged area was computed based on the 

maximum in-plane dimensions. Two of the three samples were scanned and 

computed to ensure the results were representative. The results are presented in 

Table 3.4. It can be concluded that the impact resistance of both AP2D and AP3D 

were much greater than UD.  

Table 3.4. Damage resistance of different laminate configurations at an impact energy of 

40J. Note: the measurements refer to mean values. 

 

3.5 Compression after impact 

3.5.1 CAI and CLC experimental setup 

The CAI and CLC (baseline) tests were both conducted with a servo-hydraulic 

testing machine, Instron 8804 with a load cell of 500kN. The schematic setup of 

CAI test is displayed in Figure 3.26. For the CAI test, the impacted samples were 

placed in a multi-piece support fixture to prevent buckling during the 

compression loading. Instead of being fully clamped at all the specimen edges, 

the side supports are four steel plates with knife edges which do not provide 

constraints against local rotations. The compression was applied via two flat 

platens with a displacement rate of 1.25mm/min in accordance with the ASTM 

D7137 [117]. All the impacted samples for each laminate configuration were 

tested.  

 Max length (mm) Max width (mm) Impact resistance (J/mm2) 

𝑈𝐷 42.3 33.38 0.028 

AP2D 25.6 22.87 0.068 

AP3D 28.8 29.5 0.047 
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Figure 3.26. The schematic setup of compression-after-impact 

For the CLC test, the in-plane dimensions of the specimen were designed as 140 

x 30mm with a gauge length of 13mm, as per the ASTM D6641 [118]. The 

maximum suggested specimen width was used in this test to incorporate a 

representative weaving material volume. Similar to the CAI test, the compression 

was applied via two flat platens but with a displacement rate of 1.3mm/min. Five 

samples for each laminate configuration were tested. The pristine and residual 

strength can be computed by 𝜎 = 𝐹/𝐴, where F and A refer to the maximum force 

prior to failure and the cross-sectional area, respectively. 
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Figure 3.27. The CLC test with (a) acceptable fracture mode; (b) unacceptable fracture 

mode with end-crushing 

3.5.2 Results 

Figure 3.27 depicts two different fracture modes that were observed in the CLC 

test. Figure 3.27a shows an acceptable fracture mode per ASTM D6641, where the 

failure occurred in the gauge section. Instead, an unacceptable fracture mode 

refers to failure that appeared elsewhere within the gripped area, such as end-

crushing. In this test, the unacceptable fracture was more commonly observed in 

AP-Ply laminates rather than UD. This suggests that the spatial variation of the 

semi-woven structure had a significant impact on the load introduction at the 

specimen boundaries. The global load-displacement responses of all the 

specimens excluding the samples with unacceptable failures are plotted in Figure 

3.28. A comparable ultimate fracture load was observed between the different 

laminate configurations while AP3D indicated a slight stiffness drop, which was 

induced by the larger fibre crimping. The pristine compressive strength, as 
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recorded in Table 3.5, can be computed based on the ultimate fracture load and 

specimen dimensions. 

 

Figure 3.28. The global responses of CLC tests 

 

Table 3.5. The comparison of pristine and residual strength between UD, AP2D and 

AP3D. 

 

Configuration 
Pristine 

(MPa) 

Impact energy: 25J 

(MPa) 

Impact energy: 40J 

(MPa) 

UD 551.24 192.84 140.32 

AP2D 581.52 225.56 181.31 

AP3D 524.92 215.98 180.96 
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Figure 3.29. The (a) front, and (b) back face damage of CAI test result for different 

laminates at impact energy level of 40J. 

For each laminate configuration of CAI test, the outer ultimate fracture pattern is 

similar between different impact energy levels. Hence, one typical fractured 

sample of each configuration was used to show the ultimate CAI failure in Figure 

3.29. It was observed that the ultimate damage consisted of explosive matrix 

cracking, delamination and fibre failures, which initiated near the pre-impact 

damage area and propagated transversely. The typical global responses of UD, 

AP2D and AP3D at both impact energies are compared and shown in Figure 3.30. 
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A similar trend was observed with the ultimate fracture load at both impact 

energies: AP2D > AP3D > UD. It should be noted that the difference of fracture 

load between AP-Ply and UD was amplified substantially at the impact energy 

of 40J. The residual strengths of different laminate configurations were 

determined based on the fracture load and respective specimen dimensions. The 

results are recorded in Table 3.5. At an impact energy of 25J, AP2D and AP3D 

indicated 17% and 12% higher residual strength, respectively over UD. The 

improvement of the residual strength at an impact energy of 40J is further 

increased by 29% for both AP-Ply configurations. This indicates that the AP-Ply 

is more advantageous than the UD at larger impact energies. This is potentially 

induced by the different failure mechanisms between UD and AP-Ply, where UD 

tends to have a few wider and dominant cracks in the form of delaminations 

while AP-Ply is inclined to have a more concentrated but extensive matrix and 

fibre failures.  

 

Figure 3.30. The global responses of CAI tests, (a) at an impact energy of 25J, and (b) at 

an impact energy of 40J 
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3.6 Summary 

AFP composites contain numerous geometric features such as gaps, overlaps and 

tow drops that may have a significant impact on the material properties and the 

failure mechanisms. AP-Ply is used as a representative example of AFP 

composites in this chapter to study the effect of these complex geometric features 

on the structural response. Due to their weave-like meso-structure, it has been 

proposed that AP-Ply laminates can reduce interlaminar damage propagation 

under certain loading conditions [3]. The geometric features, on the other hand, 

also have been demonstrated with significant impact on failure initiation and 

progression [6, 61, 62]  

The behaviour of AP-Ply laminates was further experimentally investigated in 

this chapter with a variety of tests including the SBS, LVI, CLC, and CAI. For each 

test, a traditional AFP laminate configuration was used for comparison to 

facilitate the understanding of the effect of these geometric features. Based on 

these experimental tests, the key findings include: 

• It has been demonstrated that a small degree of inter-ply tow weaving has 

little impact on SBSS. Conversely, increasing the tow weaving depth 

resulted in an SBSS drop of 11.36%. The differences can be attributed to 

the effect of different tow crimp angles and weaving morphology. The 

experimental results indicated that an optimum AP-Ply configuration can 

be achieved which improves impact resistance without reducing static 

laminate strength.  

• The 3-phase damage mechanisms under LVI were similar between UD 

and AP-Ply. However instead of an instant load drop in phase 3, both 

AP2D and AP3D exhibited a degree of plasticity. The semi-woven 
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structure has also been shown to have a great impact on the delamination 

threshold, peak load and energy absorption.   

• The failure mechanisms between UD and AP-Ply are different under LVI, 

in which UD tends to have a few major delaminations while AP-Ply tends 

to have many more concentrated matrix cracks, delaminations and fibre 

failures. By definition, the impact resistance of both AP-Ply configurations 

was higher than the UD laminate.  

• A comparable pristine compressive strength was observed between AP-

Ply and UD. This means that a small degree of inter-ply tow weaving can 

substantially increase the damage resistance and damage tolerance 

without affecting the laminate in-plane compressive strength.  

• AP2D and AP3D have improved the CAI residual strength by 12% and 

17%, respectively at an impact energy of 25J. The improvement is more 

advantageous with 29% achieved for both AP-Ply configurations at a 

larger impact energy of 40J.
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Chapter 4 TWM Method 

4.1 Introduction 

A very complicated failure phenomenon, which is highly dependent on the 

spatial arrangement of tows, was noted via the experimental testing of AP-Ply 

laminates in the previous chapter. To precisely predict the failure events and 

better understand the associated failure mechanisms, a high-fidelity numerical 

model that can represents these geometric features is thus becoming critical. This 

chapter aims to develop a high-fidelity geometric modelling approach named the 

Tow Wise Modelling (TWM). The basic concept of this method is to model every 

discrete element (tow for AFP) at mesoscale, which hence, provides a chance to 

model the tow undulations and structural discontinuities introduced during the 

AFP manufacturing process.  

As aforementioned, the TWM aims to model each discrete element of AFP 

composites, in which the minimum structural unit is a discrete narrow tow, 

instead of a distributed ply. Unfortunately, the manual creation of laminate 

geometry from these discrete tows, and the associated laminate defects, is costly 

and tedious, especially for large and complex components. Hence, a python-

based script is developed, which attempts to build the model using automation 

by simulating the tow placement process. This tool will serve as the foundation 

of finite element analysis for a more accurate prediction of local and global 

structural performance of AFP composites. The main feature of this tool is the 

capability of modelling each tow individually to offer an opportunity of 



 

TWM Method 

 

 

92 

 

depicting the gaps /overlaps, tow drops, and out-of-plane waviness explicitly. 

The specific steps involved in this tool will be presented in detail in this chapter.  

Most of the results presented in this chapter are included in the following 

publication: 

Li X, Dufty J, Pearce GM. Automation of Tow Wise Modelling for Automated Fibre 

Placement and Filament Wound Composites. Composites Part A: Applied Science 

and Manufacturing. 2021:106449. 

4.2 Inputs, outputs, and assumptions of the TWM 

The design and manufacture of AFP composite structures are critically 

dependent on CAD software and extensions for Tow Path Planning (TPP) [19]. 

As discussed in Chapter 2, TPP algorithms require inputs such as the 

tool/mandrel geometry; desired fibre orientation; kinematic constraints of the 

robot and head; and manufacturing constraints on tow paths, such as radius of 

curvature, etc. The focus of TPP is to produce optimal 3D tow paths and control 

instructions for the complex robotics involved in AFP.  

On the other hand, TPP algorithms are not designed or intended to produce a 

precise map of the tow locations in an AFP laminate. Crucially, tow paths output 

from TPP software are mapped to the mandrel surface, or some fixed stand-off 

distance, and do not account for the small “z-offset” which develops as tows 

overlap or fill existing gaps, as shown in Figure 4.1. These small discrepancies do 

not affect the manufacturing process but are critical to consider when modelling 

defects in the laminate. 

In conventional AFP applications, a laminate is sequentially formed by placing 

roughly parallel 1D tows into an approximation of a 2D ply. The process is 
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repeated for each “ply” of the laminate stack. In this way, the tows in each ply 

follow roughly the same orientation as the adjacent tow in a 2D plane. Thus, all 

tows for a given ply can be reasonably approximated to have a constant z-offset 

from the mandrel surface (Figure 4.1a). For the non-conventional AFP 

applications, however, such as AP-Ply or fibre steering, the z-offset is a function 

of path length (Figure 4.1b). Besides, if two tows overlap obliquely, the z-offset is 

also a function of position across the tow width. TPP algorithms do not need to 

consider this effect, as AFP processing heads always have some form of physical 

offset compensation, such as a pneumatic piston. 

 

Figure 4.1. Comparison of z-offset in (a) conventional / (b) non-conventional AFP 

manufacturing 

The TWM algorithm, therefore, fills the gap between the TPP outputs and a 3D 

description of the tow locations in the final laminate. Explicitly, the TWM 

algorithm requires the following inputs, which are readily available as exports 

from TPP software: 

1. Geometric properties of the AFP tows (i.e. width, thickness) 

2. Mandrel/tool 2D surface geometry as CAD export or surface mesh 
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3. A list of 1D tow paths in the order that they are added to the tool. Each tow 

path is defined in a piecewise fashion as a spline across a list of tow points. 

Each tow point contains the following information: 

o Location vector: The position of the point in space 

o Orientation vector (optional): The local orientation of the tow 

projected onto the mandrel. 

o Normal vector (optional): The local surface normal direction of the 

tow (and tool). 

The TWM algorithm converts each 1D tow path to a discretely defined 2D surface 

mesh and nests the mesh against the tool and previously laid tows. The resulting 

non-continuous 2D surface mesh approximates the as-manufactured 

mesostructure of a general AFP laminate. The implementation described in this 

chapter also retains crucial FE pre-processing information, such as fibre 

orientation. The algorithm is described in detail in the next section, and output 

case studies are discussed in Section 4.4. 

4.3 TWM algorithm description 

As described, the TWM algorithm converts AFP manufacturing data to a 

geometric model with the cooperation of an FE pre-processor. In this study, the 

input data was generated by Fibre Placement Manager (FPM) [108], the standard 

software for the Automated Dynamics AFP system at the University of New 

South Wales. The algorithm was implemented in Python 3.7 coupled to an FE 

pre-processor MSC Marc-Mentat with its powerful built-in scripting tools. A 

schematic overview of the automatic geometric model generation is shown in 

Figure 4.2 and the according flowchart is presented in Figure 4.3. Each step is 

described in detail in the following sections. 
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Figure 4.3. A flowchart representation of the key procedures used in automatic geometric 

model generation 

4.3.1 Input processing 

As discussed previously, the TWM algorithm requires three input datasets. The 

first set is trivial and consists of tow geometric properties, such as thickness, 

width, etc. Mandrel/tool surface geometry is required by the algorithm as a 

scaffold for tow placement. The surface description can be provided as a 

triangular mesh (e.g., Figure 4.2) or in a portable CAD format. Internally, the 

algorithm uses a meshed representation of the tool surface. In the present work, 
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the mesh file of the mandrel is generated in MSC Marc-Mentat and exported as 

an STL file.   

The specific tow path data structure is dependent on the TPP software used. An 

example of the data structure generated by FPM is presented in Figure 4.4. Tows 

(or Strips) are defined as a spline over a list of points. For each point, Coordinate, 

Orientation, and Normal vectors are provided as scalar triples. FPM also 

provides an Angle column, but this is only an indicative angle for design 

purposes. In FPM, tows usually extend beyond the manufacturing volume and 

the Boundary value is used to filter invalid points located outside the margins. 

 

Figure 4.4. The tow path structure of FPM output 

4.3.2 Tow point definition (Steps 1-4) 

In FPM, the number of provided definition points along the length increases with 

increasing curvature, especially in transition regions from low curvature to high 

curvature. Conversely, for straight tows, only two valid points, located at either 

end, are included. The TWM algorithm first interpolates the tow points with a 

high-order interpolation spline and then inserts additional (interpolated) tow 

points to define the path to the desired point density (see Figure 4.5). The python 

library SciPy was used for interpolation purposes in the present work. 
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Figure 4.5. Tow discretisation procedures for straight and curved paths (red colour shows 

step changes) 

The transverse extent (width) of the tow is then defined by projecting each tow 

point to the edge of the tow (Figure 4.5). The projection direction is normal to 

both the tow orientation and the surface normal (i.e. cross-product) and the 

distance is half the physical tow width. Finally, the tow surface is defined using 

a regular triangular mesh over the grid of points. It should be noted that the tow 

points can be further interpolated in the width direction to achieve a finer mesh. 

This allows for a better resolution of the distorted tow geometry in later steps, at 

the expense of computational effort. In the current work presented in Section 4.4, 

seven points were used across the width of each tow. All triangular mesh 

processing, for the tows and mandrel, was completed in python library trimesh 

[119], including STL file import of the mandrel CAD surfaces. 

4.3.3 Transverse tow points update (Step 5) 

As stated previously, the tow points not on the tow centreline are extrapolated 

transversely using the local tow orientation and normal vectors. Hence, each tow 

is approximated as locally flat and not conforming to the curvature of the 

mandrel surface (Figure 4.6). This effect is negligible for narrow tows and 

mandrels with limited curvature. In some cases, though, to ensure geometric 
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compatibility and avoid excessive tow distortions, the tow points need to be 

corrected using the mandrel surface curvature. 

 

Figure 4.6. The procedures of updating tow points to incorporate the curvature of 

mandrel surface 

In the TWM algorithm, the projections of the tow points on the mandrel surface 

are calculated. The projections are used to remap the tow points and the detailed 

procedures are described in Figure 4.6. Seven interpolation points are used in the 

transverse direction here to define the curvature of the mandrel surface. The 

projections can be efficiently determined through a ray-tracing algorithm 

embedded as a submodule of trimesh. If the ray origin and direction are 

specified, the intersected mesh and the specific intersection position can be 

calculated. The intermediate step of offsetting the tow points slightly upwards 

(in Figure 4.6) is to ensure a robust ray-triangle intersection. 

Finally, the tow points will be updated by shifting the intersections along the 

normal direction of the mandrel surface by half tow thickness to account for the 

thickness effect. The updated tow points are used to represent the mid surface of 

the tow geometry. The resultant tow width/length will differ slightly from the 

nominal dimension due to the curved surface projection, but this is a second-

order error and is negligible for the majority of real problems. This step can be 

skipped for simple geometries such as flat plate or cylinders. The cylinder with 
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single curvature can be included by using the cylindrical nodal transformation 

to improve computational efficiency. 

4.3.4 Tow-tow intersections (Steps 6-8) 

In the TWM algorithm, the tow-tow intersections in the region of tow drops and 

overlaps are assumed based on geometric/kinematic constraints alone. Heuristics 

may be included, in future versions of the TWM algorithm, to account for 

distortions resulting from the consolidation process, but this is still an active area 

of experimental work and outside the scope of the current algorithm. 

The tow-tow intersection edges can be computed by determining the 

intersections between the interpolation functions of current tow and preceding 

intersected tows. The interpolation functions are obtained based on the latest tow 

points. The intersected tows are computed by determining whether it contains 

the intersected mesh, obtained by projecting down current tow points on the 

mesh assembly of preceding tows using a ray-tracing algorithm. The ray-tracing 

algorithm which determines tow intersections, however, will detect edge-edge 

intersection along the entire length of parallel tows. To avoid these spurious 

intersections and ignore very small tow interpenetrations, a small tolerance (1/6 

tow width) was set by using inner tow points only (red dots shown in Figure 4.7) 

to detect tow intersection. The tolerance is essentially computed by the distance 

between the outermost inner points and edge points, which can be further 

optimized by using bias or increasing the number of transverse tow points.  

The general process of determining the tow-tow intersection edges is presented 

in Figure 4.7. For every identified intersected tow, only the interpolation 

functions at edges are used to compute the intersections with current tow (7 

interpolation curves). The intersection edge is represented by a series of 

determined intersections, calculated by a ‘fsolve’ function in the SciPy library. 
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This function is used to approximately determine the intersections between high 

order interpolation curves and works for both linear and nonlinear cases. A small 

numerical tolerance 1𝑥10−6 is used in the current study. It should be noted that 

the number of points along each intersection edge depends on the number of 

interpolation curves of current tow, seven in this work.  

 

Figure 4.7. Process of determining tow-tow intersections 

4.3.5 Tow points remapping (Step 9) 

The tow-tow intersections can be a very simple case (see Figure 4.8a), where only 

two tows are intersected in the middle portion without any geometric 

interference of other tows, creating small prismatic zones called “resin-rich area”. 

The pre-determined intersection edges are used to remap the tow points, which 

are utilized to precisely depict the prismatic zones for simple tow drop and 

overlap cases with the combination of a robust z-offset algorithm. While for other 

uncommon complex cases, precise geometric description of tow drops becomes 

extremely challenging, such as parallel or shallow angle tow intersections (Figure 

4.8b), multiple tows intersections (Figure 4.8c), and partial intersections (Figure 

4.8d) near tow drops or part boundaries, etc. It should be noted that the three 

complex intersection cases primarily aim to demonstrate the difference and 
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challenges of tow drop modelling with the comparison of the regular and well-

intersected case (Figure 4.8a). Any irregular intersection condition not 

categorised as regular will be handled by the general z-offset algorithm. These 

and other complex intersection cases are treated separately and require a more 

general z-offset algorithm with a slight drop in geometric fidelity of overlap 

features. A compromise method, presented in detail in Section 4.3.6, is employed 

to describe the defect zone.  

 

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

Figure 4.8. Tow-tow intersections for simple case (a) regular cross intersection and 

complex cases: (b) transverse intersections; (c) multiple tows intersections; (d) partial 

intersections 

The simple and complex intersection cases can be distinguished by checking the 

constituents and characteristics of intersection edges. For the simple intersection 

case (Figure 4.8a), two intersection edges can be defined for each intersected tow, 

and each edge will have a computable number of interpolated intersection points 

(see Figure 4.7). If these intersection edges cross they are removed as per Figure 

4.9.   

Other cases where the intersection edge is not computable, for example, there can 

be 0 (Figure 4.8b) or less than 7 internal intersections (Figure 4.8d) along an edge, 

are also removed. For the remaining simple tow intersection edges, the 
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intersection points are duplicated to create a prismatic and regular tow-drop 

around the overlapped region, according to the procedure shown in Figure 4.9. 

The point duplication parameters are determined based on a desired tow-drop 

angle and the tow thickness. The remaining tow points are re-mapped to avoid 

high mesh distortion, especially for oblique tow intersection angles. 

 

Figure 4.9. The procedures of tow points remapping  

Another special case in the simple tow-tow intersection is if the intersection angle 

of the tows is very shallow, such as 5 degrees. Although intersection edges can 

be easily computed in this case, the remapped tow points based on these edges 

can generate a very distorted mesh. A minimum angle criterion is set before the 

tow points remapping procedure. The criterion states that if the intersection 

angle between the intersection edge and current tow is less than the minimum 

angle, the intersection edge is ignored, and this case is treated the same as the 

complex tow-tow intersection category. The minimum angle criterion can be 

defined by the user. 
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4.3.6 Z-offset algorithm (Step 10) 

After all, simple tow intersections have been identified, and in-plane tow point 

remapping has occurred, a general algorithm is used to adjust the z-offset of the 

tows to capture the overlaps. For each tow point, a ray-tracing algorithm (Section 

4.3.3) is used to compute the z-offset of the tows to be overlapped at that location. 

For the special case of simply overlapping tows, the remapped tow points 

conform to the underlying tow geometry, and a simple z-offset of one tow 

thickness can be applied to each tow point in the overlap region, along the normal 

direction of corresponding intersected triangles. The prismatic resin-rich regions 

at the edges of the overlap are well captured in this case; the tow points are 

preconfigured to conform to the geometry of both intersecting tows. The outcome 

of the simple z-offset manipulation is presented in Figure 4.10.  

 

Figure 4.10. The outcome of z-offset manipulation for simple tow-tow intersection case 

For complex tow drops, the straightforward z-offset algorithm can lead to tow 

penetrations, as shown in Figure 4.11b at the expense of larger and wider gaps. 

This is easily corrected, at the expense of wider tow-drops, by raising the height 

of every point to the z-position of its highest neighbour. This is named neighbour 

rule which is used to check the z-positions of each tow point after offsetting half 
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tow thickness from the corresponding intersections. If the adjacent point (top, 

bottom, left or right) has a higher z-position, then raise the current point to the 

same height, as shown in Figure 4.11c. This can break the ideal triangular tow 

drop (Figure 4.11a) for the regular and well-intersected case so a small correction 

is added to each point lying directly above a tow edge to preserve the computed 

tow drop. A complex tow-tow intersection example using the z-offset rule is 

presented in Figure 4.12. In this case, there are three height levels including one, 

two, and three tow thickness, represented by different colours. The outcome of 

the z-offset manipulation (including the neighbour rule) for this complex tow 

drop and overlap is presented in Figure 4.13. 

 

(a)    (b)    (c)  

Figure 4.11. (a) Ideal triangular tow drop, (b) Offset causing physical penetration, (c) 

Penetration removed at the expense of larger and wider gaps 

 

Figure 4.12. Application of z-offset rule in complex tow-tow intersection case 
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Figure 4.13. The outcome of z-offset manipulation for complex tow-tow intersection case 

As the defects have a significant knockdown effect on the mechanical properties 

as shown in various studies [4, 5, 45, 47], precise defects representation is critical 

in predicting the local and global material behaviours. However, the 3D shape of 

the resin-rich pocket is generally irregular and hard to define a priori, such as for 

the case with multiple tows intersections as mentioned in Section 4.3.5. This issue 

is greatly simplified with a wider gap representation, leading to a conservative 

simulation result. The gaps can be minimized by geometry and mesh refinement 

approaches, such as refinement of the tow point grid. A more targeted solution, 

not yet implemented, maybe the implementation of a quadtree mesh refinement 

in the region of overlapping tows [120].  

One final special consideration must be made for revolute mandrels (common to 

all filament wound and many AFP structures). Ray tracing algorithms for tow 

point intersections can detect spurious intersections with tows on the opposite 

side of the revolute tool. This can easily be negated by including a maximum 

distance threshold in the intersection algorithm. 

4.3.7 NURBS interpolation 

By this step in the algorithm, each tow is defined by a triangular surface mesh 

over a distorted but regularly connected, grid of points. The points and mesh lie 

at the midplane of their respective tows and the laminate is nested such that no 
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two tows intersect, i.e. in the surface normal direction, tows are at least one tow 

thickness apart. At this stage, the surface mesh can be directly exported to a FE 

package as a triangular mesh or quadrilateral mesh (although the quad elements 

may be slightly warped). In this case, the tow geometry can be regarded as a 

linear interpolated surface.  

 

Figure 4.14. Different order of surface interpolations, where m and n refers to x- and y-

axis interpolation order, respectively 

To obtain the tow geometry with greater fidelity, a higher-order surface can be 

used such as Bezier or NURBS (Non-uniform rational B-spline). The grid of 

points is used as control points to determine the shape of the NURBS surface. 

Figure 4.14 illustrates the difference between linear and high-order surface 

interpolations, where m and n refer to the interpolation orders along the X and Y 

axes respectively. It can be noted that instead of a zigzag shape, the high-order 
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surface has more precise approximations of tow geometry. This step is achieved 

with a pure python library “geomdl”. Another example using Bezier surface 

interpolation is provided in Section 4.3.9. 

4.3.8 Mesh trimming 

For most AFP laminates, the FE mesh generated by Section 4.3.7 cannot be 

directly used due to the zigzag boundaries (refer to Section 4.4.1) or some specific 

requirements, such as a cutout. For FE analysis, the TWM needs to be trimmed 

as required. A plane and hole cut is used in this section to demonstrate the 

trimming procedure of TWM.  

The planar cutting is achieved through a submodule in the trimesh library named 

“intersections”. This module can detect the intersections between the cutting 

plane and the FE mesh, and automatically generate new mesh based on these 

intersections. To clearly illustrate this procedure, a 90° and −45°  ply cut is 

presented in Figure 4.15. Four plane cuts were performed in sequence to obtain 

perfect straight edges, which allows the specific boundary conditions to be 

applied in FE analysis. 

The hole cut, however, requires a mesh boolean process. This can be done in the 

FE package or 3D computer graphics software, such as Blender or OpenSCAD, 

which is used for backends mesh boolean computation. The mesh file of a 

cylinder was used as a hole cutter to trim the geometries. The open-hole 

geometry of 90o and -45o are used for demonstration purpose as shown in Figure 

4.16. It can be noted the mesh near the cutting boundary can be very distorted. 

This issue can be tackled by refining the boundaries or combining the distorted 

elements into adjacent elements such as the in-built function in Abaqus, “collapse 

edge (tri/quad)”. The main advantage of the mesh trimming approach is to 
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preserve the structured tow mesh within the part (at the expense of distorted 

mesh at the boundaries). 

 

Figure 4.15. The illustration of the plane cut of FE mesh (a)90°, (b) −45° 

An alternative to FE mesh trimming way is to cut the geometry prior to using an 

unstructured meshing algorithm on the irregular trimmed tow shapes. This 

approach better preserves mesh quality near the boundaries but can create poor 

mesh in the interior of tows. Optimising and balancing these two approaches is 

still an ongoing area of investigation. 

4.3.9 Final tow geometry and finite element mesh  

In this step, the tow geometry and finite element mesh can be exported to a FE 

package directly as a compatible file format (.stl). Generally, quad elements are 

recommended over triangles as far fewer are required to achieve the same 

converged result. A major benefit of the TWM is the generation of a structured 

aligned, quadrilateral mesh pattern as used in Falcó et al’s work [121, 122]. It is 

also worth mentioning that a structured quad mesh can significantly improve the 
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numerical accuracy by reducing the effect of mesh dependency and alleviating 

the pre-processing efforts defining local material orientations, as the fibre axis 

can be simply defined as parallel to specific element edges. Hence, the quad mesh 

has been selected based on the given benefits instead of the pristine triangular 

elements. 

 

Figure 4.16. The illustration of a hole cut of FE mesh (a) 90o, (b) -45o 

Several different methods can be used to generate the quad tow mesh, as 

indicated in Figure 4.17. On the one side, the tow geometry can be exported as a 

faceted surface geometry file (i.e. STL) into the FE package. The faceted surface 

can then be converted to quad elements by the built-in Mesher with a specified 

element size. Alternatively, an intermediate procedure can be performed to 
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convert the triangular mesh to quad mesh with a 3rd party software such as 

Salome. A simple case study consisting of several intersecting tows is carried out 

to demonstrate the mesh conversion process, as shown in Figure 4.18. When the 

tow numbers reach up to hundreds or thousands, Salome may crash due to the 

huge amount of data which needs to be processed at once. As Salome is also a 

python-based user interface, an automatic mesh conversion process can be done 

before the final export to the FE package as an I-DEAS file (.unv) which is 

supported by Marc Mentat. Other file formats may also be used such as .dat.  

 

Figure 4.17. Different methods of final tow geometry and mesh generation 

Another way is to use the grid of tow points, which can be translated into an FE 

package through a scripting interface. These points can be equally regarded as 

nodes, in which the mesh can be generated based on a predefined nodal 

connectivity matrix. In this case, however, the mesh size is fixed which might not 

satisfy some specific conditions such as a mesh sensitivity test. To address this, 
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the curves or surfaces can be defined based on the grid of points prior to the 

generation of the mesh. Then a re-meshing procedure can be performed with the 

in-built Mesher of the FE package. Exporting geometry (as opposed to directly 

exporting the mesh) has the advantage of utilising the powerful internal meshing 

algorithms available in commercial FE codes.  

 

Figure 4.18. Mesh conversion from triangle to quad in Salome 

In this work, the tow points were directly converted to geometry in MSC Marc 

Mentat using the available PyMentat module. Surface interpolation and meshing 

were conducted automatically within the Mentat GUI using PyMentat 

commands. Shell or solid mesh of the tow domain can be created depending on 

the desired modelling strategy. An example of the solid element and shell 

element representation is presented in Figure 4.19, which uses the same 

geometric information as Figure 4.13. In this case, a high order surface definition 

near the tow drop area, Bezier, is generated by regarding the tow points as a set 

of control points to smooth out the sharp edges due to the tow drop. The flat 

areas are modelled with linear surfaces. The ultimate mesh is generated by the 

surface to mesh convert function. For the solid element, it can be noted that slight 

penetration occurs due to the high order interpolation functions. The penetration 

can be removed before applying any mechanical loading in the FE package 

without introducing extra initial stress, such as the function “adjust to remove 
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overclosure” in Abaqus [123]. Importantly, if solid elements are desired, it is 

relatively trivial to translate and extrude the surface definition along the tow 

normal vector to create a solid mesh.  

 

  (a)       (b) 

Figure 4.19. Representation of the gaps, overlaps, and tow drops using (a) shell element, 

(b) solid element (discrete tows are represented as different colours) 

FE pre-processing and modelling of the TWM geometry is the subject of future 

work and beyond the scope of this thesis. Nonetheless, several powerful FE 

techniques are available to make use of the geometry, depending on the desired 

simulation results. Stacked-shell modelling, originally proposed by Johnson [124] 

is an ideal approach, as are closely related methods using stacked solid or solid-

shell elements [125, 126]. These approaches have already been used successfully 

to model gap networks in AFP laminates [60] and can intrinsically capture 

delamination growth. Embedded element and semi-conformal embedded 

element approaches can also be used to embed the discrete tow elements in a 

distributed matrix domain [127, 128]. 

4.4 Case studies 

This section primarily aims to demonstrate the functionality of the TWM with 

several case studies ranging from laminate level to part level. The intrinsic 
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representation of laminate defects including gaps, overlaps, and tow waviness is 

demonstrated within these studies. Both shell and  solid elements can be used in 

this section. While considering the computational effort, the tows are modelled 

as shell element and a virtual thickness can be applied by the Mentat GUI for 

visualisation purposes. It should be noted that solid element can also be 

generated easily by expanding the shell element in the surface normal  direction.  

4.4.1 Case 1: Quasi-isotropic laminate 

The first case study involves a quasi-isotropic laminate of [0/90/45/-45]s which 

highlights the difference between ply-level and tow-level geometric model for 

standard laminates. The lower half of the laminate is shown in Figure 4.20, using 

different colours for each tow. This is a trivial case for AFP manufacture, as the 

laminate has zero net curvature and tows are straight and perfectly nested. 

It should be noted that the TWM algorithm produces a zig-zag edge wherever a 

tow crosses the laminate boundary obliquely. The laminate edges can be made 

conformal with additional preprocessing steps, but this is left for a future 

discussion. 

 

Figure 4.20. Tow-level FE model representation of a quasi-isotropic laminate 

The TWM algorithm does offer some benefits for this problem, although the 

benefits must be weighed against the additional preprocessing and simulation 

cost. Individually modelling each tow, when coupled with cohesive contact 
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interactions, allows discrete inter- and intra-ply cracking to be modelled 

efficiently and accurately without the need for complex fracture laws and re-

meshing techniques. Cohesive contact has been successfully applied in various 

studies in modelling interlaminar failures [104, 105, 129]. The traditional cohesive 

zone model, however, has a strict requirement in terms of the element size near 

the crack front which must be smaller than 1/3-1/5 of the cohesive zone length to 

obtain an accurate representation of crack propagation [100-102]. A more efficient 

technique, such as improved integration methods [102] or augmented cohesive 

element method [103] which allows using comparable or relatively coarser mesh 

size needs to be integrated into the TWM to predict the failure events. It is worth 

mentioning that the developed algorithm can record the sets of tow-tow contact 

pairs which greatly ease the implementation difficulties for subsequent 

interlaminar failure modelling.  

4.4.2 Case 2: AP-Ply laminate 

The AP-Ply laminate is chosen as the second case study due to the interweaving 

architecture which generates a network of distributed defects in the laminate. The 

AP-Ply laminate offers many other benefits and is the focus of considerable 

studies such as [3, 34, 61]. 

AP-Ply laminates are manufactured by adjusting the tow placement order of a 

regular AFP laminate. AP-Ply skips certain tows and space is temporarily left. A 

similar strategy is used for the next ply which is oriented in another direction. 

The tows nest into the space left in the first pass which creates a wavy pattern. 

Then the gaps left in the first pass are filled by the following passes, as shown in 

Figure 4.21. A uniform thickness can be achieved through proper skip-and-fill 

manipulations. The resulting laminate can be designed with a fully interlocking 
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structure, where a nominal layer of each orientation is “woven” into the layer 

above and below. 

To numerically predict the mechanical performance of the AP-Ply, the TWM 

approach that able to capture the local geometric features is critical. In this case 

study, a layup configuration of [0/90]13s was manufactured and used for  

 

Figure 4.21. The layup procedures of AP-Ply laminate 

demonstration purposes, as shown in Figure 4.22a. A small sample was cut 

through the CNC Router and the cross-section was scanned under an optical 

microscope. The corresponding tow waviness and resin-rich pocket resulted 

from the wavy pattern are shown in Figure 4.22c.  

The as-cured tow thickness was obtained by averaging the total laminate 

thickness. The crimp angle was measured from the micrographs (~50). These 

parameters were applied to the TWM algorithm for the generation of the FE 

model, as indicated in Figure 4.23. The triangular resin-rich pockets and tow 

waviness with a user-defined crimp angle are explicitly captured. 
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Figure 4.22. (a) Final configuration of the AP-Ply laminate, (b) Cross-section scan of the 

cut sample, (c) Magnified cross-sectional view of the cut sample 

 

 

Figure 4.23. (a) The FE model of AP-Ply laminate (mesh not shown for clarification), (b) 

The FE model of magnified sample view cut from AP-Ply, (c) Cross-sectional view of the 

FE model 

4.4.3 Case 3: Pressure vessel 

The third case study demonstrates the application of TWM in a part level of AFP 

composites, which includes a layup of a filament-wound pressure vessel. A 45-
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degree helical and a hoop wind layer were modelled using the TWM algorithm 

(Figure 4.24a, b) to capture the semi-woven nature of the vessel wall. Although 

the vessel is manufactured from a single continuous tape, the tow path has been 

pre-processed to segment the tape at each polar approach. The pre-processing 

step is facilitated to avoid computational limitations of placing one very long 

tow, improve the robustness of the z-offset and help with visualisation. The 

separate tows are reconnected at their adjoining ends before any FE modelling is 

conducted. 

 

Figure 4.24. Tow-level FE model representation of a pressure vessel, (a) helix wind, (b) 

hoop wind, (c) indication of slight penetration issue, (d) magnified view of helix wind. 

Note: the artificial gaps introduced in the helix wind are only used for clarification 

purpose and the actual tow width needs to be adjusted based on the as-cured width. 

Several slight penetrations are unavoidable due to the limitations of intersection 

detection using inner tow points, as shown in Figure 4.24c. The penetration can 
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be mitigated by reducing the detection tolerance but comes at a computational 

cost. As the contact area between the penetrated tows is very small, it can be 

accounted for during the contact-detection phase of any subsequent simulation. 

Alternatively in most FE codes such as Abaqus, the penetration issue can be 

tackled by invoking the option “adjust to remove overclosure” before applying 

any mechanical loads. 

 

Figure 4.25. Tow-level FE model representation of a wheel disk: (a)assembled view, (b) 

left view, (c) exploded view, (d) front view of the mandrel 

4.4.4 Case 4: Wheel disk 

The fourth case study is another part level application of the TWM, which 

involves a wheel disk.  A layup of four layers with [0/45/90/-45] was modelled, 
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as presented in Figure 4.26. This application is like Case 1 but with a more 

complex tool surface. To fully cover the entire tool surface without introducing 

large gaps and overlaps, the tows were steered with a small angle, resulting in a 

variation of fibre angle along the tow path. The TWM offers an opportunity for 

users to define the material orientations locally along the trajectories of each tow. 

The fibre steering feature of AFP can also be represented precisely with the TWM 

method. 

4.5 Sensitivity analysis of the TWM 

To demonstrate the efficiency of the TWM, a sensitivity test was performed in 

terms of the effect of the tow number, element size and geometric complexity on 

the computational cost. In this study, two different geometries were studied 

including a flat panel with dimension 200x200 mm and a pressure vessel with 

dimension 500x250mm (length x diameter). To include the double curvature of 

the pressure vessel, the extra step indicated in Section 4.3.3 needed to be 

performed to update the transverse tow points. Hence, it is expected that the flat 

panel case would be more computationally efficient.  

For the flat panel, varying tow numbers from 250 to 1000 with element size 1~4 

mm were studied. For the pressure vessel, the tow numbers from 20 to 80 were 

investigated as the tow length is much longer than that in the flat panel. The 

results for different cases are presented in Figure 4.26. For each case, a similar 

trend is observed, where the computational time is significantly increased with 

reducing element size. While only trivial differences are observed between 

different tow numbers. It should be noted that when the tow number doubled, 

the element number is essentially doubled as well. Hence to isolate the effect of 

the tow count, the total element needs to be the same, such as the 500 tows with 
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an element size of 1mm was compared with the 1000 tows with an element size 

of 2mm.  

 

Figure 4.26. The result of the sensitivity analysis of the TWM for flat panel and pressure 

vessel. Note: the computational time here only includes the time for mesh generation and 

does not include any FE analysis. 

The reason why the TWM is element size (number) sensitive is due to the checks 

of tow-tow intersections. When the element number is getting larger, the file of 

preceding tows is getting bigger. As the present tow needs to be checked if it is 

intersected with the previous large mesh assembly, the loading speed requires 

much more computational effort. It should be noted that the total element 

number for the case with 1000 tows in the flat panel is around 1.2e06, which costs 

around 6.7hrs. At present, this is the worst scenario as no optimisation technique 

is applied. Several potential ways can be implemented in the future to improve 

the computational efficiency when the element number is getting larger. For 
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instance, it can be designed such that the current tow only checks intersections 

with the last ten layers as it is nearly impossible for ply 100 to intersect with ply 

1 in reality.  

4.6 Summary 

The automatic geometric modelling tool (TWM) is illustrated in detail in this 

chapter. The functionalities of this tool to capture the 3D architectures of AFP 

composites are demonstrated through a range of case studies. The algorithm 

presented is the basis for a general geometric modelling algorithm for tow-by-

tow manufactured composite laminates. The geometry can be efficiently created 

based on the manufacturing data and the defects induced by the tow path can be 

captured to a useful degree of precision. The pre-process of FE simulation by 

creating geometry and mesh is also shown within this study. 

Several potential approaches can be considered for modelling the defects 

included in the TWM. For the regular and well-intersected cases, in which the 

shape of the resin-rich area is easy to define, it is recommended to model the resin 

as bulk material. While for other complex cases, where the 3D shape of the resin-

rich area can be irregular and extremely hard to define, such as for the case with 

multiple tows intersections as mentioned in Section 4.3.5, the resin can be 

modelled in two potential ways. The first way is to model the resin with cohesive 

contact interactions between adjacent tows surfaces by increasing the contact 

tolerance in this area. The same or different cohesive parameters with the 

interlaminar fracture can be defined depends on the resin properties. The second 

way is to add an extra strain energy release rate to the area close to the boundaries 

of the resin pocket to model the strain energies absorbed by the resin. This 

phenomenon is demonstrated in Zheng’s work [62], where the strain energy 
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release rate tends to increase/decrease dramatically when the crack is crossing 

stiffer/softer materials. The downstream use of the TWM generated geometry for 

Finite Element Modelling will be demonstrated in the following chapters, include 

robust cohesive contact models that enable the tows to be modelled as a 

continuous laminate. 

Several limitations of this algorithm, however, need to be pointed out that will 

form the basis for future work. The algorithm occasionally produces small tow-

tow intersections (or penetrations). These intersections can always be resolved 

with mesh and geometry refinement, at the expense of computation cost. The 

user may decide on an acceptable level of geometric fidelity for the problem at 

hand. 

Besides, there will be no sharp edges near the area of the defect in reality. To 

tackle this issue, a higher-order surface definition, Bezier or NURBS, is used to 

smooth out the sharp edges (from C0 to C1 continuity). The point cloud near the 

area of the defect (tow drop) is regarded as a set of control points, which are used 

to generate the Bezier / NURBS surface. The Bezier / NURBS surface can be 

converted to FE mesh in the FE package later. For the flat regions, a linear surface 

definition can be applied directly. A typical example comparing the geometry 

before and after smoothing is shown in Figure 4.13 and Figure 4.19. Although 

there will be slight penetrations induced by the higher-order interpolation, it can 

be removed entirely in the FE package without introducing extra initial stress 

before applying any mechanical loading, such as the function “adjust to remove 

overclosure” in Abaqus. 

One major benefit of the TWM is the generation of a structured or material 

aligned, quadrilateral mesh pattern as used by Falcó et al [121]. However, the 

triangular mesh is inevitable to be used near the trimming boundaries and the 
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areas closed to the defects to avoid element warping or distortion. A limitation 

of the TWM algorithm is that it is entirely geometrical and kinematic. The full 

kinetics of the consolidation and cure process can lead to tow bridging, cross-

section distortions, as-cured thickness variation, etc to be included in the cured 

part. The TWM algorithm does not attempt to model the kinetics of consolidation 

and cure, so will always incur a small accuracy penalty in regions of complex 

mesostructure. To predict the 3D tow deformations, a robust consolidation model 

that can accurately predict the fibre/resin flow is required, which, however, is 

still an active area of research. Other induced defects such as tow wrinkling, tow 

misalignment or tow twisting, etc., although challenging, can still be potentially 

included in the TWM with the assistance of the inline monitoring and feedback 

system and proper geometric descriptions. 
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Chapter 5 Cohesive Network 

Approach 

5.1 Introduction 

Strength and damage prediction for fibre composite laminates and structures is 

a continued area of research interest. The fibre customisation capability provided 

by AFP, creates new design and optimisation possibilities while also generating 

process-induced defects. These defects can potentially induce premature failure 

and reduce the strength of the structure, which has been demonstrated in many 

studies [5, 44]. Chapter 4 has presented a new numerical modelling method for 

AFP composites at a length scale of tow, which results in many non-conformal 

meshing interfaces between discrete tows.  

The smeared crack models are computational expensive and cannot be used to 

represent the failure kinematics of the interactions between different fracture 

modes. The discrete crack models, on the other hand, shows the promise to 

capture the different failure interactions. To deal with the failure modelling in 

the TWM, the conventional methods are either too computationally expensive or 

unable to be used in the case of non-conformal meshing interfaces. Hence, this 

chapter aims to present a novel and more computationally efficient cohesive 

network approach, which can be used to predict the failure mechanisms of AFP 

composites at the length scale of tow.  
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Most of the results presented in this chapter are included in the following 

publication: 

Li X, Brown SA, Joosten M, Pearce GM. A segment-to-segment cohesive contact 

network approach for mesoscale composites failure modelling. Composite Structures. 

2022:115205. 

5.1.1 Cohesive network approach 

The cohesive network approach originates from the “brick and mortar” concept 

[130] (Figure 5.1), where the reinforcement is regarded as “brick” and the contact 

interfaces between those bricks are regarded as “mortar”. Specifically, in AFP 

composites, each tow can be regarded as a brick and the tow-by-tow interfaces 

can be considered as mortar. The bricks will govern the global structural 

compliance while the mortar will control the local failure initiation and evolution. 

In previous studies [96-98], the mortar was commonly modelled as cohesive 

elements with a traction-separation constitutive relationship, which was 

implemented in the element integration points. A significant challenge, however, 

arises due to the limitation of cohesive elements which require conformal 

meshing interfaces. This refers to the in-plane mesh size which must be equally 

defined for all layers. This can be extremely challenging or impossible to achieve 

in the TWM as each tow is meshed independently. Hence, the cohesive contact 

interaction is used for modelling the mortar instead.   

The cohesive network approach is essentially to allocate the cohesive interaction 

along with the potential failure paths, forming an interconnected network to 

capture the intra- and inter-laminar failures. This method avoids using complex 

fracture criteria as in CDM, and removes the tedious geometric partitioning 

process for allocating interface elements especially for large and complex 
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composite structures, which substantially reduces the pre-processing effort of 

modelling. 

 

Figure 5.1. Brick and Mortar Model [130] 

Three major failure modes of AFP composites at mesoscale can be considered 

including matrix cracking, delamination, and fibre breakage. These different 

failure modes can be predicted explicitly with the input of various cohesive 

parameters, which can be obtained from standard or non-standard experimental 

characterisation. To further illustrate the cohesive network approach, a laminate 

consists of [90/0/-45/45] schematic diagram is used, as presented in Figure 5.2, 

where the discrete tows and cohesive contact interactions are plotted in different 

colours for visualisation purposes. The intralaminar fibre and matrix failure, 

which were assumed to be orthogonal and parallel to the fibre direction, 

respectively. In Figure 5.2, the fibre failure is represented as yellow, and the 

matrix failure is indicated as blue. The interlaminar failure, which was assumed 

to occur between adjacent plies, is plotted in green.  

A constraint of this method is that the in-plane crack plane is always assumed to 

be either parallel or perpendicular to the fibre direction, corresponding to matrix 

and fibre failure, respectively. In reality, this assumption only holds when the 

crack occurs due to tension. For matrix and fibre compression, it is found that the 
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failure is due to shear which leads to a 53o inclined fracture plane and a kink band 

separately [131]. For a general quasi-isotropic laminate or other laminate 

structures where the adjacent layers have different fibre orientations, this 

assumption seems reasonable when the ply thickness is small enough compared 

to the global thickness [97]. 

 

Figure 5.2. Schematic diagram of the SSCC Model 

5.1.2 A new cohesive contact interaction 

The traditional cohesive contact interaction is developed based on a node-to-

segment (N2S) contact algorithm and has been successfully demonstrated in 

many studies [104, 105]. However, the major issue associated with N2S contact is 

the low numerical efficiency due to the master-slave concept. The non-

interpenetration contact constraints are only enforced at the slave nodes, which 

means the master nodes are allowed to penetrate the slave surface. Hence, a strict 

rule is that the slave surface needs to have a much finer mesh than the master 

surface, and an inappropriate definition can result in significant penetrations. 
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Another issue that can occur in the slave node is that it can have serious locking 

problems due to over constraints when it has multiple contact interactions, and 

hence can provide inaccurate simulation results [106]. 

Hence, in this chapter, a more advanced contact formulation, segment-to-

segment (S2S), is used to improve the computational efficiency and mitigate the 

effect brought about by the selection of master and slave bodies. The S2S contact 

formulation applies contact constraints along the entire boundary in a weak 

integral sense instead of at a particular node as for N2S contact, thus greatly 

improving the numerical convergence and weakening the dependence on the 

master-slave definition [132].  

The key differences of S2S contact interaction between Marc-Mentat and other 

commercial FE package (such as Abaqus) is the way how contact points (called 

“proximity points” in ABAQUS) are generated. In many FE packages, the contact 

points are generated based on the nodal position or Gauss points of the element, 

and the number of contact points are generally roughly equal to the number of 

nodes. While in Marc-Mentat, the contact points are generated with a different 

mapping algorithm, where the number are much higher than many available FE 

packages. Another major difference is the contact interaction in Marc-Mentat is 

enforced at these contact points in a weak integral sense, hence significantly 

improves the convergence challenges in implicit finite element framework and 

also allows greater mesh size tolerance. The user-developed subroutine allows 

the kinematics of the contact behaviour of each contact point to be controlled 

precisely. The damage status of each contact point can also be tracked and 

visualized via the subroutine. 

In this study, the new cohesive interaction is established by integrating the 

cohesive traction-separation law into the S2S contact formulation by modifying 
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the default kinematics of contact via a user-developed subroutine (called 

ugluestif_sts) in MSC Marc-Mentat.  

5.1.3 Chapter scope 

For a better understanding of the structure presented in this chapter, the scope is 

summarized into several points below: 

• In Section 5.2, the theories and mechanisms behind the new cohesive 

interaction including the S2S contact theory, the cohesive traction-

separation constitutive relationship and the fracture criteria of different 

failure modes will be presented. A modified cohesive law, which is 

integrated into the new cohesive interaction will then be proposed to 

improve the numerical convergence challenges in implicit finite element 

(FE) framework. 

• Section 5.3 aims to validate the new cohesive interaction in predicting 

interface failures against the traditional cohesive element method. Three 

commonly used delamination geometries will be compared including 

double cantilever beam, end notched flexure, and fixed ratio mixed mode. 

• In Section 5.4, the computational efficiency of this new cohesive 

interaction will be firstly demonstrated. The numerical results with 

various element sizes will be compared to the outcomes of the cohesive 

element approach. A sensitivity study is also performed regarding the 

non-physical numerical parameters including the load increment size, the 

contact stiffness and mesh conformality to further explore the limits of this 

approach. 

• Section 5.5 will validate the cohesive network method with the 

implementation of the new cohesive interaction in the prediction of both 

intra- and inter-laminar failures considering a 2D application. 
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• Section 5.6 will further demonstrate the feasibility of the cohesive network 

method in predicting both intra- and inter-laminar failures with a more 

complex 3D application. 

5.2 Segment-to-segment cohesive contact (SSCC) theory 

5.2.1 Segment to segment contact 

The Augmented Lagrange method is used in MSC Marc by default to enforce the 

boundary constraints for the S2S contact algorithm. Multiple contact points are 

generated to ensure a robust contact interaction and smooth load transfer. The 

difference between N2S and S2S is presented in Figure 5.3.  

 

Figure 5.3. The schematic diagrams of contact principles (a) Node-to-segment, (b) 

Segment-to-segment. Note: five contact points are shown here only for visualisation 

purposes. The number and distribution of the contact points depend on the geometry of 

the contact patches.  

As the contact constraints are enforced at these contact points instead of the 

nodes at the slave body, the effect of the slave-master definition sequence is 
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significantly alleviated. The contact is essentially a constraint minimisation 

problem, where the virtual work of a set of contact bodies can be expressed as 

  𝛿𝐺𝑖𝑛𝑡(𝛿𝑢, 𝑢) − 𝛿𝐺𝑒𝑥𝑡(𝛿𝑢, 𝑢) − 𝛿𝐺𝑐(𝛿𝑢, 𝑢) = 0 5-1 

Where Gint, Gext and Gc refer to the work done by internal, external and contact 

forces respectively, u denotes the displacement field. The Lagrange multiplier λ 

is introduced to enforce the gap to be zero. Hence, the virtual work done by the 

contact can be expressed by  

 
 𝛿𝐺𝑐(𝛿𝑢, 𝑢) = ∫ 𝜆𝑛𝛿𝑔𝑛𝑑Γ +  ∫ 𝜆𝑡𝛿𝑔𝑡𝑑Γ

 

Γ

 

 

 Γ

 
5-2 

Where: 

   𝑔𝑛 = (𝑢(1) − 𝑢(2)) ∙ 𝑛1 5-3 

 𝑔𝑡 = (𝑢(1) − 𝑢(2)) ∙ 𝑠1 5-4 

with 𝑔 denotes the gap function, 𝛤 represents the contact area, n and t represent 

the normal and tangential directions separately. It should be noted that positive 

and negative 𝑔𝑛 represent gap and overlap respectively. The Lagrange multiplier 

is a function of the gap function, and it is determined in an iterative fashion using 

the Newton Raphson method, which is expressed as 

 𝜆𝑖 = 𝑃𝑖−1 + 𝐸𝑖𝑔𝑖 5-5 

The augmentation P is used to minimize the overlaps when large penetration 

occurs. In this study, augmentation is not used which means the equation 

becomes a pure penalty method, and the Lagrange multiplier is a linear function 

of the gaps when the penalty factor E is constant. This formula is further modified 

by a bilinear cohesive law, where the penalty factor and Lagrange multiplier can 

be referred to as contact stiffness and contact stress, respectively. More details are 

presented in Section 5.2.2. 
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5.2.2 Constitutive relationship of the cohesive interaction  

The cohesive behaviour of the cohesive contact model is achieved by degrading 

(and eventually failing) the penalty contact interactions shown in Figure 5.3. 

Hence the failure behaviour is controlled by three orthogonal stress states in the 

fracture plane. The constitutive relationship of the interface is described in Eq. 

5-6 

 
[

𝜆𝑛

𝜆𝑡

𝜆𝑠

] = [

𝐸𝑛 0 0
0 𝐸𝑡 0
0 0 𝐸𝑠

] [

𝑔𝑛

𝑔𝑡

𝑔𝑠

] 
5-6 

Where the three orthogonal stresses (𝜆) represent the traction in the normal (n), 

1st tangential (t) and 2nd tangential (s) directions, respectively. The interface 

failures can be categorised based on the different loading cases, including mode 

I (the opening mode) induced by normal loads, mode II caused by in-plane shear 

loads, and mode III triggered by out-of-plane shear loads. These failure modes 

are considered by introducing a universal damage parameter 𝐷 in the contact 

interaction. 

 𝜆 = 𝐸𝑔(1 − 𝐷) 5-7 

The fracture energy is dissipated by softening the contact response with the 

damage variable which ranges between zero and unity. Zero means no damage 

has occurred, while unity represents a fully damaged state.  

5.2.3 Failure modes and associate failure criteria 

Many complex fracture criteria have been proposed over the last few decades 

and have shown great correlation with the specific experimental studies [131, 

133, 134]. In this chapter, however, the major aim is to demonstrate the novel 

cohesive network framework instead of demonstrating the accuracy of any 

specific fracture criteria. Due to a strength-based criterion combined with a 
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mixed-mode power-law being commonly used in the cohesive element method 

to model the interface failure initiation and evolution, the same criteria were also 

implemented into the cohesive network method for comparison. 

(a) Failure initiation criteria 

Quadratic stress-based failure initiation criteria were used, which are common 

for composite CZM implementations [89]. The criteria are expressed in Eq. 5-8, 

Eq. 5-9, Eq. 5-10, Eq. 5-11, Eq. 5-12 below. 

• Fibre tension failure 

 
(

𝜆𝑛

𝑋𝑓𝑡
)

2 

= 1 
5-8 

• Fibre compression failure 

 
(

𝜆𝑛

𝑋𝑓𝑐
)

2 

= 1 
5-9 

• Matrix tension failure 

 
(

𝜆𝑛

𝑋𝑚𝑡
)

2

+ (
𝜆𝑡

2 + 𝜆𝑠
2

𝑌𝑚𝑠
2 )

 

= 1 
5-10 

• Matrix compression failure 

 
(

𝜆𝑛

𝑋𝑚𝑐
)

2

+ (
𝜆𝑡

2 + 𝜆𝑠
2

𝑌𝑚𝑠
2 )

 

= 1 
5-11 

• Delamination 

 
(

<𝜆𝑛>

𝑋𝑖𝑡
)

2

+ (
𝜆𝑡

2 + 𝜆𝑠
2

𝑌𝑖𝑠
2 )

2

= 1 
5-12 

Where 𝑋𝑓𝑡, 𝑋𝑓𝑐  are the tensile and compressive fibre strength, respectively; 

𝑋𝑚𝑡, 𝑋𝑚𝑐 are the tensile and compressive matrix strength, respectively; 𝑌𝑚𝑠 is the 

matrix shear strength, 𝑋𝑖𝑡  is the interlaminar tensile strength, and 𝑌𝑖𝑠  is the 

interlaminar shear strength. Although the interface failure due to tension loads 
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is the major consideration, the compression failure can potentially be modelled 

by allowing slight interpenetrations between the contact interfaces when the 

corresponding failure criterion is met. As mentioned earlier, a critical assumption 

of this method is that the fracture plane was assumed to be normal or parallel to 

the fibre direction which, however, is invalid for local matrix/fibre compressive 

failure. Hence, the cohesive network approach can only give an approximate 

prediction of matrix and fibre compressive failures. For the laminate structures 

where the adjacent plies have different fibre orientations, such as quasi-isotropic 

laminate, the error resulting from this assumption was likely small.  

(b) Failure evolution criteria 

The interface failure due to tension loads are used for demonstration in this 

section. Once the damage initiates, the contact interaction is softened and the 

crack starts to propagate when the mixed-mode power-law criterion is met, as 

expressed in 5-13. It should be noted that for fibre failure, only mode I was 

considered in this chapter. The mixed-mode interaction fracture criterion for fibre 

failure can also be used which depends on specific applications.  

 
( 

𝐺𝐼

𝐺𝐼𝐶
)

α

+ (
𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)

𝛼

= 1 
5-13 

Where 𝐺𝐼 = ∫ 𝜆𝑛𝑑𝑔𝑛
𝑔𝑛

0
 and  𝐺𝐼𝐼 = ∫ 𝜆𝑡𝑑𝑔𝑡

𝑔𝑡

0
 represent the real-time strain energy 

release rates in the normal and tangential directions; and 𝐺𝐼𝐶 and 𝐺𝐼𝐼𝐶 indicate the 

critical strain energy release rates for the normal and shear modes respectively. 

The corresponding damage variable 𝑑  is computed as in Eq. 5-14 which is a 

function of mixed-mode displacement 𝑢. The power α is an empirical parameter 

and is generally in the range between 1 and 2. The critical and ultimate mixed-

mode displacement 𝑢𝑐 and 𝑢𝑓 are determined by Eq. 5-15 and Eq. 5-16. 

 
𝑑 =  

𝑢𝑓( 𝑢 −  𝑢𝑐)

𝑢(𝑢𝑓 − 𝑢𝑐)
 

5-14 



 

Cohesive Network Approach 

 

 

136 

 

 

𝑢𝑐 =  {
𝑔𝑛

𝑐 𝑔𝑡
𝑐√

1 + 𝑣2

𝑔𝑡
𝑐2

+ 𝑣2𝑔𝑛
𝑐 2           𝑖𝑓 𝑔𝑛 > 0

               𝑔𝑡
𝑐                      𝑖𝑓 𝑔𝑛 ≤ 0

 

5-15 

 
𝑢𝑓 =

2(1 + 𝑣2)

𝑢𝑐
(

𝐸𝑛

𝐺𝐼𝐶
+

𝑣2𝐸𝑡

𝐺𝐼𝐼𝐶
)

−1

 
5-16 

Where 𝑔𝑛
𝑐  and 𝑔𝑡

𝑐  represent the critical displacement of pure mode I and 

combined mode II separately; 𝑣 represents the loading ratio which is calculated 

by 𝑣 =
𝑔𝑛

𝑔𝑡
; and 𝑢  is computed by 𝑢 =  √𝑔𝑛

2 + 𝑔𝑡
2 . The softened traction 

separation response is thus defined according to Eq. 5-17 and Eq. 5-18. A 

schematic diagram of the bilinear cohesive law and corresponding damage plot 

is presented in Figure 5.4.  

 
𝜆𝑛 = {

𝐸𝑛𝑔𝑛                    𝑖𝑓 𝑔𝑛 ≤ 0
 

(1 − 𝑑)𝐸𝑛𝑔𝑛      𝑖𝑓 𝑔𝑛 > 0
  

5-17 

 [
𝜆𝑡

𝜆𝑠
] = [

(1 − 𝑑)𝐸𝑡 0
0 (1 − 𝑑)𝐸𝑠

] [
𝑔𝑡

𝑔𝑠
] 5-18 

5.2.4 A modified cohesive law 

Convergence can be extremely challenging for the implicit time integration finite 

element (FE) analysis once the failure initiates, resulting in a highly nonlinear 

problem. By default, the contact stiffness, which is a function of damage, needs 

to be updated for every iteration within one increment using the Newton-

Raphson method, and this can result in a severe non-convergence issue. To 

resolve this, MSC Marc-Mentat tends to reduce the load increment size by half 

several times until the numerical result is converged or terminated after the 

maximum specified times (10 by default). The increment reduction process due 

to non-convergence resulting from interface failures, however, provides no 

benefits and increases the computational effort. 



 

Cohesive Network Approach 

 

 

137 

 

 

Figure 5.4. (a) 3D representation of the bilinear cohesive law, (b) corresponding damage 

plot 

The zigzag cohesive law, initially proposed by Rots et al. [135], has been shown 

to mitigate the convergence issue. In this method, the stiffness was degraded in 

a stepwise manner instead of linearly, as shown in Figure 5.5a. The negative 

stiffness in the softening region was replaced by a piecewise positive linear 

stiffness with the total strain energy release rate being equivalent. Instead of 

updating the contact stiffness in every load increment when damage initiates, the 

local response within the model can behave almost linearly with slight strain 

variations, substantially improving the numerical convergence. The feasibility of 

this technique has been validated in many applications [96, 136, 137]. 

In this chapter, a modified cohesive law was developed to simplify the 

implementation effort, while also addressing the convergence issue. The 

modified law refers to keeping the contact stiffness constant within every 

individual increment, instead of updating it for every iteration. Hence, the 

cohesive contact interaction can be regarded as linear within every increment. 

The damage variable is updated only at the end of the increment and the 

corresponding initial contact stiffness/stress are updated at the beginning of the 
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next increment with incorporating the updated damage variable, as 

schematically shown in Figure 5.5b. This approach, however, also leads to the 

generation of additional artificial strain energies. The total additional strain 

energies generated through the model depends on the load increment size, 

specifically the area of the triangle. It has been shown in Section 5.4 that the 

additional strain energy created does not have a significant impact on the results 

of the analysis when the load increment size is small enough.  

 

Figure 5.5. (a) Representation of zigzag cohesive law, (b) Representation of modified 

zigzag cohesive law 

5.3 Benchmark validation of SSCC interaction 

This section aims to demonstrate the feasibility and accuracy of the SSCC in 

modelling interface failures with the comparison of the cohesive element 

approach. Three commonly used tests, double cantilever beam (DCB), end 

notched flexure (ENF), and fixed ratio mixed mode (FRMM), were utilized. These 

tests are corresponding to mode I, mode II, and mixed-mode failure, respectively. 

As there are already numerous experimental and numerical data been published 

regarding these tests, the numerical results from Harper et al. [89] were used for 

comparison here to avoid experimental artifacts such as fibre bridging. The same 
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material properties, as recorded in Table 5.1, were applied to the SSCC model to 

keep consistent.  

Table 5.1. Material properties and cohesive properties for HTA6376/C [89] 

Material Properties Cohesive Properties 

𝐸11 (MPa) 120000 𝐺𝐼𝐶 (N/mm) 0.26 

𝐸22 =  𝐸33 (MPa) 10500 𝐺𝐼𝐼𝐶 (N/mm) 1.002 

𝐺12 = 𝐺13 (MPa) 5250 𝜎𝑚𝑎𝑥 (MPa) 30 

𝐺23 (MPa) 3480 𝜏𝑚𝑎𝑥 (MPa) 60 

𝑣12 = 𝑣13 0.3 𝑘𝐼 (MPa/mm) 1e+05 

𝑣23 0.51 𝑘𝐼𝐼 (MPa/mm) 1e+05 

 

This study was performed with an implicit time integration FE framework in 

MSC Marc-Mentat 2019, a nonlinear FE package which provides a powerful S2S 

contact algorithm and efficient contact pair definitions within large assemblies. 

To further improve the computational efficiency, the stacked shell approach 

proposed by Johnson et al. [124] was employed in the present study. Instead of 

modelling the laminate as a continuum body, the laminate was modelled as 

multiple discrete shells to provide an opportunity to capture interface failures 

(Figure 5.6). This method has been successfully used in many applications [93-

95]. 
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Figure 5.6. Schematic diagram of the Stacked Shell Model 

5.3.1 Double cantilever beam  

In this test, each arm of DCB was modelled as one stacked shell to improve 

computational efficiency. A fully integrated shell element, with the 

implementation of Mindlin–Reissner plate theory [138, 139] (element type 75), 

was used, as it takes the transverse shear deformation into account. This type of 

element has a better prediction than the Kirchhoff-Love theory-based shell 

element [140, 141] especially when large bending deformation is involved. 

The test configuration and finite element model of the DCB are shown in Figure 

5.7. The pre-cracked region is identified as the area (dark grey) without any 

contact defined, while the region of interest is assigned a SSCC interaction. A 

comparable mesh size of 0.5mm with Harper et al’s work was used for this test. 

The ultimate numerical result is presented in Figure 5.7, where the current result 

is labelled as “SSCC” while the numerical data from [89] were designated as 

“Benchmark”. These labels are also used for the following tests in this chapter.   
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Figure 5.7. DCB test configuration, finite element model setup and the numerical result 

A great agreement can be noted in terms of the global reaction force against the 

tip displacement, except for a slight difference shown in the linear stiffness. The 

discrepancy is induced by the shell element type, which is stiffer than the solid 

elements used in [89]. Although the Mindlin–Reissner shell is used in this study, 

it still cannot fully capture the transverse shear deformation. A higher-order plate 

theory with the introduction of some additional degree of freedoms in the 

displacement field will provide better prediction, but this requires extra 

computational effort.  

5.3.2 End notched flexure 

ENF is a mode II dominate delamination test which has been selected to evaluate 

the capabilities of the SSCC method in modelling the delamination progression 

induced by shear loading. The specimen dimensions and finite element model 

geometry is shown in Figure 5.8. Instead of assigning no contact in the pre-

cracked region for the DCB test, a normal touching contact algorithm was applied 

to this area to avoid potential penetration due to the bending effect. A converged 

mesh size of 0.5mm is assigned to both the top and bottom arms. The global load-
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displacement response of the SSCC model displays very good correlation with 

the benchmark case, as presented in Figure 5.8. 

 

Figure 5.8. ENF specimen information, finite element model geometry and simulation 

results 

5.3.3 Fixed ratio mixed mode 

The capability of SSCC in modelling the mixed-mode interactive failure is 

validated with a fixed ratio mixed-mode (FRMM) bending test. The specimen 

geometry and finite element model of this test are presented in Figure 5.9. Similar 

to the ENF test, a penalty-based touching contact algorithm was applied to the 

pre-crack region to avoid potential penetration. A converged mesh size of 0.5mm 

was used for both arms. The ultimate simulation result is also presented in Figure 

5.9. A good agreement regarding the global-load displacement response is 

observed between the SSCC and Benchmark. Similar to the DCB test, a slight 

difference is also noted in terms of the linear stiffness, which is due to the 

difference of element type.    
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Figure 5.9. FRMM specimen information, finite element model geometry and simulation 

results 

5.4 Parametric studies of SSCC 

Section 5.3 has demonstrated that the segment-to-segment cohesive contact 

(SSCC) method can achieve comparable accuracy with the cohesive element 

approach in the prediction of interface failures. As the cohesive element method 

has a strict requirement for the mesh size, which must be less than 1/3-1/5 of the 

cohesive zone length near the crack front, using this approach for predicting 

multiple cracks is too computationally heavy in the TWM. Hence, this section 

aims to demonstrate the efficiency of the SSCC method in predicting the interface 

failures with a sensitivity test of various mesh sizes. Other non-physical 

numerical parameters that can potentially affect the efficiency and accuracy of 

the simulation results were also tested, including the load increment size, the S2S 

penalty factor, and the mesh conformality. 

The DCB test was used here to study the effect of these numerical parameters, as 

it is a mode I dominate delamination test, and the associated strain energy release 

rates are much smaller than those in mode II. This relates to a smaller cohesive 
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zone length in mode I, and hence leads to a stricter requirement for these 

numerical parameters. The validated numerical result of SSCC as presented in 

Section 5.3.1 and Figure 5.7 was used as the benchmark, where the mesh size is 

0.5mm, the load increment size is 0.0025mm, and the penalty factor (or contact 

stiffness) is 105.  

5.4.1 Effect of mesh size 

Different mesh sizes ranging from 2 to 0.25mm were tested while keeping all 

other parameters constant to investigate the mesh sensitivity of the SSCC model. 

The final mesh sizing results are plotted in Figure 5.10. It was observed that when 

the mesh size was around or less than 1.25mm, rapid convergence was achieved. 

The converged mesh size of the SSCC model was comparable to the cohesive 

zone length, which was 1.2mm as stated in [89]. Compared to the traditional 

CZM which requires at least 2-3 elements positioned in the cohesive zone to 

obtain reliable results, the SSCC model only needs 1 element, which substantially 

eases the restrictions relating to the mesh size near the crack tip. It can also be 

observed that mesh refinement can also improve the stability of the crack 

propagation. 
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Figure 5.10. The global response of DCB test with various mesh sizes 

 

 

Figure 5.11. The global response of DCB test with various load increment sizes (mm) 
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5.4.2 Effect of load increment size 

The load increment size is a critical parameter for nonlinear finite element 

analysis. To account for the system nonlinearity resulting from the contact and 

aforementioned additional strain energy generated by the modified cohesive law, 

a range of load increment size between 0.02 and 0.000625mm were examined 

while keeping the contact stiffness of 105 MPa/mm and mesh size of 0.5mm 

constant. The simulation results are compared and indicated in Figure 5.11. It can 

be noted that the global response converges when the load increment size is 

around 0.0025mm, and no obvious benefits can be gained from lower load 

increment values. It is recommended to apply a large load increment size to the 

linear elastic region, while using a lower load increment size once the failure 

initiates to further improve the computational efficiency.   

5.4.3 Effect of contact stiffness  

The extra contact interfaces introduced in the SSCC model can greatly soften the 

original laminate if an inappropriate stiffness is used. Lower contact stiffness can 

affect structural compliance, while an extremely high value can cause severe 

convergence issues and reduce the computational speed. Although values 

between 105 and 107 were commonly used as the initial stiffness in the literature 

for cohesive elements, there is no definitive selection of this parameter. It was 

reported by Lu et al. [142] that the only potential way to obtain the optimum 

value of the penalty stiffness was a trial-and-error process.  

It should be noted that the contact stiffness is not a physical quantity and hence 

to obtain a optimum value without affecting the numerical accuracy, a 

parametric study was performed in this section. As the ideal value was 

commonly identified in the range between 105 and 107 in balancing the numerical 
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accuracy and model compliance in the area of composites area, which have been 

thoroughly reviewed in Lu et al.’s work [142]. Hence, values ranging from 102 to 

108 MPa/mm were tested to incorporate the ideal range in the present study. For 

clarity purpose, only the simulation results in the range from 103 to 106 MPa/mm 

was presented in Figure 5.12 as a fast convergence was observed during the 

testing. 

The results (Figure 5.12) indicated that when the contact stiffness was a similar 

magnitude to, or higher than, the adjacent continuum material properties (104), a 

stable global response can be achieved. Higher stiffness can result in increased 

oscillations or iterations to converge. Hence, to balance the numerical accuracy 

and convergence difficulties, the contact stiffness of 105 MPa/mm was used in the 

present study. It should be noted when the normalized stiffness was 103, the 

structural compliance was increased, and the failure was delayed significantly. 

A similar phenomenon was discovered in Lu et al.’s work [142], the delamination 

progression was not observed, as the peak stress cannot reach the cohesive 

strength with such low penalty stiffness.  

 

Figure 5.12. The global response of DCB test with different normalized contact stiffness 
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5.4.4 Effect of mesh conformality 

One of the major benefits of contact-based over element-based CZM is the 

capability of simulating interface failures with non-conformal meshing, saving 

numerous pre-processing efforts and opening up the possibility for modelling 

irregular structures, in which generating a conformal mesh is extremely 

challenging. To test this capability of the SSCC approach, two different non-

conformal mesh patterns were introduced (Figure 5.13). In the first case, the non-

conformal mesh is induced by different mesh sizes (1mm for the top arm and 

1.25mm for the bottom arm). While in the second case, elements with different 

orientations and certain distorted elements are introduced in the top arm where 

the mesh size is approximately 0.3mm; the mesh size and regularity of the bottom 

arm is maintained the same as the first case. It should be noted that the material 

orientation in this test is defined by the axes of the global coordinate which is not 

affected by each elements’ orientation. The converged simulation result of the 

conformal mesh pattern (1.25mm), shown in Section 5.4.1, was used as the 

benchmark for comparison. For these two cases, a very good correlation was 

achieved between the conformal and non-conformal meshing configurations, as 

presented in Figure 5.14. 
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Figure 5.13. Representation of two different unaligned meshing paradigms 

 

 

Figure 5.14. The DCB test results for conformal and non-conformal meshes 
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5.5 2D application of cohesive network method 

After the validation of the new cohesive interaction, SSCC, and the sensitivity 

study on the input parameters, the cohesive network method can be built by 

allocating the SSCC interaction along with both intra- and interlaminar paths. To 

demonstrate the capability of the cohesive network method in modelling both 

intra- and inter-laminar failures, a 2D application is used in this section before 

complex 3D demonstrations, which would be presented in Section 5.6. A L-beam 

bend test with stacking sequence [0/903/02/903/0]s, conducted by Cao et al. [143], 

was used in this study. A 2D plane strain element model, in conjunction with 

cohesive elements was proposed in their work for the prediction of kinking 

failures. The model was validated with good agreement between numerical and 

experimental results. This work is repeated using the SSCC method instead of 

cohesive elements in the present study. To isolate the effect of SSCC, all model 

settings remain the same. 

The FE setup is illustrated in Figure 5.15, where the bottom-left end is fully 

constrained in both x and y, and the right-top corner is fixed at x but moves 

vertically with a displacement control. The region of interest is modelled with a 

number of small discontinuous sections and connected with SSCC interactions. 

The density of radial cohesive interaction with 1/15o is adopted in this test 

considering the computational effort. The material model is recorded in Table 

5.2. 
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Figure 5.15. Finite element model setup of L beam bend test 

The ultimate numerical results of SSCC were compared with [143] regarding the 

kinking failure mode, the radial stress and hoop stress distribution. The results 

are presented in Figure 5.16-Figure 5.18. In general, a great correlation is achieved 

except for a slight difference in the crack location. This is mainly due to the 

kinematic differences between cohesive elements and the SSCC. This validates 

the predictive capability of the SSCC method for both the intra- and inter-laminar 

failures as well as their interactions in 2D applications. 

Table 5.2. Material properties and cohesive properties for Hercules AS4/3501-6 

[143] 

Material Properties Cohesive Properties 

𝐸11 (MPa) 126000 𝐺𝐼𝐶 (N/mm) 0.128 

𝐸22 =  𝐸33 (MPa) 11000 𝐺𝐼𝐼𝐶 (N/mm) 0.653 

𝐺12 = 𝐺13 (MPa) 6600 𝜎𝑚𝑎𝑥 (MPa) 48 
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𝐺23 (MPa) 3900 𝜏𝑚𝑎𝑥 (MPa) 79 

𝑣12 = 𝑣13 0.29 𝑘𝐼 (MPa/mm) 1e+07 

𝑣23 0.40 𝑘𝐼𝐼 (MPa/mm) 1e+06 

 

 

Figure 5.16. Failure mode comparison between (a) Cao et al.’s [143] work  (b) SSCC 

method 
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Figure 5.17. Radial stress contour comparison between (a) Cao et al.’s work [143] (b) 

SSCC method 

 

 

Figure 5.18. Hoop stress contour comparison between (a) Cao et al.’s work [143] (b) 

SSCC method 

5.6 3D application of cohesive network method 

This section aims to further explore the capability of the cohesive network 

method in modelling both inter- and intra-ply failures with a 3D application. A 
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quasi-isotropic laminate tensile (QLT) test, which was performed by Hallett et al. 

[144], was used in this study as this test involves very complex failure 

interactions. Based on the experiment, it was found that the failure was triggered 

by matrix cracking, which then induced delamination and ultimately resulted in 

fibre rupture. 1D cohesive elements between coincide nodes were used in [144] 

to predict the delamination failure.  

Although a range of different scales of quasi-isotropic samples was tested by 

Hallett et al., the set with [454/904/-454/04]s was used in this study for 

demonstration purpose due to the relatively complete experimental data 

presented than other sets. The Hexcel IM7/8552 used in the experiment and the 

material properties are recorded in Table 5.3. 

Table 5.3. Material properties and cohesive properties for Hexcel IM7/8552 [144] 

Material Properties Cohesive Properties 

𝐸11 (MPa) 161000 𝐺𝐼𝐶 (N/mm) 0.2 

𝐸22 =  𝐸33 (MPa) 11380 𝐺𝐼𝐼𝐶 (N/mm) 1.0 

𝐺12 = 𝐺13 (MPa) 5170 𝜎𝑚𝑎𝑥 (MPa) 60 

𝐺23 (MPa) 3980 𝜏𝑚𝑎𝑥 (MPa) 90 

𝑣12 = 𝑣13 0.32 𝑘𝐼 (MPa/mm) 1e+06 

𝑣23 0.436 𝑘𝐼𝐼 (MPa/mm) 1e+06 

 

In reference [144], a matrix crack was input into the numerical model as an initial 

condition, since the matrix failure strain is much lower than the delamination 

failure strain which was observed from the experiments. Hence, this test was 

conducted twice in this study. The first test was a benchmark, which used the 

same assumptions with Hallett et al.’s work, where a matrix crack was pre-

assumed and fibre failure was neglected. This test was used to validate the input 
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parameters by comparing the cohesive network method against the published 

finite element result. The second test utilized the same input parameters while 

the matrix pre-crack assumption was removed, and fibre failure was also 

considered.    

5.6.1 Baseline test  

For the baseline test, the geometrical discontinuities result from pre-assumed 

matrix crack along the fibre direction in each ply, leads to significant challenges 

in generating conformal mesh between the adjacent layers. Thus, the non-

conformal mesh is generated for the present study (see Figure 5.19). As no 

delamination was observed between the layers with the same fibre orientation 

based on the experiments from Hallett et al. [144], these layers were modelled as 

one stacked shell to reduce computational effort. The laminate can be turned into 

[454t/904t/-454t/08t/-454t/904t/454t] where the subscript refers to the total thickness of 

each stacked shell. Meanwhile, a fine mesh was used in the critical regions and a 

coarse mesh is applied to the other areas to further reduce the computational 

effort. The geometric representation, finite element model and simulation result 

of SSCC are presented in Figure 5.19. The residual stress trapped in the laminate 

during the manufacturing process was considered by applying a thermal load of 

−1600𝐶  before any mechanical loading. Same thermal expansion coefficients 

with reference [144] were used here where 𝛼1 = 0, 𝛼2 = 𝛼3 = 3.0 × 10−5  0𝐶. 

Since only the crosshead movement was available for the experiment which 

introduced extra compliance to the test, the numerical result was scaled to match 

the initial linear stiffness. The same strategy was used in the present study as 

well. The stress of two turning points and the second linear stiffness were 

compared against the published simulation and experimental data. An excellent 

correlation was achieved except for a slight difference between the simulation 
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results which potentially induced by the displacement scaling ratio, element 

types and implicit/explicit analysis. The ultimate damage pattern of each 

interface was plotted and also compared against the published simulation result 

as shown in Figure 5.20. Nearly identical failure patterns were observed within 

each interface.  

 

Figure 5.19. The QLT test configuration, finite element model and simulation result. 

Note: the thickness of the finite element model is artificially made to visualise the mesh 

pattern of each stacked shell. Note: the colour scheme refers to different contact bodies.  

 

Figure 5.20. Final damage pattern comparison for each interface, where the top three are 

adapted from [144] and the bottom 3 are from the SSCC model. The failure was visualized 

by exporting the damage status of the contact points, where blue represents no damage 

and red denotes fully damage. A finer mesh is applied to the region of interest, which also 

generates dense contact points. 
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5.6.2 Multiple failures test 

The second test is to explore the capabilities of the cohesive network method in 

modelling multiple failures including matrix cracking, delamination, and fibre 

failures. The potential intralaminar matrix cracking path was assumed in all the 

sublaminates along with fibre orientation except 00  layers as the loading 

direction align with the 00  fibre direction. While the ultimate fibre failure is 

assumed in 00 sublaminate perpendicular to the fibre axis in the central region, 

as plotted in Figure 5.21. The cohesive properties of intralaminar matrix cracking 

were assumed to be identical with interface properties. It was stated in reference 

[144] that the fibre failure tended to occur due to localized stress concentration 

raised by the delamination of the outer plies. In this study, the potential fibre 

failure path was assumed based on the empirical method which can only give an 

approximate location, the central area perpendicular to 00 axis here. 

 

Figure 5.21. The potential failure paths assumed in the SSCC model 
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Figure 5.22. The progressive failures of the QLT test. Note: The simulation would be 

terminated before fibre completely fails due to non-convergence. Hence, the fibre rupture 

is magnified via separation for better visualisation purpose. 

The effect of the thermal load was studied by comparing the simulation results 

with and without the thermal load being applied. For the baseline case where the 

matrix cracks were pre-assumed, trivial effect was observed for the introduction 

of thermal load. While for the case without pre-assuming matrix cracks, thermal 

loads does play a role in the global response, in which the one without thermal 

load leads to a slight delay of the first turning point. This is potentially because 

the thermal loads can lead to a premature failure of matrix which aligns with the 

results of the baseline case. The fibre failure strength of 2300 MPa was assumed 

in the present study. Different strain energy release rates have been attempted 

and it was found the magnitude has a trivial effect on the global response. This 

is because once the fibre failure initiated, all the loads were immediately 



 

Cohesive Network Approach 

 

 

159 

 

transferred to the weak interface which can only carry a small amount of load, 

resulting in an instantaneous load drop. The progressive failure patterns and the 

corresponding interface failure plots are presented in Figure 5.22. The final global 

response of the SSCC model with the comparison of the published numerical and 

experimental results are indicated in Figure 5.23. It can be observed that the fibre 

strength was slightly overpredicted than the experiment. This is because fibre 

failure in reality rarely occurs in a well-defined path. Instead, it is mostly arising 

together with explosive matrix cracks which separate the 00 layer into multiple 

strips [81]. The stress concentrations raised due to surrounding matrix cracking 

and delamination ultimately led to the breakage of these strips and resulted in a 

load drop. The stochastic nature of the fibre failure path is an extremely complex 

failure phenomenon, which, is still an ongoing area of interest. 

 

Figure 5.23. The global response of the SSCC model with the inclusion of matrix and fibre 

failures 

5.7 Summary 

This chapter presents a robust and efficient cohesive network approach, aiming 

to address the failure modelling challenges of AFP composites. This method is 
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developed based on a new cohesive interaction, SSCC, which is established based 

on an advanced S2S formulation and a user written subroutine “uglue_stif_sts”. 

The subroutine provides a great capability for users to control the kinematics of 

each contact point. A modified cohesive law is also proposed and implemented 

in the SSCC to substantially improve the numerical convergence difficulties in 

the implicit FE framework. 

The feasibility and accuracy of the SSCC in modelling interface failures have been 

demonstrated via DCB, ENF and FRMM load cases. A comparable accuracy 

between the SSCC approach and the cohesive element method was shown. The 

efficiency of the SSCC is demonstrated using a DCB test with various mesh size. 

It can be found that compared to the CZM, which requires at least two or three 

cohesive elements in the cohesive zone near the crack tip to achieve numerical 

stability and accuracy [14], the SSCC model allows using a comparable mesh size 

with the cohesive zone length, which greatly eases the element size restrictions 

near the crack tip. This outstanding outcome creates the possibility of predicting 

multiple failure events in AFP composites at mesoscale.   

Several critical non-physical numerical parameters including load increment size, 

contact stiffness, and mesh conformality that might affect the behaviour of the 

SSCC model were also thoroughly studied using a DCB test. It has been shown 

that the selection of an appropriate load increment size is critical once the failure 

initiates. Small load increment sizes can ensure stable crack propagation without 

generating a significant amount of extra energy, due to the effect of the modified 

cohesive law. Hence, it is recommended to use a large increment size in the initial 

linear elastic response and a smaller value in the nonlinear area to improve the 

computational efficiency. The definition of contact stiffness would require a trial-

and-error process before the testing to ensure a balance between numerical 

accuracy and convergence difficulties. For the mesh conformality, it is shown that 
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non-conformal mesh exhibits comparable performance with conformal mesh. 

This creates the potential of using cohesive network method in conjunction with 

the TWM to simulate failures of AFP composites. 

After the demonstration of benefits and limitations of the SSCC method, the 

cohesive network method is further demonstrated with 2D and 3D applications 

via allocating SSCC along with potential failure paths for both intra- and inter-

ply. The 2D application is with a L-beam bend test. The kinking failures from 

intra- to inter-ply has been well predicted with the cohesive network method. For 

the 3D application, a QLT test was utilised to demonstrate the capabilities of the 

cohesive network method in predicting multiple failure modes including matrix 

cracking, delamination, and fibre ruptures. This test was divided into two 

sections. The first section validated the SSCC approach by keeping the 

assumptions consistent with the published numerical benchmark model, where 

the matrix cracking was pre-assumed and the fibre failure was neglected. An 

excellent agreement was achieved between the simulation result of the SSCC 

model and the published numerical result. The second section implements the 

potential matrix and fibre failure capabilities of the SSCC model, by removing 

the pre-assumed matrix crack and inserting the fibre failure path in the 0° layers. 

The initial matrix cracking, interactions between the matrix cracking and 

delamination, and ultimately the induced fibre rupture were fully captured. A 

good correlation has been achieved between the simulation result and the 

experimental data. It also should be noted that the fibre rupture due to the stress 

concentrations caused by the explosive matrix cracks and adjacent delaminations 

can result in an extremely stochastic failure path. This phenomenon is simplified 

with a well-defined failure path placed in the central region, which leads to a 

slightly overpredicted fibre strength. 
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Chapter 6 TWM Demonstration 

in AFP Composites 

6.1 Introduction 

Defects can either have a trivial or significant impact on the structural 

performance of AFP composites. Accurately understanding these geometric 

features require extensive material tests as they are highly dependent on the 

defects’ morphology and distributions. Existing numerical models, however, are 

either too localised or too simplified to represent these geometric features. The 

developed TWM technique is a high-fidelity geometric modelling tool that aims 

to retain the localised details that pertain to tow gaps, overlaps, thickness 

variations, tow drops, etc.  

After the comprehensive description of the TWM algorithm (Chapter 4) and the 

cohesive network approach (Chapter 5), this chapter aims to demonstrate the 

applications of TWM with the integration of the cohesive network method in 

predicting the mechanical properties (stiffness/strength) of AFP composites, as 

well as simulating the associated failure progress. The advanced AFP laminate, 

AP-Ply, is used as an example due to the complex geometric features. Among 

those experimental studies presented in Chapter 3, the SBS and the LVI tests will 

be simulated and compared against the experimental results for validating the 

feasibility of the model in this chapter. These simulations are performed in an 

implicit FE package, MSC Marc-Mentat 2019.  
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Some of the results presented in this chapter are included in the following 

publication: 

Li X, Brown SA, Joosten M, Pearce GM. Tow Wise Modelling of Non-conventional 

Automated Fibre Placement Composites: Short Beam Shear Study. Composites Part A: 

Applied Science and Manufacturing. 2021:106767. 

6.2 Model description 

The critical inputs for the TWM generation include the programmed tow path, 

mandrel/tool surface and tow placement orders, which were exported from the 

in-built software of the AFP equipment, the Fibre Placement Manager. Based on 

these critical inputs, the TWM can be generated by virtually simulating the 

manufacturing process. The TWM algorithm is described in detail in Chapter 4, 

and hence will not be repeated here. Instead, several key steps of the 3D tow 

mesh generation are presented in Figure 6.1. It should be noted that this image is 

only used for illustrative purposes. 

After the generation of the finite element model, another critical step is to define 

the material orientations. For structured mesh, the material orientation can be 

directly assigned to each individual element following the element axis, as shown 

in Figure 6.2a. In this case, for example, the fibre angle of 45o is assigned with 

reference to the element edge 1-2. For some irregular tows where the boundaries 

are trimmed and a structured mesh is hard to achieve, Marc-Mentat allows user 

to define the material orientation with reference to the global axis system, where 

the material orientation of 45o is assigned with reference to the x-axis (Figure 

6.2b). This method, however, is not applicable to some complex geometries such 

as a curved tow. For this case, a reference curve can be used as shown in Figure 

6.2c. In AFP applications, the reference curve can simply be the tow trajectory. 
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Figure 6.1. The demonstration of the TWM algorithm. Note: the colour code refers to the 

ply number. 

 

Figure 6.2. Potential ways of material orientation mapping: (a)local axis system; (b) 

global axis system; (c) reference curve method. 
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6.2.1 Interlaminar and intralaminar failure modelling 

The material behaviour cannot be accurately captured if the required kinematics 

are not provided in the numerical model [121]. However, considering the 

computational efficiency, a good balance between model simplification and 

numerical accuracy is required.  

This chapter aims to model the failure events of AP-Ply with a more generalised 

cohesive network approach, while it is also impractical to allocate cohesive 

interactions everywhere within the model. To balance the computational effort 

and accuracy, the cohesive contact interactions were implemented along with the 

tow-by-tow interfaces both in-plane and out-of-plane, forming an interconnected 

network that also allows the interactions between in-plane and out-of-plane 

failures to be captured. This assumption seems reasonable as the resin-rich areas 

tend to arise at the tow-by-tow contact interfaces, hence having a greater 

possibility of failure. 

Figure 6.3 illustrates the implementation of the cohesive network approach 

within the TWM. The interlaminar failure refers to delamination (blue) between 

tows in the through-thickness direction. The intralaminar failure refers to matrix 

cracking (yellow) between tows with edge-to-edge contact and fibre failure 

(green) within the tows. The TWM method can intrinsically represent the 

delamination and matrix fracture interface. The fibre failure interface, however, 

requires an extra process, that is, cutting the tows orthogonally. This is achieved 

via the mesh trimming procedure in the TWM algorithm. The distributions of the 

fibre failure interfaces can be user defined.  
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Figure 6.3. The schematic diagram of the tow-wise finite element model. 

6.2.2 Failure criteria 

The failure theories have been described in detail in Chapter 5 and hence only 

the key equations are presented here. A mixed-mode quadratic stress-based 

failure criterion and a fracture energy-based power law as described in Eq. (1) 

and Eq. (2), was used to model the interface damage onset and growth, where 𝜆𝑛
∗  

and 𝜆𝑡
∗ denote the Mode I and Mode II strength, respectively. GIC and GIIC refer to 

the critical strain energy release rate of modes 1 and 2, in which 𝐺𝐼 = ∫ 𝜆𝑛𝑑𝑔𝑛
𝑔𝑛

0
,  

𝐺𝐼𝐼 = ∫ 𝜆𝑡𝑑𝑔𝑡
𝑔𝑡

0
. 𝛼 is an empirical parameter, which was generally in the range 

between 1 and 2. A sensitivity study was performed to investigate the effect of 𝛼 

and the result is presented in Section 6.3.2. Different failure modes were 

modelled with different cohesive inputs (𝜆𝑛
∗ , 𝜆𝑡

∗, 𝐺𝐼 , 𝐺𝐼𝐼). It should be noted that 

only mode I is considered to include potential fibre failure. 
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𝜆𝑛
∗ 2 )

2

+ (
𝜆𝑡

2 + 𝜆𝑠
2

𝜆𝑡
∗2 ) = 1 

6-1 

 
(

𝐺𝐼

𝐺𝐼𝐶
)

α

+ (
𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)

𝛼

= 1 
6-2 

In addition, the effect of through-thickness compression on mode II fracture is 

generally ignored, which has been shown to have a considerable impact on 

suppressing the delamination as reported in many studies [129, 145-150]. Hence 

in this work, the modified failure initiation and progression criterion proposed 

by Li et al. [147], as presented in Eq. (3-4) and Figure 6.4, where the shear strength 

and mode II fracture energy were enhanced by a common factor 𝜇, can be used 

to accurately predict the failure events of AP-Ply laminates. It should be noted 

that this enhanced parameter is only valid when the through-thickness stress is 

compressive. This parameter was suggested to be in the range between 0.6 and 

0.9 by Zhang et al. [129] and 0.74 by Li et al. [147] and May et al. [148]. This 

parameter was further investigated with the current material system in Section 

6.3.2. 

 𝜆𝑡
∗′ = 𝜆𝑡

∗  − 𝜇𝜆𝑛    6-3 

 
𝐺𝐼𝐼𝐶′ =  𝐺𝐼𝐼𝐶 (

𝜆𝑡
∗′

𝜆𝑡
∗ )

2

  
6-4 

6.2.3 Material inputs 

A set of reliable material properties are critical in demonstrating the predictive 

capabilities of a numerical model. In this chapter, the material inputs can be 

divided into two main parts, the tow and the interface, which govern the global 

elastic behaviour and local material failures, respectively. To characterise those 

material properties, a comprehensive experimental program following the 

respective ASTM standard is required. In practice, some variations or 

uncertainties can be observed during the experiment testing. To minimise the 
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effect of these variations, a mean value is generally taken from several samples 

(~5) and used for numerical investigation.  

 

Figure 6.4. A modified cohesive law considering the through-thickness compression effect. 

The material properties of HST45E23/E-752-LT prepreg, which has been 

characterised by Park Aerospace Corp [113], are recorded in Table 6.1. It should 

be noted that the material properties were measured with a normalised cured ply 

thickness of 0.14mm. Due to the artificially introduced tow-to-tow gaps in the 

experiments (Chapter 3), the tow became thinner and wider after cure. The resin 

and fibre were squeezed into the gaps, leading to a variation in the volume 

fractions of the fibre and resin. Hence, the homogeneous elastic properties were 

calibrated analytically based on the final cured tow thickness and width, 

assuming the total fibre amount remained constant before and after cure.  

The interface properties used for representing the failure kinematics of various 

failure modes are different, specifically for matrix failure, delamination, and fibre 

fracture. These interface properties may be defined separately in the TWM 

approach. This, however, requires a comprehensive material characterisation 
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process. It should be noted that the material model used for cohesive failure 

modelling in this chapter is provided as a means to demonstrate this scaffold 

modelling framework for AFP laminates and is not being put forward as a novel 

approach in isolation. Hence, for the purpose of convenience, the failure criteria  

Table 6.1. Material and interfacial properties for HST45E23/E-752-LT prepreg 

Tow property Mean (CV %) Source 

𝐸11 (MPa) 125000 Park 

𝐸22 =  𝐸33 (MPa) 8600 Park 

𝐺12 = 𝐺13 (MPa) 4300 Park 

𝑣12 = 𝑣13 0.3 Assumed 

𝑣23 0.487 Assumed 

   

Interface property  

𝐺𝐼𝐶 (N/mm) 0.20 (2.7) In-house test 

𝐺𝐼𝐼𝐶 (N/mm) 0.89 (10.06) In-house test 

𝜆𝑛
∗  (MPa) 30 - 90 Assumed 

𝜆𝑡
∗ (MPa) 73.42 (3.54) In-house test 

𝑘𝐼 (MPa/mm) 1e+05 Assumed 

𝑘𝐼𝐼 (MPa/mm) 1e+05 Assumed 

𝑋𝑓𝑡 (MPa) 2243 Park 

 

and material properties used for matrix cracking and delamination were 

assumed to be the same. These include the critical strain energy release rate for 

modes I and II (𝐺𝐼𝐶, 𝐺𝐼𝐼𝐶), the interlaminar normal and shear strength (𝜆𝑛
∗ , 𝜆𝑡

∗), and 

the cohesive stiffness for mode I and II (𝑘𝐼, 𝑘𝐼𝐼). In this chapter, the critical strain 

energy release rates for 0°  / 0°   interfaces were characterised via double 
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cantilever beam (DCB) and end notched flexure (ENF) tests following the 

respective standards (ASTM D5528 [151] and ASTM D7905 [152]), with the 

results listed in Table 6.1. For interfaces with mismatched ply angles (0° / 𝜃°), 

previous studies [153-155] disagree on interface properties and behaviour when 

θ increases. In this study, 0° / 90° ply interfaces were assumed to be identical to 

0° / 0°   for simplification, but in general, these properties can be varied for each 

interface pair if these interfaces have been well characterised. 

The cohesive strengths were generally assumed since these properties are 

challenging to measure experimentally. In this study, the interlaminar normal 

strength (𝜆𝑛
∗ ) was assumed to be in the range between 30 and 90 MPa, which is a 

frequently assumed value. A sensitivity study, described in Section 6.3.2, was 

performed on the interlaminar normal strength (𝜆𝑛
∗ ) and it was shown that the 

model was insensitive to this value within this range. The interlaminar shear 

strength (𝜆𝑡
∗) was measured using the benchmark configuration per ASTM D2344 

[109], per the results presented in Section 3.3.4. The cohesive stiffness (𝑘𝐼, 𝑘𝐼𝐼) 

between 105 to 107 was commonly used in the literature [89, 100] while there is 

no definitive selection process for this parameter. A trial-and-error process is the 

only way to screen out the optimum value considering a good balance between 

numerical accuracy and convergence difficulty, as reported in Lu et al’s work 

[142]. Values in the range of 103-107 were used in modelling with the benchmark 

configuration. The optimum value of 105  was selected for this analysis by 

checking the convergence of the model compliance.  

For the fracture properties for fibre failure, the cohesive strength was essentially 

the tensile strength of 0° (𝑋𝑓𝑡), which is recorded in Table 6.1. For an accurate 

analysis, a thermal loading of −160℃  was applied to the model before any 

mechanical loading to account for the residual thermal stress results from the 
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cooling process after cure. The corresponding thermal expansion coefficients 

were assigned as 𝛼1 = 0.0, 𝛼2 = 𝛼3 = 3𝑒 − 5𝑜𝐶−1. 

6.2.4 Mesh size 

The major advantage of the segment-to-segment cohesive contact interaction is 

that it allows a comparable mesh size with the cohesive zone length to be used. 

The cohesive zone length (𝑙𝐶𝑍), or the length of the process zone, can be estimated 

via the Rice method [156], as expressed in Eq. (5). 𝐺𝑐(𝜃), 𝜆∗(𝜃) refer to the fracture 

toughness and maximum strength for a specific mixed-mode loading ratio (𝜃). 

𝐸𝑚 denotes the Young’s Modulus of the matrix.  

 
𝑙𝐶𝑍 =

9𝜋

32
𝐸𝑚(

𝐺𝑐(𝜃)

𝜆∗(𝜃)2
)  

6-5 

6.2.5 Strategies of modelling resin pockets, interpenetrations, and 

clearances 

In the TWM method, although it can intrinsically capture the tow gaps and 

overlaps, small tow interpenetrations are inevitable due to the z-offset algorithm 

as discussed in Chapter 4. Another limitation of the algorithm is that the NURBS 

surface interpolation algorithm is essentially an approximation of the tow 

geometry, which also can cause some unexpected interpenetrations and 

clearances for complex structures. “Interpenetrations” and “clearances” are 

terms used to describe the geometric modelling errors resulting from the TWM 

algorithm and are used to distinguish from pristine tow gaps and overlaps.  

Figure 6.5 depicts the interpenetrations and clearances for a typical AP-Ply 

configuration. This is an amplified view of tow thickness to highlight these 

geometric imperfections. Most FE packages, such as ABAQUS, have in-built 

functions to remove these small interpenetrations and clearances at the beginning 
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of the simulation. Marc-Mentat also provides two options to deal with these 

small geometric errors, these are “Gaps/Overlaps Removed” and 

“Gaps/Overlaps Retained”. The main issue with the former option is that the 

pristine tow gaps can be modified as well if this function is invoked. Hence, the 

latter approach was considered preferable and used in this work. The effect of 

the interpenetrations and clearances can be greatly mitigated by increasing the 

contact tolerance, which enables the neighbour tows to be still in contact without 

introducing any artificial initial stress. To verify this method, two single elements 

with and without geometric errors were tested and compared across tension, 

compression, and shear loading. Identical responses were recorded between 

these two cases.    

 

Figure 6.5. A schematic illustration of interpenetration and clearance issue. 

The resin pockets induced by the pristine tow gaps during the curing process can 

be explicitly modelled as resin properties for simple applications, where the resin 

geometry can be defined using a triangular or rectangular shape (see Figure 6.6a). 

For complex resin geometries, explicitly modelling them is impractical. Hence, 

the resin pockets were often considered as voids (see Figure 6.6b). This 

assumption was used in Gan et al.’s work [157] and was supported by their 
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experimental studies [158], which found resin pockets were often porous and 

failed at very low loading, and hence can be neglected for the prediction of a 

conservative strength property. An alternative way to model the resin pockets is 

to use cohesive contact interactions, as illustrated in Figure 6.6c. The initial 

distance of each contact interaction can be computed automatically by the in-built 

contact algorithm of FE packages. The cohesive stiffness of each interaction can 

be defined individually via dividing the resin elastic modulus by the respective 

initial contact distance.  

 

Figure 6.6. Potential ways of modelling resin pockets. 

6.3 Short beam shear modelling 

This section aims to demonstrate the application of the TWM method in the SBS 

test of AP-Ply. The finite element model setup is firstly introduced. Parametric 

sensitivity studies are performed next to mitigate the effect brought by the 

assumptions made in the material parameters. The numerical results are 

presented at last and a comparison with the experimental results is conducted. 

6.3.1 Finite element model setup 

For the SBS test, each tow was modelled with a layer of solid elements (type 7 in 

Marc-Mentat). Simplifications can be applied to AP-Ply2 by modelling two 

overlapped tows as one continuum body because delamination tended to arise 
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at the interface with different fibre orientations. For clarity, the finite element (FE) 

model setup of AP-Ply2 is presented in Figure 6.7. The loading nose and support 

rollers were modelled as analytical rigid surfaces. Penalty-based touching contact 

interactions were assigned between the rigid bodies and the material model with 

a friction coefficient of 0.1 to avoid rigid body motion. Displacement control was 

applied to the loading nose via a control node with three rotational and two 

translational (X and Y) degrees of freedom being suppressed. A coarse 

displacement incremental size was applied when the model was linear elastic, 

and a finer incremental size was used near the region of failure initiation to 

further improve the computational efficiency.    

 

Figure 6.7. The finite element model setup of the short beam shear test, (a) The contact 

bodies assignment of AP-Ply2. Note: each 0 or 90 is assigned as an individual contact 

body (shown in different colours) while the same colour of different contact bodies can be 

observed as well, which is due to the colour scheme in Marc-Mentat (the colour will repeat 

after certain numbers), (b) The cross-sectional FE representation of crimping tows. 

A global mesh size of 0.9mm was used with a mesh refinement of 0.2mm near 

the loading nose to improve the local contact interaction. Fibre failure, however, 
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was not included as it is a rare occurrence in the short beam shear test. Although 

a small fibre crack near the specimen edge was observed in the present 

experiments, this was primarily induced by the loading nose with a small 

diameter (6mm), which led to a localised high-stress concentration under the 

contacting area. The replacement of a loading roller with a larger diameter or 

adding a rubber pad can significantly alleviate this issue as shown in Abali et al.’s 

work [159]. Close inspection of the global load-displacement curve and failure 

initiation and propagation in Figure 6.8 shows that the failure under the loading 

nose leads to a slight global stiffness variation without affecting the ultimate 

short beam shear failure response. Additional failure modes introduce extra 

model complexity and numerical parameters that dilute the main aims of this 

work and hence were left out of the scope in this study. 

As observed from the SBS experiments, each tow was thinner but wider due to 

the artificially designed tow-to-tow gaps. Hence, the as-cured tow dimensions 

were used as the input parameters for the TWM. The differences in ultimate 

specimen thickness between AP-Ply configurations and the Benchmark were in 

the range of 0.2mm, which leads to a variation of as-cured ply thickness of 

0.0037mm. This difference is minimal and can be neglected, and thus the tow 

cross-section was modelled as 7.65 x 0.121 mm in this study. For AP-Ply 

laminates, the mean crimp angle was used as the first trial and the variation effect 

were further studied in Section 6.3.3. The resin pockets were primarily observed 

in the top and bottom layers across the thickness of the AP-Ply laminates, which 

are beyond the region of interest. The size of this small triangular area was 

computed based on the as-cured tow thickness and crimp angle. 
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Figure 6.8. The comparison of global SBS responses of different laminate configurations. 

6.3.2 Parametric sensitivity study 

In this section, a sensitivity study is conducted to mitigate the effect brought by 

the assumptions made in the material parameters, including the enhancement 

factor 𝜇, the mixed-mode interaction parameter 𝛼, and the interlaminar normal 

strength 𝜆𝑛
∗ . For simplification purposes, a 2D plane strain finite element model 

was used to perform the parametric sensitivity study with the Benchmark 

configuration. The initial estimation of these values was obtained from the 

literature, which indicated 𝜇 = 0.7, 𝛼 = 1, and 𝜆𝑛
∗ = 30 MPa. To isolate the effect 

of the tested parameter, other parameters were kept constant with the initial 

assumption. 

As suggested by Li et al. [147], the enhancement factor was related to the material 

strength which could be dependent on the material type. It is thus worth 
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investigating the effect of different values on the failure response. In this study, 

the value of 𝜇  ranging from 0.1 to 0.8 was analysed. It was found that the 

numerical results tended to converge when the enhancement factor 𝜇 was greater 

than 0.5. The representative failure responses and global load-displacement 

curve are indicated in Figure 6.9 and Figure 6.10  respectively. When 𝜇  was 

smaller than 0.5, some of the sub-cracks were observed to occur near the loading 

roller, leading to a small percent of load drop as shown in the global load-

displacement response. While when 𝜇  was increased, these sub-cracks can be 

suppressed completely, and a converged global-load displacement response can 

be obtained. This confirmed a similar result shown in Zhang et al.’s work [129], 

where a converged result can be achieved when the friction coefficient included 

in their model was greater than 0.6. Hence in this study, the enhancement factor 

0.7 was applied throughout the 3D modelling of the Benchmark and AP-Ply 

configurations. 

The mixed-mode interaction parameter is an empirical parameter, which is in the 

range from 1 to 2. Although the value of 1 was commonly used in many studies 

[98], the effect of the parametric variation on the numerical result needs to be 

investigated. In this section, the parametric values of 1, 1.2, 1.4, 1.6, 1.8, 2 were 

analysed, and all other model parameters remained constant. The global 

response and the crack morphology, however, were identical. The same trend 

was also observed when a parametric study was performed using the 

interlaminar normal strength. The strength was varied between 30 and 90 MPa, 

which is a commonly used range in the literature with cohesive interface failure 

modelling [89, 144]. This is because the short beam shear test in this study is a 

mode II-dominated failure test, which is independent of the mixed-mode 

interactions and Mode I parameters. 
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Figure 6.9. Representative failure responses of the numerical model with different 

enhancement factors (a) 0.1 to 0.4, (b) 0.5 to 0.8. 

 

Figure 6.10. The global responses of the numerical model with different enhancement 

factors. 

 



 

TWM Demonstration in AFP Composites 

 

 

180 

 

6.3.3 Results 

With the aforementioned FE settings in Section 6.3.1, the SBS model in total have 

approximately 82k nodes and 33k elements. The simulation was performed with 

a Intel Xeon 8-core computing node. The total run time is around 6hrs. 

For the SBS test, the crack path and global response were the primary metrics of 

comparison. It was observed from the experiments that for two different AP-Ply 

configurations, the main crack propagated along with the weaving interface and 

deflected in the through-thickness direction at a certain spot. This was a critical 

phenomenon to predict in understanding the failure mechanisms of the AP-Ply 

laminate. The numerical predictions of the three laminate configurations using 

the TWM and the comparisons with the experiments are presented in Figure 6.11. 

It can be noted that instead of a clean and flat crack as observed in the Benchmark, 

the through-thickness deflections of the crack were identified in both of the AP-

Ply configurations. 

 

Figure 6.11. The short beam shear failure predictions of three laminate configurations 

(from top to bottom: Benchmark, AP-Ply1, AP-Ply2). 

For the AP-Ply laminates, the simulation results indicated that the crack initiated 

near the woven area and subsequently propagated in both directions. This can 
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be induced by the stress concentration resulting from fibre crimping, which in 

turn, explained the critical effect of fibre crimp angles on the short beam strength. 

AP-Ply1, with a smaller crimp angle, showed comparable short beam strength, 

as both shown in the experimental and numerical results. It should be noted that 

the major crack location in the through-thickness direction, however, showed 

some differences between the experiment and simulation. This was mainly due 

to the stochastic nature of the composite material properties and geometric 

variations, which induced slight differences in maximum interlaminar shear 

stress across the thickness.  

To account for the variation in the measurement of the tow crimp angle in the 

AP-Ply laminates, 3 different values with 20% variation of the mean value were 

modelled for AP-Ply1 (2.4°, 3°, 3.6°) and AP-Ply2 (3.7°, 4.6°, 5.5°) and the results 

were represented as the coefficient of variation (CV) in Table 6.2. It can also be 

noted that the tow crimp angular variations applied caused minor discrepancies 

in the SBS results. For each laminate configuration, an identical ultimate fracture 

mode and location were found despite the variations of tow crimp angle. The 

significant SBS difference between AP-Ply1 and AP-Ply2, as noticed from both 

the experiment and simulation, suggested that a single-tow weaving can provide 

better performance in this specific loading condition. This could be related to the 

effect of crimp angle and weaving morphology which, however, is out of scope 

in the present study. 

Table 6.2. The comparison of the SBS between numerical and experiment. Note: the CV 

of AP-Ply laminates in simulation refers to the results of different tow crimp angles. 

Configuration 
Experiment 

Mean (CV %) 

Simulation 

Mean (CV %) 
Difference 

Benchmark 73.42 (3.54) 78.99 7.59% 
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AP-Ply1 72.78 (2.97) 76.09 (0.91) 4.55% 

AP-Ply2 65.08 (3.15) 64.22 (2.52) -1.32% 

 

 

Figure 6.12. The comparison of global responses of different laminate configurations 

between simulation and experiment for SBS test. 

Besides the cracks, the numerical global load-displacement responses were also 

compared against the experiment, as shown in Figure 6.12. As the displacement 
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was recorded in terms of the crosshead movement, the simulation results were 

all scaled with a common factor of 1.2 to match the initial elastic stiffness. The 

same strategy was also used by Hallett et al. [144] to account for the compliance 

of the testing fixture. An excellent agreement was achieved for both the global 

load-displacement response and the SBS between the simulation and 

experimental results, which hence, validated the feasibility of the TWM in the 

applications of AP-Ply laminates with SBS test. 

6.4 Low-velocity impact modelling 

This section demonstrates the application of the TWM method in the LVI test of 

AP-Ply. The finite element model setup, as well as the modelling strategies, are 

firstly introduced. Identical material inputs to the SBS test were also used in the 

LVI test to maintain consistency. The comparison between the numerical and 

experimental results is presented. 

The LVI test was assumed to be quasi-static which means the kinetic inertia was 

neglected. This assumption has been confirmed by many studies [160-163], which 

identify a high degree of equivalence between the LVI and the quasi-static 

indentation tests. Due to the LVI event occurring within a short period, only the 

ultimate fracture pattern is captured. Understanding the failure initiation and 

propagation mechanisms during the LVI can facilitate the development of more 

efficient structural designs. Hence, some studies [98, 115] adopted quasi-static 

indentation tests to facilitate the understanding of the failure mechanisms during 

the LVI event.  
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6.4.1 Finite element model setup 

(a) Modelling strategies 

Considering the physical size of the LVI specimen (150x100mm) compared to the 

SBS sample (52x14mm), the total required elements are substantially increased. 

Due to the limitations of available computational power, several strategies were 

used in this test to improve the computational efficiency which include: 

• The TWM was only applied to the region of interest while the other areas 

were modelled as continuum.  

• The effective area of the specimen is 125x75mm which is identical to the 

cut-out size. Hence, the specimen was modelled as 130x80mm instead of 

150x100mm.  

To illustrate these strategies, the finite element model setup of the LVI test is 

presented in Figure 6.13. The impactor was modelled as a hemisphere with brick 

elements (~0.4mm). An isotropic material property with modulus of 2x107 was 

used to ensure a negligible deformation occurred in the impactor without having 

numerical convergence difficulties. The load was applied to the impactor via a 

control node. The support platform and clamps were modelled as analytical rigid 

surfaces, which were contacting the laminates with a friction coefficient of 0.1.  

Based on the experimental observations of internal damage size, the maximum 

value of 42.3x33.38mm was noted at the UD configurations. Hence, the size of the 

region of interest was identified to be 50x50mm as shown in Figure 6.13c. This 

region was modelled at a length scale of tow (TWM) while the outer areas were 

modelled as continuum. A full glue (tied) interaction was used to connect these 

two parts. To achieve this, the TWM was firstly applied to generate the full scale 

of the laminates, this was followed by a global mesh trimming procedure to 
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obtain the FE model of the region of interest. The FE representations of each 

laminate configuration at this region is shown in Figure 6.14.  

The mesh density of the FE model can be observed via Figure 6.13a-b, in which a 

coarse mesh size of 4mm was used in the outer region while a fine mesh size of 

1mm was applied to the region of interest. For the outer region, a composite 

element type of 149 in Marc-Mentat was used. While for the TWM, each tow was 

modelled with a layer of solid elements (type 7 in Marc-Mentat).   
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Figure 6.13. The FE setup of LVI test. 

 

Figure 6.14. The FE representations of tow wise modelling in the region of interest. 
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(b) Failure modelling 

The failure kinematics modelling of the LVI test was achieved by allocating the 

cohesive interactions along with the potential failure path, as shown in Figure 

6.15. Specifically in this study, the cohesive interactions were allocated along 

with the tow-by-tow interfaces to capture both in-plane matrix cracking and out-

of-plane delaminations. For fibre failures, the cohesive interactions were 

assigned within the tows, which were perpendicular to the fibre axis. This 

process was achieved via trimming the tows transversely, creating two 

independent segments for each tow as illustrated in Figure 6.16.  

 

Figure 6.15. The schematic diagram of cohesive interfaces allocation. 

It should be noted that for the trimming process, two cuttings were required to 

obtain two segments with gap. The main purpose of this gap is to allow the 

assignment of different cohesive interactions between these two segments in later 
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procedures. The cohesive interactions between two different contact bodies were 

essentially built by the automatic contact detection with user-specified contact 

tolerances. For example, if no gap exists between these two segments, it would 

be challenging to distinguish the cohesive interaction used to model the in-plane 

matrix cracking and the cohesive interaction used to predict the fibre failures. 

The gaps allow users to explicitly build different cohesive interactions for 

describing various failure modes of the composite laminates by tailoring the 

contact tolerance. In general, the gap size can be around 0.01mm, hence will not 

affect the overall material behaviour.   

 

Figure 6.16. The illustration of tow cutting in order to allocate cohesive interfaces for 

fibre failure modelling. 

The matrix cracking, fibre failure and delamination can be represented with 

different interaction IDs. In Marc-Mentat, a contact table is used to summarise 

the contact properties of the model, specifically including the contact pairs, as 

well as the interaction properties. This contact table can be exported as a 2D 

matrix, which stores the contact pair information and the associated interaction 

ID. Based on the interaction ID, the specific cohesive properties can be assigned 

accordingly to each contact pair.       
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6.4.2 Results 

This section presents the numerical results of the LVI tests using the 

aforementioned high-fidelity FE technique. All the laminate configurations with 

an impact energy of 40J were simulated. The key results including the global 

load-displacement response and the internal damages are compared against the 

experimental results. With the aforementioned FE settings in Section 6.4.1, the 

LVI model in total have approximately 222k nodes and 100k elements. To further 

improve the computational efficiency, a high performance computing cluster in 

Katana UNSW which consists of 32 cores was adopted for this study. The total 

run time for this study is around in the range of 120-200 hrs. 

(a) Global response 

Figure 6.17 depicts the typical damage mechanisms of composite laminates 

under LVI. This figure comprehensively illustrates the damage onset and growth 

of the UD configuration. AP-Ply also showed similar failure response but with 

more complex through-thickness geometry, hence was not included for clarity. It 

can be noted that the 3-phases damage mechanisms were well predicted with the 

TWM including (i) no damage which refers to a linear elastic response, (ii) a load 

drop and stiffness variation which corresponds to matrix cracking and 

delamination initiation, (iii) a significant load drop which refers to fibre failure 

initiation and propagation. To further validate the numerical model, the global 

load-displacement response of each laminate configuration is presented in Figure 

6.18. The key parameters involved in this 3-phases damage mechanisms were 

compared against the experiment results including the linear elastic stiffness, the 

first load drop (delamination threshold), and the significant load drop (peak 

load).  
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In general, a great correlation was achieved in terms of the trend of the global 

load-displacement response. For each laminate configuration, a good correlation 

regarding the initial stiffness before the first load drop was noticed between the 

numerical and experimental curves. The delamination thresholds were also in 

good agreement with the experiment. One critical feature was that AP2D 

indicated a higher delamination threshold than the other two laminate 

configurations and this difference was also observed in the experiments as 

discussed in Chapter 3, in which the results showed that AP2D had an 

approximate 10-20% higher delamination threshold than UD and AP3D. This can 

be induced by the difference in laminate stacking sequence as the delamination 

threshold was critically dependent on the interlaminar stress.  
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Figure 6.17. The illustration of damage initiation and progression under LVI for UD. 

 

 

Figure 6.18. The comparison of global responses of different laminate configurations 

between simulation and experiment for the LVI test. 

For each laminate configuration, the peak load of the simulation also exhibited a 

good agreement with the experiments. Slight differences can be attributed to the 

locations of assumed fibre failures. Adopting multiple potential fibre failure 

paths may alleviate this issue as in Sun et al.’s work [98] but also requires extra 

computational effort. This approach will be considered in the future applications 
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as this study mainly aims to demonstrate the scaffold modelling framework for 

AFP laminates.  

For the post-failure response, UD and AP-Ply laminates also exhibited a great 

correlation with the experimental results in terms of the percentage of load drop 

and ultimate retained load. However, instead of a few discrete load drops as 

shown in the experiments for AP-Ply laminates, the simulation indicated one 

primary load drop. It should be noted that it is very difficult to precisely capture 

the post-failure response of composite laminates especially for complex 

structures. Based on the experimental studies, the through-thickness view of 

impacted specimens indicated that more matrix cracking, delamination and fibre 

failures tended to occur in the AP-Ply laminates than UD. These fibre failures can 

be irregularly distributed and interact with other failure modes. In this study, the 

fibre failure was assumed to occur underneath the impact centre and well defined 

for model simplification. Again, allocating multiple potential fibre failure paths 

could potentially improve the model accuracy with extra computational effort. 

(b) Damage prediction 

In addition to the comparison of the global load-displacement response, the 

delamination threshold, the peak load and the post-failure response, it is also 

necessary to compare the internal damage patterns to facilitate understanding of 

the failure mechanisms of composite laminates. Figure 6.19 presents the damage 

status of UD, AP2D and AP3D under different impactor displacements. At a 

displacement of 1mm, no damage occurred, and the laminate behaved linear-

elastically. Some trivial damages were observed in AP-Ply laminates underneath 

the impactor. This was attributed to the effect of the tow weaving area, which led 

to resin-rich zones and caused stress concentrations. At the displacement of 3mm, 

it can be clearly observed that a large delamination occurred in the UD 

configuration. AP2D and AP3D also exhibited some delaminations, but with a 
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relatively smaller size compared to UD. This explains the first load drop and 

stiffness variation. The difference was primarily caused by the semi-woven fibre 

architecture and laminate stacking sequence, in which the former tended to 

impede the delamination propagation and the latter can result in different 

interlaminar stress states.  

The delamination tended to propagate further, and fibre failure occurred, with 

increasing displacement loading. The ultimate damage size was compared to the 

experimental results obtained via an X-ray CT Scan, as presented in Figure 6.20. 

Both the experiment and simulation indicated a smaller damage size of AP-Ply 

compared to UD. For each laminate configuration, however, the simulation 

showed a slightly larger damage size than observed from the experiment. This 

can be attributed to three major factors. The first is due to the voxel resolution 

(~0.04mm), which was the same order of magnitude as the ply thickness due to 

the size of the sample. Hence, interface damage larger than this threshold can be 

captured, which resulted in a conservative damage size. The second critical factor 

is due to the material properties of composites. As aforementioned, the material 

properties used in this study were used as a means to demonstrate the TWM 

framework for AFP composites and have not been fully characterised. Although 

analytical calibrations and sensitivity studies were both conducted to mitigate 

the effect brought by the difference in material properties, variations still exist in 

composite laminates and cannot be removed completely. The last major reason 

is  the assumption of localised fibre failure in the TWM, which can also affect the 

damage size as in reality, there is likely a lot more fibre breakage which absorb 

energy. In the absence of the capability of modelling this kind of energy 

absorption, the interlaminar damage will be larger to compensate. In general, the 

TWM exhibited a great capability in predicting the failure mechanisms of AFP 

laminates under LVI testing.  
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Figure 6.19. The top view of simulated internal damage progression for (a) UD, (b) AP2D 

and (c) AP3D. The colour refers to the depth of delamination in the thickness direction. 
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Figure 6.20. The comparison of ultimate damage size for different laminate 

configurations. 
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6.5 Summary 

Due to the inclusion of defects in the AFP composites, the prediction of 

mechanical properties and failure mechanisms becomes more challenging than 

conventional laminates. A tow-wise modelling (TWM) framework was presented 

in this chapter with enhanced fidelity of mesoscale laminate features to model 

the AFP composites. The TWM approach is designed as an intermediate step 

between full micro-/meso- continuum models (very small scale but high fidelity) 

and homogenised laminate models (large scale but no resolution of internal 

features). The predictive capability is substantially improved with the refinement 

of model scale but also refers to a significant increase of computational cost. As 

an intermediate step, TWM offers great capabilities of predicting many unique 

failure events occurred at AFP composites with affordable computational 

resources.  

AP-Ply, which is one of the typical AFP composites, was used in this study to 

demonstrate and validate the capabilities of the TWM framework. Due to their 

weave-like mesostructure, it has been proposed that AP-Ply laminates can reduce 

interlaminar damage propagation under certain loading conditions [3]. These 

laminates contain geometric features including gaps, overlaps, thickness 

variations, tow drops, etc, which have been demonstrated to significantly impact 

on failure initiation and progression [6, 61, 62]. Among the experimental studies 

of AP-Ply laminates in Chapter 3, the SBS and LVI tests were virtually simulated 

in this Chapter.  

By modelling each tow individually, following the tow placement sequence of 

AFP, the TWM provides a native way for handling the semi-woven structures of 

AP-Ply laminates, retaining key features including gaps, overlaps, thickness 

variations, tow drops, etc. 
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Cohesive interactions along tow-by-tow contact interfaces allow the TWM to 

inherently capture discrete inter- and intra-ply damage, without the need for 

complex mesh splitting and re-meshing algorithms. Based on the present study, 

the following key conclusions can be drawn: 

• The excellent correlation between numerical and experimental results has 

revealed that the TWM can predict interface failure, crack deflection, and 

the ultimate delamination fracture load of AP-Ply laminates with great 

accuracy. 

• Based on the simulation of SBS testing, it was observed that the major 

crack initiated near a weaving corner and then propagated along both 

directions. This suggests that the SBS failure of AP-Ply laminates was 

induced by the stress concentrations due to tow crimping, and in turn 

demonstrated the significance of modelling these AFP manufactured 

mesoscale geometric features. 

Fibre failure was considered in the LVI test. Slight differences were observed in 

terms of the peak load and post-failure response of AP-Ply laminates between 

experimental and numerical results. The main reason is that the fibre failure is an 

extremely complex phenomenon which is generally associated with explosive 

matrix splitting and large delaminations. This study greatly simplified the fibre 

failure modelling by assuming a well defined crack path, which was located near 

the indentation area and orthogonally to the material axis within the tow. Future 

applications could consider allocating multiple potential fibre and matrix failure 

paths within the tow to further improve the numerical accuracy.   
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Chapter 7 Conclusion 

7.1 Overview 

AFP is gaining increasing use in composites manufacturing, especially for 

complex structures in the aerospace sector. AFP also exhibits advances in making 

further lightweight composite structures due to the capability of fibre path 

customisation. One of the main issues of AFP applications are that the fibre path 

can be tailored in a very complex manner, such as a linearly varied curved path 

used in VSL, analysing the structural performance can be extremely challenging 

due to the anisotropic material properties. The challenge can be further increased 

with the introduction of manufacturing-induced geometric features, which were 

also described as AFP signature in some studies [7, 164]. Although a lot of 

research has attempted to characterise the effect of these defects, the 

understanding is still scarce due to the huge parameter space of the defects 

(morphology, location, distribution, etc.), particularly for advanced AFP 

laminates.  

Numerical modelling is an important method to facilitate the understanding of 

the defects, and hence the structural performance of AFP composites without 

onerous and expensive experimental tests. The existing numerical methods, 

however, are limited to the length scale of laminate or ply, which cannot 

represent the individual tow morphology and innate geometric features 

effectively and precisely. Hence, as a step forward, this thesis developed a novel 

finite element approach based on a length scale of tow, called the tow wise 
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modelling (TWM), to predict the mechanical properties of AFP composites. The 

TWM approach not only allows for modelling of general AFP laminates with 

complex fibre path, the advanced AFP laminates involving a great deal of 

mesoscale geometric features can also be directly modelled with less 

simplifications required than traditional methods. 

AP-Ply is one of the representative AFP applications and involves numerous 

defects that are extremely challenging for available modelling methods in the 

literature. Thus, the AP-Ply has been experimentally investigated in this thesis to 

provide a database for model development and validation. Considering the pre-

processing effort of the model generation at a length scale of tow, a python-based 

script has been developed to virtually build the FE model automatically 

following the robotic kinematics and user inputs. Through the development of a 

computationally efficient cohesive network approach, the critical failure 

kinematics of AFP composites at the length scale of tow can be represented. The 

key features of this method are having a large mesh size tolerance and being 

capable of dealing with non-conformal meshing interfaces easily. With the 

integration of the cohesive network approach into the TWM, the mechanical 

properties of AFP composites, as well as the failure mechanisms can be predicted.  

7.2 Key findings and advancements 

The key findings and advancements of each thesis chapter to the field are 

summarised in this section.  

7.2.1 Experimental studies of AFP composites 

The experimental studies of AP-Ply laminates are limited to a few studies, which 

demonstrates the potential of AP-Ply in improving the damage tolerance and 
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reducing the thermal warpage [3, 34]. The understanding of AP-Ply is still scarce 

due to the huge design space. Hence, this thesis developed more experimental 

programs to facilitate the understanding of AP-Ply with emphasis being placed 

on the short beam shear (SBS), low-velocity impact (LVI), combined loading 

compression (CLC), and compression-after-impact (CAI) performance. Based on 

existing studies, the key findings include: 

• It has been proven that a modest amount of inter-ply tow weaving has no 

effect on the short beam strength. Increasing the tow weaving depth, on 

the other hand, resulted in an 11.36% reduction in short beam strength. 

The variances can be attributed to the effect of weaving parameters. The 

results of the experiments also revealed that an optimal AP-Ply design 

may be established, which improves impact resistance while maintaining 

static laminate strength. 

• The traditional AFP laminates and AP-Ply exhibited similar global load-

displacement responses under LVI, which included 3-phase damage 

mechanisms that were commonly observed in the LVI tests of 

conventional laminates. One of the major differences of AP-Ply over 

traditional AFP laminates was a small degree of plasticity both observed 

in the AP-Ply configurations during the phase-3. In addition, the semi-

woven structure has also been shown to have a great impact on the 

delamination threshold, peak load and energy absorption.   

• A significant difference in the failure mechanisms was noted between 

traditional AFP laminates and AP-Ply under LVI, where the former only 

exhibited a few major delaminations and a minimum amount of fibre 

failures while the latter showed many more concentrated delaminations, 

matrix and fibre failures. The CT scanning results clearly indicated that 
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the damage size of AP-Ply was much smaller than the traditional AFP 

laminates. 

• The CLC test showed similar global load-displacement results between 

AP-Ply and traditional AFP laminates, which indicated that a small degree 

of inter-ply tow weaving does not necessarily affect the laminate in-plane 

compressive strength. 

• The CAI test showed a significant difference between AP-Ply and 

traditional AFP laminates. For the samples under lower impact energy 25J, 

AP-Ply outperformed traditional configurations by up to 17%. While for 

the case with 40J, the improvement is more advantageous and can be up 

to 29%. This result indicates that AP-Ply laminates have potential to 

achieve higher damage tolerances without sacrificing the in-plane 

properties as shown in CLC tests. The benefits of AP-Ply are more evident 

particularly at higher impact energy levels.     

7.2.2 TWM method 

Automation of composites manufacturing is an inescapable trend. It is not only 

capable of reducing production cost and waste but also enabling novel 

approaches to laminate design. Many design paradigms are being challenged by 

innovations, such as fibre steering, which can only be achieved through 

automation. This research is an important contribution to the suite of digital tools 

required to drive automated manufacturing into exciting new areas. 

A significant advancement of this research is to model AFP composites at a length 

scale of tow rather than ply or laminate. The tow-wise modelling (TWM) aligns 

with the minimum structural unit in AFP manufacturing, which hence, creates 

the possibility for model generation with automation. The automation 
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substantially reduces the pre-processing effort of modelling in finite element 

analysis, which is also a critical step to bring AFP into industry 4.0.  

The major benefit of the TWM is the capability of explicitly modelling the 

manufacturing-induced defects, gaps, overlaps, tow crimping, tow drops etc., 

which are handled natively by modelling each discrete tow following the robotic 

kinematics. The TWM also allows for precise mapping of material orientations 

on the finite element model following the as-manufactured tow trajectories.  

7.2.3 Cohesive network approach 

Accurate prediction of material failures requires a model that is able to represent 

the failure kinematics. Available numerical methods in the literature are either 

computationally unaffordable or difficult to implement in the TWM. This thesis 

developed a novel cohesive network method which is a perfect fit into the TWM 

applications. Three key advancements of this approach are summarised below: 

• The cohesive contact is developed based on an advanced segment-to-

segment contact formulation in MSC Marc while previous comparable 

works are limited in the use of cohesive element or node-to-segment 

contact. These previously developed methods, although feasible, are 

extremely computational costly due to the strict requirement of the 

element size near the crack front. While our proposed approach can create 

multiple contact points within a single element area, which ensures a 

robust contact interaction and meanwhile allows much coarser meshing 

to be used in the cohesive zone.  

• The use of cohesive contact in simulating different failure interactions 

including matrix cracking, delamination, and fibre fracture. Cohesive 

elements require conformal meshes between adjacent layers, which 

greatly limits their application to simple and flat structures where 
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partitioning processes are easy to be conducted. The cohesive contact, 

however, can be used for the interface with non-conformal meshes. The 

contact interaction is automatically detected and generated by the FE 

package without many users’ inputs, and hence substantially reduces the 

pre-processing effort in generating the FE model, especially for large and 

complex composite structure designs. 

• The implementation of a modified cohesive law to improve the numerical 

convergence in implicit FE analysis. Failure is a highly nonlinear problem, 

which can induce significant convergence issues. The modified cohesive 

law allows the contact behaviour to be regarded as locally linear within a 

single load increment, which greatly reduces the non-convergence issues 

resulting from the contact. 

7.2.4 TWM demonstration in AFP composites 

AP-Ply laminates are either modelled with plain strain elements in 2D 

applications or shell elements in 3D applications. These models, which greatly 

simplify the defects, cannot be used to accurately predict the structural responses 

and material failures of AP-Ply. This thesis utilises the TWM to facilitate 

understanding of the material behaviour, as well as the failure mechanisms of 

AP-Ply laminates. The semi-woven structure, tow crimping and tow gaps are 

explicitly modelled. The integration of the cohesive network method in the TWM, 

by allocating cohesive interactions along with the potential failure interfaces, 

allows for the simulation of different fracture modes of composites at mesoscale. 

The global response and the failure patterns are both compared against the 

experimental studies for validation of the feasibility of the TWM. Based on the 

numerical investigations, the following key conclusions can be drawn: 
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• The excellent correlation between numerical and experimental results has 

revealed that the TWM can predict the interface failure, crack deflection, 

and the ultimate delamination fracture load of AP-Ply laminates with 

great accuracy. 

• Based on the simulation of SBS testing, it was noticed that the major crack 

initiated near the weaving corner and then propagated in both directions. 

This suggests that the short beam failure of the AP-Ply laminates was 

induced by the stress concentration due to tow crimping, and in turn, 

showed the significance of modelling these AFP manufactured mesoscale 

geometric features. 

7.3 Recommendations for future work 

A numerical method at a length scale of tow has been developed in this thesis. 

The following aspects can be considered for future work to further improve the 

predictive capabilities of the TWM. 

• A consolidation model that can accurately predict the fibre/resin 

percolation during the curing process could be developed to further 

improve the fidelity of the TWM.   

• The compressive failure modelling capability of the TWM would be 

needed if the part is subjected to compression-dominant loading. The 

compressive failure, although not validated in this thesis, can be modelled 

with a compression-penetration law as opposed to the traction-separation 

law. To the author’s knowledge, a proper manipulation of the constitutive 

response in the cohesive interaction using the user developed subroutine 

would allow for a good predictive capability for compressive failures.  
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• The model scale is limited by the computational power. Future work could 

consider a full-scale TWM for the LVI tests. In addition, more cohesive 

interactions can be allocated within the tow to reduce the dependencies of 

crack locations.  

• Further validation tests for the TWM could be performed with a well 

designed experiment, in which all the critical material parameters as well 

as their statistical variations can be obtained. A comparison between the 

TWM and traditional ply-based models can be conducted. 

• Variable stiffness laminates would be another great application to further 

refine the predictive capability and improve the robustness of the TWM. 
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