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Abstract 

This research deals with the finite element (FE) simulation and the validation of FE models 

for a new type of sandwich-structured composite, the so-called nap-core sandwich. The nap-

core is made of a two-dimensional knitted fabric impregnated with a thermosetting resin, 

which underwent deep drawing and curing processes to adopt a permanent three-dimensional 

shape. The nap-core can be considered a combination of identical naps arranged crosswise 

periodically. The nap-core and two laminate sheets attached to its upper face and lower face 

build up the sandwich structure.  

This lightweight nap-core sandwich has a versatile selection of component materials and 

geometries, possessing a relatively high ratio of strength to density while being durable and 

flexible; thus, it is ideal for fabricating the interior of aerospace, aircraft and automotive 

structures. It can be manufactured single or double curved and the core is passable for gas, 

fluid, and supply lines. However, due to the complexity of its geometries and components (i.e. 

non-periodic boundaries, anisotropic materials, and pre-stress from deep drawing and curing 

processes), the FE modeling of the nap-core sandwich is so far a challenging task. Furthermore, 

through the experiments done on the samples, the sandwich shows stability problems because 

of the inhomogeneity of its nap-core.  

The aims of the work are to search for the most appropriate modeling methods and study 

the influence of parametric changes on the engineering performance of the nap-core sandwich. 

Several modeling approaches are going to be suggested. At first, the sandwich’s nap-core is 

modelled at macro-scale level in which it performs as a thin shell and the input material 

parameters have been determined through laboratory tests. Alternatively, a mesoscopic-scale 

simulation of the nap-core is conducted whereby a cost-effective homogenization is given to 

the nap-core’s fibrous representative volume element. In the third approach, the thesis 

suggests another homogenization scheme applied to the whole nap-core to save a considerable 

amount of time and memory storage. A large number of experiments and exemplifying 

simulations are implemented on nap-core sandwich samples and models. A comparison 

between the experimental results and the simulation results has demonstrated the properness 

of the simulation methods with adequate errors.  

 Based on the proposed simulation ways, parametric investigations are conducted on the 

nap-core sandwich composite. That is to find how the composite’s mechanical behavior and 

performance are sensitive to the change of each of its nap-core’s geometrical factors, i.e., the 

thickness, the height and the naps distance. The resulting mechanical behavior is shown to be 

compatible with theories, so the results of the parametric investigations are usable to be a 

ground for the performance improvement or the design optimization of the nap-core sandwich 

composite. Finally, the outlook and the future research on the nap-core sandwich composite 

material are discussed.   

Keywords: Composite material; Woven fabric; Knitted fabric; Nap core; Sandwich structure; 

Homogenization method 
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Glossary 

Anisotropic Exhibiting different properties in response to stresses applied along different 
axes. 

Biaxial load A loading condition in which a tensile load is applied to a fabric in two 
different directions. 

Binder A thermoplastic agent applied to yarns to bond the fibers together in 
reinforcement. 

CAD Computer-aided design. 

Composite Material composed of two or more constituent materials that remain 
separate and distinct on a microscopic level while forming a single 
component. 

Crimp  The waviness of a fiber or yarn. 

Drapability The capacity to be draped 

E Glass A borosilicate glass; the type most commonly used in glass fiber composites. 

Engineering 
constants 

Parameters that specify elastic properties of orthotropic materials, including 
three elastic moduli, three Poisson’s ratios, and three shear moduli. 

Elastic 
deformation 

A deformation that is recovered upon removal of load. 

Fabric A material constructed of interlaced yarns, usually planar. 

FEM Finite element method: A numerical method of solving differential equations. 

Filament A slender thread-like object or fiber 

Fiber A class of material whose length is far greater than its effective diameter. 

Glass fiber A fiber composed of glass created by drawing glass to a small diameter and 
extreme length. 

Composite 
laminate 

An assembly of layers of fibrous composite materials that can be joined to 
provide required engineering properties. 

Computational 
homogenization 

The process of making non-uniform things uniform or similar by finding a 
formulation of the microstructural boundary value problem and the coupling 
between the micro and macro levels based on the averaging theorems. 

Lamina Also called ply, which is a layer of a composite laminate. 

Matrix A material used to hold the reinforcement in place forming a composite part. 

Microscopic scale 
of textile 

The scale related to details of filaments of the yarns. 

Mesoscopic scale 
of textile 

The scale related to layout, geometry and material of the yarns. 

Macroscopic scale 
of textile 

The scale related to only outside geometry and general properties of the 
textile. 

Nap A cup-shaped cell of the sandwich’s core 

Nap-core A three-dimensional structure with cup-shaped naps, obtained from a two-
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dimensional impregnated knitted fabric after deep-drawing and curing 
processes 

Orthotropic  Having material properties that differ along three mutually-orthogonal 
twofold axes of rotational symmetry. 

Plastic 
deformation 

A deformation that remains after removal of load. 

Poisson's ratio A measure of the ratio of change in cross-sectional area to change in length 
when a material is stretched. 

A polymer  A large molecule, or macromolecule, composed of many repeated subunits. 

Preform A pre-shaped fibrous reinforcement formed to the desired shape 

Prepreg A ready-to-mold material in a rolled-sheet form pre-impregnated (saturated 
beforehand) with a thermoset polymer matrix material. 

Reinforcement A material forming part of a composite which improves the overall strength 
and stiffness. 

Resin A viscous liquid capable of hardening used as the matrix material in a 
composite. 

Sandwich A structural composite made with a thick core laid between two stiff skins 

Specific strength Material’s strength divided by its density, also known as the strength-to-
weight ratio or strength/weight ratio; its unit Pa.m3/kg, or Nm/kg 

Stretchability The capacity for being stretched 

Textile A cloth, which is a flexible material consisting of a network of natural or 
artificial fibers (yarn or thread). 

Thermoplastic Also called a thermosoftening plastic, which is a plastic material - a polymer - 
that becomes pliable or moldable above a specific temperature and solidifies 
upon cooling. 

Thermosetting 
polymer 

Also called a thermoset, is a polymer that is irreversibly cured from a soft 
solid or viscous liquid pre-polymer or resin. 

Thin shell  A shell with a thickness that is small compared to its other dimensions and in 
which deformations are not large compared to thickness. Normally, its 
thickness-to-span ratio is less than 1/15. 

Tow A large untwisted bundle of continuous filaments. 

Transversely 
isotropic 

An anisotropic material that has a plane of symmetry where the stress 
response is isotropic in that plane. 

Uniaxial load A loading condition in which a load is applied to a fabric in a unique direction. 

Unidirectional Refers to fibers that are oriented in the same direction. 

Warp The yarns running lengthwise in a woven fabric. 

Weft The transverse yarns in a woven fabric. 

Yarn An assembly of continuous fibers, natural or manufactured. 
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Nomenclature 

Roman letters 
 

A Phase strain concentration tensor 

B Finite element strain-displacement matrix 

C Elasticity tensor 

Cijkl Elasticity tensor component 

D Nap’s bottom diameter 

d Nap’s top diameter 

E Young’s Modulus 

E  Constitutive matrix 

e Macroscopic engineering strain 

eij Engineering strain component 

F Force 

f Body force vector 

G Shear Modulus 

H Nap’s height 

I Identity tensor 

J Jacobian matrix 

K Bulk modulus 

Kf Bulk modulus of the reinforcement 

Km Bulk modulus of the matrix 

vi Displacement component on a boundary, i = 1, 2, 3 

K Global stiffness matrix 

L Distance between centers of two adjacent naps 

M Moment 

m Mass 

n Surface normal vector 

P Eshelby’s tensor 

p Traction inside a hole 

S Surface 

S Compliance tensor 

Sijkl Compliance tensor component 

T Thickness of the nap-core’s fabric 

t Traction on a boundary 
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t(S) Traction vector 

U Energy 

u Global displacement vector 

ui Displacement component on a boundary, i = 1, 2, 3 

u(S) Displacement vector 

V Volume 

Vf Volume fraction of the reinforcement 

Vm Volume fraction of the matrix 

wα Volume fraction of phase α in a multi-phase composite 

x, y, z reference system 

Y The base cell of the composite’s microstructure 

Y The solid part of a unit cell in the asymptotic homogenization 

 

Greek letters 
 

σ Stress tensor 

σ True stress 

σ0 Tensor of the applied mechanical stress 

�̅� Tensor of volume average stress 

σij Stress component 

ε Strain tensor 

ε True strain 

ε0 Tensor of the applied mechanical strains 

�̅� Tensor of volume average strains 

εij Strain component 

εe elastic strain tensor 

ϵ Scale ratio of a periodic composite’s unit cell to the whole structure 

ν Poisson’s ratio 

Ω Domain 

ϑ Open subset of a unit cell 

Y Solid part of unit cell 

Γ Boundary 

χ Characteristic displacement matrix 

Φ, Ψ General functions 
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Superscripts and subscripts 
 

e elastic 

U the upper bound (Voigt bound) 

L the lower bound (Reuss bound) 

M Macroscopic 

i, j, k, l direction indicators, equal to 1, 2, 3 

1, 2, 3 denotes x, y, z axes or the orders of the terms 

f fiber 

m matrix 
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I. INTRODUCTION 

This chapter first gives the motivation for the research presented in the thesis. Successively, 

the objectives and scope of the research as well as the outline of the thesis will be stated. 

1.1. Motivation 

The demand of transportation is escalating because of the global population growth and 

the economy development. The number of cars in the world today has reached 1.2 billion and is 

forecasted to double by 2040, not to mention a vast number of aircrafts, trains, and ships. At 

present, fossil fuels are still dominant in being an energy supply of transport, but they are 

unrenewable and have adverse effect to the environment. The renewable fuels such as 

electricity and liquid hydro or ethanol are potential in dealing with resource preservation and 

emission control, yet they have considerable drawbacks that are high production cost, large 

storage, and long refueling [1]. In this context, doing optimization to designs of transport is one 

of the most feasible ways of boosting energy efficiency. While the structural schemes of the 

body frames are rather optimal now, this task can be conducted in two main directions, i.e. 

propulsion system enhancement and weight cutback. The former comes with the generation of 

hybrid engines, fuel cells, and electric motors, which effectively diminish the need of fossil fuel, 

but they are currently not widespread for many other types of transport other than cars due to 

the mentioned disadvantages of the renewable fuels. On the other hand, the latter is more 

promising and is a universal method applicable to all transports. According to the U.S. Energy 

Department, a car’s weight dropping by 10 percent will promote fuel economy by 5 to 8 

percent, and 100 kg reduction of vehicle weight leads to 12.5 g/km reduction of CO2 emission 

[2]. They are actually encouraging numbers that have made path for the embedment of 

innovative materials, particularly lightweight ones which possess a prominent strength-to-

weight ratio. Structures of lightweight materials can secure a remarkable durability with proper 

designs; thus, they have been rapidly developed for many years in the industries of 

manufacturing automobiles, spaceships, aircrafts, and sport tools. Using lightweight materials 

can mean less stress from the vehicle's body weight to the engine, better gas mileage, and 

improved handling. Therefore, the engine, transmission and braking systems can be designed 

smaller while the ride comfort and general safety is sustained or even promoted [3]. Likewise, 

lightweighting makes it easier for vehicles to carry extra advanced emission control systems, 

safety devices, and integrated electronic systems without sacrificing performance. According to 

automobile firms, there is not a single part in a car limited to the search of substitution. There 

are numerous applications up to now; for instance, parts from carbon fiber, windshields from 

plastic, and bumpers out of aluminum foam, as solutions to lower the load. Additionally, cover 

or decorating components of vehicles are in tendency of being crafted with non-metallic 

lightweight materials such as honeycomb or fabric composites since they guarantee long safety 

and lastingness [4]. 
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Lightweight structures can be made of metals as well as non-metal substances or 

combination of them. Presently, the most common metals are aluminum, titanium and steel, 

while the common non-metal elements are polymers, carbon fiber, and textile fabrics. Most of 

lightweight materials fall into two major categories: alloys and composites. In comparison, 

lightweight alloys usually have higher moduli of elasticity and temperature tolerance, but 

lightweight composites possess stronger resistance to chemical compounds and insulation 

qualities (i.e., many nonmetallic composites). While lightweight alloys are heavier and more 

expensive than lightweight composites, their natural merits and early appearances make them 

dominant in automotive and aircraft industries so far, but lightweight composites have been 

perceived and applied more frequently to means of transportation thanks to improved features 

coming from advanced production technologies. For example, composites of unidirectional 

carbon fiber and epoxy resin may have density of 1.58 g/cm3, tensile strength of 2413 MPa, 

Young’s modulus of 172 GPa, and maximum working temperature of 4800C while these values 

of titanium alloys (a prominent lightweight alloy) are limited to 4.43 g/cm3, 1241 MPa, 110 GPa, 

and 20100C respectively [5].  

          

Figure 1.1: Pictures of a nap-core, a typical nap, and a nap-core sandwich 

(Source: Fraunhofer PYCO and InnoMat GmbH) 

Nap-core sandwich has been invented as a novel material for engineering applications and 

it actually shows numerous interesting features. This material is a special kind of structural 

composites, containing a nap-core lying between two stiff thin sheets (skins or outer layers). 

Here, the nap-core is the most complex part of the sandwich, being made of knitted textile and 

coated with a thermoset resin, undergoing deep drawing and curing processes to acquire a 

stable 3-D form with periodic cup-shaped naps (refer to figure 1.1). Fundamentally, it can be 

deemed as a combination of textile composite and sandwich-structured composite. The usage 

of textile materials as the reinforcements of composites and membranes is very common in 

sporting goods, aerospace, and automotive industries due to their availability, stretchability, 

high ratio of strength to weight (specific strength), ease of handling, and well-developed 

technology [6]. Beside textile materials, lightweight sandwich-structured composites (also 

called core materials) have also been in an increasing demand on account of their high strength 

and stiffness to the density, especially the compressive strength and the flexural strength that 

are necessary for engineering applications. Interestingly, the nap-core sandwich inherits the 

most essential merits of both textile material and structural composite material, providing 

unique advantages such as good drapability, drainage, ventilation, and strong adhesion to outer 

layers owning to its knitting pattern, resin coat, and distinct geometry. The recent technological 
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development of textile manufacturing and processing can supply a never-ending list of fiber 

and resin materials as well as knitted techniques and geometries for production of nap-cores, 

resulting in a huge range of properties and offering excellent adaptability to various 

applications [7].  

Although featuring many desired characteristics, the employment of the nap-core sandwich 

in the manufacturing industry is still limited due to the lack of understanding on its working 

abilities. Compared to other sandwich-structured composites such as honeycomb-core 

sandwich and corrugated-core sandwich, the nap-core sandwich appeared later and its core’s 

underlying structure at the mesoscopic scale is more complex. As a result, both practical 

experience and research knowledge on the nap-core sandwich are little. Currently, the main 

applications of the nap-core sandwich are interior components, whose functions are decoration 

and covering rather than load bearing, in the aerospace and automotive industries. It is highly 

possible the applications of the nap-core sandwich will be more various and important in the 

future, but it first needs to have an efficient method to predict the sandwich’s performance and 

optimize its structure in different loading cases. While the study by experiments is so pricey and 

time-consuming, the modelling of the nap-core sandwich is still a very challenging task. 

As being a hierarchical material, the internal structure of textile composites has many 

scales (see figure 1.2). Coming bottom up, polymer matrix and tiny fibers (mono-filaments) 

compose the yarns at the microscopic scale. In turn, yarns are arranged to form the fabric at 

the mesoscopic scale. Finally, the fabric becomes a whole reinforcement of the composite at 

the macroscopic scale. Commonly, there are four problems arising in any modeling of a textile 

composite, which are  

(i) Characteristics, parameters and volume ratios of the constituent materials;  

(ii) Geometries of yarns, which may vary a lot relying on the position of each, so the 

path of every periodic yarn will require to be defined at many discretized points;  

(iii) Interactions between yarns as they tend to slide, invade or rotate to each other;  

(iv) Computation time, which is usually high as a result of the complexity of a model 

containing a great number of yarns with a mesh needed to be very efficient and fine 

enough to give good results. 

Recently, there have been a large number of researches considering material and 

geometric properties of textile structures to predict their behaviors in various loading 

conditions, but most of them deal with fabrics either planar or periodic at the mesoscopic scale. 

The fabric of the nap-core investigated in this thesis is different as it is additionally stamped and 

cured to assume a fixed 3-D shape, which is periodic at the macroscopic scale but non-periodic 

at the mesoscopic scale. Also, the modeling of the nap-core sandwich has to confront several 

problems, including the change of material properties after curing, the non-uniform 

deformation at both microscopic scale and mesoscopic scale, and pre-stress on the fabric. Up to 

now, there is only one study - done by experiments - inspecting the mechanical behavior of the 

nap-core sandwich [8], but its concern is rather narrow and the result is primitive only. In this 
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thesis, a comprehensive approach to the nap-core sandwich structures is carried out, resulting 

in numerical simulation strategies that help to efficiently forecast the mechanical behaviors of 

this particular material. Hence, the acquirement will be very beneficial for further assessments 

or researches on nap-core sandwich in the future. Main objectives of the thesis are given in 

section 1.2.   

     
Figure 1.2: Hierarchical scales in textile modeling [9] 

1.2. Objectives 

The research is conducted for the purpose of following up three major objectives. 

The first objective is to find out what nap-core sandwich’s mechanical behavior is under 

different loading conditions in which damage initiation like debonding or buckling is considered 

as well. It is gained through typical experiments which are compression, shear, and bending. 

The sample sizes are carefully selected to ensure the accuracy of the result. 

The second objective is to find effective methods of simulating nap-core sandwich 

computationally. Thus, sample fabrication and testing work will be lessened a great deal as the 

performance of the structures in various cases can be forecasted with a practical precision. The 

nap-core is first modelled with consideration for the underlying mesoscopic structure. Then, it 

is homogenized as either a thin shell or a 3-D continuum solid in order to decrease the 

necessary storage and computation time. 

The third objective is to inquire in what way the behavior of the nap-core sandwich is 

sensitive to the changes of its constituent elements, in particular the geometric dimensions. 

That means parametric investigations must be done to determine how adjustments of the 

fundamental parameters (e.g., geometries, outer layer, and resin content) will affect properties 

of the whole structure. From that, best parametric modifications can be appropriately 

suggested to fit required conditions. The number of trials is vast, so the proposed modelling 

methods will be highly useful for the investigations. 

In pursuing the three objectives, experimental methods will be very important for the first 

while modelling techniques will be essential for the remaining two. The accomplishment of the 

simulation is highly necessary because not only does it save much time and expense for not 

having to conduct numerous real tests, but also it is a powerful tool for further research on the 

mechanical behavior of the nap-core sandwich structures, which is sometimes too complicated 
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to be explored in experiment. That will be critical to gain insight into the properties of the 

material in relation with its integral components. Hereby, there is also a basic provision for the 

optimization of nap-core sandwich designs to specific applications. 

1.3. Scope 

Within the limitation of this doctoral thesis, the following have been considered. 

The selected nap-core variations include four types having different materials and 

geometries. All samples of nap-core sandwich used for the experiments are made by Pyco 

Frauhofer and Innomat GbmH. The two organizations above keep the patent and copyright of 

producing the material. The employed software for the modelling is Abaqus version 6.14. 

It is supposed that the test condition is always stable and all samples maintain their 

material quality during the test period. Every experiment is conducted in an ideal workshop 

environment in which impacts of vibration, humidity, sunlight, wind, dust…etc. can be entirely 

ignored. In general, the measurement technique is reliable, and its error is highly controlled.  

All the experiments and simulations are conducted with static loads as the current test 

devices and the time budget are not allowed to enlarge to dynamic cases. In this sense, all loads 

are smoothly and uniformly applied to avoid any unexpected impact. Moreover, there are only 

two deformation phases taken into account during the tests, which are the elastic deformation 

and the damage initiation. The behavior after the sample failures is out of this thesis’s scope.  

In the parametric investigation, alterations of most parameters are restricted so that the 

change does not surpass 100% value of the original dimension. That is set depending on the 

stretchability of the textiles and the capacity of the molds for producing samples with new 

sizes. In fact, this constraint does not limit designs of nap-core shape because there is a variety 

of textiles and molds to be selected for each requirement. 

1.4. Outline 

The thesis is separated in seven main chapters, the brief content is below. 

Chapter 1: The chapter gives a general introduction of the topic and concepts, including the 

motivation, objectives, scope and outline of the thesis. The focus is on modelling and 

computational simulation of nap-core sandwich-structured composite – a new sort of 

lightweight materials. 

Chapter 2: This chapter will give background on the structures and properties of the most 

prevailing lightweight composites. Common composite materials will be brought in first, which 

are followed by an overview of noticeable textile composites and sandwich-structured 

composites. At last, the nap-core sandwich composite – the research object of this thesis – will 

be presented specifically. 

Chapter 3: In this chapter, selected studies and numerical simulations of textile composites will 

be reviewed. Up to now, there is almost no found research on modelling the nap-core sandwich 

because it is a new kind of material. However, previous researches done on textile structures 
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can supply efficient simulation techniques based on the finite element method, which can be 

used to model the nap-core sandwich. The chapter will introduce the most noticeable ones 

with focus on homogenization – a method able to simplify complicated structures to extract 

their effective properties more easily. 

Chapter 4: In this chapter, the preparations of samples as well as experimental tests and results 

are described in detail. Four different types of nap-core sandwich are concerned, including 

1. Nap-core P1-5 [one-sided naps, height 5mm, fabric thickness 0.33mm, materials 50% 

fiber(Polyester) + 50% Phenolic resin, volume weight 47 kg/m3];  

2. Nap-core P1-10A [one-sided naps, height 10mm, fabric thickness 0.58mm, materials 

60% fiber(5%Elasthane + 86%Nomex + 9%Polyamide) + 40% Phenolic resin, volume 

weight 39 kg/m3];  

3. Nap-core P1-10B [one-sided naps, height 10mm, fabric thickness 0.58mm, materials 

55% fiber(90%Nomex + 10%Polyester) + 45% Phenolic resin, volume weight 83kg/m3];  

4. Nap-core P2-8 [two-sided naps, height 8mm, fabric thickness 0.45mm, materials 50% 

fiber (80%Aramid + 20%Polyester) + 50% Phenolic resin, volume weight 41kg/m3]. 

Four test categories (Compression, Shear, Bending, and Drum Peel) have been implemented, of 

which the drum peel test is for determining the material parameters of the sandwich samples’ 

adhesives only. 

Chapter 5: This chapter provides details of the computational simulation methods proposed in 

the research. The first simulation method treats the nap-core as it is a 3D-structured thin shell 

with its material’s engineering parameters acquired from experiments. The second simulation 

method makes use of homogenization strategies in order to extract material parameters of the 

nap-core’s fabric from its representative volume element at the mesoscopic level, which 

efficiently decrease the memory storage and time required for the simulation process at the 

macroscopic level. The third simulation method will implement the homogenization to the unit 

cell of the whole nap-core and turn it into a 3-D continuous model, so that the modelling of the 

sandwich can be maximally simplified. 

Chapter 6: This chapter will first consider performances of the nap-core sandwich with several 

values of the imperfection and pre-stress applied to the nap-core. It is continued by the 

accuracy analysis of the simulation results based on the given experimental data. Through it, 

the efficiency of each the proposed modelling method will be validated.  Afterwards, the 

changes of the nap-core sandwich’s mechanical behavior in parametric investigations (e.g., 

geometries, outer layers, and resin content) will be shown and discussed. 

Chapter 7: This chapter contains the conclusion of the thesis and gives an outlook for the future 

work. All results will be summarized and compared, providing advantages and disadvantages of 

every simulation method employed in the thesis. In addition, the findings from the parameter 

investigations will be overviewed to create a prospect for optimizing the design process of the 

nap-core sandwich. 
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II. FUNDAMENTALS 

2.1. General composites and Textile composites 

In the following, some basics of composite materials to which the nap-core sandwich of this 

thesis relates will be given. 

2.1.1. General composite materials 

Definition: A Composite material is a material made from two or more constituent materials 

with significantly different physical or chemical properties that, when combined, produce a 

material with characteristics different from the individual components. The individual 

components remain separate and distinct within the finished structure [10]. 

In fact, the strongest engineering materials frequently include fibers inside their structures; 

for example, carbon fiber and ultra-high-molecular-weight polyethylene. Generally, a 

composite consists of two components, reinforcement and matrix. On the one hand, the 

reinforcement possesses stiffness and strength ordinarily higher than the matrix, and that 

brings the composite good properties such as high stiffness and high tensile strength. Not only 

does the reinforcement impart much rigidity to composites, but also it obstructs crack 

propagation significantly. On the other hand, the matrix has better shear resistance, so it 

supports the load transfer of the reinforcement and keeps the reinforcement in an orderly 

pattern. A composite material is often more favored than its constituent materials because it is 

usually stronger and more durable.  

Nowadays, composite materials are employed very extensively thanks to advanced 

achievements on their production, strength to weight ratio, performance and price. Their 

choices are numerous for their properties and categories can vary a great deal with changes of 

the constituents and fabrication mechanisms. Generally, they are able to be used for buildings, 

bridges, and other mechanical structures such as boat hulls, swimming pool panels, racing car 

bodies, shower stalls, bathtubs, storage tanks, imitation granite and cultured marble sinks and 

countertops. Furthermore, they are more and more playing an integral role in the 

manufacturing of automobiles, spaceships, and aircrafts with a considerable percentage. 

Reinforcement: The reinforcements essentially comes in three forms: (i) particulate fibers 

having approximately equal dimensions in all directions; (ii) discontinuous fibers - also called 

short fibers – having the general aspect ratio (defined as the ratio of fiber length to diameter) 

between 20 and 60; and continuous fiber - also called long fibers – having general aspect ratio 

between 200 and 500 [11]. Depending on the arrangement of fibers, composites are 

categorized 1-D orientation (unidirectional), 2-D orientation (bidirectional), and 3-D orientation 

(randomly oriented) as shown in figure 2.1. 
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Figure 2.1: Composites with different numbers of orientations  
(Source: http://www.xcomposites.com/) 

Reinforcements can also be classified into natural fibers (e.g., cotton, chitin, silk, animal 
hair, bamboo fiber, collagen, and keratin) and synthetic fibers (e.g., metallic fibers, silicon 
carbide fiber, carbon fiber, glass fiber, mineral fibers, and polymer fibers). The former is more 
comfortable for human in garments and for recycling, but the latter is more useful for 
engineering applications because of their good mechanical properties and wide variety.  

Matrix: There are three widespread types of its materials: Polymers, metals, and ceramics. Of 
them, polymers are used the most. The choice of a resin system for use in any component 
depends on a number of its characteristics such as: Adhesiveness, mechanical properties, 
micro-cracking, fatigue resistance, degradation from water ingress, and pre-impregnated fabric 
[12]. 

Classification: Commonly, there are three categories of composites relying on the substances of 
the matrices. 

a. Ceramic Matrix Composites (CMCs) 
In order to increase the crack resistance, elongation, and fracture toughness of 

conventional technical ceramics like alumina, silicon carbide, aluminum nitride, silicon nitride or 
zirconia due to high temperature and mechanical loads, reinforcements are added in forms of 
particles or fibers. The support of particles is small, so they are used only to some ceramic 
cutting tools. Whereas, the utilization of long multi-strand fibers is much more helpful, making 
their appearance is more common. Having the fibers bridge the possible cracks in the matrix, 
CMCs become far more prominent than normal ceramics, yet they are still in deficiency of 
ductility that are presented with polymer matrix composites and metal matrix composites. 

In the fabrication of CMCs, there is no actual difference between the reinforcement and the 
matrix materials, which are usually C, SiC, alumina and mullite. With an ability of preserving the 
properties up to 19000C, CMCs are used in heat shield systems for space vehicles; elements for 
high-temperature gas turbines, flame holders, and hot gas ducts; brake system components; 
and parts for slide bearings. 
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b. Metal Matrix Composites (MMCs) 

Compared to conventional CMCs and polymer matrix composites, MMCs own better 

elasticity modulus, ductility, and exceeding temperature tolerance. They are resistant to 

radiation damage and moisture, have better electrical and thermal conductivity, and do not 

display outgassing. However, MMCs’ mass is much heavier and their processing capacity is also 

worse while the available experience in use is limited. 

For fabricating MMCs, the best choices for the matrix are conventionally light and 

monolithic metals such as aluminum, magnesium, or titanium. Cobalt and cobalt–nickel alloy 

are used as the matrix in extreme temperature conditions. On the other hand, carbon fiber, 

boron or silicon carbide, in forms of continuous monofilament wires, typically plays the role of 

reinforcement. At times, short fibers or particles may be used, and they are made of alumina 

and silicon carbide. Overall, MMCs are very stiff and conductive but expensive and heavy in 

comparison to many other lightweight materials. Thus, their current applications are found 

most often in high-end products, e.g., automotive heat and wear resistant parts (disc brakes, 

driveshaft, and cylinder liners), high performance cutting tools, structural component of aircraft 

and space systems, sports equipment, bicycle frames, and power electronic modules.  

c. Polymer Matrix Composites (PMCs) 

According to the types of polymer resin used, Polymer Matrix Composites (also called fiber-

reinforced polymers - FRPs) can be classified into two categories:  

• Thermoplastic Composites: The matrix is a thermoplastic - a polymer that becomes 

pliable or moldable above a specific temperature and solidifies upon cooling, e.g. 

Poly(methyl methacrylate) (PMMA), Polyether sulfone (PES), Polyethylene (PE), 

Polyoxymethylene (POM), Polypropylene (PP), Polyvinyl chloride (PVC). 

• Thermosetting Composites – The matrix is a thermoset - a polymer that is irreversibly 

cured from a soft solid or viscous liquid pre-polymer or resin, e.g. Phenolic resin,  

Polyurethanes, Polyester resin, Epoxy resin, and Cyanate esters. 

In comparison of the two categories of PMCs with each other, thermoplastic composites 

tend to be tougher (less brittle), have higher ductility and chemical tolerance, and perform with 

better impact damage resistance. However, they are rather soft and far more sensitive to high 

temperature that will make them melt and lose the working ability as the matrix resin then 

penetrates into the reinforcement. This drawback can be improved a great deal by adding some 

metal powers to the matrix, but it results in a drastic increase of the composite density. In 

contrast, thermosetting composites are much stiffer, less viscous, and more stable. Although 

they also cannot resist excessive temperature as it causes them to degrade, they can stand a 

rather high degree. Besides, with thermoset polymers, it is considerably easier to form the final 

part geometries than with thermoplastics.  

For the composites’ reinforcements, the most prevalent ones comprise glass fiber, carbon 

fiber (graphite), boron, Polyester and Aramid fibers on account of their high strength-to-weight 

https://en.wikipedia.org/wiki/Automobile
https://en.wikipedia.org/wiki/Driveshaft
https://en.wikipedia.org/wiki/Cutting_tool
https://en.wikipedia.org/wiki/Bicycle
https://en.wikipedia.org/wiki/Polyethylene
https://en.wikipedia.org/wiki/Polyoxymethylene
https://en.wikipedia.org/wiki/Polypropylene
https://en.wikipedia.org/wiki/Polyvinyl_chloride
https://en.wikipedia.org/wiki/Polyurethane
https://en.wikipedia.org/wiki/Polyester_resin
https://en.wikipedia.org/wiki/Epoxy
https://en.wikipedia.org/wiki/Cyanate_ester
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as well as stiffness-to-weight ratios. Of them, carbon fiber provides the best mechanical and 

chemical properties for the composites, but it is pricey, so it is only used for crucial parts in 

aircraft and aerospace, wind energy, as well as the automotive industry. On the other hand, 

fibers of Polyester, Aramid, Polyamide, or Acrylic are much cheaper substitutes in less loaded 

modules. 

In many years, thermosetting composites have been frequently preferred in automotive, 

naval, aeronautical and aerospace applications, but the improvements in thermoplastic resins 

make thermoplastic composites more and more attracting. Nowadays, in the automobile 

industry, thermoplastic composites are employed in fabricating plentiful interior and body 

components like instrument panels, seat backs, inner door panels, fender aprons and bumper 

beams. As well, thermoset matrix composites are usually found in parts of engine valve covers, 

timing chain covers, hoods, deck lids, fenders, radiator supports, bumper beams, roof and door 

frames, and oil pans [3]. The overall features of thermoset and themoplastic resins are 

demonstrated in figure 2.2, and the mechanical properties of common reinforcements and 

resins are displayed in Table 2.1. 

 
Figure 2.2: General Characteristics of Thermoset and Themoplastic resins [13] 

(Source: Darrel Tenney, NASA Langdey Research Center) 
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Table 2.1: Mechanical properties of some fibers and thermoset resins commonly used in 
polymer matrix composites [3] 

Fibers 

Fiber 
Desity 

(g/cm3) 
Tensile modulus 

(GPa) 
Tensile strength 

(GPa) 
Elongation 

(%) 

E-glass fiber 2.54 72.5 3445 4.88 

S-glass fiber 2.49 85.6 4585 5.7 

High strength 
PAN carbon 

fiber 
1.76 230 3600 1.5 

Aramid fiber 
(Kevlar 49) 

1.45 131 3620 2.8 

 

Thermoset polymers 

Polymer Density 
(g/cm3) 

Tensile 
modulus 

(GPa) 

Tensile 
strength 

(MPa) 

Elongation 
at failure 

(%) 
 

Coeff. Of 
thermal 

expansion 
(10-6/0C) 

Shrinkage 
(%) 

Polyesters 1.10–

1.43 

2.10–3.45 34.5–

103.5 

1–5 – 5–12 

Vinyl esters 1.12–

1.32 

3.00–3.50 73–81 3.5–5.5 – 5.4–10.3 

Epoxies 1.20–

1.30 

2.75–4.10 55–130 – 55–80 1–5 

 

Thermoplastic polymers 

Polymer (Acronym) 

Density 
(g/cm3) 

Modulus 
(GPa) 

Strength 
(MPa) 

 

Strain to 
failure 

strength 
(%) 

Notched Izod 
impact 

examples 
(J/m) 

Polypropylene (PP) 0.90 1.3 30–40 30–200 20–70 

Polycarbonate (PC) 1.2 2.5 60 90–130 640–960 

Polymethyl 

methacrylate (PMMA) 

1.17–120 2.8 50–70 2–6 15–20 

Acrylonitrile butadiene 

(ABS) 

1.05–1.15 2.2 40 90–130 320 

Polyamide-6 (PA-6) 1.14 2.5 80 45 60 

Polyamide-6,6 (PA-6,6) 1.14 2.8 60–80 60 100 
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2.1.2. Unidirectional (UD) fiber-reinforced composites 

Unidirectional fiber-reinforced composites: They may consist of several plies (also called 

laminae or layers) to which the fibers always arrange in only one direction; that is why they are 

called “unidirectional”. In general, each ply has its own parameters (fiber orientation angle, 

thickness, and materials) and three planes of material symmetry. The lines normal to these 

planes of material symmetry are named material axes. These axes and are often designated as 

1, 2 and 3 axes. These are displayed in figure 2.3. 

Supposedly, the mechanical properties of the fibers are much better than those of the 

resin, so a lamina is stiffer and stronger in the longitudinal direction. In addition, a lamina’s 

mechanical properties are almost identical in the two transverse directions. Hence, a 

unidirectional lamina is reflected as transversely isotropic; i.e., it is isotropic in cutting sections 

parallel to the 2‐3 plane. 

 
Figure 2.3: Typical scheme of a unidirectional laminate 

(Source: http://www.xcomposites.com/) 

2.1.3. Textile composites 

Individual fibers or fiber bundles themselves can only be used in processes such as filament 

winding for manufacturing open or closed end structures. For most other applications, the 

fibers need to be arranged into some form of sheet, known as a fabric, to make the handling 

possible. A fabric can be made by different textile techniques such as weaving, knitting, 

braiding, and stitching techniques. The exploitation of fabrics to be the reinforcements of FRPs 

did generated TEXTILE COMPOSITES.  

Generally, the matrix materials of textile composites can be polymer, metal, or ceramic, but 

only polymeric matrix materials are considered in this thesis. Furthermore, there is a rich choice 

of reinforcement materials such as cellulose, graphite, glass, boron, silicon carbide, and 

polymer fibers. Among them, polymer fibers are in the major interest of this thesis. 

Textile composites, on the whole, are much better at preventing growth of damage and 

impact toughness than those with reinforcements of particles or unidirectional fibers. They also 

have in common various distinguished mechanical properties; namely, high in-plane biaxial 

stiffness and strength-to-weight ratio; enhanced “through thickness” strength; easy production 
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of three-dimensional shapes by draping; convenient transportation and handling; low energy 

consumption in production; and nonmagnetic properties. Moreover, the fabrication techniques 

of them are well-developed. Relying on the fabricated structure, each kind of textile composite 

has its own specific mechanical properties such as good formability, superb fatigue and damage 

tolerance, and high energy absorption. For these reasons, the employment of textile 

composites in manufacturing components is common in fields of marine, medicine, military and 

transportation [14]. However, their application in mass production is still limited due to a 

number of problems. Firstly, they have a long process cycle time, and the textile structures 

regularly shift, wrinkle or stretch during draping and working processes. Secondly, many of 

them are flammable and nonconductive; this can be changed with addition of conductive fibers 

or particles but it will cause an increase of the density or cost. Thirdly, although textile 

composites hold good mechanical properties, they are in general lower than those of metal 

alloys or metal composites; hence, textile composites are lower in loading capacity. Ultimately, 

the modeling of textile composites in order to forecast their performances confronts many 

issues, particularly when the structure of the textile reinforcement is complex.  

After all, the usage of textile composites for many engineering fields is so promising and 

being realized as countless solutions are proposed to enhance their abilities. Hereafter, the 

most common textile composites will be introduced. 

Classification of Textile composites 

Based on the reinforcement mechanisms, textile composites are divided into two categories:  

• Laminated Fabric Composites: In the manufacturing, the reinforcements are in form of 

laminates piled up to get a specific thickness 

• 3D Textile Composites: The reinforcements are in form of 3D textiles. 

Laminated Fabric Composites:  

These are also called composite laminates or 2D fiber-layered composites or simply 2D 

laminates, in which layers of fibrous composite materials are stacked up, forming a multi-ply 

composite structure to deliver required engineering properties, including shear or bending 

stiffness, compressive strength, and coefficient of thermal expansion. To improve multiaxial 

working ability and durability of the composites, fabric patterns and constituent materials may 

be different from ply to ply. The plies also arrange in different orientation angles, and because 

of that, the composites exhibit highly orthotropic behavior. 

Bearing almost all advantages of general textile composites, 2D laminates have been 

employed for decades with substantial success in maritime craft, aerospace ships, airplanes, 

automobiles and civil infrastructure. The constituent variables of the reinforcements (i.e., the 

yarn spacing and thickness, weave type, yarn packing density, and fiber volume fraction) or the 

fiber and resin types can be adjusted widely to varied mechanical properties.  However, they 

have a number of significant limitations. In addition to the common problems of textile 

composites stated above, 2D laminates have their own ones. The production expenses of 2D 
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laminates are considerably high because of labor demand for the manual stacking of the plies 

and refrigeration facilities for preserving prepregs (reinforcing fabrics already pre-impregnated 

with a resin system) before curing. Besides, various prepregs and fabric plies have low 

drapability, so it is very difficult or unfeasible to form them to complicated shapes with molding 

methods. Thus, pieces of machined laminates need to join together in this case. Moreover, 

there are still downsides with the mechanical properties of 2D laminates. When working under 

inter-laminar shear or impact loading, 2D laminates often suffer delamination cracking 

developed between their plies. Hence, their through-the-thickness properties (i.e., stiffness, 

strength, and fatigue resistance) are low compared with those of traditional aerospace and 

automotive materials such as aluminum alloys and advanced high strength steels. The reason is 

rather obvious: The structures of laminated fabric composites have no binding yarns (Z-fibers) 

which connect all laminae’s reinforcements. Without Z-fibers, this principal problem can be 

improved by using toughened resin systems or interleaved fibers, but they are so costly.  

In general, the occupation of 2D laminates is by far much more common than 3D textile 

composites since 2D laminates have structures with better stiffness and strength in many cases. 

They are also available at a greater diversity of sizes; and most importantly, there are more 

experience and understanding of their employment. 

As classified by the types of fabric reinforcements, laminated fabric composites have many 

groups. The most considerable ones are 

• Woven fabric-reinforced composites 

• Knitted fabric-reinforced composites 

• Braided fabric-reinforced composites 

• Stitched fabric-reinforced composites 

Woven fabric-reinforced composites: This type of material is characterized by two or more 

yarn schemes that include warp (00) and weft (900) interlacing of with each other to create a 

woven fabric reinforcement [15]. Different types of woven fabrics are illustrated by figure 2.4. 

At present, the most broadly utilized textile fibers are made of glass, carbon and aramid. With a 

multi-ply structure, 2D woven fabrics are so appropriate for making laminated composites to 

obtain necessary thickness or orientation. Nevertheless, woven fabrics are not suitable for 

forming complicated or highly curved shapes as they may easily contain creases. Also, as all 2D 

laminates, every woven fabric-reinforced composite is in lack of Z-fibers in the thickness 

direction. 

There are various factors influencing mechanical properties of a woven fabric-reinforced 

composite, which are the type of fibers, the weaving parameters and the stacking and 

orientation of the constituent layers. Along both warp and weft directions, the woven 

reinforcement demonstrates good steadiness and gives the highest cover or yarn packing 

density relative to fabric thickness.  
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Figure 2.4: Typical structures of woven fabrics 
(Source: http://www.bbc.co.uk/) 

Knitted fabric-reinforced composites: Knitted reinforcements were not widely used in the 
past since there had been worries on the sufficiency of fiber content and the ability of load 
carrying due to their loose and weak structures. These days, those worries are overcome as 
knitted fabric-reinforced composites have exposed many noted properties.  

Basically, there are two techniques for the fabrication of all knitted fabrics as demonstrated 
in figure 2.5. The weft knitting technique is simpler than the warp knitting technique, but 
variants of both of them are numerous. In the production, a meddler weaves a continuous 
inter-looping of one yarn system into horizontal rows (courses) and vertical columns (wales) of 
loops to create a knitted fabric. If the yarns flow along the horizontal direction in the structure, 
it is weft-knitting method; whereas, if they flow along the vertical direction, it is warp-knitting 
method. With their specific way of fabrication, knitted fabrics contain unique characteristics 
compared to woven ones. Thoroughly, knitted fabric-reinforced composites have much lower 
stiffness and strength but superior drapability and tougher resistance to impact and wrinkling, 
which come with inferior fabrication cost in mass production in comparison with woven fabric-
reinforced composites [15]. 

 

Figure 2.5: Two typical knits: plain weft knit (left) and tricot (1-and-1) warp knit (right) [16] 

The most crucial merit that makes knitted fabric-reinforced composites favored is the the 
drapibility. This derives from the loose structures of the knitted fabrics before curing process, 
permitting the formation of complicated and highly curved shapes without creases. Knitted 
fabric composites possess better inter-laminar fracture toughness and processability compared 
to other 2D textile laminates. These features lower the production cost when the production 
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quantity is large enough. These composites have weaknesses as well. Their stiffness and 

strength are only moderate in comparison with those of other 2D textile composites [17].  

Knitted fabrics have been chosen to be the reinforcement for the concerned nap-core 

sandwich structures in this thesis. A comparison of the properties of them and some other 

composite reinforcements are revealed in figure 2.6. 

 

Figure 2.6: Overview and comparison of some composite properties of the main existing 

reinforcements [16] 

Braided fabric-reinforced composites: Braided fabrics are produced in brailing processes, 

offering multi-axial in-plane orientations. The braiding technique is low-cost and seemed to be 

the oldest method of fabricating textiles. For composite reinforcements, braided fabrics have at 

least two sets of yarns twisted together, in which one set is the axial yarns (see figure 2.7). 

Hereby, ribbed braided structures are created, which help to strengthen the binding between 

the fabric and the matrix. In two-dimensional braiding, braided yarns are intertwined in 1 x 1 

patterns or 2 x 2 patterns.  

   

Figure 2.7: Typical structure of braided fabrics 
(Source: http://www.easycomposites.co.uk/) 

The braided architecture has made its fabrics exceptional reinforcements with good 

conformability and excellent damage tolerance. With improved mechanical features such as 

tensile strength, extension at failure, and elastic modulus, their composites can withstand 

twisting, shearing and impact better than those made with woven fabric reinforcements. Due 
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to the routes of low-priced fabrication, braided reinforcements are being so promising for 

aerospace and automobile applications [18]. 

Stitched fabric-reinforced composites: To produce stitched fabric, lock stitches through the 

full thickness of the laminate are introduced by a sewing machine in stitching process (see 

figure 2.8). It can be done to un-impregnated fibers as well as impregnated fibers. However, the 

latter is infrequently exploited due to excessive fiber damage. This way of stitching can be 

implemented with carbon, glass or aramid fiber yarns.  

Here the role of the stitches is very crucial as they allow relative fiber movements while 

upholding the uniform fiber spacing. The ability to stitch fibers in angles of 00, 900, + 450, - 450 

allows the laminates to withstand loads from both known and unknown directions. This gives 

the fabric an excellent conformability, becoming very suitable for creating composite parts of 

complicated shapes (e.g. ones with double curvatures) without excessive cutting, joining, or 

post-consolidation machining. Consequently, fiber crimp is eliminated, and the composites 

manufacturing is considerably simplified since multiple fiber layers are able to be handled in 

only one step. With the mentioned strong points, the mechanical properties of stitched fabric-

reinforced composites, particularly in compression, are superior to those of conventional 

woven fabric-reinforced ones [19].  

           

Figure 2.8: The typical fabrication and structure of stitched fabrics 
(Sources: http://www.mycelticcrossstitch.com/, https://stitchedmodern.com/) 

3D Textile Composites:  

In these composites, the reinforcements are of 3D woven or 2D+ multilayer interlock fabric 

without creases (crease-free). The fabrics are also fabricated by textile techniques of weaving, 

knitting, braiding and stitching but with addition of binding yarns which connect the layers 

together (see figure 2.9; the binding yarns are yellow). Thanks to the inter-looped characteristic 

of the binding yarns, 3D textile composites have exceptional stretchability, allowing them to 

drape over complex shaped tools in the forming process to create net-shaped or nearly net-

shaped reinforcements. For 3D preforms (i.e., pre-shaped fibrous reinforcements formed to the 

desired shapes), the properties in the thickness direction of them and their composites can be 

customized through different ways of integrating the binding yarns, i.e. orthogonal or diagonal 

through the thickness or from layer to layer. Likewise, the amount and properties of binding 

yarns contribute much, too. In other words, in-plane and out-of-plane properties of the fabrics 

http://www.mycelticcrossstitch.com/
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can be changed to match loading conditions via the weave design or the binding yarns’ 

substance.  

 
Figure 2.9: Typical layouts of 3D textile [20]:  

(a) 3D plain, (b) 3D twill, and (c) 3D satin woven preform structures 

On account of 3D fabric layouts, the labor of stacking the plies is lessened, and the through-

the-thickness and delamination properties of 3D textile composites are much better as 

compared to laminated composites. However, a lower quantity of plies comes with fewer 

possible reinforcement directions in the composites, and this is one of major drawbacks of 3D 

textile composites to be optimized [21]. 

In summary, each textile composites either 2D or 3D has its own properties. 3D textile 

composites have general advantages and disadvantages over 2D ones shown below. Although 

the advantages of 3D textile composites are so noticeable, their disadvantages remain major 

obstructions to practical usage. 

Advantages: 

• Capacity of producing complex near-net-shape preforms 

• Making complicated shapes with less expense and more simply 

• Ability of tailoring the through-thickness properties for particular applications   

• Having higher strain-to-failure values and higher delamination resistance 

• Owning better inter-laminar fracture toughness and impact tolerance. 

Disadvantages: 

• Having lower stiffness and strength in many structures 

• Having lower tension and torsion properties 

• Being much more difficult to fabricate large size preforms 

• Being too hard and pricey for production in lots of cases 

• Challenging simulation and prediction of the working abilities due to the elaborated 

structures and orthotropic properties 

• Complex relationship between the textile parameters and the composite properties. 
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2.2. Sandwich-structured composites 

The nap-core sandwich is considered to be a type of textile composite as its nap-core and 

outer layers are made with fabric reinforcements. Its arrangement also makes it classified as a 

sandwich-structured composite introduced below. In other words, the nap-core sandwich is a 

textile composite fabricated with a sandwich structure. 

Sandwich-structured composite is a special class of composite materials, known as core 

materials as well, being created by laying a lightweight but thick core between two thin stiff 

outer layers (also called skins or face sheets). Then they are bonded to one another with some 

strong adhesive to form a unique structure that possesses good out-of-plane compressive 

strength and high bending stiffness with noted low density. Normally, the core has a hollow 

structure to minify the weight [22]. 

2.2.1. Overall structure 

There are various kinds of sandwich-structured composites available according to the skin 

and core designs. For instance, thin metal plates, laminates of fiberglass, primarily thermoset 

polymers (unsaturated polyester, epoxy), and carbon fiber reinforced thermoplastics are very 

usual choices of the skin materials. Besides, common choices of the core are open- /closed-cell-

structured foams (either polymer or metal ones), honeycombs, and nap-core (see figure 2.10). 

           

Figure 2.10: Typical types of sandwich-structured composites [23]:  

Foam cell sandwich (left), honeycomb sandwich (middle), and nap-core sandwich (right) 

With respect to the pattern of the core and its connection to the outer sheets, sandwich-

structured composites are able to be classified into two major groups: 

• Homogeneous support of the skins: The core supports the skins through all the contact 

surfaces. 

• Non-homogeneous support of the skins: The core supports the skins partly instead of 

wholly. This consists of four sub-categories:  

- Punctual support: The core is open in all directions: vertical, horizontal and thickness. 

- Regional support: The core is open in vertical and horizontal directions but not the 

thickness direction.   

- Unidirectional support: The core is open in only one direction either vertical or 

horizontal.   

- Bi-directional support: The core is open in the thickness direction only. 

The illustrations are shown in figure 2.11. 

Nap-core 

Outer layer 

Adhesive 
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Figure 2.11: Classification of Sandwiches based on their skin support [24] 

The mechanical properties of sandwich-structured composites depend on three essential 

factors that are 

- The materials of the constituent parts (core, adhesive, and skins) 

- The geometries of the core (e.g., total height, cell wall’s thickness, cell periodicity, etc.) 

and  the skins (i.e., thickness) 

- The connection scheme and the cohesion between the core and the skins. 

Specifically, a sandwich with a thicker core usually has a higher flexural strength but lower 

compressive strength. Also, an improvement of the cohesion between the core and the skins 

will come with higher shear strength.  

Given to a notable performance-to-weight ratio, sandwich-structured composite materials 

are being employed more and more in the industry of manufacturing vehicles, spaceships, and 

aircrafts. In particular, most lining elements are fabricated with nonmetal sandwich materials of 

which the outer layers are usually laminated fabric composites and the core is honeycomb, 

foam, or nap-core. When the parameters of the sandwich’s components change, the 

mechanical behavior of it changes as well. That results in a wide range of properties for 

numerous applications. 

2.2.2. Cellular-core composites 

Low-density cellular solids appear widely in nature and are manufactured on a large scale 

as well. A cellular solid is a structure made up of an interconnected network of solid struts or 

plates that form the edges and faces of its cells [23]. 

There are three typical structures of cellular solids (see figure 2.12). Of them, the two-

dimensional honeycomb is simplest while the foams are more complicated as their cells are 

polyhedrons piling up in three dimensions to fill space [23].  
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With their special structure, metallic cellular materials and their sandwiches have high 

strength to weight ratio and high energy absorption as well, thus efficiently increase the safety 

and reduce the weight of vehicles. The most important feature of a cellular solid is its relative 

density, ρ*/ρs (i.e., the density of the cellular solid, ρ*, divided by that of the cell wall material, 

ρs). The manufacturing techniques for cellular materials and the corresponding sandwich panels 

can be found in reviews of Banhart on metal foams [25] and Wadley et al  on metallic 

honeycombs [26]. Among cellular-core sandwich composites, only honeycomb sandwich will be 

introduced because it shares many common points with the nap-core sandwich on the 

structure, properties, and applications. 

 

Figure 2.12: Examples of cellular solids: a two-dimensional honeycomb (left); a three-

dimensional foam with open cells (middle), and a three-dimensional foam with closed cells 

(right) [27]. 

Honeycombs 

In mechanical engineering, honeycomb materials refer to man-made structures mimicking 

the geometry of a natural honeycomb with the purpose of minimizing the amount of material 

needed to reach a minimal weight and minimal material cost. Honeycomb geometry may be 

extensively diverse, but it always features an array of hollow cells - having the shape of a 

polygonal column - formed between thin vertical walls. Choices of the cell shape are various, 

including equilateral triangle, isosceles triangle, square, parallelogram, regular hexagon, 

irregular hexagon [23]. Besides, many materials can be utilized to make honeycombs, which are 

paper, aluminum, steel, and polymers. 

The fabrication of a synthetic honeycomb is implemented by laying a honeycomb between 

two thin layers in order to raise the overall strength. This creates a plate-like sandwich 

structure with periodical isotropic or anisotropic unit cells. They have been proved to be an 

excellent lightweight structural composite with a considerable strength-to-weight ratio, great 

bending and tension tolerance, and an outstanding energy absorption capacity. In most cases, 

honeycombs have an orthotropic behavior. They can generally resist out-of-plane loading (i.e., 

compression) much better than in-plane loading (i.e., shear). At the same weight, compression 

strength of honeycombs is typically higher in comparison with other sandwich core structures 

such as foam cell or corrugated cores [28]. 

There is one more attractive feature of the honeycomb materials, which is the flexibility to 

the attached walls. Hence, honeycombs can be usable for flat as well as moderately curved 
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surfaces while retaining their great specific strength. This is one of the reasons honeycomb 

structures are broadly used in the aerospace industry in which honeycomb materials of 

aluminum, fiberglass and advanced composites have been featured in aircraft and rockets since 

the 1950s. As an example, all four legs of the shock absorbers of the Apollo 11 are made of 

crushable metallic honeycombs [29]. They can also be found in many other fields, from 

packaging materials in the form of paper-based honeycomb cardboard to sporting goods like 

skis and snowboards. 

A typical regular hexagonal honeycomb is sketched in figure 2.13. There are some typical 

parameters reflecting the properties of this structure. Among them is the ratio of the cell wall 

thickness to the angled edge length, t/l, which is directly related to the relative density, ρ*/ ρs, 

and therefore to the mechanical properties. Other parameters, i.e., the ratio of the vertical 

edge length to the angled edge length (h/l) and the expanding angle (θ), also help to define the 

topology of the honeycomb. For a perfectly regular hexagonal honeycomb, h/l = 1 and θ = 30o. 

Because of the sole characteristics of the manufacturing techniques, the thickness of the cell 

walls in the ribbon direction, 2t, is twofold that in the other two directions, which is of the most 

interest for researchers. The other parameter to characterize the honeycomb is the thickness of 

whole honeycomb T [23]. 

    

Figure 2.13: Sketch of a hexagonal honeycomb structure and its unit cell [23] 

Studies on metallic honeycombs were started by McFarland in 1963 [30]. Afterwards, 

honeycombs received a great interest mostly focusing on their distinctive performance in three 

directions x1, x2, and x3 (as shown in figure 2.13). However, there is not as much literature 

concerning profoundly enough the effect of entrapped air which is an intriguing point as well. 

There are numerous techniques of fabricating honeycombs, and the information can be found 

in detail in Wadley’s reviews [26], including expanded method, corrugated method, strip 

slotting method, and metal extrusion process.  

Many popular applications of metallic honeycombs are listed in Table 2.2. Especially, in the 

automotive and aerospace industries, honeycomb sandwich panels are used to fabricate most 

of lining elements in which the outer layers are usually laminated fabrics and the cores are 

nonmetal honeycombs. In another noticeable application, lightweight honeycombs are 

employed to absorb the impact energy in airplanes and automobiles.  
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Table 2.2: List of the most common applications of honeycomb structures [26] 

Application area Industry Company/Product 

Racing shells Sport Vespoli, Janousek Racing Boats 

Aerospace 
manufacturing 

Aerospace Hexcel, Plascore Incorporated 

Gliders Aerospace Schleicher ASW 19, Solar Impulse Project 
Helicopters Aerospace Kamov Ka-25, Bell 533, Westland Lynx 

Jet aircraft Aerospace General Dynamics/Grumman F-111B, F-111 Aardvark, all 
commercial airlines since the Boeing 747 

Rocket 
substructure 

Aerospace Saturn V Instrument Unit, Mars Exploration Rover, S-520 

LED technology Lighting SmartSlab 

Loudspeaker 
technology 

Audio Loudspeaker#Driver design, Woofer 

Telescope mirror 
structure 

Aerospace Hubble Space Telescope  

Automobile 
structure 

Automotive Panther Solo, Jaguar XJ220, Dome F105, Bluebird-Proteus 
CN7, BMW i3 / i8, Koenigsegg Agera 

Snowboards Sports Snowboard  

Furniture Woodworking Furniture  

In summary, honeycombs are favored because of their extraordinary mechanical features, 

steady performance, and diversity of materials as well as cross-section selections. Nonetheless, 

they are orthotropic structures with relatively weak shear strength (at least compared to the 

compression strength). Recent expansions also demonstrate the usefulness of honeycomb 

structures in nanotechnology applications but that is beyond the scope of this thesis. 

For each sandwich, when parameters of the core change, the behavior of the sandwich 

changes as well. That results in a wide range of mechanical properties for numerous 

applications. However, most of sandwiches with honeycomb or foam cores have a drawback 

that is their closed inner structure. It causes difficulties integrating supply lines (ducts and 

wires), and it probably makes accumulation of condensation water that increases weight and 

reduces the mechanical properties of the sandwiches. These are improved with pin cores and 

corrugated cores but they are less popular. The nap-core has been developed not only to 

overcome the above problems but also to contain many advantages itself. 

2.2.3. Nap-core sandwich composite 

Nap-core sandwich composite is a novel kind of cell core material beside well recognized 

ones such as foam or honeycomb sandwich composites. This new composite has many 

advantageous properties in all physical, chemical as well as mechanical aspects. The material is 

the major sandwich of the thesis; hence, it will be presented more specifically. The 

development of the nap-core sandwich composite has been started in the 1980s and continued 

by Brandenburg Technical University and Fraunhofer Institute for Reliability and Micro-

integration in Germany up to now because of its noteworthy structural merits [31]. Basically, it 

https://en.wikipedia.org/wiki/Vespoli
https://en.wikipedia.org/wiki/Janousek_Racing_Boats
https://en.wikipedia.org/wiki/Hexcel
https://en.wikipedia.org/wiki/Plascore_Incorporated
https://en.wikipedia.org/wiki/Schleicher_ASW_19
https://en.wikipedia.org/wiki/Solar_Impulse_Project
https://en.wikipedia.org/wiki/Kamov_Ka-25
https://en.wikipedia.org/wiki/Bell_533
https://en.wikipedia.org/wiki/Westland_Lynx
https://en.wikipedia.org/wiki/General_Dynamics/Grumman_F-111B
https://en.wikipedia.org/wiki/F-111_Aardvark
https://en.wikipedia.org/wiki/Boeing_747
https://en.wikipedia.org/wiki/Saturn_V_Instrument_Unit
https://en.wikipedia.org/wiki/Mars_Exploration_Rover
https://en.wikipedia.org/wiki/S-520
https://en.wikipedia.org/wiki/SmartSlab
https://en.wikipedia.org/wiki/Loudspeaker#Driver_design
https://en.wikipedia.org/wiki/Woofer
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Panther_Solo
https://en.wikipedia.org/wiki/Jaguar_XJ220
https://en.wikipedia.org/wiki/Dome_F105
https://en.wikipedia.org/wiki/Bluebird-Proteus_CN7
https://en.wikipedia.org/wiki/Bluebird-Proteus_CN7
https://en.wikipedia.org/wiki/BMW_i3
https://en.wikipedia.org/wiki/BMW_i8
https://en.wikipedia.org/wiki/Koenigsegg_Agera
https://en.wikipedia.org/wiki/Snowboard
https://en.wikipedia.org/wiki/Furniture


24 
 

 

induces a sandwich structure which, like other sandwiches, contains three main parts, i.e. one 

core and two face sheets bonded to one another with some strong adhesive.  

Nap-core: This is a semi-finished product and made of 2D knitted fabric. It is first pre-

impregnated with a thermosetting resin and formed periodic cups with a pin mold by deep-

drawing method. Afterwards, it is cured at high temperature for a few hours before cooled 

down at room temperature to acquire a permanent 3-D form (see figure 2.14). The molding 

process gives the core crosswise periodic naps with cup-shaped profile, so it is often called nap-

core. To ensure the nap-core’s desired outcome (i.e., mechanical strength, deformability, 

wettability, and heat insulation), the input elements need to be well designated; the most basic 

ones of them are fiber material, resin substance, and knitting type of the fabric.  

The selection of knitted fabrics instead of other types of textile is crucial since knitting 

patterns permit higher elongation. There are many material choices for the core’s fibers. 

Thermoplastic polymers (Acrylic, Polyester or Polyamide), Aramid, glass, cellulose, basalt, and 

hybrid fibers are the most successful ones (used purely or associatively) for they are non-toxic 

and strongly resistant against heat, solvents, hydrolysis and oxidizing agents. The fibers made of 

them also prove to be highly durable and tough. Nevertheless, many of those materials have 

low elongation of break (around 4%) while the production of the nap-core necessitates the 

textile to stretch up to 250%. Thus, fabrics fabricated by knitting technique are used as they are 

incredibly suitable for creating deep-drawn shapes without local fractures or creases [32].  

Since the nap-core is more like a fibrous structure than a composite laminate, its resin plays 

the role of a coating layer rather than a monolithic matrix. Here, the resin – a thermoset – has a 

large number of significant functions, which is to 

• Protect the fabric from harmful factors  

• Keep an enduring shape of the core 

• Prevent transposition of the yarns so that eliminate the problem of inter-tow sliding   

• Minimize the spreading or damage of the fibers 

• Reduce wrinkles and disorders to the fabric 

• Repair small fractures on the fibers. 

The best materials for the matrix are thermoset resins Cyanate Ester, Epoxy and Phenol 

formaldehyde for their working stability and health safety (good fire-smoke-toxicity standard). 

Beyond that, they are reasonable at price for commercial production and own a fast cross-

linkage and low curing time. In practice, the selected resins have already shown good basic 

properties plus high compatibility with plasticizer and retardants as well as their excellent 

ability of wetting fibrous material. It is also worth mentioning that the resins possess high 

reactivity and flexibility that are very important in continuous production of the nap-core, so its 

content in the entire nap-core is a matter of primary concern. 

The combination of the fabrics and the resin systems based on the above explained 

components has generated mixtures that are favorable to forming and curing processes. Every 
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resulting nap-core assumes a durable structure owning many desirable properties, e.g. good 

resistance to abrasion, high inertness to organic solvents, no conductivity, low flammability, 

and good strength against UV, Acid and Alkaline [32].  

 
Figure 2.14: Structures of a nap-core, a nap and its fabric 

(Source: Fraunhofer PYCO and InnoMat GmbH) 

Classification of the nap-cores: The nap-cores vary in the materials, but they can be divided into 

two groups according to the geometry, single-sided nap-core and symmetrical nap-core (see 

figure 2.15). The former is shaped between a positive tool and a negative tool while the latter is 

shaped between two positive tools. Not only can the symmetrical nap-core facilitate automated 

production process much better, but also it is more advantageous at complex drapability since 

the naps can converge and diverge on both sides. However, the geometry of the symmetrical 

nap-core may limit it to usage of pins considerably smaller than those used for single-sided nap-

core, plus its deep-drawing molds are more expensive [7]. 

     
Figure 2.15: Single-sided nap-core (left) and symmetrical nap-core (right) 

(Source: Fraunhofer Pyco) 

Outer layers: The face sheets, top and bottom, are identical and each is a thin laminated 

composite of which the reinforcement is a textile and the resin is also a thermoset.  

 
Figure 2.16: Woven fabric structure of the face sheets’ reinforcement 

(Source: www.turbosquid.com) 
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For the sandwich investigated in this research, the fabrics of the face sheets are made of 

fiberglass by weaving technique that offers good strength in all directions (i.e., vertical, 

horizontal and diagonal) of the sheets (see figure 2.16). Before curing, the skins are presented 

in pre-impregnated forms of which the flexibility is convenient for the lay-up of sandwich 

structures. Subsequently, the included thermosetting resin (e.g., Phenol formaldehyde) will 

provides the skins necessary rigidity after a curing process changing from a temperature of 

about 1400C to room temperature.  

Nap-core sandwich: To obtain a sandwich, two face sheets are attached firmly to the top face 

and bottom face of a nap-core with an adhesive as the same as the resin of the nap-core. The 

resulting sandwich is open to both sides of its thickness, so it is classified as regional support 

composite - a kind of non-homogeneously supported sandwich structures (see figure 2.10-right 

in section 2.2.1). Several dimensions determine the final properties of a nap-core sandwich. 

Those are the height of the whole nap-core, the alignment pattern of the naps (triangular or 

rectangular), the upper and lower diameters of the naps, and the distance between the nap 

centers. Examining the relation of each to the mechanical behavior of the nap-core sandwich 

structure is an essential component of this thesis. 

Beside numerous features shared with other sandwich-structured composites, the nap-core 

and its sandwich own unique ones by themselves. The most considerable properties of them 

are as follows [31]. 

Advantages: 

• Most of the nap-core materials are nontoxic, environment-friendly, exceptionally light 

(starting from 27 kg/m3). 

• The materials and geometries of the nap-core and its sandwich composite can vary a lot to 

fit requirements of specific applications.  

• The pre-preg process, which is applied to the nap-core’s initial dry preform, requires extra 

time and cost, but it results in a structure with greatly consistent properties. Overall, the 

production cost of the nap-core sandwich is still cheaper than other sandwiches made with 

honeycomb and cellular cores. 

• The pre-impregnation with resin helps the nap-cores to avoid fiber-matrix debonding 

efficiently. 

• Every nap-core is based on knitted fabric, so it can drape very well on molds during the 

forming stage. Furthermore, the knitting pattern keeps the whole composite steady and 

prevents damages to propagate.  

• The nap-core sandwich has been tested and proved by the developers for the significant 

abilities of acoustic damping and impact absorption as well as the good cohesion of the 

nap-core and the skins. 

• Similar to honeycomb and foam core sandwiches, the nap-core sandwich has a high 

strength-to-weight ratio, and it works very durably against out-of-plane compression and 

bending.  
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• With a relatively flexible core and not so hard outer layers, the nap-core sandwich can be 

bent to adapt curved surfaces well.  

• Owning an open structure, the nap-core sandwich composite has a large number of other 

attributes that are valuable for the design and installation such as good drainage and 

ventilation to fluid and easy integration of ducts and wires. These properties are not usually 

found at other types of core material. 

• The fabrication of the nap-core sandwich is not complex and can be done manually as well 

as automatically in a continuous process while the selections of constituent materials and 

geometries are very diverse. 

Disadvantages: 

• The nap-core sandwich has an inhomogeneous and anisotropic structure. Its failure 

behavior is so complicated while there is little understanding of it at present (e.g., 

matrix/fiber cracking and core buckling are difficult or infeasible to mend). 

• The shear strength and the flexural strength of the nap-core sandwich reduce extremely 

and quickly when there is any damage or failure (debonding or unsticking) to the cohesion.  

• Because of having a hollow lightweight structure, the nap-core material is susceptible to 

severe concentrated forces as they likely cause local buckling and seriously weaken the 

sandwich. 

• Because the nap-core is made of knitted fabric, it has the stiffness and the specific strength 

not as high as those of the sandwich structures made with honeycomb or other cellular 

cores at the same dimensions. 

• The nap-core sandwich is flammable (even if it is low), so it cannot be applied in zones 

having to withstand excessive temperature. 

• The modeling of the nap-core sandwich remains a challenge. The knitted structure of the 

nap-core is already deformed non-uniformly after the forming process, so it is periodic at 

the macroscopic scale but non-periodic at the mesoscopic scale. Moreover, the nap-core is 

a composite rather than a single material, and its properties changed a great deal after the 

heating and curing stages. The entire composite is anisotropic at every point inside. Finally, 

the nap-core may bear pre-stress at some level having undergone the described 

manufacturing procedure. Hence, it is very difficult to forecast the properties of the nap-

core sandwich.   

To have a deeper understanding of the nap-core sandwich, a comparison between it and a 

honeycomb sandwich with similar boundary dimensions has been carried out. For both kinds of 

sandwiches, the outer sheets are the same kinds of laminate composed of glass fabric (296 

g/m²) and Phenol formaldehyde resin with a content of 40% weight. The examined nap-core's 

knitted fabric is made of Aramid Hybrid for the yarns and Phenol formaldehyde for the matrix, 

of which the naps are triangularly arranged and have an average diameter of 6mm. The mass-

to-volume ratio of the nap-core sandwich sample is 55 kg/m3. The comparative honeycomb is 
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made of paper, having a cell width of 3.2mm and a mass-to-volume ratio of 48 kg/m3. The 

comparison is on compressive behaviors. The samples are illustrated in figure 2.17 [33]. 

     

Figure 2.17: The honeycomb (left) and the nap-core (right) of the comparison 

The resulting behaviors of the two sandwich samples are presented in figure 2.18 [33]. 

 

Figure 2.18: Compression to a sandwich with nap-core (left) and honeycomb (right) 

(Source: Kunststoffe international GmbH) 

The experiments demonstrate that the honeycomb sandwich has better strengths and 

moduli in general, but the nap-core sandwich holds an outstanding advantage. When the 

damage happens, the strength of honeycomb sandwich descends abruptly and its force 

plunges, whereas the force of the nap-core sandwich goes down slowly with only a modest 

slope (see figure 2.18). This feature, in addition to great ventilation and an easy integration of 

wires, make the nap-core sandwich a good selection in numerous applications [31],[32],[33]. 

In conclusion, the nap-core sandwich structures have a very distinct design that offers them 

numerous unique characteristics beside what of typical textile composites and sandwich-

structured composites. Currently, a large number of nap-core sandwich types are being used in 

manufacturing boat hulk as well as lining elements of spaceships, aircrafts or automobiles. Its 

present functions in the whole structure are decoration, covering, and medium load bearing. 

However, with many advantageous properties as already mentioned, plus especially promising 

development potential, the nap-core sandwich structure is in a high research demand for 

knowing how its mechanical performance depends on each of its constituents and geometries. 

Consequently, the attained understandings can help to propose suitable materials and suggest 

optimal designs of the nap-core sandwich for various applications. It is highly possible the nap-

core sandwich in the future can work more stably and resist much larger loadings after taking 

up improvements. The first necessary step is to comprehend them fully, and computational 

simulation is the way. This thesis would like to contribute to that. 
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III. LITERATURE REVIEW 

3.1. Introduction 

The nap-core sandwich is a novel class of textile-based structural composite material, and 

there are only a few articles introducing its properties (e.g., by Bernaschek et al. in 2011 [34] 

and Gerber in 2017 [31]) and one paper partly describing its behavior under impact loads in 

experiments published by Gerber et al. in 2016 [7]. There has not been a single report on 

modeling of it yet. However, most of textile fabrics and their composites are subject to 

numerous studies of simulation, being well described and cognized [15]. Those studies have 

shaped a critical foundation that can be referred to in the modelling of the described nap-core. 

This chapter is going to review the literature of the most noticeable numerical simulations of 

textile composites.   

There are two strategies applied to investigate the behavior of every composite: 

experimentation and modeling. The former can be done without much information on the 

underlying structure but it is time-consuming and inflexible, which is somehow opposite to the 

latter. By modeling approach, there are two typical ways that are analytical modeling and 

computational modeling. The analytical modeling technique, in the study of fabric composites, 

was initiated by Ishikawa et al. in the 1980s, developed by Naik et al. and Vandeurzen et al. in 

the 1990s, and further refined by Lomov et al. and Tabiei and Yi in the early 2000s. This 

technique analyzes the structure’s elastic behavior according to a mosaic model where the 

fabric composite can be regarded as an assemblage of asymmetrical cross-ply laminates [35]. 

Although it is cost-effective, there is a considerable limitation in the solution accuracy of the 

weave complexity and the strength response. Thus, this method is merely applicable for textile 

composite with plain periodic structure and simple behavior [36]. Otherwise, the 

computational modeling technique exposes many advantages and has been employed 

progressively. A number of numerical methods, including the boundary element method (BEM), 

the finite element method (FEM), the finite-difference method (FDM), and meshless methods 

(e.g., the element-free Galerkin method) are useful for analyzing textile composite materials. Of 

them, the FEM is most promising since it permits well analysis of nonlinear systems with 

general boundary conditions and enables adaptations to intricate geometries. In other words, 

the FEM has proved to be one of the most powerful techniques that can efficiently predict not 

only the stiffness but also the damage and the strength of textiles and their composites [15].  

Filaments (+ resin)    =>    Yarns (+ resin)   =>    Fabric (+ resin)   =>    Composite 

Microscopic scale Mesoscopic scale Macroscopic scale 

Figure 3.1: Scales of textile hierarchy 

As introduced in the section 1.1, textile composite is a hierarchical material with three 

scales (see figure 3.1). Based on the scales of a model, the computational simulation is equally 

classified as microscopic-scale modeling, mesoscopic-scale modeling, and macroscopic-scale 

modeling (see figure 3.2). The microscopic-scale modeling involves the study of the orientations 
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and the mechanical properties (i.e., the elastic moduli and the failure criteria which can be 

found from experiments or available data sheets) of the constituent filaments, which are the 

input for the calculation of the yarns’ mechanical properties. This way of simulation is also 

referred to as a full modeling of yarns; it requires a great amount of sample measurements, 

model construction effort, and computational calculation. Hence, the microscopic-scale 

modeling is only applicable to textiles with simple and periodic fabric patterns. The mesoscopic-

scale modeling, on the other hand, follows the concept of homogenization and evaluates the 

mechanical properties of a fabric Representative Volume Element (RVE), which is used then to 

calculate the effective material properties of textile composites. The macroscopic-scale 

modeling also makes use of homogenization, but it is conducted on the RVE of the whole 

composite structure instead of the RVE of the fabric only [15].  

In the initial stage of modeling, the properties of yarns are determined according to their 

filaments and impregnated resin by using some simple technique of homogenization. Then, the 

properties of yarns serve as the input for the second modeling stage in which the properties of 

the fabric’s RVE are found also with the invocation of a homogenization technique but at a 

much more sophisticated level. Finally, in the third modeling stage, with the mechanical 

properties of the fabric obtained from the preceding stages, the performance of the whole 

structure under different loadings is studied and predicted.  

 
Figure 3.2: Integrated textile modeling hierarchy [15] 

In an actual implementation, the microscopic-scale modeling is simplified a lot as the 

properties of the yarns’ constituents can be checked with standard tables and deemed 

monolithic materials. Afterwards, the properties of the fiber bundle (fiber coated with resin) 

are simply defined as the average values of those of the constituents based on the bounds 

originated by Voigt and Reuss and later improved by Jacquet et al. in 2000 [37]. Although both 

microscopic-scale modeling and mesoscopic-scale modeling can be ignored to reach the 

macroscopic-scale modeling and search for the fabric properties immediately through 

experiments, it demands much time and effort for samples fabrication and measurement. 

Hence, to investigate textile composites effectively, the employment of the mesoscopic-scale 

modeling is the most appropriate, which is considered to be the rivet in predicting mechanical 

properties of the fabric. Doing this by FEM is referred to as a homogenization method, whereby 

the heterogeneous fabric is made a homogeneous orthotropic material. This task helps to save 
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much time, storage capacity and effort in the macroscopic-scale modeling subsequently. The 

details on different homogenization methods are presented in section 3.2 of this chapter. 

Before that, it is beneficial to look into the progress and efficacy of using FEM method to model 

textile-based materials. 

The application of FEM in predicting stiffness and investigating behaviors of textile fabric 

has been increased a lot in the last decades, initiating with early studies of Paumelle et al. and 

studies of Whitcomb done in 1991 to achieve insight into the stress state, stiffness and strength 

of textile composites [35]. The simulation result was well matched with that of the experiment, 

but the method was still unsophisticated and only applied to plain weave composites as it made 

simplified presumptions about the material microstructure, and considered very simple loading. 

In 1994, Woo and Whitcomb suggested a global-local methodology using special macro-

elements (this is an alternative to conventional finite element analysis), which was able to 

analyze 2D and 3D plain weave fabric composites efficiently and economically by exploring the 

internal stress distributions. The method employed a comparatively coarse global mesh with 

single-field macro-elements to investigate the global response of the structure. In addition, it 

used fine local meshes with conventional finite elements to the zones of interest to obtain 

accurate information on the concerned regions [38]. The derivation of the global-local strategy 

helped overcome the limitation of the single field assumption that calculated stress inside 

macro elements inaccurately, but the method’s formulation was limited to weave fabric with 

small deformation.  

In 1996, Woo and Whitcomb continued application of their method to analyzed the failure 

within three-dimensional textile composite models. They suggested a practical computational 

procedure using two problem levels: global level and local level. A coarse global mesh was 

employed for the whole structure at the global level to obtain an initial global solution. In 

contrast, a refined local mesh was applied to small portions of the textile composite at the local 

level to get regional solutions. The stress state and the failure behavior of composites were 

studied, proving that the failure trait of the infinite unit cell under tension changed with the 

yarn’s curvature [39]. The method was very useful in dealing with the geometric complexity of 

textile composites and generated good result but it was again appropriate only to plain weave, 

not structure-complicated fabrics. 

Beside the research of Woo and Whitcomb, Blackketter et al., in 1993, proposed to use a 

FE-based approach to forecast the initiation and evolution of the damages within a woven 

fabric composite under tensile and in-plane shear. In the study, the theory on the normal 

maximum stress criterion was adopted to predict the failure of the transverse isotropic yarns 

and the linear elastic isotropic matrix [40]. This method was then extended by Whitcomb and 

Srirengan in 1996, pointing out that the predicted numerical response of a plain weave 

composite was strongly affected by several computational factors such as the damage method, 

the quadrature order, and the number of elements [41]. Additionally, Chapman and Whitcomb 

in 1995 [42] as well as Whitcomb and Tang in 1999 [43] had other noted studies on the 
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influence of the yarn shape and yarn curvature, which all proved the efficiency of FEM element 

method in studying textile composites.  

 

3.2. Homogenization methods 

In practice, a direct simulation of fabrics needs the construction of a very detailed model 

that demands an extreme accuracy of the geometries and confronts difficulties generating an 

appropriate mesh for each textile component. In addition, the calculating process of the direct 

simulation is usually too long. For example, Durville, in 2007, created a finite element model of 

a woven fabric representative element. The structure of the RVE was rather simple, including 

six vertical yarns and six horizontal yarns, but all 336 fibers (each yarn consists of 28 fibers) 

were modelled individually (see figure 3.3). All integral parameters of fibers (e.g., waviness, 

gap, friction, shrinkages and stretchability) had been considered carefully. Totally, the 

numerical model contained 37000 fiber nodes, 5400 matrix nodes, 352000 degree of freedoms, 

and 75000 contact elements. The simulations of shear test and twisting test were implemented, 

costing 60 hours for the first case and 45 hours for the second case (using 6 computer 

processors 2.4GHz) [44]. Although the simulation result and the experimental result meet each 

other so well, they cannot justify the high expense of modeling. Today, the speed of processors 

is higher than before (i.e., 3.6 GHz compared to 2.4 GHz), the estimated computation times are 

still very much.  

  

Figure 3.3: A textile fabric RVE in full modelling: Shear (left) and twisting (right) [44]  

That hints a new modeling technique more economic but also efficient, which is called 

homogenization (also referred to as reduced modeling). Its concept is homogenizing a 

composite, which has separated constituents, to be a homogenous media with uniform 

mechanical behavior at very point. This task is fulfilled by extracting the effective properties 

(the average mechanical properties) of the composite’s RVE at the mesoscopic scale. Through 

the homogenization, the sample building effort, the simulation time, and the memory 

requirement for the model are effectively reduced. According to the strategy applied, 

homogenization methods are categorized differently. Analytical methods include ‘Rules of 

Mixtures’ and ‘The Effective Medium Approximation’; Numerical method involves ‘Asymptotic 

Homogenization (AH)’; and Computational method is so-called ‘Representative Volume Element 

(RVE) method’. All of them will be introduced in section 3.2, in which the two last ones are used 

most widely because of their precision and capability of dealing with a wide range of structures. 
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3.2.1. Concept of homogenization 

It is a way of replacing the composite structure by an equivalent homogeneous medium to 

solve the global problem, in which the composite’s effective properties are calculated based on 

the known topology of its RVE. Here, the composite is supposed to be a periodic structure 

comprising of numerous identical unit cells. Basically, a unit cell is defined as the smallest 

possible portion of material, containing all essential properties of the structure and being 

periodic within the whole structure. The RVE also has the properties of the structure, and it is 

usually chosen to be equal to the unit cell, but this is not compulsory. In fact, the selections of 

the RVE are various. For instance, it can be a sub-cell of the unit cell, or it can be a group of the 

unit cells. 

In relation to other methods, homogenization has the advantages that it needs only 

information about the RVE, and the RVE can have any complex shape. However, first order 

homogenization cannot deal with local damages. To do so, second multi-scale homogenization 

is necessary, but it is very complicated and expensive to implement. As this study does not 

concern local damages in detail, only first order homogenization will be described and 

employed within the thesis.  

 

Figure 3.4: Examples of homogenization [45] 

In order to apply homogenization successfully, there are a number of presumptions as follows: 

• The global structure is a heterogeneous medium, but it behaves in the same manner as 

a homogeneous one at the macroscopic scale.  

• The global structure is periodic (made-up by identical unit cells), or can be treated as 

periodic, or can be divided into local regions periodic at the mesoscopic scale.  

• When the global structure deforms, the microstructures in any region will deform 

uniformly, so that the region remains periodic at the mesoscopic scale.  

• The global structure or each of its periodic regions can be represented by a RVE that 

embraces all mechanical properties of the host irrespective of the boundary condition. 

The examples of homogenization are displayed in figure 3.4. The literature review presented in 

this chapter is mainly dedicated to the simulation of knitted fabrics and their sandwiches with 
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the FE homogenization methods. Nonetheless, some other analytical homogenization methods 

applied to general technical textile are also briefly presented as a development progress and 

being a ground for comparison.   

3.2.2. Typical homogenization techniques 

Over the decades, many studies have been implemented on the homogenization methods 

applicable to general composites, including textile ones. The methods have been becoming 

more proficient not only to deal with complex composites but also to be more implementable 

so that promote their effectiveness of usage. An ideal homogenization method should satisfy 

following requirements: 

• Be simple and readily solvable but also comprehensive as such physical and mechanical 

features of all components are considered 

• Be valid for the composites with multiphase and various reinforcement geometries and of 

both isotropic and anisotropic materials 

• Can consider the influence of all fibers including their geometries, distribution, and 

interaction with one another and with the surrounding matrix. 

In reality, a single homogenization method hardly satisfies all the above demands. There 

are four noticeable homogenization techniques as described below with their advantages and 

disadvantages. The first two are analytical methods, and the last two are numerical ones. 

The rule of mixture: Based on the volume fractions and the stiffness of fundamental phases, 

Voigt (1910) and Reuss (1929) suggested formulations to calculate the effective stiffness or the 

effective compliance of composites [46]. Here, the average values of the properties of the 

constituents are taken and weighted with their respective volume fractions. The average values 

are deemed the effective properties of the composite. This method is too plain as it takes into 

account merely one microstructural characteristic, which is the volume ratio, while ignoring 

many other structural elements. It is relevant only to simple and elastic materials. 

Voigt and Reuss bound: 

The most elementary rigorous bounds on elastic moduli are the Voigt (arithmetic mean) 

and Reuss (harmonic mean) bounds. In terms of isotropic bulk and shear moduli, these bounds 

can be expressed as 

Voigt bounds:  KU
* = KfVf + KmVm          and   GU

* = GfVf + GmVm                                                     (3.1) 

Reuss bounds: 1/KL
* = Vf/Kf + Vm/Km   and   1/GL

* = Vf/Gf + Vm/Gm                                               (3.2) 

where  

Vf - the volume fraction of the reinforcement 

Kf - the bulk modulus of the reinforcement 

Gf - the shear modulus of the reinforcement 

Vm - the volume fraction of the matrix 
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Km - the bulk modulus of the matrix 

Gm - the shear modulus of the matrix 

K* - the effective bulk modulus of the composite 

G* - the effective shear modulus of the composite 

Subscript U denotes the upper bound while subscript L denotes the lower bound. 

The effective medium approximation: This consists of Self-consistent Scheme (SCS), 

Generalized Self-consistent Scheme (GSCS), and IDD methods. This technique was derived by 

Eshelby in 1957 and further developed by other authors, including Hill in 1963-1965, Hashin in 

1962-1983, and Benveniste in 1987 [47],[48],[49],[50]. Generally, it makes an estimation of the 

interaction among the phases with an assumption that each of them is embedded in an infinite 

volume of the matrix or the effective medium. The effective properties of the composite are 

found as the results of an analytical (or semi-analytical) solution of a boundary value problem 

based on the previous estimation. The scheme was later improved by Lielens in 1999 and then 

Zheng and Du in 2002, which gave a simpler calculation but better results [51]. In general, this 

homogenization approach offers an acceptable approximation for structures with geometrical 

regularity, but it can neither represent the contrasts among the phases’ properties nor describe 

the behavior of clustered structures. The method’s principle is summarized in a review 

published by Klusemann and Svendsen in 2010 as follows [51]. 

At first, consider a macroscopic material point at position x in a fixed Cartesian frame. In linear 

elasticity, the constraint between the macroscopic stress бM and the macroscopic strain eM via 

the macroscopic elasticity tensor CM is  

бM = CM.eM                                                                     (3.3) 

where subscript M denotes macroscopic. 

In the homogenization of a heterogeneous multiphase composite, the solution accuracy is 

majorly dependent on the determination of a volume V (i.e., the composite’s RVE) with the 

boundary ∂V surrounding a local macroscopic material point within the whole structure. It 

requires that volume V is sufficient to characterize the structure’s composition and behavior 

both. Those demands imply that the size of heterogeneities at the micro-level has to be one 

scale smaller than the size of the volume V of the macroscopic material point. Nemat-Nasser 

and Hori [52], in 1999, proved that the Hill-Mandel condition [53] could be fulfilled by applying 

linear displacements, periodic boundary conditions or uniform tractions on ∂V, which resulted 

in the macroscopic strain (eM) in volume V was equal to the average strain (e). 

Since macroscopic elasticity tensor CM is referred to as effective elasticity tensor C∗ of all the 

volume’s heterogeneities, the stress-strain relation at the macroscopic scale can be rewritten to  

б = C*. e                                                                      (3.4) 

Assume the composite has n phases, and each phase α is denoted by volume Vα and the 

volume fraction wα = Vα/V, then Σn
α=1wα = 1. 
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Here, the composite is restricted to the matrix-inclusion type with perfect interfacial bonds 

between inclusions and their immediate surrounding matrix. The matrix phase is labeled by m 

and the inclusion is assumed to be of type-i and therefore labeled by i. The RVE is supposedly 

subjected to a linear boundary displacement at the microscopic level corresponding to a 

macroscopic strain e0. The microscopic strain e(x) within the RVE relies on an initially unknown 

fourth-order tensor A(x) – the concentration tensor: 

e(x) = A(x).e0                                                                 (3.5) 

Now, set Aα and Cα to be the fourth-order concentration tensor and elasticity tensor of phase α 

respectively, the RVE’s effective elasticity tensor can be calculated via 

C* = Σn
α=1wαCαAα                                                              (3.6) 

Depending on the way of determining C*, there are several methods classified. All these 

methods comprise two steps that calculate the macroscopic response. The first step solves a 

local problem for a single inclusion to attain the estimates for the local field behavior as 

described by Eshelby in 1957 for the elastic fields of an ellipsoidal inclusion. The second step 

finds the global fields by averaging the local ones following the method suggested by Mercier 

and Molinari in 2009 [51],[54]. 

Self-consistency method: 

The prediction of the macroscopic properties of two-phase solid composites has mostly been 

restricted to stating universal bounds on various overall elastic moduli. Such bounds depend 

only on the relative volumes and do not reflect any geometry, except when one phase consists 

of continuous aligned fibers. However, when one phase is the dispersion of ellipsoidal 

inclusions, a much more direct approach is available. This self-consistency method was 

originally proposed by Hershey in 1954 for the aggregates of crystals before reviewed and 

elaborated by Hill in 1965 [48]. 

The method draws on the familiar solution to an auxiliary elastic problem. In particular, it 

assumes that the interaction between the phases is accounted for by imagining each phase to 

be an inclusion embedded in a homogeneous medium that has the overall properties (C, S) of 

the composite. From the elementary relations between the phases and the overall averages of 

stress, it writes 

Vf(�̅�f − �̅�) + Vm(�̅�m − �̅�) = 0                                                     (3.7) 

The basic hypothesis of the Self Consistent Method suggests that 

�̅�f − �̅� = 𝐂∗(�̅� − �̅�f)                                                             (3.8) 

and                                                         �̅�m − �̅� = 𝐂∗(�̅� − �̅�m)                                                           (3.9) 

where V, σ, and ε are respectively the volume fraction, stress, and strain of a phase or the 

entire composite; the upper dash means “the average value”; subscripts f and m denote the 

inclusion and the matrix; C* is the effective elastic tensor of the composite. 
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Obviously, both phases are considered on the same basis (i.e., the concentration factors for the 

inclusion and the matrix are derived from the same C*). It means that the same overall moduli 

are predicted for another composite in which the roles of the phases are reversed. Two 

equations 3.8 and 3.9, when to be taken together, can be rearranged as 

(𝐂∗ + 𝐂f)�̅�f = (𝐂∗ + 𝐂m)�̅�m = (𝐂∗ + 𝐂)�̅�                                          (3.10) 

Equation 3.10 is then solved to find the effective stiffness of the composite for various particle 

shapes. This procedure is called “Self-Consistent Scheme”. Its approximations have been found 

to generate excellent effective properties at low concentrations of the dispersed components. 

However, at high concentrations, when the modulus contrast between the components is large, 

the method does not perform well. 

Hashin-Shtrikman method: 

Hashin and Shtrikman, in 1963, extended their work involving the elastic polarization tensor to 

the derivation of the upper bound and the lower bound for the effective elastic moduli of 

quasi-isotropic and quasi-homogeneous multiphase materials of arbitrary phase geometries. 

When the ratios between the different phases’ moduli are not too large, the bounds derived 

are close enough to provide a good estimate for the elastic moduli. For particulate two-phase 

composite materials, the equations for the upper bound and lower bound of the elasticity 

tensor can be written as [55]: 

𝐂(HS+)
∗ = 𝐂I + wM[(𝐂M − 𝐂I)

−1 + wI𝐒I𝐂I
−1]

−1
                                      (3.11) 

𝐂(HS−)
∗ = 𝐂M + wI[(𝐂I − 𝐂M)−1 + wM𝐒M𝐂M

−1]
−1

                                    (3.12) 

Mori-Tanaka method: 

This method was proposed by Mori and Takana in 1973 and reformulated by Benveniste in 

1987. The method approximates the interaction between the phases by assuming that each 

inclusion i is embedded, in turn, in an infinite matrix that is remotely loaded by the average 

macroscopic strain eM or average macroscopic stress σM, respectively. Therefore, the strain in 

the single inclusion can be calculated by [50] 

𝐞i
I = AI,i

0 𝐞M                                                                      (3.13)  

where the influence tensor A0I,i  is given by 

AI,i
0 = [𝐈 + 𝐒M𝐂M

−1(𝐂I,i − 𝐂M)]
−1

                                                (3.14) 

With this result, we can calculate the effective elasticity tensor: 

𝐂(MT)
∗ = 𝐂M + ∑ wi(𝐂I,i − 𝐂M)i AI(MT),i                                             (3.15) 

In a review, Benveniste interpreted the method to be in the sense that “each inclusion behaves 

like an isolated inclusion in the matrix seeing eM as a far-field strain”. As can be seen, the upper 

Hashin-Shtrikman bound corresponds to the Mori-Tanaka result. The upper bound can also be 

obtained with the Mori-Tanaka method by exchanging the matrix and the inclusion materials. 
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Lielens method: 

In 1999, Lielens 1999 proposed the following interpolative homogenization model for a two-

phase material [51]: 

𝐂(LIL)
∗ = [(1 −

wI+wI
2

2
) 𝐂(MT−1)

∗−1 +
wI+wI

2

2
𝐂(MT)

∗−1 ]
−1

                                  (3.16) 

where C(MT) is the estimation for the effective elasticity from the Mori-Tanaka method, and 

C(MT−1) is the effective elasticity tensor from the inverse Mori-Tanaka approximation in which, 

for a two-phase material, the smaller volume part becomes the matrix material and vice versa. 

Therefore the Lielens method can be seen as a properly chosen interpolation between the 

Mori-Tanaka and inverse Mori-Tanaka method and between the Hashin-Shtrikman bounds, 

respectively.  

Klusemann and Svendsen, in a review printed in 2010, applied all the above homogenization 

methods to determine effective moduli and performances of a number of composites regarding 

their inclusion volume fractions. The FE results acquired from the simulations were compared 

to one another and to results from the experiments, which shown that Lielens method 

provided the best agreement [51].  

Generally, analytical homogenization methods are simple and easily implemented, but they 

have several serious shortages: (i) The interaction between the phases are not considered (by 

the rule of mixture) or considered incompletely (by the effective medium approximation). (ii) 

The outcomes do not take into account the shapes of the composites’ reinforcements. (iii) The 

methods cannot deal with nonlinear cases, not to mention the examination of local stress-

strains or damages. Therefore, the application of them is merely limited to composites with 

simple forms of inclusion such as particles or unidirectional fibers. To be able to homogenize 

textile composites, it demands more profound methods that are based on FE modeling - AH 

method and RVE method as presented hereafter. In both methods, the role of RVE is very 

critical as the heterogeneous material’s effective properties will be extracted from the 

homogenization of it. The selected RVE needs to include all microstructural heterogeneities 

that occur within the composite and be small enough to be considered a volume element of 

continuum mechanics. If the whole structure is absolutely periodic, the RVE is simply assigned 

as the unit cell without affecting the final error. Whereas, if the structure is nearly periodic, the 

choice of RVE can vary a great deal, and the bigger the RVE size, the smaller the error is.  

Asymptotic homogenization (AH method): The asymptotic homogenization theory has laid a 

foundation for the study of composite materials in media with periodic structures using a multi-

scale approach. This theory has proven to be a powerful technique for the analysis of structural 

arrangements in which two or more length scales naturally exist. These two scales are the 

microscopic scale defining the RVE’s constituents as well as their interrelation and the 

macroscopic scale characterizing overall dimensions of the structure. This method has a 

rigorous mathematical theory based on perturbation theory in which the whole body is divided 

into local periodic regions and then the finite element method is invoked to discretize the RVEs 
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and solve the systems of partial differential equations on the displacement and stress fields 

defined on each RVE. The acquirement of the effective material properties of the composite is 

accomplished by updating the behavior of all the RVEs during the deformation. The method is 

presented and developed in a large number of studies, and the most noticeable ones were 

published by Bensoussan et al. in 1978, Sanchez-Palencia in 1980, Tolenado and Murakami in 

1987, Devries et al. in 1989, Guedes and Kikuchi in 1990, Hollister and Kikuchi in 1992, Fish et 

al. in 1999, and Takano et al. in 2000s [56],[57],[58],[59]. The AH method is very prevalent in 

the analysis of textile composite structures, especially when there is a need of investigating the 

microscopic deformation at every point of the entire structure. It also brings about high 

solution accuracy when the size of the RVEs is small enough in comparison to the size of the 

structure. However, when the strain is large and the underlying geometries of RVEs are so 

complex, the number of partial differential equations and their variables for the calculation will 

be actually huge, which make the simulation enormously high-cost. In the following paragraphs, 

the classical formulation of this theory is given following the improved formulation expressed 

by Guedes in 1990 [60].  

 

Figure 3.5: Periodic material and a corresponding unit cell [61] 

Suppose that there is a two-dimensional body (the method is also valid for three-dimensional 

case) composed of two different materials, which can be characterized by a unit cell (see figure 

3.5). The unit cell is very small and signified by scale ratio ϵ, which is a positive number very 

small compared with the structural body’s dimensions. Generally, under loading and boundary 

conditions, the generated deformation and stresses within the body will change from point to 

point within a tiny neighborhood ϵ of given point x because of the material heterogeneity. 

Therefore, it is able to state that all quantities have two explicit dependences: one of them is on 

the 'macroscopic' level x, and the other is on the 'microscopic' level y = x/ϵ. Now, set a general 

function g = g(x, x/ϵ), then the dependence of the function on the 'microscopic' variable y is also 

periodic due to the periodic nature of the microstructure. The employment of the finite 

element methods to solve such the problem would be nearly infeasible since the discretization 

of the body becomes enormous in order to represent detailed structure of the microscopic 

material constitution. For that, the application of a homogenization method is necessary to 

reduce to calculation task efficiently.  

The asymptotic homogenization method is present below. 
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Assume Ω to be an open subset of R2 with a smooth boundary Γ (see figure 3.6 left), and Y to be 

an open rectangular parallelepiped in R2 (see figure 3.6 right) defined by 

Y= ]0, y01[ x ]0, y02[ x ]0, y03[                                                             (3.17) 

The above equation physically shows that the base cell is surrounded by infinite, continuous 

and repetitive base cells.  

              

Figure 3.6: General elasticity problem (left) and base cell of the composite (right) [60] 

Set ϑ to be an open subset of Y with boundary ∂ϑ = S, and give Y = Y\ϑ* – where Y is the solid 

part of the cell, ϑ* represents the closure of ϑ, and Y represents the base cell of the 

composite’s microscopic structure. The material properties vary inside Y, and the set ϑ 

represents a hole inside Y. 

Define now 

Θ(y) =  {
1 if y ∈ Y

0 if y ∈ Y
                                                                      (3.18)         

and extend Θ to R3 by ϵ periodicity, i.e., repeat the base cell in all two directions. Then define  

Ωϵ = {x ∈ Ω | Θ(x/ϵ) = 1}, i.e., Ωϵ is the solid part of the domain.  

Also define 

Sϵ = ⋃ Sα

all cells

α=1

 

Consider the following assumptions: 

• Ωϵ  is a connected domain 

• The hole(s) ϑ has a sufficiently smooth boundary S 

• None of the holes intersects the boundary Γ of Ω 

• There exists a unique solution of displacements for any loads and boundary conditions. 

Now let  

Vϵ = {v ∈ (H1(Ωϵ))3|v|Γd = 0}                                                       (3.19)    

where v|Γd represents the value of displacement v on the boundary Γd (in the trace sense). 

Then the problem of the deformation of a body Ωϵ subjected to body forces f and tractions t on 

the boundary Γt together with tractions p inside the holes S, and a prescribed displacement on 

Γd (with Γ = Γt ∪ Γd, Γt ∩ Γd = φ, Γd ∩ Sϵ = φ, Γt ∩ Sϵ = φ), can be stated as 
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Find displacement uϵ ∈ Vϵ, such that 

∫ Eijkl
ϵ

Ω𝜀

∂uk
ϵ

∂xl

∂vi

∂xj
dΩ = ∫ fi

ϵ
Ω𝜀 vidΩ + ∫ tiΓt

vidΓ + ∫ pi
ϵ

Sϵ vidS          ∀ν ∈  Vϵ       (3.20)    

Here, it is assumed that the stress-strain and the strain-displacement relations are 

σij
ϵ =  Eijkl

ϵ ekl
ϵ                                                                      (3.21)    

ekl
ϵ =  

1

2
(

∂uk
ϵ

∂xl
+ 

∂ul
ϵ

∂xk
)                                                               (3.22)    

and that the elastic constants have the following properties: 

Eijkl
ϵ =  Ejikl

ϵ =  Eijlk
ϵ =  Eklij

ϵ                                                          (3.23)    

∃α > 0: 𝐸ijkl
ϵ eijekl =  αeijekl,    ∀eij = eji                                            (3.24)    

A unique solution uϵ exists for the problem (3.20) under the assumption that the functions f, t, 

and p are sufficiently smooth, and the boundaries Γd, Γt, and Sϵ are regular. Since the body force 

f, the tractions p, and the elastic constants vary within a small cell of the composite, they are 

functions of both x and y = x/ϵ. Generally, φϵ(x) = φ(x,y); and that is similar to the solution uϵ, uϵ 

= u(x,y). 

A dependence on y = x/ϵ means that a quantity varies within a very small region with 

dimensions much smaller than those of the macroscopic level. In a neighborhood of a 

macroscopic point x it is assumed that there is a very large number of microscale small cells 

that are obtained by the translation of a base cell. In other words, a dependence on y can be 

considered periodic, specifically Y-periodic, for a fixed x in the macroscopic level. Moreover, it is 

assumed that the form and composition of the base cell varies in a smooth way with the 

macroscopic variable x. This means that for different points x the structure of the composite 

may vary, but if one 'looks through a microscope' on a point x, a periodic pattern can be found. 

The dependence of the solution uϵ in the macroscopic and microscopic levels makes it 

reasonable to assume that uϵ can be expressed as an asymptotic expansion with respect to the 

parameter ϵ (a measure of the microscopic/macroscopic dimension ratio), i.e.,  

uϵ(x) = uϵ(x,y) = u0(x,y) + ϵu1(x,y) +ϵ2u2(x,y) + O(ϵ3),    y = x/ϵ                        (3.25)    

where uj(x, y) is defined in (x, y) ∈ Ω x ¥, and y –> uj(x, y) is Y-periodic. 

To establish equations which u0, u1, . . . , uj satisfy, it is useful to note that 

∂

∂xi
(Φ (x, y =

x

ϵ
)) =

∂Φ

∂xi
+

1

ϵ

∂Φ

∂yi
                                                     (3.26) 

and that, for a Y-periodic function Ψ(y), 

lim
ϵ→0+

∫ Ψ(
x

ϵΩϵ )dΩ →
1

|Y|
∫ ∫ Ψ(y)dYdΩ

YΩ
                                       (3.27) 

lim
ϵ→0+

ϵ ∫ Ψ(
x

ϵSϵ )dS →
1

|Y|
∫ ∫ Ψ(y)dSdΩ

SΩ
                                       (3.28) 

where |Y| stands for the volume (or area, for two dimensional domain) of the cell. 
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With the introduction of microscopic coordinate y (fast variable), field variable u will vary with 

macroscopic coordinate x (slow variable), and at the same time, vary rapidly in microscopic 

scale with fast variable y. The homogenized equation is obtained and the effective coefficients 

are determined by solving the so-called unit cell problems. In linear elasticity problem, the unit 

cell problems can be written as 

∫ EijpqY

∂χp
kl

∂yq

∂vi

∂yj
dY = ∫ EijklY

∂vi

∂yj
dY                                            (3.29) 

where Y is the unit cell domain, Eijkl is the elastic modulus of material in the unit cell, χkl
p (k, l, p 

∈ {1, 2, 3} for 3D; {1, 2} for 2D) is the characteristic displacement, and vi is the test 

displacement. Characteristic displacement χkl
p is solutions of the unit cell applied with uniform 

unit strain and periodic boundary conditions.  

Effective elastic modulus EH can be obtained from 

Eijkl
H =

1

|Y|
∫ (EijklY

− Eijpq
∂χp

kl

∂yq
)dY                                           (3.30) 

where |Y| is the volume of the unit cell. The effective elastic modulus is gained by solving 

equations (3.29), and (3.30) using finite element method. In practice, the finite element 

formulation of equation (3.29) are solved with three (2D) or six (3D) load cases 

Kχkl = fkl                                                                   (3.31) 

constrained with periodic boundary conditions. The stiffness matrix and force vector are found 

from 

𝐊 = ∫ 𝐁T𝐄𝐁
Y

dY                                                        (3.32) 

𝐟𝐤𝐥 = ∫ 𝐁T𝐄𝛆0(kl)
Y

dY                                                    (3.33) 

where E is the constitutive matrix, B is the finite element strain-displacement matrix, and ε0(kl) 

corresponds to the three (2D) or six (3D) unit strain fields. Take the 2D problem for example 

𝛆 = [

ε11

ε22

γ12

] ,    𝛆0(11) = [
1
0
0

],    𝛆0(22) = [
0
1
0

],    𝛆0(12) = [
0
0
1

]                     (3.34) 

The effective elastic modulus can be found from 

𝐄H =
1

|Y|
∫ 𝐄

Y
(𝛆0 − 𝛆∗)dY                                                  (3.35) 

where 

εpq
∗(kl)

=
1

2
(

∂χp
kl

∂yq
+

∂χq
kl

∂yp
)                                                     (3.36) 

 or in matrix notation 

𝛆∗(kl) = 𝐁𝛘kl                                                           (3.37) 
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Because the formulations of the unit cell problems are different from those of the general 

problems in elasticity, it needs to write a corresponding code to solve the above unit cell 

problems, and 2D solid element and 3D solid element are mostly used to discretize the unit cell 

for simplicity. 

The original formulation of the AH method was only suitable for small deformation, but 

afterward, it was improved by many studies to embrace large deformation. The most 

noticeable developments can be counted as ones of Guedes and Kikuchi in 1990 and Takano at 

al. in 2000s, which will be presented in section 3.3. However, the implementation of the 

method on textile composites is still a very complex and pricey task due to a lot of required 

priori knowledge on materials and time for solving partial differential equations. In detail, the 

application process of the AH method includes three steps: (i) Apply a unit strain field and 

calculate the equivalent nodal force vector for each element; (ii) Solve the system of 

equilibrium equations and get the characteristic displacements; (iii) Use the characteristic 

displacements to calculate the effective properties of the structure. In this work, every element 

is integrated to assemble the force vector and to find the strain energy. Therefore, all details of 

the element-related matrices (e.g., the constitutive matrix and the strain-displacement matrix) 

are necessary. However, these element-related matrices are different among element types 

(solid, bar, beam, shell, etc.). Thus, they will need numerous formulations and codes. 

Additionally, solid element is usually used to discretize structures for it is the simplest one, but 

that can lead to a huge number of elements if the model contain special components such a 

slender bar or a thin sheet. These mentioned problems have caused the applications of the AH 

method to be complicated and expensive. 

Computational homogenization (RVE method): The RVE method is widely used to predict the 

effective elastic properties of composite materials for its clear mechanical conception and 

simplicity. Its application is best suitable for structures that are periodic or virtually periodic. 

This method also provides an approximate estimation of the effective properties of composites, 

but it is not based on rigorous mathematical theory as the AH method. The RVE method cuts off 

a RVE from a periodic structure, applies specific unit displacements (Dirichlet), forces 

(Neumann), or periodic boundary conditions, and finds the effective material properties by 

making the strain energy of the heterogeneous RVE equivalent to that of a homogenous same-

size structure. The method was introduced by Hill in 1963 as a tool to estimate the elastic 

constants of reinforced solids [53]. It was then continuously developed and utilized by many 

other authors. Namely, Christman et al. studied deformations in metal-ceramic composites in 

1989; Tvergaard analyzed the tensile properties of whisker-reinforced composites in 1990; Bao 

et al. investigated how the plastic reinforcement of ductile materials behaves against plastic 

flow and creeps in 1991; and Nakamura & Suresh considered the effect of thermal residual 

stress and fiber packing on the deformation of metal-matrix composites [56]. The RVE method 

promotes an easier calculation on complex microstructural morphologies and readily enables 

parametric investigations on the overall response. However, it has a disadvantage that is the 

formulation of the macroscopic constitutive relations is based on the behavior of a single RVE 
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subjected to a given loading history. Hence, it does not fit cases with too large deformation, 

very complex microstructure, or non-linear history dependent constitutive behavior. For 

instance, McHugh et al., in 1993, proved that when a composite is characterized by power-law 

slip system hardening, that behavior is not preserved at the macro-scale; whereby, it could not 

be reflected by the model gained from the first-order RVE homogenization method [62]. The 

more complex circumstances require a multi-scale homogenization (also called micro-macro 

method or FE2), but it is over the scope of this thesis. 

There are a number of consolidated steps to fulfill a RVE homogenization process [35]: 

i) Definition of the RVE: The whole fabric is usually large but periodic at some level, or at least it 

can be divided into different periodic portions. Therefore, it is economic to simulate only the 

RVE and determine its stiffness that is also of the fabric portion. Subsequently, the assembly of 

all portions will supply the effective properties of the entire fabric. The right selection of RVE 

will decide the result accuracy. However, there is typically more than one choice of RVE, and 

they may be rather different at the constituents and the dimensions. All choices are 

appropriate if they satisfy following criteria: The selected RVE can repeat itself to recreate the 

fabric portion, and it bears all mechanical properties of the portion without any change. 

ii) Finite element modeling of the RVE: In this step, the RVE will be built as detailed and exact as 

possible with mechanical software, which continue by defining its boundary conditions. There 

are three prevail classical boundary conditions: (1) linear displacement boundary condition 

(Dirichlet condition), (2) constant traction boundary condition (Neumann condition), and (3) 

periodic boundary condition. Among them, the periodic boundary condition has been 

suggested by many numerical studies [63],[64],[65] to be the most efficient in terms of the 

solution convergence rate. This is accurate for periodic structures even when their 

microstructure is not geometrically periodic.  For that reason, this thesis will apply the periodic 

boundary condition on arbitrary meshes. To random composites, the way of determining the 

critical size of the RVE can be based on the method proposed by Kanit et al. in 2003 [63]. 

• Dirichlet boundary condition of RVE (see figure 3.7 left) 

σ(x)ij,j = 0,  x ϵ Ω                                                                (3.38) 

ui|Γ = ε0ijxj|Γ                                                                    (3.39) 

where σij – stress; ui – displacement in the RVE’s domain Ω; ε0 – specific unit strain; x = (x1, x2)
T
 

– nodal coordinates; Γ – boundary of the RVE 

• Neumann boundary condition of RVE (see figure 3.7 right) 

σ(x)ij,j = 0,  x ϵ Ω                                                               (3.40) 

Ti|Γ = σ0
ijnj|Γ                                                                  (3.41) 

where Ti|Γ - force applied on boundary Γ; σ0
ij – stress tensor; nj – outward normal unit vector.  

• Periodic boundary condition of the RVE (see figure 3.7 bottom) 
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Supposedly, there is a periodic structure consisting of repeated unit cells. The displacement 

field for this periodic structure can be expressed as 

       ui(x1, x2, x3) = εij0xj + ui*(x1, x2, x3)                                               (3.42) 

where, ui(x1, x2, x3) denotes the linear displacement field; εij
0 is the global strain tensor of the 

periodic structure; ui*(x1, x2, x3) is a periodic function from one unit cell to another. It is a 

modification to the linear displacement field due to the heterogeneity of the structure. 

The periodic boundary condition requires meshes generated on every couple of opposite 

surfaces of the RVE need to be the same. All couples of opposite nodes are supposed to have 

the same displacements that can be described as 

uik+ = εij0xjk+ + ui*                                                               (3.43) 

uik- = εij0xjk- + ui*                                                                (3.44) 

uik+ - uik- = εij0(xjk+ - xjk-) = εij0xjk                                               (3.45) 

in which indices k+ and k − identify the kth pair of two opposite nodes on two parallel boundary 

surfaces of the RVE, and xj
k is the initial distance between these two nodes. Because xj

k is 

constant for every pair of the parallel boundary surfaces, the right side of (3.45) becomes 

constants with specified εij
0. Such equations can be applied to FE analysis as equation 

constraints [66]. 

Additionally, the traction continuity conditions can be written as 

σn
k+ - σn

k- = 0,    σt
k+ - σt

k- = 0                                                              (3.46) 

where σn and σt are respectively the normal and shear stresses at the corresponding parallel 

boundary surfaces. For a general periodic boundary, both equations (3.45) and (3.46) are 

needed and they constitute a complete set of boundary conditions. However, by using a 

displacement-based FEM, equation (3.45) can guarantee the uniqueness of the solution while 

equation (3.46) is automatically satisfied and not necessary to be enforced. 

   

 

Figure 3.7: RVE with Dirichlet boundary conditions (top left), Neumann boundary conditions, 

and (top right), and Periodic boundary conditions (bottom) [61] 
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iii) Application of constraints and material models to the RVE and calculation:  

Hereinafter, the first-order RVE homogenization method, originally introduced by Hill in 1963, is 

reviewed with reduction [53]. 

Correctness justification of the method 

Mechanical properties of the RVE are determined relying on generalized Hook’s law: 

{σi} = {Cij} {εj}  (i, j = 1, 2, 3) (iso-strain condition), 

{εi} = {Sij} {σj}  (i, j = 1, 2, 3) (iso-stress condition), 

where {σ} is the macroscopic stress vector, {ε} is the macroscopic strain vector, {Cij} is the 

macroscopic stiffness matrix, and {Sij} = {Cij}−1 is the macroscopic compliance matrix. Through 

homogenization, the heterogeneous RVE of a knitted-fabric composite is turned into an 

orthotropic and homogenous cell with the stiffness and compliance matrices given in the above 

forms. 

Do the coupling of the microscopic and macroscopic scales, from the above equations, the 

average stress and the average strain can be written as 

σ̅ij =  
1

V
∫ σij (x, y, z)dV

V
                                                         (3.46) 

ε̅ij =  
1

V
∫ εij (x, y, z)dV

V
                                                         (3.47) 

It will now demonstrate this procedure can keep the equivalence of the strain energy between 

the heterogeneous composite and the homogeneous composite. Assume that ti is the boundary 

traction and ui is the boundary displacement of a RVE, then the strain energy in a homogeneous 

material with volume V is 

U =  
1

2
σ̅ij ε̅ij V                                                                  (3.48) 

and the strain energy stored in the heterogeneous material of volume V is 

U′ =  
1

2
∫ σij εij dV

V
                                                              (3.49) 

U′ =  
1

2
∫ σij (εij + ε̅ij − ε̅ij)dV

V
                                                   (3.50) 

U′ =  
1

2
∫ σij (εij − ε̅ij)dV

V
+ 

1

2
ε̅ij ∫ σij dV

V
                                          (3.51) 

Substitute (1) and (3) into (4), it gives 

U′ =  
1

2
∫ σij (εij − ε̅ij)dV

V
+ 

1

2
σ̅ij ε̅ijV                                              (3.52) 

U′ =  
1

2
∫ σij (εij − ε̅ij)dV

V
+  U                                                     (3.53) 

that infers 

U′ − U =  
1

2
∫ σij (

∂ui

∂xj
−

∂u̅i

∂xj
) dV

V
                                                   (3.54) 
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U′ − U =  
1

2
∫ [−

∂σij 

∂xj 
(ui − u̅i) +

∂(σij (ui−u̅i))

∂xj 
] dV

V
                                     (3.55) 

Using the equilibrium equation ∂σij/∂xj = 0, the energy difference turns into 

U′ − U =  
1

2
∫

∂ 

∂xj 
[σij (ui − u̅i)]dV

V
                                               (3.56) 

Let invoke Gauss theorem to transform the volume integration into the surface integration 

U′ − U =  
1

2
∫

∂ 

∂xj 
[σij (ui − u̅i)]njdS

S
                                             (3.57) 

here S is the surface of the RVE, and n denotes the unit outward normal vector. 

On the surface S, there is equation ui = �̅�𝑖 ; that means U’ – U = 0 and so U = U’. 

Extraction of effective properties 

This simple way of finding effective properties of a homogenized RVE is summarized in 

reference [65]. After the end of studying the RVE at the microscopic scale, the macro-stress 

tensor, �̅�,  need to be determined. For elastic materials, the relationship between �̅� and macro-

strain tensor �̅� is defined by a linear equation with presence of average tangent moduli C: 

σ̅ij =  ∁ijklε̅kl                                                               (3.58) 

which results into a macro-strain energy on the RVE, given by 

U =
V

2
σ̅ijε̅ij =

V

2
ε̅ij∁ijklε̅kl                                                      (3.59) 

The sub-scale model is solved by applying macro-strain tensor �̅� through periodic boundary 

conditions of the RVE, leading to a boundary value problem solved using the finite element 

method. By periodic boundary condition, relations (1) and (2) are summoned.  

From relation 

σ̅ij =  
1

V
∫ σijV

dV                                                              (3.60) 

the macro-stress tensor can be directly estimated via the integral: 

σ̅ij =
1

V
∫ σijV

dV =
1

V
∑ ∑ ωpt

eNpt

pt=1
Nele
e=1 Jpt

e σij
e,pt

                                  (3.61) 

where Nele is the number of elements, Npt is the number of integration points on each element; 

and ω, J are the weight and Jacobian on each integration point.  

Alternatively, using the surface integration, it writes 

σ̅ij =  
1

V
∮ ti∂V

xjdS                                                            (3.62) 

that deduces 

σ̅ij =  
1

V
∮ ti∂V

xjdS =
1

V
∮ xjS

dFi =
1

V
∑ Fixj

Nnode
n=1                                  (3.63) 

here F is the reaction force, and Nnode is the number of nodes on the RVE boundary. In case of 

elastic material with linear behavior, the components of the effective tangent moduli can easily 

be obtained by applying suitable macro-strain tensors �̅�. For example, for 
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ε̅ = [
1 0 0
0 0 0
0 0 0

]                                                                  (3.64) 

the elastic strain energy computed on the RVE yields 

U =
V

2
C1111(ε̅11)2 =

V

2
C1111                                                      (3.65) 

from which C1111 is inferred. The calculations for other components are straightforward. 

In conclusion, the first-order RVE homogenization method presented here is proven to be 

efficient for homogenizing composite materials. Nevertheless, its results are inadequate for 

large deformations, complex structures, and history-dependent nonlinear constitutive 

behaviors. It also has difficulties coupling microscopic-scale and macroscopic-scale 

displacements. Hence, if the method is used to homogenize a shell structure to 3D continuous 

structure, the buckling or other similar damages will not be detected. To overcome these 

limitations, a second-order computational simulation was developed to account for non-linear 

behaviors of heterogeneous materials at microscale, which constantly updates force and 

displacement at the microscopic scale to those at macroscopic scale. This multi-level approach 

made the procedure much feasible as the macroscopic constitutive behavior of the structure 

was no longer needed [56]. However, this is out of concern in this thesis due to high cost and 

complexity of execution. The first-order RVE method has been efficiently employed in many 

studies to homogenize textile composites working under moderate loading conditions [67], 

[68]. It will also be used in this thesis to find the effective properties of the nap-core’s knitted 

fabric and then to simplify the simulation models of the nap-core sandwich composite. 

3.3. Related studies on textile composites 

The FEM and homogenization techniques have demonstrated to be very practical and 

powerful in the simulation of textile fabrics and their composite. Most of recent researches 

have exploited them and acquired practical results from the modelling of knitted fabric 

composites. A number of the most noticeable studies on knitted fabric composite will be 

reviewed in this section. 

3.3.1. Modelling without homogenization 

In 2003, Arajo et al. suggested a mechanical model to represent plain weft-knitted fabrics. 

The proposed model simplified the knitted structures a great deal by substituting linear beams 

for curved yarns (see figure 3.8). By this way, the mechanical model could be constituted by a 

very small unit cell (see figure 3.9), and the simulations on the fabric structure became much 

easier. Besides, experiments were necessary to determine the lengths and mechanical 

properties of the unit cell’s elements.  
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Figure 3.8: (a) Plain weft-knitted fabric structure; (b) the corresponding mechanical model [69] 

 
Figure 3.9: The unit cell of the mechanical model: (a) initial state, (b) extended state [69] 

The authors used non-linear relations for the element behavior as follows. 

F1 = M1ϵ1n1 and F2 = M2ϵ2n2, 

where F1 and F2 are tensile forces; ϵ1 and ϵ2 are the axial elongations; M1, M2, n1 and n2 are the 

experimentally determined parameters of the different sections.  

The simplified model was used to predict the draping behavior of knitted fabric samples. Lastly, 

the simulation results were compared with the experimental results, and they exposed a good 

agreement [69]. Although the structure of the mechanical model is simple and the simulations 

on it are economical, its solution accuracy is low if there are large deformations or transitions 

between the yarns. Moreover, when the knitted structure is more complex, the model and its 

non-linear relations need to be redefined.  

In another approach, Duhovic and Bhattacharyya, in 2006, proposed a full simulation of 

knitted fabrics. In this study, all six stages of the actual manufacture of the knitted fabrics were 

simulated (see figure 3.10). 

 

Figure 3.10: Actual knitted fabric (left); modelled knitted fabric (right) [70] 

As a result, a numerical specimen had been developed of which the geometrical changes and 

residual stresses incurred during the manufacturing process were well captured. Each filament 

was modelled by a series of rigidly connected beam elements with complex contact 

interactions. Afterward, the model was validated by comparing the numerical simulations of 
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the extension in the fabrics’ warp direction with the experiments. The authors also proposed 

eight micro-level deformation modes for textile materials in general, and the influence of each 

mode during the fabric deformation was different among the reinforcing fabrics. The input data 

defining a generalized model were gained from numerical measurements on the specimen 

model that itself could adjust the boundary conditions to fit different knitted structures. The 

results displayed high solution accuracy and provided much information on the fabrics’ 

behavior. For instance, the simulations revealed that in the case of continuous high modulus 

fibers such as E-glass, the load needed to give a fixed extension to the specimen model was 

proportional to m/l3 (where m was the bending modulus and l was the average knit loop length) 

[70]. However, this simulation method has several visible drawbacks. Firstly, the modelling 

procedure is complex while there are no steps of coating and curing resin matrix. Secondly, the 

computation process has been already very costly, and its expense will increase drastically 

when the specimen model becomes more complicated. 

3.3.2. Modelling with the asymptotic homogenization method 

By using the asymptotic homogenization method, Takano et al., in 1999, built a novel four-

level hierarchical modelling to simulate textile composites, both woven and knitted fabric ones 

(see figure 3.11). Particularly, the method provided a precise analysis of the global deformation 

as well as the stresses at multi-scales, in which the asymptotic homogenization method and a 

finite-element mesh superposition technique were efficiently coordinated. Thanks to the 

superposition technique, any local fine mesh can be embedded arbitrarily on the global rough 

mesh. 

 

Figure 3.11: Illustration of the hierarchical analysis of textile composite materials [57] 

In detail, a three-dimensional elastic body is assumed to be the assembly of periodic 

microscopic unit cells made up of fiber bundles and matrix. Based on the weak form for an 

elastic problem, after many inferences, the microscopic stresses can be expressed as 

σ = E(I − Bχ)Bu0, 
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where E is the stress–strain matrix of the constituents of the composite materials; I is the 

identity matrix; B is the displacement–strain matrix; χ is the characteristic displacement matrix; 

and u0 is the average macro displacement matrix. 

In addition, the macroscopic stresses can be written as  

σH = EHBu0, 

where σH is the macroscopic stresses; EH is the homogenized elastic tensor acquired from the 

asymptotic homogenization. 

There was also an application of anisotropic damage mechanics to evaluate the composites’ 

strength at the mesoscopic scale. In the end, the proposed hierarchical modelling, used with 

localization analysis, did offer very good results of the macroscopic stress and strain as well as 

an efficient prediction of the mesoscopic damage initiation.  Also, the computational time and 

cost were reduced a lot, making the method really practical in modelling textile composite 

materials with complicated mesoscopic-structures [57]. However, the method was then limited 

to small or medium deformation only. For larger composite structures, a shell-solid transition 

element would be added.  

To improve their achievement, in 2000, Takano et al. suggested a formulation of 

homogenization method applied to large deformation. In this formulation, the deformations of 

all microstructures in any of the global structure’s local regions were supposed to be identical, 

and the microscopic periodicity of that local region was kept even under large deformation. 

These presumptions were later validated by the experiments during the study. By using two 

different coordinate systems, macroscopic coordinate X and microscopic coordinate Y, any 

displacement of the microstructure is divided into a uniform displacement and a perturbed one 

caused by microstructural heterogeneity. 

The displacement rate of the macroscopic model (the global structure) in the coordinate 

system X can be written as  

U̇i
macro(x) ≅ u̇i

H(x) 

and the displacement rate of the microstructure in the coordinate system Y can be written as 

U̇i
micro(y) =

∂u̇i
H(x)

∂Xj
yi + u̇i

1(y) 

where x = (x1, x2, x3) is the coordinate of a unit cell in the macroscopic system X; and y = (y1, y2, 

y3) is the coordinate of a unit cell in the microscopic system Y; i and j stand for axes; u̇i
H(x) is 

the displacement rate of the homogenized model; and u̇i
1(y) is the perturbed term caused by 

the microscopic heterogeneity. It is noted that ∂u̇i
H(x)/ ∂Xj is the macroscopic displacement 

gradient.  

In the implementation, the above two equations of the macro- and microscopic displacements 

were used to update the local regions in a macroscopic sense and the microstructures in the 

numerical analysis. Thereby, the micro- and macroscopic stresses as well as strains were 
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acquired. Based on the acquired formulation, a computer program was developed successfully 

to do analyses on some unidirectional fiber reinforced composite materials and knitted fabric 

composite materials [58]. After all, the method is very efficient at solving deformation 

problems attaching with knitted fabrics, but it requires a lot of priori knowledge (understanding 

on materials attained from experience) and experimental information of fiber and resin, not 

mention to a complicated procedure.  

In 2001, Takano et al. continued to propose a simulation of deep-drawing process of 

knitted fiber reinforced thermoplastics, which was able to trace large deformation of the 

knitted micro-structure everywhere in the product. The asymptotic theory of homogenization 

was employed to analyze the micro-macro coupled behaviors of the knitted fabric composites. 

Based on the formulas of the homogenization theory for large deformation problem presented 

by the author in 2000, the constitutive equation was defined through the second Piola-

Kirchhoff stress of the microstructure as follows. 

Ṡij
micro(y) = Cijkl

ε ∂Ėkl
micro(y) 

Also, the second Piola-Kirchhoff stress of the macrostructure can be written as 

Ṡij
macro(x) = Cijkl

H ∂u̇k
H(x)

∂Xl
 

where S is the second Piola-Kirchhoff stress; E is the Green-Lagrange strain; Cijkl
ε  is the elastic 

tensor of the microstructure; Cijkl
H  is the elastic tensor of the homogenized model (the 

macrostructure); x and y are the coordinates in macroscopic system X and microscopic system Y 

respectively.  

According to the homogenization theory, the microscopic stress in the unit cell must have a 

self-equilibrium in every step, and so does the defined microscopic stress in the global structure 

under the external force. The proposed method of simulation has many great advantages. 

Specifically, only mechanical properties of the constituent materials needed to be prepared for 

the input while the outcome provided all necessary quantities such as deformation, stress, 

strain and stiffness from both microscopic and macroscopic standpoints. In addition, the 

nonlinear computational algorithm was effectively simplified, having permitted the running 

process to be economically implemented on a personal computer [59].   

The above studies done by Takano et al. brought about good results and comprehensive 

analyses of stress/strain in local regions and the global structure; thus, the suggested 

homogenization schemes have been employed by many other studies afterwards.  For instance, 

Almaraz (in his doctoral thesis in 2012) used a two-scale homogenization framework based on 

the perturbation technique to analyze various examples of knitted fabric composites. At first, 

each composite structure was partitioned into periodic regions which were represented by 

their own RVE, and then the homogenization was implemented in the macroscopic scale and 

the microscopic scale. A number of aspects were studied, including the effect of changing the 

composites’ arrangements and materials, softening behavior of the composites after the yield 
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(e.g. damage and plasticity), and the performance of the composites with zones of high strain 

gradients. The results did validate the practicality and cost-effectiveness of the homogenization 

method [71].   

However, the formulation and implementation of the asymptotic homogenization method 

is extremely complicated and costly as numerous partial differential equations need to be 

solved. This drawback will be even more severe when there are changes in the geometries of 

the microstructures. There have been several studies trying to make the implementation much 

easier. Andreassen et al., in 2014, published a Matlab program drastically simplifying the 

computation of the effective elasticity tensor of a multi-phase composite which was 

homogenized with the AH homogenization technique. The RVE was discretized into tiny finite 

elements, and each element was assigned a digit indicating its material. All digits were arranged 

to form an indicator matrix used to compute the effective properties of the RVE. Finally, the 

elasticity tensor of the whole structure was generated. Nevertheless, the input indicator matrix 

was very difficult to be exactly formed when the reinforcement’s structure was complex. 

Therefore, the program was only applicable to simple knitted fabric composites [72]. In another 

approach, in 2014, Cai et al. presented a novel implementation of the asymptotic 

homogenization method for periodic materials, which effectively took advantage of FE 

commercial software. Although the implementation turned out to be much easier without 

sacrificing the solution accuracy, it required an extra batch script to execute the process [73]. 

On the other hand, the RVE method has a much simpler implementation procedure which 

relies mainly on the strength of computer processors. Thus, it can facilitate the homogenization 

of complex structures without much priori knowledge.   

3.3.3. Modelling with the RVE homogenization method 

Huang and Ramakrishna, in 1999, used a simple model to describe the geometry of a plain 

weft knitted fabric, which is an elaboration of the analytical model originally proposed by Leaf 

and Glaskin in 1955. To create the model, three geometric parameters of the fabric were 

required, i.e. the fiber yarn diameter, d (cm), the fabric loops per unit length in course direction 

(called wale number), W (loops/cm), and the fabric loops per unit length in wale direction 

(called course number), C (loops/cm). The construction of the RVE can be described below. 

It reveals from the schematic diagram of a plain weft knitted fabric (see figure 3.12) that the 

plain knitted fabric can be divided into unit cells as shown in figure 3.13-left. In turn, each unit 

cell comprises four identical and symmetric sub-cells – each has two short yarns crossing over 

each other. To make the homogenization process is as simple as possible, the RVE is chosen to 

be a sub-cell embedded into a cubic matrix (see figure 3.13-right).  
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Figure 3.12: Schematic diagram of a plain knitted fabric [17] 

 

Figure 3.13: Schematic diagram of the unit cell (left) and the RVE (right) of the composite [17] 

The coordinates of any discretized point on the first yarn of the unit cell are determined as 

xi1st = ad(1-cosθ)+x0;   yi1st = adsinθ;   zi1st = hd(1-cos(πθ/φ))/2;  

with 0 ≤ θ ≤ φ and i = 1,2,… 

Using a symmetric condition, the coordinates of discretized points on the second yarn are given  

x12nd = 2ad – 1/(2WtanΨ) + x0;  y12nd = 1/(2W);  z12nd = z11st; 

xj2nd = x12nd – xj1st + x0;   yj2nd = y12nd – yj1st;   zj2nd = zj1st;   with j=2,3,… 

where a, x0, h, θ, φ, and Ψ are the functions of constant parameters d, W and C; 1st and 2nd 

denote the first yarn and the second yarn respectively; i and j denote the discretized points 

[17]. The proposed simulation gave good solution accuracy, but it had a difficulty generating a 

new RVE when the mesoscopic structures of knitted fabrics change substantially. Moreover, the 

author assumed the two yarns were identical and their section was always circular that were 

not actually correct. 

In 2001, one simplification of the RVE method was conducted by Peng and Cao, which 

presented a novel procedure that can find the effective nonlinear elastic moduli of textile 

composites. A RVE of the textile fabric was initially built following the geometric description for 

plain weave composites presented by McBride and Chen; then the experimental data and 

Halpin-Tsai’s equations – kind of rules of mixtures - were employed to calculate the elastic 

constants of the fabric’s fiber yarns coated with a resin. Consequently, the fabric composite’s 

characteristic behavior of force versus displacement was extracted from numerical simulations 

of uniaxial or biaxial extension tests and trellising test on the RVE. In order to homogenize the 

textile fabric to a shell, the obtained elastic constants were imposed on a four-node element 

shell with the same outer size of the RVE to match the force–displacement curves. As a result, 

the effective stiffness tensor was numerically formed by the functions of elemental strains. The 

efficiency of the proposed method was validated when comparing the modelling data to the 
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experimental data. The linear or nonlinear behavior of textile composites could be predicted 

with high accuracy [14]. In the paper, a plain weave glass composite was exemplified, but the 

method is also proper to other textiles such as knitted fabric, braided fabric, and stitched fabric 

if there are effective ways of constructing the RVEs. This procedure of implementing RVE 

homogenization on textile is rather simple and can be easily applied to fabrics with complicated 

microstructures. 

In 2003, Lim proposed a three-level hierarchical approach in modeling thermoforming 

process of curved-fabric-reinforced polymer sheet. The implementation of the first two levels, 

the microscopic level and the mesoscopic level, is rather similar to that of Peng and Cao 

presented above: The fabric’s RVE was built; the unidirectional fiber bundle’s properties were 

gained from applying the rules of mixtures; and then the knitted fabric composite’s elastic 

constants were generated from the numerical homogenization on the RVE. Subsequently, the 

mesoscopic nodal mesh coordinates were updated, and the further strain was imposed on the 

structure, which gave the constitutive behavior of the composite material with a simultaneous 

consideration for the fabric reorientation (a kind of geometrical non-linearity). In the 

macroscopic level, the constitutive relation - a function of the strain state - was applied to the 

macroscopic mesh to determine the material properties of every macroscopic element. This 

was conducted in reference to the experimental data and the material database. In the study, 

plain weft-knitted-fabric composites were employed; both experimental and theoretical strain 

fields exhibited a reasonable agreement [74]. Overall, the study offers a worthwhile method for 

applying the RVE homogenization method and using its result to trace the knitted fabric 

composites’ mechanical behavior with a reflection of the geometrical non-linearity. 

The modeling of textile composites was further simplified by the researchers from the 

University of Nottingham who developed an open-source software package named TexGen. 

The versatility of this tool can be judged by its ability to simulate the processing as well as the 

mechanical and functional properties of textile composites. It is also capable of modeling the 

mechanics of dry fabrics, the flow of fluids through fabrics, and the mechanics of textile 

composites [75]. As an example, in 2007, Jonathan J. Crookston et al. predicted the 

deformation properties and the fatigue strength of 3D orthogonal glass/vinyl ester textile 

composites by using the integrated scripting approach of TexGen which allowed the realization 

of the entire modeling process. The results obtained from the homogenization of the RVE were 

very close to available experimental data [76]. In 2012, Hua Lin et al. developed an efficient and 

successful realistic numerical technique - in conjunction with TexGen and ABAQUS - to predict 

the mechanical behavior of fabric composites. Virtual unit-cells for plain- and twill-weave 

patterns were used. After homogenizing the RVE, the performance of the composites was 

examined, showing the influence of the structural parameters, geometric data and loading 

conditions. Of them, the cross section of yarns and the weave pattern were identified as crucial 

factors that influence the mechanical behavior of fabrics [77]. Beside weave textile composites, 

the modelling method is also suitable for knitted fabric composites. 
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In this thesis, many experiments done on the nap-core sandwich samples have proven that 

the nap-core behaves almost linearly until the buckling happens on it. Therefore, the knitted 

fabric is considered to possess a linear behavior prior to damages. The nap-core is supposed to 

be a combination of periodic fabric regions, and a homogenization method will be applied to 

determine the engineering constants of its knitted fabric. The RVE homogenization will be 

employed on account of its efficiency and economy. The RVEs of the fabric types of the nap-

cores will be built with Abaqus of which every yarn is modelled as a swept solid along a curved 

spline made up of many discretized points acquired from the nap-core’s knitted fabric with a 

microscope.   
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IV. SAMPLES AND EXPERIMENTS 

It is worth investigating how the nap-core sandwich behaves mechanically in different 

working conditions, so experiments have been implemented before running any simulation. 

Since the thesis only concerns the mechanical behavior of the nap-core sandwich under static 

loads, classical tests such as compression, shear and bending are the most appropriate choices. 

To be convenient for comparison, in each category of experimental test, the sandwich’s 

materials may change but the samples’ boundary sizes keep the same invariably. The 

experiments are carried out in closed workshop rooms with a normal humidity and a 

temperature of around 200C that help to minify the environment impact. Thereafter, the 

experimental results will make a critical ground to assess the accuracy of the simulation 

methods. The samples for tests and the results are depicted below.   

4.1. Nap-core sandwich fabrication 

Each sample is a nap-core sandwich structure produced with the two following steps: 

The first step is creating the nap-core. Initially, a two-dimensional sheet of knitted fabric is 

pre-impregnated with a thermosetting phenolic resin to form a wet mixture in which the resin 

embeds the fabric inside. The mixture is then laid between two halves of a pin-hole mold 

(single-sided nap-core) or pin-pin mold (symmetric nap-core) to give the knitted sheet a 3-D 

shape (with height of 5-10 mm) as a combination of periodic-distributed identical cone-shaped 

naps. Afterwards, the sample is cured at 1400C for 4-6 hours and cooled down at room 

temperature in a similar time. Whereby, the cured fabric has a discontinuous material but it 

behaves relatively like a thin shell rather than a flexible clothe sheet. The shape of the nap-core 

is now permanent, and there is no more transition between fibers or yarns as their positions 

are locked by the matrix. 

In the second step, the sandwich is completed by bonding the stabilized nap-core with two 

outer face sheets (usually made of fiberglass fabrics and Phenolic resin matrix). Essentially, the 

product is a nap-core sandwich - a structural composite of which every component is also a 

textile-resin composite. It is in fact an anisotropic-material assembly.  

4.2. Samples and fixations 

There are four types of nap-core investigated within this thesis, and they are different to 

one another on both material and geometry. These nap-core types are chosen because of two 

main reasons: i) Their mesoscopic structures do not disorder two much after the fabricating 

process, so their future modeling will be more feasible. ii) Their materials and mesoscopic 

structures are various enough to offer an overview of the nap-core sandwich-structured 

composite. 

In the experiments, the sandwich types have distinct nap-cores, but their outer face sheets 

are always the same. The sizes of the sandwich samples (i.e., the boundary dimensions) will 

change among the categories of test depending on the specification of the standards. 



58 
 

 

4.2.1. Nap-cores types and outer layers 

Four types of nap-cores are employed to form sandwich samples used for the experiments, 

which have been named P1-5, P1-10A, P1-10B, and P2-8. These names help the nap-core types 

to be recognized more easily. Here, the letter in the first place, “P”, means Phenol 

formaldehyde resin. The number in the second place, “1” or “2”, indicates if the naps of the 

nap-core are one-sided (single-sided) or two-sided (symmetrical). The number after the dash, 

“5” or “10” or “8”, specifies the height of the nap-core that is 5mm, 10mm, or 8mm. The last 

letter, “A” or “B”, distinguishes two nap-core types having the same height. On the whole, 

these nap-core types have the following characteristics: 

• The matrix of all the nap-core types is always made of Phenol formaldehyde resin (also 

called Phenolic resin). 

• The first three ones are single-sided nap-core types while the fourth one is a symmetrical 

nap-core type. 

• The mold pins used to fabricate the first three nap-core types have a diameter of 10 mm, 

and those used to produce the last nap-core type have a diameter of 6 mm. 

• In the first three nap-core types, the naps are distributed in an equilateral triangle pattern; 

in the last nap-core type, the naps are laid out in a diamond pattern. 

• Nap-core P1-10A and P1-10B feature similar geometries but different fabric strengths, so 

both of them are chosen with the purpose of comparing their performance. 

The additional specifications of the nap-core types are presented below. 

i. Nap-core type: P1-5 (see table 4.1 and figure 4.1)  

Table 4.1: The specifications of P1-5 nap-core  

Material 
Boundary height 

(mm) 
Fabric thickness 

(mm) 
Volume weight 

(kg/m3) 

50% Polyester fiber + 50% Phenolic resin 5 0.33 47 

      

Figure 4.1: Nap-core type P1-5: Actual sample (left) and simulation model (right) 

ii. Nap-core type: P1-10A (see table 4.2 and figure 4.2) 

Table 4.2: The specifications of P1-10A nap-core  

     Material 
Boundary height 

(mm) 
Fabric thickness 

(mm) 
Volume weight 

(kg/m3) 
60% fiber(5%Elasthane + 86%Nomex + 

9%Polyamide) + 40% Phenolic resin  
10 0.49 39 
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Figure 4.2: Nap-core type P1-10A: Actual sample (left) and simulation model (right) 

iii. Nap-core type P1-10B (see table 4.3 and figure 4.3) 

Table 4.3: The specifications of P1-10B nap-core       

Material 
Boundary 

height (mm) 
Fabric thickness 

(mm) 
Volume weight 

(kg/m3) 

55% fiber(90%Nomex + 10%Polyester) + 45% 
Phenolic resin  

10 0.58 83 

       

Figure 4.3: Nap-core type P1-10B: Actual sample (left) and simulation model (right) 

iv. Nap-core type: P2-8 (see table 4.4 and figure 4.4)       

Table 4.4: The specifications of P2-8 nap-core  

Material 
Boundary 

height (mm) 
Fabric thickness 

(mm) 
Volume weight 

(kg/m3) 

50% fiber (80%Aramid + 20%Polyester) + 50% 
Phenolic resin 

8 0.45 41 

         

Figure 4.4: Nap-core type P2-8: Actual sample (left), simulation model (right) 

The mechanical properties of the nap-cores’ constituent materials are provided in table 4.5. 

They are necessary in determining the mechanical properties of the yarns of the nap-core’s 

fabrics in the simulation, which will be detailed in section 5.2 of chapter 5. 
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Table 4.5: The mechanical properties of the constituent materials [3, 4, 13] 

Constituent 
Chemical name/ 

Abbreviation 
Young’s modulus (GPa) Poisson’s ratio 

Fiber  

Aramid – 70 0.25 

Nomex 
Poly (meta-

phenyleneisophthalamide) 
125 0.28 

Polyester PE 56.8 0.33 

Elasthane 
Thermoplastic Polyether 

Polyurethane (TPU) 
0.15 0.42 

Polyamide (nylon) PA 2.5 0.42 

Resin  

Phenol formaldehyde PF 2.9 0.42 

Note: Elasthane fiber and Polyamide fiber have low elastic moduli, but the addition of them 

(5%Elasthane and 9%Polyamide) to P1-10A nap-core gives its knitted fabric more hydrolytic 

stability and abrasion resistance. 

Material of the outer layers: 

The outer face sheets of the nap-core sandwich are composites of fiberglass fabric and a 

Phenol formaldehyde resin matrix. See table 4.6 for their constituent material’s specifications. 

Table 4.6: Mechanical properties of the outer layers’ constituent materials 

Constituent Young’s modulus (GPa) Poisson’s ratio 

Glass fiber 70 0.26 

Phenol formaldehyde resin 2.9 0.42 

 

4.2.2. Installation of the experiments 

To all types of nap-core sandwich, three testing categories are implemented, including 

compression, shear, and four-point bending. In addition, three-point bending test is exclusively 

done on P1-5 nap-core sandwich samples. Beside these testing types which are for the 

mechanical behavior investigation purpose, drum peel test is also conducted for all sandwich 

types but it is only for the determination of the adhesive’s parameters in the next chapter. The 

experimental standards and parameters for the sandwich samples are 

➢  Standards of the tests 

• Compression: ASTM C365 – 03 and D 

3410/D 3410M – 03 

• Shear: ASTM C 273 – 00 and DIN 53 

294 

• Four-point Bending: ASTM C 393 – 00 

and DIN 53 293 

• Drum peel: ASTM D1781-98(2012) 

• Three-point Bending: DIN EN ISO 14125  

➢ Test speed (velocity of the load generator’s head) for each testing case:  
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• Compression – 10 mm/minute  • Shear – 1 mm/minute 

• Four-point bending – 10 mm/minute • Drum peel – 25 mm/minute 

• Three-point Bending – 1 mm/minute  

➢  The sample dimensions (width x length) for each kind of test  

• Compression: 50mm x 50mm • Shear: 200mm x 50mm 

• Four-point bending: 400mm x 50mm • Drum peeling: 240mm x 75mm 

• Three-point bending: 120mm x 30mm  

The correlation between the samples is shown in figure 4.5. 

 

Figure 4.5: Samples of the experiments:  

a. Four-point bending, b. compression, c. three-point bending, d. shear 

➢ Fixture schemes and applied forces of the tests 

• Compression: All degrees of freedom of the sample’s bottom surface are constrained 

while an upright distributed force (pressure) is applied on the top surface uniformly and 

entirely (figure 4.6). 

 
Figure 4.6: The general scheme of the compression test 

• Shear: All degrees of freedom of the sample’s bottom surface are constrained while 

parallel surface traction (tractive force) is applied on the top surface evenly and 

completely (figure 4.7). 

 
Figure 4.7: The general scheme of the shear test 

• Four-point bending: The sample’s bottom surface is put on two round supports which 

are at a distance of 300mm (from center to center). Two concentrated forces are 

applied vertically and equally on the top surface through two other round pins 

separated by 100mm (figure 4.8). 

Sample 

Sample 

a 

b 
c 

d 
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Figure 4.8: The general scheme of the four-point bending test 

• Three-point bending: The sample’s bottom surface is put on two round supports which 

are at a distance of 90mm (from center to center). A concentrated force is applied 

perpendicularly on the top surface through one round pin at the middle line (figure 4.9). 

 
Figure 4.9: The general scheme of the three-point bending test 

There are two kinds of three-point bending, bending S and bending P (S denotes staggered, and 

P denotes parallel), based on the cutting ways of the samples from a big nap-core sandwich 

panel. As demonstrated in figure 4.10, the naps are staggered to each other in bending S while 

they are in two parallel lines in bending P. The stresses will be applied in the middle lines of the 

samples (the fracture lines). 

   

 

Figure 4.10: Samples of the three-point bending tests on P1-5 nap-core sandwich: 

Bending S (top) and Bending P (bottom) 

 

The schemes of fixtures for the tests are shown in figures 4.11 and 4.12 below.  

Sample 

90 mm 

Sample 

100 mm 

300 mm 

The middle lines 
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Figure 4.11: Fixture schemes for the tests: Compression (left) & Shear (right) 

 

     

Figure 4.12: Fixture schemes for the tests: Four-point bending (left) & Three-point bending 
(right) 

 

4.3. Experimental Results 

4.3.1. Charts of the applied forces and the displacements 

In this section, the resulting relation between the force applied on the sandwich and the 
displacement of the sandwich’s top layer is presented for the compression, shear, and bending 
tests respectively. The results of the tests on the four described nap-core sandwich types are 
exposed in figures from 4.14 to 4.27. Symbol  marks the points in the charts indicating when 
the tests started; the damages initiated; the damages actually happened; and the 
measurements were finished (if any). The plot of each sample will be created with a particular 
color. Overall, there are common properties observed from the experimental results as follows.  

In every category of test, it is noted that all the samples behaved in the same style, but the 
resulting force and displacement are different from sample to sample. Beside common 
measurement errors, the most important factor is the change at the samples’ boundaries. For 
each type of nap-core sandwich, all the samples were cut out from a big sandwich panel. 
Because of the naps are diagonally distributed while the cutting lines are horizontal or vertical 
to the panel’s borders, many naps were cut apart. Moving from sample to sample, the cutting 
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lines are not at the same place, so the shapes of incomplete naps along the boundary change as 

well. That makes the results fluctuate in the end (see figure 4.13, the width of the nap-cores is 

unchanged but the incomplete naps along the boundaries vary somewhat). Nonetheless, these 

differences of the samples are acceptable and they reflect the actual usage of the nap-core 

sandwiches. If there are some samples offering the results too different from those of the other 

samples, then these results would be excluded when taking the average values of all the 

samples’ results.  

         

Figure 4.13: Nap-core samples having the same dimensions but different boundaries 

In the compression tests, all the samples first underwent a nonlinear interim period in 

which new contact was established since the nap-cores were not continuums. Subsequently, 

the samples deformed linearly until the buckling of the nap-core happened at which the force 

started falling quickly.  

 In the shear tests, there was not a clear establishment period. The sandwich samples 

performed almost linearly from the test initiation until the first damage (i.e., the shear buckling 

of the nap-core) initiated. Interestingly, the force did not descend responsively but kept nearly 

unchanged for a time after the shear buckling. This phenomenon also occurred in shear test of 

sandwiches with aluminum honeycomb, reviewed by Francois Cote et al. in 2006 [78], but the 

reasons were not identical. There was hardening character of the metal material within the 

honeycomb core while there was yarn jamming within the knitted fabric nap-core. Normally, 

yarn jamming occurs when the fabric is extended to one direction (either weft or warp); thus, 

the spacing between the adjacent yarns in the other direction is gradually minified; the yarns 

then get in contact and hold one another better. In a shear case of the nap-core sandwich, the 

extension of the nap-core’s knitted fabric is not uniform, so there is also a local accruement of 

the yarns in the fabric, which keeps the nap-core from a collapse. In the end of the shear tests, 

the second damage (i.e., the entire debonding of the top layer) might happen. 

In the bending tests, there was an establishment period but it was much shorter than that 

of the compression case. The damage was either the local buckling of the nap-core or the local 

debonding of the upper sheet. In the four-point bending test, the damage happened when the 

upper sheet delaminated locally around the positions where the stresses were applied (due to 

local shear generated when the sample deforms under bending load), and that led to the 

plunge of the force. Unlikely, in the three-point bending, there was no delamination of the 

upper sheet but in fact the force decreased as the nap-core buckled regionally. 
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The experimental results of the nap-core sandwich types are presented below. In the 

charts, the damages (the buckling of the nap-core and/or the debonding of the top skin) of the 

samples are determined as follows: 

• In the compression and bending tests, the damages happen when the force reaches the 

highest value. 

• In the shear test, there are usually two damages: The shear buckling of the nap-core and 

the total debonding of the upper layer. The shear buckling will happen first at which the 

force chart will reach the first peak. Afterwards, the force will reduce shortly prior to 

either increasing or decreasing moderately. In fact, the force usually increases again for 

P1-5 nap-core sandwich while it continuously decreases for the other nap-core 

sandwich types. When the total debonding of the upper layer happens, the force will go 

down abruptly. Before it, the force passed the second peak if it was being in an 

increasing trend. In this thesis, the first damage will be considered much more. 

i. Nap-core type: P1-5     

(Symbol  marks the significant changes of the samples’ behavior in the tests, and the plot of 

each sample will be created with a particular color.) 

   
Figure 4.14: Experimental data of the compression test on P1-5 nap-core sandwich 

Through figure 4.14, all the samples show the same behavior when deformed under the 

compression. For most samples, when the displacement was less than 0.20mm, they behaved 

nonlinearly. In this period, the force ascended slowly from 0N to about 150N. Afterwards, when 

the displacement increased from 0.20mm to 0.35mm, the sandwich samples turned to act 

linearly. This stage saw the force elevated very quickly from 150N to around 600N. Once the 

displacement was above 0.35mm, the force continued to go higher until some maximum value 

ranging from 600N to 760 N, but the samples’ behavior became nonlinear again. In the end, the 

force turned down abruptly from the maximum due to the buckling of the nap-core.  

Of all charts, the blue one pointed to by the arrow has a similar behavior but so different 

values of force and displacement. In detail, this sample attained the stable linear stage much 
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slower than the others. It establishment period occurred as the deformation was increased 

from 0mm to 0.35mm and the force went upward from 0 to 200N. Subsequently, the sample 

also underwent the stages as the other samples but it had a larger deformation and lower 

force. There are several possible reasons explaining these differences. Firstly, in the fabrication 

process of the sandwich samples, the resin matrix was applied to the nap-core’s knitted fabric 

with hand, so its content might be slightly different from place to place. Although the resin 

content had been controlled with an error permitted between ± 2%, some abnormal small 

regions may still exist. If there was a place having too little resin and it was part of a nap-core 

sandwich sample, the sample’s behavior would be affected. Secondly, the curing process might 

not make a full and uniform effect to every positions of the nap-core panel; particularly, the 

ones along the boundaries or at the corners. If one of the positions not being cured well was 

comprised in the nap-core of the sandwich sample, the final behavior might be different. 

 
Figure 4.15: Experimental data of the shear test on P1-5 nap-core sandwich 

Figure 4.15 demonstrates that nearly all the nap-core sandwich samples possess a typical 

behavior under the shear load. Their force and displacement relation was almost linear when 

the deformation was less than 0.15mm. In this period, the force went up very rapidly from 0N 

to around 2000N. When the deformation was more than 0.15mm, this relation turned 

nonlinear. The shear buckling occurred when the force reached some value between 2300N 

and 2850 N; then the displacement was between 0.35mm and 0.45mm. As mentioned earlier in 

this section 4.3.1, the force did not reduce or reduced very little after the shear buckling.  

Among the five samples, there is an exceptional one whose chart is pointed to by the 

arrow. After the linear stage, its force rose unevenly, and then the force declined sharply before 

going downwards gradually while the displacement was increasing. That indicates the 

delamination beginning and occurrence of the upper skin, which also means this particular 

sample has the cohesion between the components to be weaker than that of the other 

samples. This phenomenon usually appears when there are unexpected small regions of the 

nap-core’s top surface not attaching well with the upper sheet. Under the high shear load, 

these regions enlarge quickly and cause the delamination of the whole upper sheet. 
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Figure 4.16: Experimental data of the four-point bending test on P1-5 nap-core sandwich 

Figure 4.16 displays that the nap-core sandwich samples behaved similarly in the four-point 

bending test. Prior to the occurrence of the damage, the force increased linearly and then 

nonlinearly with the displacement. Except for the purple plot pointed to by the arrow, the other 

samples deformed almost linearly when the displacement was less than 8mm. This stage 

witnessed the force increased from 0N to around 30N. Subsequently, they behaved nonlinearly 

until the damage happened at some displacement between 14mm and 16mm and some force 

between 35N and 50N. In these four-point bending tests, the damage was the local debonding 

of the samples’ top layer. There were considerable differences in the performances of the 

samples right before the damage. Then, the force was increasing for some samples while it was 

decreasing for the others. That is because the samples were dimensioned pieces cut out from a 

big sandwich panel, and the crosswise distribution of the naps made them slightly different 

from one to one (i.e., the incomplete naps around the boundaries are often unlike).  

For the purple plot pointed to by the arrow, the delamination of the upper sheet happened 

before the displacement reached 10mm, which was much earlier than the other samples 

although it had higher force before that. Probably, the main reason is similar to that of the 

exceptional shear sample above: The sample contained unanticipated weak bonding at small 

regions which developed rapidly under the high load. 

It is also noted on the plots that the force declined severely at the damage but soon 

afterward, it might decline more slowly. The rationale is that after the delamination of the top 

layer, the head of the measuring device still made stresses to the sample while other region of 

the top layer and the nap-core – which had not buckled– would continue to resist the stresses 

and prevent the force to drop as steeply as before. 
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 Figure 4.17: Experimental data of the three-point bending P test on P1-5 nap-core sandwich 

Figure 4.17 shows the similarity between the behavior of the nap-core sandwich samples in 

the three-point bending P test and that in the four-point bending test (shown in figure 4.16). 

The most noticeable difference came after the damage happened in which the force declined 

gradually instead of steeply. In comparison of the force and the displacement ranges of the 

three-point bending P and the four-point bending, both force and displacement at the damage 

of the former are smaller because the samples’ size is much smaller. In detail, the samples in 

the three-point bending P behaved almost linearly from the start of the test until the initiation 

of the damage as the force reached nearly 20N and the displacement was around 1.5mm. 

Afterwards, the force increased nonlinearly with the displacement until the damage happened 

when the force was between 20N and 30N and the displacement was between 2.0mm and 

4.5mm. In this kind of test, the damage is the local buckling of the naps around the position 

where the stress was applied. Of the four samples, the sample having the red plot shows an 

exceptional flexural strength against the remaining three ones. It could stand a higher force and 

keep its strength at a greater displacement. This result might come from a local strength of the 

nap-core or an error in the measurement process when stress was not applied at the exact 

positions on the sample. 

There are two abnormal periods of two charts pointed to by the arrows. The first period 

(pointed to by the orange arrow) indicates when the head of the stress generator was 

retreated, so that the sample would bounce back partly from the deformation. That resulted in 

the reduction of the force and the displacement as well. The second period (pointed to by the 

blue arrow) shows that after the buckling occurred, the stress still affected the sample and 

made it deformed further. However, the accruement of the nap-core's knitted fabric caused the 

declination of the force much less severe.  
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Figure 4.18: Experimental data of the three-point bending S test on P1-5 nap-core sandwich 

Figure 4.18 shows that the behavior of the samples in the three-point bending S test is not 
so different from that of the samples in the three-point bending P test. Nevertheless, the 
results of the samples in the three-point bending S are much more scattered. Specifically, the 
maximum force ranged from 12N to 34 N, and the displacement at the buckling of the naps 
around the position where the stress was applied varied from 1.2mm to 2.2mm. It could be the 
way of cutting the samples out of the big sandwich panel influenced the results very much. 
There were some more tests done in reality, which also exhibited a wide scatter when the 
samples’ size was doubles. 

ii. Nap-core type: P1-10A 
(Symbol  marks the significant changes of the samples’ behavior in the tests, and the plot of 

each sample will be created with a particular color.) 

   
Figure 4.19: Experimental data of the compression test on P1-10A nap-core sandwich 

Figure 4.19 indicates that P1-10A nap-core sandwich has a mechanical behavior similar to 
that of P1-5 nap-core sandwich under compression. However, the samples here have a much 
shorter establishment period in which the displacement increased from 0mm to about 
0.075mm and the force increased from 0 to about 50N. The samples behaved linearly until the 
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displacement was nearly 0.25mm and the force was around 400N. Afterwards, they acted 

nonlinearly as the force reached to the maximum value (ranging from 440N to 550 N) and then 

declined; at that time, the displacement at the buckling was between 0.26mm and 0.41mm. 

Generally, the maximum force and the displacement at the buckling of P1-10A nap-core 

sandwich samples are lower than those of P1-5 nap-core sandwich samples.    

 
Figure 4.20: Experimental data of the shear test on P1-10A nap-core sandwich 

Figure 4.20 shows that the samples behaved almost linearly from the beginning of the 

shear test until the force reached about 500N and the displacement was around 0.20mm. 

Subsequently, the force and the displacement continued to increase very much, and the 

deformation was nonlinear. The shear buckling happened at some point where the 

displacement was between 0.9mm and 1.25mm, and the force was between 1050N and 1250N. 

In comparison of the shear test results of P1-10A nap-core sandwich samples and P1-5 nap-core 

sandwich samples, the maximum force of the former is only a haft that of the latter while the 

displacement at the shear buckling of the former is nearly three times that of the latter. That 

denotes P1-10A nap-core has lower shear strength than P1-5 nap-core, so it deformed more in 

the shear test. Furthermore, it is likely P1-10A nap-core sandwich has better cohesion between 

the components than P1-5 nap-core sandwich. 

    
Figure 4.21: Experimental data of the four-point bending test on P1-10A nap-core sandwich  
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In figure 4.21, the samples showed a very short establishment period that was followed by 

a stable stage with a nearly linear behavior until the force reached some value between 65N 

and 80 N, and the displacement was between 9.5mm and 11mm. Afterwards, the force went up 

nonlinearly a little and then the debonding happened. The force plunged very much before it 

slowed down. This behavior of P1-10A nap-core sandwich samples is similar to that of P1-5 nap-

core sandwich samples. There is also an abnormal sample which had the damage happened 

earlier than the others (the cyan chart pointed to by the arrow). The reason is also the 

existence of small regions with poor bonding between the sample’s components.  

iii. Nap-core type: P1-10B 

(Symbol  marks the significant changes of the samples’ behavior in the tests, and the plot of 

each sample will be created with a particular color.) 

      
Figure 4.22: Experimental data of the compression test on P1-10B nap-core sandwich 

Figure 4.22 reveals a wide range of the results of P1-10B nap-core sandwich samples in the 

compression test. They all showed a typical behavior under compression, but the values of their 

force and displacement scattered a lot. The maximum force changed between 1200N to nearly 

1600 N, and the displacement at the buckling altered between 0.32mm and 0.51mm. There are 

several explanations for this problem. Firstly, the resin content of the samples might be not 

well controlled, so it was different from sample to sample. Secondly, the curing process 

probably did not make a full and uniform effect on the entire big panel of the nap-core 

sandwich – which would be divided into many separated samples. Thirdly, it is likely the 

samples were taken from a few unlike batches of samples.  

In general, P1-10B nap-core sandwich samples possess a very high compressive strength as 

the force they can tolerate is almost double what P1-5 nap-core sandwich can. 
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Figure 4.23: Experimental data of the shear test on P1-10B nap-core sandwich 

Refer to figure 4.23, the force and displacement of the samples were not much scattered, 

and the deformation did not contain a clear establishment period. All of the samples deformed 

linearly as the test started until the force went up to 1500N and the displacement was equal to 

0.22mm. Later, the samples deformed nonlinearly. The force kept increasing to more than 

3000N. When the displacement was over 0.85mm, the shear buckling would happen suddenly 

before the displacement reached 1.2mm. Of five samples, two had the force reducing very 

slightly after the shear buckling, and three had the force declining steeply after the shear 

buckling. That was resulted from the difference of the cohesion strength of the sandwich 

samples. The phenomenon that the force plunged is an indication of the delamination of the 

entire upper sheet (pointed to by the arrows). Mostly, the weaker the cohesion strength is, the 

sooner the delamination of the upper sheet happens.  

It is noted that the maximum force of P1-10B nap-core sandwich is about 20% higher than 

that of P1-5 nap-core sandwich, and it is double that of P1-10A nap-core sandwich. 

    
Figure 4.24: Experimental data of the four-point bending test on P1-10B nap-core sandwich  

Figure 4.24 indicates that the samples underwent a quick nonlinear establishment period 

when the displacement was less than 0.75mm. Subsequently, they behaved almost linearly 
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until the initiation of the damage (i.e., the local debonding of the upper sheet). Based the 

charts, it is viewed that six samples acted differently. Two samples buckled when the force was 

around 75N and the displacement increased over 6mm for the one and 7.5mm for the other 

(the cyan chart and the pink chart). The third sample worked linearly until the force got more 

than 90N, and its damage occurred when the displacement was about 6.5mm (the blue chart). 

The remaining three samples continued to work as the force went up above 105N, and they 

only buckled when the displacement was more than 7.5mm. Especially, one sample remained 

its strength until the displacement reached 8.8mm (the green chart). Beside the displacement 

at the buckling, the maximum force of the samples also varied a great deal, ranging from 75N to 

almost 110N. Like the samples of the compression test, the samples of the bending test have 

widely scattered results. However, it is obvious that P1-10B nap-core sandwich can stand a 

higher force in the four-point bending tests than P1-5 nap-core sandwich and P1-10A nap-core 

sandwich.  

iv. Nap-core type: P2-8 

(Symbol  marks the significant changes of the samples’ behavior in the tests, and the plot of 

each sample will be created with a particular color.) 

   
Figure 4.25: Experimental data of the compression test on P2-8 nap-core sandwich 

Figure 4.25 demonstrates that the behavior of P2-8 nap-core sandwich samples was very 

similar to that of P1-10A nap-core sandwich samples. The establishment period was also short, 

only occurred when the displacement was smaller than 0.075mm and the force was less than 

100N. Although the displacement at the buckling was not so different (0.28 – 0.36mm for P2-8 

nap-core sandwich, and 0.36 – 0.41mm for P1-10A nap-core sandwich), the maximum force of 

P2-8 nap-core sandwich samples is markedly higher (1600 - 2100N for P2-8 nap-core sandwich, 

and 380 – 550N for P1-10A nap-core sandwich). Among the samples, there is an abnormal one 

(its chart is pointed to by the arrow). Its maximum force is 1620N, and the displacement at the 

buckling is 0.43mm. Moreover, its force still kept a high value for a long while after the 

buckling. This abnormal result might come from a small mistake in the measurement process as 

the sample was not put at the center of the tool. 
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Figure 4.26: Experimental data of the shear test on P2-8 nap-core sandwich 

In figure 4.26, the samples show the same behavior but very different ranges of force. 

When the displacement was less than 0.2mm, the samples’ deformations were nearly linear, 

and the forces increased fast from 0 to 1900N at least and 3500N at most. Afterwards, the 

samples behaved nonlinearly. The force still went upward fast until the shear buckling 

happened at a displacement between 0.6mm and 0.7mm. The force at the buckling changed 

very much from sample to sample. It could be 3000 N, 4000 N, or about 5000N. The first 

possible reason is the inconsistent quality of the nap-core pieces due to an imperfect 

production. The second possible reason is the differences at the boundaries of the nap-core 

samples as they were cut out from a big panel.  

    
Figure 4.27: Experimental data of the four-point bending test on P2-8 nap-core sandwich 
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Figure 4.27 shows that the samples of P2-8 nap-core sandwich performed very similarly as 

the samples of P1-10B nap-core sandwich. The results, consisting of the force and the 

displacement, also scatter a great deal, but they are lower than those of P1-10B nap-core 

sandwich samples. Namely, the maximum force is between 52N and 67 N, and the 

displacement at the debonding of the upper sheet is between 3.9mm and 5.5mm. Here, there 

is an unusual sample whose chart pointed to by the arrow. On this sample, the top layer 

delaminated locally when the force was about 64N and the displacement was 5.4mm, but the 

force did not declined sharply right away. Instead, the force still kept a high value and only 

plunged when the displacement was nearly 7.5mm. Perhaps, the area surrounding the region 

where the delamination initiated had a very strong cohesion and that significantly slowed down 

the development of the damage.  

4.3.2. Discussions 

Through the above force-displacement plots, it can be noted that the sandwich acts almost 

like a typical linear elastic material before the damages (i.e., the nonlinearity exists but it is 

small or moderate). In the compression test, the only damage is the buckling of the nap-core. In 

the shear and bending tests, the damages are both the buckling of the nap-core and the 

debonding of the upper layer. Therefore, in the compression, the strength of the nap-core 

sandwich mainly depends on its nap-core; the cohesion between the nap-core and the skins is 

also important but not as much as it is in shear and bending cases. Otherwise, in the shear and 

bending, the strength of the nap-core sandwich depends on both nap-core and cohesion. It is 

also noticeable that the damages happen to the whole nap-core and/or upper skin in the 

compression and shear tests, but they happen locally in the bending tests.  

All samples show good average material strengths and moduli on density, which are shown 

in table 4.7, in which 

- All parameters and properties are the average values taken on all the sandwich samples. 

- The average modulus of each sample is taken on the linear deformation period only. 

- The strength (MPa or 106N/m2) is the value of the stress right at the damage (buckling or 

debonding). It is the maximum force (the force at the peak of the damage stage) divided by 

the area of the upper sheet. In each category of test, the area of the upper sheet is 

constant, so a higher strength means a higher maximum force. 

- The sample density (kg/m3) is specified by dividing the mass of the sample by its space 

volume. (Because the boundary of a sample is rectangular box, its space volume is 

calculated by multiplying the height, the width, and the depth of the boundary.) 

- The specific strength (kN.m/kg) is the strength divided by the sample density. 

- The flexural modulus and the flexural strength are the bending modulus and the bending 

strength respectively. 

- Of the same nap-core type, the sample density may still be different from sample to sample. 

That is because the samples’ nap-cores may be slightly different at the boundaries and resin 

content even they are all cut out from a big sandwich panel. 
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Table 4.7: The outcome values of the sandwich samples used for the experiments 

Nap-core sandwich type P1-5 P1-10A P1-10B P2-8 

Test 
Parameters 
& properties 

Value 
Standard 
deviation 

Value 
Standard 
deviation 

Value 
Standard 
deviation 

Value 
Standard 
deviation 

Compre- 
-ssion 

Compressive 
modulus 
(MPa) 

6.20 0.78 9.40 0.93 26.60 5.26 24.57 0.72 

Compressive 
strength 
(MPa) 

0.26 0.02 0.20 0.02 0.51 0.06 0.74 0.02 

Sample 
density 
(kg/m3) 

231.50 3.70 132.6 1.85 183.20 2.63 175.06 2.13 

Specific 
strength 
(kN.m/kg) 

1.12  1.51  2.78  4.23  

Shear 

Shear 
modulus 
(MPa) 

9.92 2.39 2.98 0.20 12.25 0.48 11.26 2.88 

Shear 
strength 
(MPa) 

0.26 0.03 0.12 0.01 0.32 0.01 0.43 0.11 

Sample 
density 
(kg/m3) 

232.20 2.43 131.10 0.91 182.30 1.30 174.10 2.50 

Specific 
strength 
(kN.m/kg) 

1.12  0.92  1.76  2.47  

Four-point 
bending 

Flexural 
modulus 
(MPa) 

3443.80 229.75 882.20 53.26 1890.58 165.33 3241.82 273.59 

Flexural 
strength 
(MPa) 

9.49 1.01 4.06 0.37 6.29 0.94 6.06 0.53 

Sample 
density 
(kg/m3) 

232.80 1.96 135.40 0.95 177.73 4.04 174.68 1.24 

Specific 
strength 
(kN.m/kg) 

40.76  29.99  35.39  34.69  

Three-
point 
bending 

Flexural 
modulus 
(MPa) 

496.99 49.26 - - - - - - 

Flexural 
strength 
(MPa) 

3.52 0.51 - - - - - - 

Sample 
density 
(kg/m3) 

232.10 2.84 - - - - - - 

Specific 
strength 
(kN.m/kg) 

15.17        
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When compare the experimental samples of the four nap-core types to one another, it is 

noticeable that the sandwich of P2-8 symmetric nap-core has the highest moduli and strengths 

in the compression and shear tests while the sandwich of P1-10A nap-core has the lowest 

values of them. That is because P2-8 nap-core has the best mechanical properties (i.e. 

compressive strength and shear strength), and P1-10A nap-core has the worst ones. That is 

clearly visible through the data in table 4.7.  

For the nap-core types, a comparison between P1-10A nap-core and P1-10B nap-core is the 

most direct since they have similar geometries and knitting patterns. The latter has better 

mechanical properties as expected. That is because of several reasons. Firstly, P1-10B nap-core 

has higher resin content than P1-10A nap-core, i.e. 45% compared to 40%. Indeed, for a specific 

composite, if its reinforcement’s volume is fixed, an increase of the resin content means an 

increase of the strength. Secondly, the fibers of P1-10B nap-core have bigger elastic moduli 

than those of P1-10A nap-core as Nomex and Polyester have bigger Young’s moduli than 

Elasthane and Polyamide (refer to table 4.2 and table 4.3 for the composition of the two nap-

core types). Thirdly, the yarns of P1-10B nap-core have larger sections than those of P1-10A 

nap-core (this will be shown in chapter 5). As a result, the larger yarn sections and the higher 

resin content give P1-10B nap-core a fabric thicker than that of P1-10A nap-core, i.e. 0.58mm 

compared to 0.49mm. 

Although the fibers have smaller Young’s modulus and the fabric is thinner, the strength of 

P1-5 nap-core sandwich is equivalent to that of P1-10A nap-core sandwich. That may be 

explained by the featured plain weft knit pattern and the short height (only a half of P1-10A 

nap-core) of P1-5 nap-core. 

One marked reason making P2-8 nap-core sandwich has very good mechanical properties is 

its geometry. Namely, the top diameter of its naps is rather small, which is only 5.5mm 

compared to 9.5mm of the other nap-core types. Therefore, the density of naps within P2-8 

nap-core is very thick, giving its sandwich high strength. It is uncertain if having a symmetrical 

geometry makes P2-8 nap-core stronger than itself having a single sided geometry, and that will 

be clarified in the end of chapter 6 by simulation methods. 

Local delamination of the upper sheet is the damage in the four-point bending tests, and 

regional buckling of the nap-core is the damage in the three-point bending tests. Occasionally, 

the opposite may happen. The flexural strength of all the sandwich samples could be higher if 

the debonding did not happen in the four-point bending. The specific bending strengths of the 

four sandwich types are theoretically inappropriate because nap-core types P1-10B and P2-8 

are thicker at knitted fabric and taller at height, so their sandwich samples are likely much 

mechanically stronger than P1-5 nap-core sandwich sample. However, in the results, their 

sandwich samples’ flexural strengths are smaller. Therefore, the cohesion of the nap-core 

sandwich needs to be improved to increase its bending strength.  

The experimental results have demonstrated the essential attribute of the nap-core 

sandwich, which implies a great possibility for numerical simulation of it, i.e. at least the linear 
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stage and the initiation of the damage if not the whole progression. The nap-core’s linear 

elasticity is really different to that of a normal dry knitted fabric (without resin), which is usually 

non-linear. Let review the deformation of a typical dry knitted fabric under tension. In the first 

stage, the load is still weak, so the main motion of the yarns is rotation without local strain. 

Then the only resistance to the tension is the friction between the warp and weft yarns. In the 

second stage, the yarns start contacting with their neighboring ones and are laterally 

compressed, partially at first and then wholly. This results in a fast increasing of the reaction 

force and the stiffness of the fabric. In the third stage, all the yarns stretch stably and uniformly 

to form the entire deformation of the fabric [79]. The above tension process explains why most 

fibers have a linear tensile response but their fabrics do not have such characteristic. The nap-

core’s knitted fabric (after the fabrication) is so special because it has already stretched during 

a deep-drawing process and stabilized in a curing stage to get fixed shape and fiber positions. 

Thereby, the nap-core’s fabric behaves like a 2D laminate rather than a normal textile. 

Although the nap-core types have different knitting patterns and they are dissimilar at 

many other elements, the sandwich samples of them behave mechanically in an identical way. 

If not count the interim period in the compression tests, the nap-core can be considered a shell 

structure that is much easier to be modeled with finite element software. With fast 

development of the nap-core sandwich, finding simulation methods for it are so necessary 

because they will permit more cost-effective investigations on a wide range of the nap-core 

sandwich, particularly when its parameters alter a great deal. Furthermore, different 

applications may require different parameters and specifications of the nap-core sandwich, and 

computational modeling is the most efficient and quickest way to optimize designs of the 

sandwich structures and predict their mechanical performances in advance. 
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V. FINITE ELEMENT SIMULATION METHODS 

In this chapter, three related methods of numerical modeling are presented. All of them 

treat the outer layers as thin shells because their thickness is less than 1/15 of their span while 

the transverse shear effect is negligible [80]. The adhesive between the parts of the sandwich is 

always modelled as very thin bonding layers. However, the modelling of the nap-core has 

differences between the methods. 

In the first two methods, the nap-core is modelled as a 3D-shaped thin shell having an 

identical figure as the actual nap-core. In other words, the macroscopic structure of the nap-

core is unchanged, but its mesoscopic structure is converted from a knitted fabric to a thin 

shell. The actual nap-core is non-continuous and heterogeneous while the modelled nap-core is 

continuous and homogeneous. The nap-core is equivalent to an anisotropic material, which has 

21 independent elastic constants in the stiffness tensor. However, it is here assumed to be an 

orthotropic material – having nine independent elastic constants in the stiffness tensor – in 

order to effectively simplify the input of the simulations. For a certain material, the elastic 

constants are not directly measured but calculated on the engineering constants that are 

determined from laboratory tests or simulations on it. Abaqus has an option that the input 

material parameters to be the engineering constants, so they will be used instead of the elastic 

constants from now on. Every orthotropic material has nine engineering constants, i.e. the 

three elastic moduli, three Poisson's ratios, and three shear moduli associated with the 

material's principal directions. The general constraints between the engineering constants of 

every orthotropic material are detailed in appendix 2. When the nap-core behaves as a thin 

shell, all material parameters through the thickness can be ignored, so the number of 

engineering constants to be found reduces to only four. There are two ways of obtaining 

material parameters for the thin shell nap-core corresponding to the first two simulation 

methods. In the first way, the engineering constants are obtained from the experiments done 

on a designated knitted flat sheet. In the second way, the engineering constants are extracted 

from a procedure of computational homogenization implemented on the RVE of the nap-core’s 

knitted fabric. 

In the last simulation method, the nap-core is modeled as a 3-D deformable homogeneous 

solid with the material parameters obtained from homogenizing the RVE of the whole nap-core.  

5.1. The first simulation method 

In this approach, the nap-core is modelled a 3D-shaped thin shell. In spite of the difference 

in the mesoscopic structures, the thin shell of the modelled nap-core must have engineering 

constants roughly approximating to those of the knitted fabric forming the actual nap-core. 

Thereby, a knitted flat sheet is produced imitating the actual nap-core’s fabric, and its 

engineering constants are determined by experiments. As mentioned in the preface of this 

chapter, only four of nine engineering constants are necessary to model the nap-core. 

Consequently, the obtained engineering constants are the input material parameters for the 

modelled nap-core in the simulation. 



80 
 

 

5.1.1. Determining material parameters of the nap-core 

Before carrying out the needed steps to find the engineering constants of the nap-core’s 

knitted fabric, it is helpful to forecast how each portion of the nap-core affects the mechanical 

behavior of the whole sandwich. With its geometry and fabric structure, the nap-core is visually 

partitioned into three portions: The top, the wall, and the bottom are demonstrated in figure 

5.1. Suppose that the material property is uniform within each portion, then any of them will 

need to be assigned an own set of the engineering constants.  

 

Figure 5.1: The structure of a sample nap-core and its partitions 

Since the top and the bottom are bonded to the outer layers with a very good adhesive, the 

wall seems to be the most influential part of the nap-core. To confirm this prediction, a flat 

sheet of knitted fabric has been produced of which the constituent materials and the fabric 

extension are very similar to those of the nap-core’s wall. Thus, the mechanical properties of 

the wall and the flat sheet are expected to be equivalent. This task can be fulfilled in the 

following order:  

i) Determine the elongation (extension rate) of the nap-core’s wall with a presumption 

that the knitted fabric extended uniformly on its slopes and top faces. Formula used 

for calculating the elongation is illustrated in figure 5.2; 

ii) Prepare a sheet of the same knitted fabric and pre-impregnated it with the same resin 

and equal content;  

iii) Make use of a fixture to stretch the pre-impregnated fabric with the elongation 

obtained from the nap-core’s wall in the wale and course directions. That means the 

usual molding step is here replaced by a stretching step;  

iv) Cure the stretched fabric at the same temperature and in the same time (as already 

did with the nap-core) to get a resembling state for the flat sheet (see figure 5.3). 

      

Figure 5.2: Inclination angle and elongation of the nap-core’s walls 
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If the the necessary flat fabric sheet is accurate, the values of its engineering constants can 

be measured experimentally, and they are being assigned to those of the nap-core’s wall in the 

modeling. The four needed engineering constants of the flat sheet are the elastic moduli (E1, E2) 

in the course and the wale directions, the shear modulus (G12), and Poisson’s ratio (ν12). For the 

tensile tests to find elastic moduli E1, E2, and Poisson’s ratio ν12, the standard applied is DIN EN 

ISO 13934-1 for textile, in which the dimensions of the flat fabric samples are 20cm x 5cm. For 

the shear test to find shear modulus G12, a picture frame test is used and there is not a 

standardized method for it.  

 

Figure 5.3: A nap-core (left) and its equivalent flat knitted fabric (right) 

After all, it is still a question if the nap-core’s wall and the flat fabric sheet have the same 

engineering constants as the deep-drawing step was replaced by a stretching step. The photos 

taken with a microscope at scale 1:50 show similarities between the mesoscopic structures of 

the nap-cores’ walls and the flat knitted fabrics (for example, refer to figures 5.4 and 5.5).  

                       

Figure 5.4: Microstructure photos of P1-5 nap-cores: the wall (left), the flat sheet (right) 

In figure 5.4, the wall and the flat sheet both show an ordered arrangement of the yarns. 

The wall deformed more than the flat sheet but at a small degree.  The widths and the amounts 

of the yarns of the two samples look equivalent.  

                            

Figure 5.5: Microstructure photos of P1-10A nap-core: the wall (left), the flat sheet (right) 
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In figure 5.5, the wall and the flat sheet display to have equivalent numbers of yarns in the 

same area. The widths of the yarns are also not very different. However, it rather clear the wall 

deformed more badly than the flat sheet. 

For both nap-core types, the yarns of the walls distorted more, so their arrangements are 

not as regular as those of the flat sheets. Thus, the walls are the more imperfect ones.  

After all, each nap-core type has its own way and severity of distortion while the 

microscopic photos cannot qualify them specifically. In chapter 6, the experimental results and 

the simulation results of the tests will be compared, making a ground to suggest some values of 

imperfection to the nap-core types in their FE modeling.  

To conclude, the available specifications of the fiber and the resin are not needed for 

determining the nap-core’s mechanical properties in the first simulation method. The method 

can be applied to a wide variety of nap-cores since it does not require a complicated 

macroscopic modelling. The solution accuracy will be mainly dependent on the fabrication 

process of the flat knitted structure and the measurement of its parameters. This first 

simulation is simple and rapid, but the preparation for it is rather time-consuming and costly. 

The modelled sample of the nap-core sandwich and the test results will be presented in the 

next section. 

5.1.2. Modelling the nap-core sandwich with Abaqus 

Abaqus is a software suite for finite element analysis and computer-aided engineering 

originated by Dassault Systemes. A full model of the nap-core sandwich built within Abaqus 

includes the following components: 

a. Parts: The model consists of three parts which are 

Outer layers: There are upper sheet and lower sheet; both are taken from a big sheet of glass 

fiber-phenolic resin composite, so they are identical in both material and structure. However, in 

the design they are arranged with different fiber orientation angles to increase the sandwich’s 

flexural strength, i.e. the angle of the top layer is -450 while that of the bottom layer is +450.  

For all types of the nap-core sandwich, the outer layers are always the same in the 

simulations. They are modeled as flat continuous shells and assigned a composite section. The 

engineering constants of the outer layers have been attained by experiments and shown in 

table 5.1. 

Table 5.1: Engineering constants of the outer layers with material Aigpreg PC 8242 

Thickness 
(mm) 

Young’s modulus 
Wale direction 

Young’s modulus 
Course direction 

Poisson’s ratio Shear modulus 

E1 (Pa) E2 (Pa) Nu12 G12 (Pa) 

0.33 4.28E9 4.12E9 0.28 2.45E9 
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Nap-core: The nap-core consists of many cone-shaped naps which are modelled by using shell 

extrusion. At first, a big panel of the nap-core is created, and then it is cut into the desired 

dimensions of the nap-core samples. As mentioned in the foreword of this chapter, the nap-

core material is supposed to be orthotropic, so it needs to be appointed a local material 

orientation. The engineering constants are then input from the result of the experiments done 

in section 5.1.1. Currently, only values of the wall are available, so those of the top and the 

bottom need to be checked later. Similar to the outer layers, the nap-core was also modeled as 

a continuous shell and assigned a composite section.  

To select appropriate element types for the meshes of the sandwich’s components (i.e., the 

skins and the nap-core), there are several factors to be considered as follows. 

• The components are thin shells, and the transverse shear deformation of the elements is 

insignificant. 

• The nap-core sandwich behaves linearly until the damages like buckling or debonding 

initiate, so all the components’ geometric orders are supposed to be linear.  

• In the bending tests, in-plane bending is expected to happen on the outer layers and the 

nap-core as well. 

• There are probably large strains in the tests. 

• The use of 3-node triangular shell elements gives good results in most loading situations. 

However, because of their constant bending and membrane strain approximations, high 

mesh refinement may be required to capture pure bending deformations or solutions to 

problems involving high strain gradients. 

• Reduced integration (using a lesser number of Gaussian co-ordinates when solving the 

integral) usually provides accurate results (provided the elements are not distorted or 

loaded in in-plane bending) and significantly reduces running time, especially in three 

dimensions. When reduced integration is used with first-order (linear) elements, hourglass 

control is required. 

For the above reasons, the most suitable element types for the meshes of the sandwich’s 

components are S4 and S4R (here, S stands for “shell”; 4 means “4-node”; and R denotes 

“reduced integration”). On the one hand, S4R – the linear, finite-membrane-strain, reduced-

integration, quadrilateral shell element is robust and is suitable for a wide range of applications. 

It is used for the meshes of the sandwich’s components in the compression and shear tests. On 

the other hand, S4 – the linear, finite-membrane-strain, fully integrated, quadrilateral shell 

element can be used when greater solution accuracy is desired, for problems prone to 

membrane-mode or bending-mode hourglassing, or for problems where in-plane bending is 

expected. It is used for the meshes of the sandwich’s components in the bending tests. In fact, 

S4 shell element can be used for all tests, but it is has four integration locations per element 

compared with one integration location of S4R, which makes the element computationally 

more expensive [81]. 
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Adhesive: This is a crucial part bonding the core and the skins. There are two typical ways of 

modelling cohesive elements: Continuum-based modelling and traction-separation-based 

modelling. Of them, the former is suitable for modelling adhesive layers of finite thickness or 

gaskets while the latter is more proper for modelling very thin bonding or where the 

macroscopic material properties are not relevant directly (not to be measured experimentally) 

[82]. In the thesis, the adhesive layers between the parts of the sandwiches have a thickness of 

only 10μm. Also, the behavior of the interfaces before initiation of damage is expected to be 

linear elastic in terms of contact stiffness (so-called penalty stiffness) that degrades under 

tensile and shear loading while is unaffected by pure compression. Therefore, traction-

separation-based modelling is the more appropriate choice. 

In the simulation, cohesive elements are formed by offsetting meshes from the top and 

bottom surfaces of the nap-core to create thin solid layers. By this way of creation, the 

adhesive would have a constant stack direction that was critical for the solution convergence 

afterward. The set of cohesive elements can be described as an orphan mesh. It is worth noting 

that each cohesive zone must be discretized with a single layer of cohesive elements through 

the thickness. Element type COH3D8 (here, COH represents “cohesive element”; 3D stands for 

“three-dimensional”; and 8 means “8-node”) is used for every mesh of cohesive zone with or 

without viscous regularization factor (empirically, this factor can be set 0.01 that does not 

affect the results but improve the computation speed much). It is a general cohesive element 

used in 3D modelling. Because the cohesive elements are offset from the 4-node shell elements 

of the nap-cores while their behavior of is more complicated, the use of 8-node cohesive 

elements will give higher solution accuracy.  The engineering constants of the adhesive will be 

found in the next section. 

Putting all parts together, the assembly of a typical sandwich model is shown in figure 5.6. 

    

Figure 5.6: A sandwich model: The components (left) and the completed assembly (right) 

b. Surface constraints and interactions: These are necessary for defining contact between the 

cohesive elements, the nap-core, and the outer layers.  

At first, all cohesive elements are connected to other components (the core and the skins) 

by using surface-based tie constraints in which the top and bottom surfaces of the cohesive 

layer should be the slave ones while the surfaces of the core or the skins would be the master 

ones. That is because the cohesive material is usually softer and more compliant.  
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Moreover, each outer layer needs a reference point to be its representative, which 

connects to the surface by using a MPC (multi-point constraint). In Abaqus, to apply loads or 

boundary conditions on some intended surface, it can be done either by selecting this surface 

directly or via its constrained reference point. The latter choice is usually more convenient 

when a script needs to be written and executed in doing the analysis.  Also, the use of reference 

points makes it easier for customizing the Field Output requests and the History Output 

requests of the simulation. 

Finally, the surrounding components also need the definition of the contacts. Initially, the 

cohesive elements bond different components and prevent them from contacting each other 

directly, but some damage on the sandwich will happen due to overloading. Consequently, the 

cohesive element will degrade much and the components come into contact with each other. 

To avoid unwanted behavior of the structure after damage, the contacts of the surrounding 

components will need to be assigned “tangential behavior” and “normal behavior”. These 

behaviors mean that if the contacts happen after the cohesive elements have deteriorated, the 

components will slide to each other with a specified friction and without any penetration.   

c. Steps, Boundary conditions, and Field/History Output requests: In addition to the initial step 

by default, only one more step is needed. Its procedure type should be “Static, General” with 

“nonlinear geometric” effect activated. This setting is to ensure a full illustration of all four 

stages of the deformation: Linearity, pre-buckling, buckling, and post-buckling. Of them, the 

first three stages are considered more specifically in this thesis than the last stage.  

Boundary conditions include the fixation of the bottom layer and the movement of the top 

layer, being directly applied to the layers’ surfaces or via their reference points. Finally, the 

reaction forces and the displacements at the reference point of the upper sheet are set in the 

History Output requests; stresses, strains, and energies of the whole model are set in the Field 

Output requests of the program. 

5.1.3. Finding material parameters of the cohesive elements 

There are no available data of the nap-core sandwich’s adhesive material because there are 

not any apparatus and manpower to measure them. Hence, the cohesive elements’ parameters 

will be estimated depending on the results of the peeling tests done on the samples with 

reference to classic studies regarding to cohesion, being released by Alfano in 2001, Davila in 

2003, and Linde in 2004 [83],[84],[85].  

The following is supposed to the cohesive elements: 

▪ The response of the cohesive elements in the model is specified through the cohesive 

section definition as a “traction-separation” type.  

▪ The quadratic traction-interaction failure criterion (Quads Damage) is selected for damage 

initiation in the cohesive elements; and a mixed-mode, energy-based damage evolution law 

based on a power law criterion is selected for damage propagation.  
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The specific material data of the nap-core sandwiches’ adhesive are presented in tables from 

5.2 to 5.5, where  

Enn – Stiffness along the normal direction; Gss and Gtt – Shear stiffness along the local first 

direction and second direction respectively; 

N0 – Nominal stress in Normal-only-Mode; T0 – Nominal stress in the First direction; S0 – 

Nominal stress in the Second direction of the cohesion damage; 

G1C – Fracture energy in Normal Mode; G2C – Fracture energy the first direction in Shear 

Mode; G3C – Fracture energy the second direction in Shear Mode; α – Power of the damage 

evolution, equal to 1.45 for all the nap-core sandwiches. (Note that the unit of fracture 

energy is J/m2 that is equivalent to N/m.) 

The values of the elasticity (E/Enn, G1/Ess, and G2/Ett) can be chosen quite freely as long as the 

model converges. However, the values of Quads Damage (N0, T0, and S0) and Damage Evolution 

(G1C, G2C, and G3C) are calibrated gradually since they determine the start point and intensity of 

the damage. Namely, if the values of Quads Damage increase, the damage will start at a point 

having higher force and higher displacement. If the values of Damage Evolution increase, the 

damage will develop more slowly. 

        
Figure 5.7: A modelled nap-core sandwich of the drum peeling test  

A simulation model for the drum peel test is shown in figure 5.7. The drum peel test is 

conducted by fixing one head of the sample and applying an equally distributed moment to the 

top skin of the other head.  

    

Figure 5.8: The result of a drum peel test on the nap-core sandwich:  

Experiment (left) and modelling (right) 
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The experimental result and the simulation result of the drum peel on P1-5 nap-core 

sandwich are displayed in figure 5.8. In the experiment, four samples have been tested (their 

plots were created with different colors) and they behaved similarly. At first, every sample 

underwent an interim period in which it deformed nonlinearly due to the formation of new 

contact. Subsequently, the sample deformed relatively linearly until when the displacement of 

the top layer’s edge (which receives the peel stress directly) was about 10mm and the force 

reached 120N. From this point, the force slightly fluctuated around a value of 120N until the 

displacement increased to 20mm. This indicated the occurrence of the peel. The force did not 

rise but kept its level as the peel was happening. When the displacement was more than 

20mm, the force went up and down periodically around 150N. The force got higher because the 

top skin was peeled much more and required extra force to hold it. Also, the severe peeling of 

the top skin made the fixation of the sample less stable. As a result, the sample vibrated more 

intensely due to the effect of the peeling moment, causing the force to fluctuate a lot in the 

rest of the test. 

In the simulation, the interim period at the beginning and the high fluctuation of the force 

after the displacement reached 20mm are not reflected. Nonetheless, the simulation can 

detect the start point of the peel well (at some force of around 122N and some displacement of 

around 12mm. Therefore, it can be used to estimate the parameters of the cohesive elements. 

After the trials of many material parameters for the cohesive elements in the drum peel 

simulation, the adhesives of the nap-core sandwich types are assumed the properties and 

parameters shown in tables from 5.2 to 5.5.  

Table 5.2: Cohesion parameters of the sandwich samples with nap-core type P1-5 

Adhesive (thickness = 
1.E-2 mm) 

Enn = 15E6 (Pa) Gss = 15E6 (Pa) Gtt  = 15E6 (Pa) 

N0 = 3E6 (Pa) T0 = 3.3E6 (Pa) S0 = 3.3E6 (Pa) 

G1C = 330 (N/m) G2C = 660 (N/m) G3C = 660 (N/m) 

Table 5.3: Cohesion parameters of the sandwich samples with nap-core type P1-10A 

Adhesive (thickness = 
1.E-2 mm) 

Enn = 25E6 (Pa) Gss = 25E6 (Pa) Gtt  = 25E6 (Pa) 

N0 = 3E6 (Pa) T0 = 3E6 (Pa) S0 = 3E6 (Pa) 

G1C = 300 (N/m) G2C = 300 (N/m) G3C = 300 (N/m) 

Table 5.4: Cohesion parameters of the sandwich samples with nap-core type P1-10B 

Adhesive (thickness = 
1.E-2 mm) 

Enn = 25E6 (Pa) Gss = 25E6 (Pa) Gtt  = 25E6 (Pa) 

N0 = 3E6 (Pa) T0 = 5E6 (Pa) S0 = 5E6 (Pa) 

G1C = 500 (N/m) G2C = 500 (N/m) G3C = 500 (N/m) 

Table 5.5: Cohesion parameters of the sandwich samples with nap-core type P2-8 

Adhesive (thickness = 
1.E-2 mm) 

Enn = 1E6 (Pa) Gss = 1E6 (Pa) Gtt  = 1E6 (Pa) 

N0 = 5E6 (Pa) T0 = 4E6 (Pa) S0 = 4E6 (Pa) 

G1C = 300 (N/m) G2C = 400 (N/m) G3C = 400 (N/m) 
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5.1.4. Resulting material parameters of the nap-core’s fabric 

In the tensile and frame tests, the flat knitted fabrics show linear behavior in most of the 

time before the damage. After all, the engineering constants of the walls of four nap-core types 

are acquired and displayed in table 5.6 below. 

Table 5.6: The engineering constants of the fabric walls of the four interested nap-core types 

                                  Engineering constants 
  Nap-core type 

Walls’ 
elongation 

E1 (Pa) E2 (Pa) G12 (Pa) ν12 

P1-5 149% 5.39E+07 4.82E+07 5.51E+08 0.28 

P1-10A 229% 1.17E+07 4.75E+07 7.58E+07 0.28 

P1-10B 229% 6.0E+07 9.0E+07 1.0E+09 0.28 
P2-8 172% 4.5E+08 3.5E+08 1.2E+09 0.28 

Now, it is time to answer previously stated questions about how each portion of the nap-

core (the top, the wall, and the bottom) affects its sandwich’s mechanical behavior and if the 

wall is the mostly influential one. Since the values of the engineering constants are determined 

for the wall areas only, those of the top areas and the bottom areas are being determined.  

At first, the engineering constants of the nap-core’s wall are assigned to the top and the 

bottom. Later, these engineering constants will be changed arbitrarily in a range of 25% to 

400% of the original values. If the changes make a considerable effect in the simulation results 

(i.e., compression, shear, and bending), the roles of the top and the bottom are important, and 

their own engineering constants need to be found, otherwise they can be omitted. 

The acquired results confirm that the material parameters of the nap-core’s wall are the 

most and mainly substantial ones. They play a major role in the determination of the force and 

the displacement of the nap-core sandwich while those of the nap-core’s top and the bottom 

faces are of minor influence (contributed less than 1.5% to the results) and can be arbitrarily 

taken. This is a critical understanding about the nap-core sandwich as it permits a simplification 

by setting the engineering constants’ values of the nap-core’s wall to its whole structure 

(including all parts: the top, the wall, and the bottom) without loss of the accurateness in the 

result. This simplified assignment will be applied from now on to all nap-core samples.  

5.1.5. Sizes of the simulation models 

As pointed out in section 4.2.3, the sizes of actual test samples are 50mm x 50mm for the 

compression tests, 200mm x 50mm for the shear tests, 400mm x 50mm for the four-point 

bending tests, and 120mm x 30mm for the three-point bending tests. Because the nap-core 

sandwich has a complicated underlying structure, most of the real sample sizes are too big for 

the modeling as they will require a great deal of storage capacity and computation time. 

Abaqus offers several types of Symmetric Boundary Condition which help to reduce the model 

sizes in this study by two or four times. However, the concerned samples are not perfectly 

symmetric as incomplete naps distributed along sample boundary are often different from edge 

to edge due to asymmetrical cutting positions. This causes a slight variation of the results as 

shown in the experiments in section 4.3. In addition, it is also unclear how samples will change 
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their performances if the sizes of samples differ, i.e., get smaller or bigger. To evaluate the 

efficiency of the experiment as well as to optimize the simulation processes, the above 

questions need to be clarified. To do the analysis, the P1-5 nap-core sandwich is considered 

first. After that the sandwiches of the other single-sided nap-core types are checked to prove 

whether they have the same characteristics or not. In the end, the sample sizes for the 

symmetric nap-core type P2-8 will be determined.  

a) In the compression and the shear simulations, the sizes (length x width) of the nap-core 

sandwich samples have been adjusted to explore how they affect the resulting behavior. For 

each sample, two ratios have been taken. Ratio_1 is the proportion of the wall area to the 

boundary area of the nap-core, and ratio_2 is the proportion of the top area to the boundary 

area of the nap-core (the boundary are of the nap-core sandwich is also its size). Of the two 

ratios, ratio_1 is the major one while ratio_2 is the minor one whose role is to make the 

determination of ratio_1 easier. Here, there are two assumptions of which the former is based 

on the finding in section 5.1.4: i) the stress of each test increases with ratio_1, and ii) ratio_1 

and ratio_2 are proportionate. 

To verify the assumptions, a very small model is also created with only one nap – which is 

called the RVE model as it is equivalent to a unit cell of the whole nap-core sandwich. The 

boundary of this RVE is chosen to ensure that ratio_1 of it approximates ratio_1 of the other 

models. The sizes and the ratios are presented in table 5.7 for the models in the compression 

and in table 5.8 for the models in the shear. It reveals that for every nap-core sample, ratio_1 is 

always around 0.9, and ratio_2 is always around 0.3. The average ratio_1 of the compression 

models is smaller than that of the shear models while the values of the average ratio_2 are 

nearly the same for the two sets of models. 

Table 5.7: The area ratios of the samples for the compression modeling 

Compression models 
Model’s boundary (mm x mm) 15 x 15 (RVE) 25 x 25 50 x 25 50 x 50 100 x 50 100 x 100 

Wall area (mm2) 192.9 533.3 1067 2138 4668 8973 

Ratio_1 0.8572 0.8533 0.8535 0.8553 0.9336 0.8973 
Top area (mm2) 70.9 177.6 361.1 735.4 1470.3 2912 

Ratio_2 0.3150 0.2842 0.2889 0.2897 0.2940 0.2912 

Maximum stress (MPa) 0.2722 0.2702 0.2698 0.2782 0.2835 0.2817 

The average value of ratio 1 = 0.8750; the average value of ratio 2 = 0.2938. 

Note: Ratio_1 = (Wall area)/(Model’s boundary); Ratio_2 = (Top area)/(Model’s boundary). 

Table 5.8: The area ratios of the samples for the shear modeling 

Shear models 

Model’s boundary (mm x mm) 15 x 15 (RVE) 50 x 25 50 x 50 100 x 25 100 x 50 200 x 50 
Wall area (mm2) 192.9 1067 2138 2921 4668 9401 

Ratio_1 0.8572 0.8535 0.8553 1.1683 0.9336 0.9401 

Top area (mm2) 70.9 361.1 735.4 733.1 1470.3 2918 

Ratio_2 0.3150 0.2889 0.2897 0.2933 0.2940 0.2918 

Maximum shear stress (MPa) 0.2324 0.2319 0.2250 0.2482 0.2333 0.2356 

The average value of ratio_1 = 0.9347; the average value of ratio_2 = 0.2955. 

Note: Ratio_1 = (Wall area)/(Model’s boundary); Ratio_2 = (Top area)/(Model’s boundary). 
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The test data of the samples in the compression and the shear are exhibited in figure 5.9 

and figure 5.10. To be convenient for the comparison, the stress is used instead of the force.  

 

Figure 5.9: The compression result of nap-core P1-5 with different sandwich sizes 

In the figure 5.9, all samples displayed the same behavior in the compression modelling. 

The relation between the stress and the displacement was almost linear until the buckling 

happened at some stress around 0.27 MPa and some displacement around 0.5 mm. The RVE 

model’s result was in a good compatibility with the others, but its elastic modulus was 

somewhat smaller, and its stress declined more severely after the buckling occurred. 

 

Figure 5.10: The shear result of nap-core P1-5 with different sandwich sizes 

Figure 5.10 discloses that the sandwich models behaved in the same manner in the shear. 

They first deformed linearly until the shear buckling happened at some stress around 0.24 MPa 
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and some displacement around 0.25mm. Afterwards, the stress did not decrease much before 

the displacement reached 0.7mm. In general, the RVE model gave a good result. However, after 

the shear buckling, its stress reduced more unevenly than the stresses of the other models. 

The average stresses, maximum stresses, and minimum stresses of the simulations are 

shown in table 5.9 below. The results demonstrate that although the nap-core’s boundary 

dimensions assume various values, but the outcomes have the variation of the stress values to 

be less than 10% in both compression and shear simulations.  

Table 5.9: The resulting stress of the nap-core sandwich when the sample sizes change 

Stress 
Tests 

Compression Shear 

Average stress (MPa) 0.2748 0.2342 

Maximum stress (MPa) 0.2835 0.2482 

Difference between the max stress and the average stress +3.2% +6.0% 

Minimum stress (MPa) 0.2698 0.2250 

Difference between the min stress and the average stress -1.8% -3.9% 

The correlation between ratio_1, ratio_2, and the maximum stress of the samples are displayed 

in figure 5.11. 

    

Figure 5.11: Ratios and maximum stress of the models in the compression (right) and shear (left) 

Based on the results on figure 5.11, the following can be withdrawn.  

• There is tendency that the higher the ratio_1, the higher the stress in both compression 

and shear is. Although it is not absolutely correct from case to case, but the trend once 

again confirms the principal role of the nap-core’s wall.  

• Except for the RVE model, a nap-core sandwich sample owning a higher value of ratio_2 

also has a higher value of ratio_1. As mentioned in section 5.1.4, the role of the nap-core’s 

top area is indirect to the sandwich’s strength. However, the calculation of ratio_2 is 

simpler than ratio_1, so the proportionate relation between them will be helpful in an 

initial assessment of the nap-core sandwich’s strength. 
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In addition to ratio_1 and ratio_2, the distribution (i.e., symmetrical or asymmetrical) of the 

incomplete naps around the nap-core’s edges also contributes to the sandwich’s strength. 

However, the boundaries of the simulation models will be made similar to those of the 

experimental samples to minify the deviation of the results.  

In conclusion, the size of the sandwich sample is not so much critical but its ratio of the 

nap-core’s wall area to the boundary area. On the experimental samples, ratio_1 is mostly 

between 0.85 – 0.95. This ratio of the simulation models should be kept the same to ensure 

their relevance to the real samples. In the computational simulation, the sizes of the simulation 

models are chosen to be 25mm x 25mm for the compression and 50mm x 25mm for the shear. 

The use of tiny sandwich models such as the RVE of size 15mm x 15mm can also offer good 

result, but the models’ behavior after the buckling is usually less stable. Its role will be 

important in the third simulation method which considers the elastic stage of the nap-core 

sandwich only. Moreover, the selected sample sizes have effectively shortened computation 

time and ensured good results, so it is unnecessary to use smaller ones. Full simulation models 

(having the same sizes of the experimental samples) and reduced simulation models for the 

compression and the shear are shown by figure 5.12 and figure 5.13. 

Compression: The full model size is 50mm x 50mm, and the reduced model size is 25mm x 

25mm (one-fourth of the full model – see figure 5.12). 

           

Figure 5.12: The full compression model (left) and the reduced compression model (right) 

Shear: The full model size is 200mm x 50mm, and the reduced model size is 50mm x 25mm 

(one-eighth of the full model – see figure 5.13). 

        

Figure 5.13: The full shear model (left) and the reduced shear model (right) 
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b) For every bending test, the ratio of the wall area to the boundary area should also be 

around 0.9, but only it is not enough to determine the size of simulation models. Let look at the 

formula of flexural stress: 

σ =
3F(L − Li)

2bd2
 

where F/2 is the load at each fracture line (where the load is applied), L is the length of the 

support span, Li is the length of the loading span (Li = 0 in three-point bending), b is the width of 

the sample, and d is the thickness of the sample (see figure 5.14).  

 
Figure 5.14: A beam under 4-point bending  

In the bending simulations in this thesis, the value of d is constant for each type of the nap-

core sandwich, so L, Li and b are considered to be shortened to make the simulation models 

smaller. It is evident that the maximum of the bending stress as well as the sample’s behavior 

are considerably influenced by the local delamination of the upper skin (due to the local shear 

derived on the outer sheets when the sample deforms under bending loads) and/or local 

bucking of the nap-core around the fracture points. In addition, the local deformation and the 

initiation and progression of these damages highly depend on the support span and the loading 

span, so it is crucial to keep their values (L and Li) unchanged as in the experiments. Thus, only 

the value of the width b may be changed. In fact, even if b is narrower, the local bucking and 

the delamination still can be detected readily while the behavior and the flexural strength of 

the sample are only slightly affected. Namely, in the four-point bending, if b is 50mm, the 

flexural strength is 9.87 MPa; if b is 20mm, the flexural strength is 9.73 MPa. In the three-point 

bending, if b is 30mm, the flexural strength is 3.79 MPa; if b is 15mm, the flexural strength is 

3.67 MPa. The differences are smaller than 3.2%. 

Beside to narrowing b, Symmetric Boundary Condition types of Abaqus also permit to 

reduce the sample size drastically. Namely, if the sample and its test scheme (i.e., loads and 

boundary conditions) are symmetrical in some axis, only a half of the sample is necessary for 

the modeling. 

Based on the above methods, the sizes of the sandwich models are decided to be 200mm x 

20mm for the four-point bending and 60mm x 15mm for the three-point bending – the so 

called reduced models. The images of the reduced models and the full models (having the same 

sizes of the experimental samples) for the simulations of the four-point bending tests and the 

three-point bending tests are displayed in figure 5.15 and figure 5.16.  

Four-point bending: The full model’s size is 400mm x 50mm, and the reduced model’s size is 

200mm x 20mm (one-fifth of the full model – see figure 5.15). 



94 
 

 

 

 

Figure 5.15: The full model (top) and the reduced model (bottom) for the four-point bending 

Three-point bending: The full model’s size is 120mm x 30mm, and the reduced model’s size is 

60mm x 15mm (one-fourth of the full model – see figure 5.16). 

    

                                                       (a)                                                                          (b) 

  

                  (c)                                                                      (d) 

Figure 5.16: The full model (top) and the reduced model (bottom) for three-point bending S (a 

and b) and for three-point bending P (c and d) 

The reduced models will also be used for the simulation method present in the next section 

5.2 and subsequently for the parametric investigations on the nap-core samples in chapter 6. 

Table 5.10 specifies the sizes of the simulation models and the computation times they 

required. To be convenient for the comparison between the resulting forces of the tests and 

simulations, in the charts and tables later on, the force of each sandwich model will be scaled 

with a factor equal to the ratio of its boundary area to that of the experimental sample. For 

example, if the simulation model’s boundary area is S1 and the experimental sample’s boundary 

area is S2, so the resulting force will be scaled by multiplying with a value of S2/S1. In fact, this 

scale is equivalent to using the stress of the test. 

Most of the simulations are conducted with Abaqus version 6.14 on a computer having two 

3.0 GHz processors and 8GB RAM. This configuration is too low to compute the simulations on 

the full shear model and the full four-point bending model. Hence, those full models will be run 

on a more powerful computer having twelve 3.0 GHz processors and 32GB RAM. 
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b
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Table 5.10: The sizes of the simulation models and the computation times 

Test simulations 
Model size (mm x mm) 

full vs. reduced 
Computation time (hour:minute:second) 

P1-5 P1-10A P1-10B P2-8 

Compression 
50 x 50 15:46 14:44 12:48 35:22 

25 x 25 05:12 03:47 07:26 14:98 

Shear 
200 x 50 5:41:06 6:22:35 6:14:49 8:54:17 
50 x 25 19:49 12:19 20:58 28:06 

Four-point 
bending 

400 x 50 > 2 days > 3 days > 3 days > 3 days 
200 x 20 22:29 31:52 29:28 41:15 

Three-point 
bending 

120 x 30 58:35 
No simulation 

60 x 15 15:53 

 

For other single-sided nap-cores (P1-10A and P1-10B), the calculation of ratio_1 and ratio_2 

can be done similarly. Because these two nap-core types have the same height (10mm) and the 

same nap’s top diameter (9.5mm), their ratios will correspondingly be very close to each other. 

The nap’s top diameter is 9.5mm as well for nap-core type P1-5, so the average values of 

ratio_2 of nap-core types P1-10A and P1-10B will be equal to that of nap-core type P1-5 if the 

boundary areas are unchanged. However, the values of ratio_1 of nap-core types P1-10A and 

P1-10B will be larger because they have bigger walls.  

After the calculation, the resulting values of ratio_1 and ratio_2 obtained on the models of 

nap-core types P1-10A and P1-10B also demonstrate that the two ratios are in a correlation, 

and the value of ratio_1 directly influences the strengths of the nap-core sandwich models in 

the compression and shear simulations. The model sizes (width x length) for the simulations of 

P1-10A and P1-10B nap-core sandwiches will be chosen as same as those for the simulations of 

P1-5 nap-core sandwich, which are 25mm x 25mm for the compression, 50mm x 25mm for the 

shear, and 200mm x 20mm for the four-point bending tests. There are no three-point bending 

tests for P1-10A and P1-10B nap-core sandwiches. 

For the symmetric nap-core type P2-8, the calculation of ratio_1 is extremely difficult due 

to the complex shape of its wall. Therefore, the values of ratio_1 and ratio_2 will not be 

determined for it. By the simulation, it shows that the sizes of the reduced models used for the 

single-sided nap-cores are also suitable for the symmetric nap-core P2-8. Specifically, in the 

simulations in P2-8 nap-core sandwich, the stresses of the reduced models are different to 

those of the full models less than 5%.  
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5.2. The second simulation method 

In this method, the simulation model is exactly the same as that in section 5.1, but all the 

material parameters of the nap-core will be gained from the homogenization of its fabric’s RVE 

(refer to figure 5.17). Thus, the cured nap-core’s knitted fabric is supposed to be periodic at the 

mesoscopic scale. This way first demands a very accurate construction of the RVE’s geometry. 

Subsequently, the heterogeneous fibrous RVE is homogenized to a homogeneous continuous 

shell through which the RVE’s effective properties are determined, and those are also the 

material properties of the nap-core. As described in section 3.2.2, there are several 

homogenization techniques, but of them the AH method and the RVE method are the most 

suitable ones for complex structures such as knitted fabrics. Because of the complicated and 

costly implementation, the AH method is not going to be used in this research; instead, the RVE 

homogenization method will take place due to its relative simplicity when applied to 

anisotropic fabric structures. In addition, the RVE method can make use of strong computer 

processors and help to reduce computation time significantly.  

                            

Figure 5.17: The homogenization of a knitted fabric to a thin continuous shell 

The homogenization process as being described in this section is seemingly more 

complicated than the measurement process in section 5.1. The input material data require the 

parameters of fiber and resin after curing. However, those will be compensated by not having 

to do numerous tests and being flexibly applicable to various nap-core categories. It will be 

extremely useful for parametric investigations on the nap-core sandwich. (On the efficiency and 

the deployment of the RVE homogenization method, refer to more details in section 3.2.2 and 

appendix 1.) 

5.2.1. Homogenization scheme 

Based on the theory of the RVE homogenization method presented in section 3.2.2, the 

scheme for homogenizing the RVE of the nap-core’s knitted fabric includes three main steps: 

i) Determine the RVE of the nap-core’s knitted fabric: There are many ways of choosing it, 

but in practice, an optimal RVE should be as small and simple as possible while keeping all 

material parameters of the nap-core wall irresponsive to boundary conditions. 

ii) Construct the RVE with Abaqus: A finite element model of the selected RVE will be 

created. Afterwards, it is applied with the periodic boundary condition that constrains all pairs 

of nodes on the RVE’s opposite faces. 
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iii) Apply constraints and material models to the RVE and do the computation: Constraints, 

material parameters, sections definitions, loads, and boundary conditions of the RVE will be 

assigned. Ultimately, the engineering constants of the RVE will be computed. 

Preparation: Prior to generating constraints for the RVE and doing calculations, it requires 

obtaining the material properties of the ‘fiber-resin bundles’ which construct the nap-core. 

Each bundle is actually a yarn that consists of a fiber core enfolded by a resin cover. This is a 

basic task, which can be done simply by applying the rule of mixtures suggested by Voight and 

Reuss [86]:  

where  

Ef and Em are Young’s modulus of the fiber and the matrix;  

EL and ET are the effective longitudinal/transverse elastic 

moduli, and Vf is volume fraction of fiber in the bundle, 

respectively. 

Although the result is relatively correct for the longitudinal values (EL, GLT, and νLT), it is 

rather incorrect for the transverse value (ET). In 2000, Jacquet et al. suggested a more 

appropriate formula for ET, which was verified to give out a very realistic result [37]. There, ET is 

extracted from an improved modelling of the structure, which wrote 

 

The parameters of the nap-cores’ constituent materials (fibers and matrices) and the resin 

content ratios were introduced in section 4.2. The sections of the yarns are shown in table 5.11. 

5.2.2. Implementation  

Three main steps of the homogenization process are implemented as follows. 

Step 1: Determine the RVE of the nap-core’s knitted fabric. 

The forming stage has already distorted the nap-core. Through the curing stage, the nap-

core continues to change due to the influence of temperature. In spite of the fact that the yarns 

slide to one another and deform locally, these deformations only happen at the mesoscopic 

scale while the macroscopic shape is fixed. As mentioned in section 5.1.1, the nap-core is 

visually partitioned into three segments (the top, the wall, and the bottom) and supposed that 

each is structurally uniform at the mesoscopic scale. In section 5.1.4, it is found that the wall of 

the nap-core mainly influences the sandwich’s mechanical behavior with more than 98.5% of 

effect, so all attention will be concentrated on this area. To obtain the nap-core’s material 

parameters by the RVE homogenization method, the nap-core’s wall must be represented by a 

fibrous RVE.  

The nap-core includes numerous periodic and identical naps, so the RVE can be taken from 

any of them. In figure 5.18–left, the wall of a nap is the area between the green ring and the 

yellow ring. A RVE is selected in one typical periodic area of the wall’ knitted fabric (as 
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exemplified in figure 5.18–middle). In some case, if the nap’s wall is too distorted to find a 

periodic area on it, it is possible to take a periodic area on the top instead. That is because the 

top and the wall have similar stretch but the yarns of the top are always more orderly. The 

error due to this switch will be reduced by the induction of an imperfection later on. The 

geometry of the RVE is determined by measuring a number of discretized points on its warp 

yarns and weft yarns with aid of a microscope (at least nine points for each yarn as illustrated in 

figure 5.18–right).  

          

Figure 5.18: Images of a typical nap (left), its knitted fabric structure (middle),  

and its representative volume element (right) 

Step 2: Construct the RVE with Abaqus. 

Subsequently, these yarns are modeled based on 3-D splines in ABAQUS, which represent 

the fibers’ swept directions in reality. A half of the RVE was built at first, and then the other was 

created by a mirror command. It is essential that the fibers must be created as swept solids 

rather than beam elements since the latter will neglect stress and strain in the normal direction 

and that leads to improper results. Moreover, the accuracy of the homogenization results relies 

on not only the swept directions and the mesh sizes of the yarns but also the yarns’ sections. 

Thereby, microscopic photos of the yarns are very helpful as they disposed the warp and weft 

yarns of the actual nap-core’s knitted fabric had elliptic sections whose average values of the 

major axis and the minor axis are shown in table 5.11. 

Table 5.11: Average values of the major axis and minor axis of the yarn sections  

P1-5 P1-10A 

Warp yarns Weft yarns Warp yarns Weft yarns 
Major axis 

(mm) 
Minor axis 

(mm) 
Major axis 

(mm) 
Minor axis 

(mm) 
Major axis 

(mm) 
Minor axis 

(mm) 
Major axis 

(mm) 
Minor axis 

(mm) 

0.16 0.10 0.195 0.125 0.24 0.205 0.28 0.25 
 

P1-10B P2-8 
Warp yarns Weft yarns Warp yarns Weft yarns 

Major axis 
(mm) 

Minor axis 
(mm) 

Major axis 
(mm) 

Minor axis 
(mm) 

Major axis 
(mm) 

Minor axis 
(mm) 

Major axis 
(mm) 

Minor axis 
(mm) 

0.31 0.26 0.34 0.29 0.18 0.125 0.20 0.14 

In figure 5.19, the RVE images of the four described nap-core types are depicted. The RVE 

structure of P1-5 knitted fabric is relatively simple and different from those of the others (P1-

10A, P1-10B, and P2-8) which have similar RVE structures. 

The top 

The wall 

The bottom 
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Figure 5.19: Images of the fibrous RVE of P1-5 nap-core (left) and the other nap-cores (right) 

After sketching the fibers of its RVE, a cubic box of an elastic material is generated to 

embed the fiber structure to form a complete RVE of the nap-core’s knitted fabric wall (see 

figure 5.20 and figure 5.21). This cubic box does not exist in reality, and its induction into the 

modeling of RVE will only make a tiny effect on the outcome if its elastic modulus is very low. In 

the implementation, the elastic modulus of the cubic box’s material is assigned a value of 100 

Pa. The role of the cubic box is important because the boundary conditions will be applied to 

the RVE through it. 

                         

Figure 5.20: The RVE model of P1-5 nap-core’s fabric:  

The fibers are embedded inside the box by “Embedded region” constraint. 

                           

Figure 5.21: The RVE models of nap-core types P1-10B, P1-10A, and P2-8: 

The fibers are embedded inside the box by “Embedded region” constraint. 
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Step 3: Apply constraints and material models to the RVE and do the computation. 

When the RVE is available, it is followed by creating the periodic boundary condition for the 

cubic box by equation constraints in Abaqus, and then every couple of opposite points on 

corresponding surfaces of the RVE will be constrained with each other. In brief, all the equation 

constraints have a general form:  

uik+ - uik- = εij0(xjk+ - xjk-) = εij0xjk 

in which ui(x1, x2, x3) denotes the linear displacement field; εij
0 is the global strain tensor of the 

periodic structure; indices k+ and k− identify the kth pair of two opposite nodes on two parallel 

boundary surfaces of the RVE; and xj
k is the initial distance between these two nodes. The 

advantages of the periodic boundary condition were discussed in section 3.2.2. The details of 

the theory and the generation of the periodic boundary condition are expressed in detail by Xia 

et al. in 2003 [66]. In the implementation, the number of equation constraints is equal to the 

number of couples of opposite nodes and very numerous (may be in range of some thousands), 

so a Python script is written to find all couple of opposite points and generate constraints to 

them automatically. 

After imposing every parameter of materials and geometries to the RVE model, the 

engineering constants of the RVEs will be extracted by subjecting them to uniaxial extension 

tests in the first direction (the course) and second direction (the wale) to determine tensile 

elasticity moduli E1 and E2 as well as shear modulus G12. Besides, Poisson’s ratio ν12 is calculated 

by taking the ratio between the wale direction strain ε2 and the course direction strain ε1 when 

an extension is applied in the course direction. The constraints and loads are introduced to the 

RVEs as shown in figure 5.22 and figure 5.23. 

        

Figure 5.22: The RVE model of P1-5 nap-core’s fabric with equation constraints and loads 

           

Figure 5.23: The RVE model of other nap-cores’ fabrics with equation constraints and loads 
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5.2.3. Results of the homogenization  

a) Boundary dimensions of the nap-core types’ RVEs 

These dimensions, in fact, are the spans of the RVEs in X, Y, and Z axes. They are also 

assigned to the RVEs’ cubic boxes (see the detailed dimensions in table 5.12). 

Table 5.12: The boundary dimensions of the RVEs 

                                              Nap-core types 
  Dimensions (mm) 

P1-5 P1-10A P1-10B P2-8 

Width 0.535 2.306 2.228 1.129 
Length 0.879 3.368 3.317 1.743 
Height 0.324 0.484 0.572 0.445 

b) Effect of the mesh seed size on the results 

Normally, the finer the mesh is, the better the results are. For that reason, the approximate 

global size of each RVE’s mesh seed is examined until the results are converged. Table 5.13 

shows the results acquired from investigating the mesh seed size of the RVE of P1-10A nap-

core’s knitted fabric. 

Table 5.13: Effect the mesh seed size on the outcome moduli of the RVE (P1-10A) 

                    Mesh seed size 
Moduli and time 

0.045 0.040 0.035 0.030 0.025 0.020 0.015 0.010 

E1 (Pa) 6.27E6 8.02E6 9.52E6 1.04E7 1.07E7 1.08E7 1.09E7 1.09E7 

E2 (Pa) 2.015E7 2.858E7 3.579E7 4.014E7 4.451E7 4.673E7 4.677E7 4.677E7 

G12 (Pa) 4.512E7 5.336E7 6.098E7 6.704E7 7.023E7 7.264E7 7.268E7 7.268E7 

Average computation 
time (minute : second) 

1:17 1:21 1:25 1:33 2:15 4:07 15:56 54:19 

The solution of the RVE model converges when the mesh seed size is not bigger than 0.015. 

From the table, in combination of the result accuracy and time effectiveness, the mesh seed 

size of 0.02 is the most appropriate selection for the RVE of P1-10A nap-core’s knitted fabric. 

Similarly, the mesh seed size of 0.02 is also the best choice for the RVEs of the fabrics of all the 

other nap-core types. 

c) Extraction of the effective properties  

The calculation of the moduli and Poisson’s ratio are conducted according to formula 3.65 

in section 3.2.2. Similar to the flat knitted fabrics, the RVEs also show linear behavior in most of 

the time. Resulting engineering constants of the nap-core types acquired by the second 

simulation are provided in table 5.14. 

Table 5.14: Engineering constants of the nap-core types 

                                  Engineering constants 
  Nap-core type 

E1 (Pa) E2 (Pa) G12 (Pa) ν12 

P1-5 5.08E7 4.94E7 52.71E7 0.28 
P1-10A 1.08E7 4.67E7 7.26E7 0.28 

P1-10B 6.52E7 8.43E7 96.72E7 0.28 

P2-8 43.85E7 34.26E7 121.15E7 0.28 
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The obtained values are relatively close to those from the first method in section 5.1, which 

demonstrate the efficiency of the homogenization in this second method to the nap-cores.  

5.2.4. Imperfections 

In reality, the nap-core wall deform differently from type to type. Thus, each nap-core type 

has some specific imperfection level on its wall, and this level remains through all samples of 

that type. The ways of finding the engineering constants of the nap-core’s fabric in section 5.1 

and section 5.2 only return approximate results since the actual RVEs are not as perfect as the 

modelled RVEs (see the undistorted RVEs and the distorted RVEs displayed by figure 5.24 that 

are corresponding to the modelled RVEs and the actual RVEs). Depending on the deformation 

level, every nap-core type will be assigned an imperfection to minify the error between the 

experimental result and the simulation result.  

                       

Figure 5.24: RVE models of P1-5 and the others: undistorted versus distorted ones    

To suggest a practical imperfection for each nap-core type, the differences between the 

engineering constants of the undistorted RVEs and those of the distorted RVEs were checked. 

Also, several imperfections were also applied to the samples to find how they affect the result, 

leading to the values in table 5.15. In chapter 6, the effect of imperfections to the simulation 

results will be displayed. 

Table 5.15: Suggested imperfections of the nap-core types 

Nap-core type Engineering constants 
P1-5 5% 

P1-10B 10% 
P1-10A 10% 

P2-8 10% 
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5.3. The third simulation method 

In this simulation, the same RVE homogenization method from section 3.2.2 is employed to 

homogenize the whole nap-core from a shell structure to a 3-D homogeneous solid while the 

outer layers are kept unchanged (see to figure 5.25). Here, the RVE is what of the whole nap-

core rather than its knitted fabric. The method will be applied to single-sided nap-core types 

(P1-5, P1-10A, and P1-10B).                                                                              

           

Figure 5.25: Scheme for the homogenization of the whole nap-core:  

The shell core in the left model will be homogenized to the solid core in the right model 

5.3.1. Concept 

By applying the third homogenization, the macroscopic structure of the nap-core will 

change from shell to solid, but the performance of the sandwich in the linear stage (i.e., the 

stage starting right after the establishment stage of the test until the initiation of the buckling 

of the nap-core) will maintain. The method is beneficial because it is simple and relevant to all 

kinds of single sided nap-cores able to be homogenized by the method in section 5.2. It is worth 

trying, since a homogeneous solid core normally requires much less storage and computation 

effort. After this homogenization, the nap-cores of the reduced simulation models suggested in 

section 5.1.5 can be changed by solids having the same boundary dimensions. The computation 

of linear deformations on them will be faster and easier. 

However, this last homogenization has several disadvantages when the shell structure of 

the nap-core is replaced by the solid structure. In particular, the delamination of the top layer 

and the buckling of the nap-core are undetectable after the third homogenization.  

5.3.2. Homogenization implementation 

a) Find the RVEs of the nap-core types 

As found out and stated in section 5.1.5, the mechanical properties of the nap-core 

sandwiches in the compression and the shear mainly depend on the ratio of the wall area to 

the base’s boundary area, i.e. the relevant value is around 0.857 for nap-core type P1-5 and 

1.524 for nap-core types P1-10A and P1-10B. In this homogenization method, it is extremely 

useful as only a small portion of the nap-core sandwich is already enough for being the RVE. In 

practice, a single-nap sandwich model (it is the RVE model in section 5.1.5), whose geometry 

satisfies the ratio of the wall area to the boundary area, is chosen to be the RVE of the whole 

nap-core. For nap-core type P1-5 the wall area of a single nap is always equal to 192.9 mm2, so 

Solid core Shell core 
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the base area of the RVE should be 225 mm2. That means the dimensions (length x width) of 

the RVE can be chosen to be 15mm x 15mm. Similarly, for nap-core types P1-10A and P1-10B, 

the wall area of a single nap is always equal to 342.8 mm2, so the base area of the RVEs is also 

225 mm2 with the dimensions of 15mm x 15mm (see figure 5.26).  

         

Figure 5.26: RVEs for sandwich homogenization: P1-5 (left), P1-10B and P1-10A (right)  

The selected RVEs contain all mechanical properties of the nap-core sandwiches in the 

compression and shear simulations, but their properties are not considered in the bending. In 

fact, the simulation of bending is more complicated than simulations of compression and shear 

because the nap-core sandwich deforms non-uniformly in bending. There, the deformation is 

different from place to place, and it consists of the global deformation of the sandwich and the 

local deformation of the nap-core. Of them, the latter is much smaller. 

As discussed in part b) of section 5.1.5, the flexural stress of a sample in a bending test 

depends on the values of the applied force (F), the lengths of the support span (L) and the 

loading span (Li), the width and the thickness of the sample (b and d). While d is constant, the 

choice of b is broad as mentioned before. In the first and second simulations, L and Li of the 

models were kept unchanged from those of the experimental samples to investigate the local 

deformation of the nap-core and the delamination of the upper skin. However, these are 

unfeasible to be detected exactly in the third simulation. 

In the end, the use of engineering constants acquired from homogenizing the RVEs in the 

third simulation gives the nap-core sandwiches simulation results compatible with the 

experimental results in the four-point bending beside the compression and the shear cases. 

That shows the efficiency of the RVEs. The comparisons will be displayed in chapter 6. 

b) Determine the needed engineering constants 

In the third homogenization, the nap-core will be homogenized to be a homogeneous 

orthotropic material. Thus, the resulting nap-core will possibly need nine engineering constants 

to be defined.  However, in the compression and the bending test, the stress is applied merely 

in Z-direction; and in the shear test, the traction is applied purely in Y-direction. Therefore, of 

nine engineering constants, only four will be necessary to determine the output results. They 

are Young’s moduli E2 and E3, Poisson’s ratio ν23, and shear modulus G23 (here subscript 1 

denotes X, 2 denotes Y, and 3 denotes Z). 
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c) Create the RVEs and extract the needed engineering constants 

For each type of nap-core sandwich, the RVE of it is defined and created at first. Next, a 

rectangular box is created to embed this RVE and form a complete RVE. Similar to the second 

simulation method (see section 5.2), this rectangular box does not exist in reality, and its 

induction into the modelling of RVE in necessary while it will only make a tiny effect on the 

outcome if its elastic modulus is very low. In the implementation, the elastic modulus of the 

cubic box’s material is assigned a value of 100 Pa. Subsequently, the periodic boundary 

conditions, forces, and constraints are applied to the RVE via its rectangular box (see figure 

5.27). The extraction of the engineering constants in this homogenization method is similar to 

that in the second homogenization method. 

       

Figure 5.27: Material orientation of a continuous RVE 

5.3.3. Resulting engineering constants of the RVEs 

Engineering constants of the homogenized RVE are displayed in table 5.16. 

Table 5.16: Engineering constants of the nap-core types 

                                  Engineering constants 
  Nap-core type 

E2 (MPa) E3 (MPa) G23 (MPa) ν23 

P1-5 5.74 4.14 5.37 0.31 
P1-10A 4.96 6.11 2.04 0.31 
P1-10B 12.87 20.4 10.53 0.31 

P2-8 10.59 16.67 11.58 0.31 
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5.4. Comparison of simulation methods 

In short, triple homogenizations are conducted in this thesis. Namely, the first 

homogenization replaces the mixed bundle of fiber and resin by a homogeneous bundle; the 

second homogenization replaces the knitted fabric nap-core by a thin shell nap-core; and the 

third homogenization replaces the thin shell nap-core by a solid core. Each method has its own 

advantages and disadvantages as list below. 

a. The first method: It is fit for modeling nap-core types with severely distorted knitted fabrics. 

Also, it does not require the construction of complex RVEs on computer. However, the method 

contains extra production and time-consuming measurements of the flat knitted sheets. Its 

application is inflexible even for the nap-core types having the same underlying knitted fabric 

structure but different constituent materials. 

b. The second method: The advantages and disadvantages of this method are fairly opposite to 

that of the first method. Principally, the second method is cheaper and more flexible, but it is 

limited to nap-core types having their fabrics distorted moderately after the forming and curing 

processes only.  

c. The third method: After the second method has been finished, the implementation of the 

third homogenization is quite simple as it needs just a simplified simulation model and short 

computation time. Nonetheless, the method does not permit detection of buckling and local 

damages within the samples. 

Hence, the choice of the best suitable simulation method should depend on the complexity of 

the nap-core knitted fabric after curing as well as the availability of measurement devices. 
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VI. ANALYSES OF THE RESULTS  

This chapter first demonstrates the effect of imperfections when they are induced into the 

simulation models. Thereby, the most suitable ones are selected. Here, an imperfection means 

an imperfect state of the nap-core’s geometric fabric pattern, and it is represented by a value 

of some percentage. Next, the second section gives the analysis of how pre-stress can affect 

performances of the sandwich structures. Afterwards, the results obtained from the simulation 

methods will be compared with one another and with those from the experiments to assess the 

modelling efficiency. Finally, the inquiries into the influence of the essential parameters of the 

nap-core on its sandwich’s mechanical behavior will be provided and discussed in detail. In 

most cases, the use of engineering constants obtained from the first simulation method is 

prioritized because they give better solution accuracy. It is reiterated that “bending S” and 

“bending P” mean the three-point bending tests on P1-5 nap-core sandwich samples or models 

with staggered naps and parallel naps, respectively (refer to section 4.2.3).  

In all the charts, the damages (the buckling of the nap-core and/or the debonding of the 

top skin) of the simulation models are determined as similarly as those in the experiments 

(refer to early section 4.3 again). In the compression and bending cases, the damages start 

when the force reaches the highest value. In the shear case, the shear buckling of the nap-core 

starts when the force reach the first peak (subsequently the force will decrease shortly before it 

either declines further or rises back until the entire delamination of the top skin happens at the 

second peak of it). Hence, in the comments, the maximal force of the sandwich sample will 

indicate the force at the shear buckling in the shear case as well as the buckling and the local 

debonding in the compression and bending cases. 

6.1. Imperfections 

As stated in section 5.2.4, each simulation nap-core should embrace an imperfection to 

make it resemble the actual one more. In Abaqus, a geometric imperfection pattern can be 

introduced to the model based on the solution obtained from a previous static analysis 

performed with Abaqus/Standard. Generally, the higher the imperfection is, the sooner the 

buckling initiates. The introduction of a geometric imperfection includes two steps [87]: 

• In the first analysis run, perform an eigenvalue buckling analysis with Abaqus/Standard on 

the “perfect” structure to establish probable collapse modes and to verify that the mesh 

discretizes those modes accurately. Write the eigenmodes in the default global system to 

the results file as nodal data. 

• In the second analysis run, introduce an imperfection in the geometry by adding buckling 

modes to the “perfect” geometry. The lowest buckling modes are frequently assumed to 

provide the most critical imperfections, so usually these are scaled and added to the perfect 

geometry to create the perturbed mesh. The imperfection thus has the form 

∆xi = ∑ ωiΨi

M

i=1
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where Ψi is the ith mode shape, and ωi is the associated scale factor. 

Examples of introducing a geometric imperfection into a model are provided in references 

[88]. A number of imperfections have been checked for the nap-cores to find the most 

appropriate ones. In the below charts, the change in the mechanical behavior of the sandwich 

models of nap-core type P1-5 are presented with imperfections of 0%, 1%, 5%, and 10%. In all 

cases, the force decreases when the imperfection increases. For each nap-core type, the 

imperfection that makes the result of the simulation closest to that of the experimental test will 

be chosen. This will be fulfilled with consideration of all compression, shear, and bending cases 

in which the forces and displacements at buckling are particularly regarded. The engineering 

constants of the nap-core’s fabric gained from the first simulation method (refer to section 5.1) 

will be used for this examination. 

In all charts of this section, the differences between the experimental results and the 

simulation results are exposed. For instance, they are the differences between the moduli, the 

maximum forces and the displacements at buckling, or the differences between the post-

buckling behavior of the models and the samples. However, the purpose of these charts is just 

to show how the imperfections are decided, and the specific reasons of the differences will be 

given in section 6.3.  

 
Figure 6.1: Compression simulations of P1-5 nap-core sandwich with imperfections. 

In these compression simulations (see figure 6.1), the induction of an imperfection into the 

sandwich model makes the buckling happen a little earlier as expected (it is clear when the 

imperfection is equal to 10%). The post-buckling behavior of the model is affected as well. 

When the imperfection increases from 0% to 5%, the post-buckling of the model progresses 

faster (as the charts of the force and displacement go down more steeply). When the 

imperfection is 10%, the model buckles much earlier while the development of the post-

buckling is obviously slower. The max force in the experiment is between the max forces in the 
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simulations with imperfection 5% and imperfection 10%, of which the former is closer. Of the 

four imperfections, the one of 5% causes the post-buckling’s force to reduce most quickly, 

which best reflects the experimental result.  

 

Figure 6.2: Shear simulations of P1-5 nap-core sandwich with imperfections. 

The shear simulations also follow the rule that the higher the imperfection, the lower the 

force of the sandwich model (see figure 6.2). The experimental force is actually in the middle of 

the forces in the simulations with imperfection 5% and imperfection 10%. On the other hand, 

the displacements and the behavior of the model are nearly intact when the values of the 

imperfection changes.  

 

Figure 6.3: Bending S simulations of P1-5 nap-core sandwich with imperfections. 

The displacements at buckling in the bending S simulations are clearly higher than what in 

the experiment (see figure 6.3). Similar to the shear simulations, the imperfection of the nap-
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core in the bending simulations affects the force much while it affects the displacement of the 

sandwich model very slightly. The max force in the experiment is between the max forces in the 

simulations with imperfection 5% and imperfection 10%, of which the latter is a bit closer. 

 

Figure 6.4: Bending P simulations of P1-5 nap-core sandwich with imperfections. 

The displacements at buckling in the bending P simulation are slightly greater than that in 

the experiment (see figure 6.4). The max force in the experiment is somewhat higher than that 

in the simulation with imperfection 5%. 

 

Figure 6.5: Four-point bending simulations of P1-5 nap-core sandwich with imperfections. 

The displacement at buckling in the four-point bending experiment is greater than what in 

the simulations (see figure 6.5). The max force in the experiment is marginally higher than that 

in the simulation with imperfection 5%.  
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Through all the cases above, it suggests that the imperfection of 5% offers the most proper 

results for the modelling of the sandwich made with nap-core type P1-5. Similarly, imperfection 

10% offers the best results for the modelling of the sandwiches made with the three other nap-

core types, P1-10A, P1-10B, and P2-8. 

6.2. Effect of pre-stress on the sandwich’s mechanical behavior 

Normally, the existence of pre-stress within a structure will influence its strength in loading 

conditions. For the nap-core sandwich, the effect of pre-stress needs to be inquired with 

modelling, in which the engineering constants of the nap-core’s fabric are obtained from the 

first simulation method presented in section 5.1.  

In the nap-core, pre-stress may arrive from the forming process with the in mold (e.g, 

longitudinal pre-stress) or in curing process due to difference of thermal extensions of fiber and 

resin (transversal pre-stress). To find the amplitude of pre-stress values, a virtual model of 

tamping and a virtual model of curing were created and modeled. These simulations do not 

entirely reflect the actual production processes, but they are comparatively effective to predict 

the upper limits for the stresses. After a number of simulations, it suggests the uppermost 

values of the longitudinal pre-stress and the transversal pre-stress are 800 Pa and 150 Pa, 

respectively. The changes of the force against the displacement in compression, shear and 

bending simulations of P1-5 nap-core sandwich models are shown in figures from 6.6 to 6.9 in 

which the pre-stress (stretching) takes values 0, 200 Pa, 400 Pa, and 800 Pa.  

 

Figure 6.6: Compression simulations of P1-5 nap-core sandwich with different pre-stress values. 

In the compression simulations, the pre-stress makes the sandwich model weaker before 

buckling but stronger afterward with 4.2% difference when the pre-stress value changes from 0 

to 800 Pa (see figure 6.6).  
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Figure 6.7: Shear simulations of P1-5 nap-core sandwich with different pre-stress values. 

In the shear simulations, the pre-stress makes the sandwich model stronger both before 

and after damage (i.e., shear buckling) with 3.5% difference in the value of the maximum force 

when the pre-stress value changes from 0 to 200 Pa and then 400 Pa. When the pre-stress 

value is 800 Pa, the strength of model gets somewhat weaker right before the damage, but it 

turns stronger afterwards (see figure 6.7). 

 

Figure 6.8: Bending S simulation of P1-5 nap-core sandwich with different pre-stress values. 

In the three-point bending S simulations, the pre-stress makes the sandwich model 

stronger in the linear deformation and post buckling periods but weaker around buckling. The 
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difference is 3.2% in the value of the maximum force when the pre-stress value changes from 0 

to 800 Pa (see figure 6.8). 

 

Figure 6.9: Four-point bending simulation of P1-5 nap-core sandwich with pre-stress values. 

In the four-point bending simulations, the pre-stress also makes the sandwich model 

weaker both before and after buckling with 1.8% difference when the pre-stress value changes 

from 0 to 800 Pa (see figure 6.9). 

After all, it jumps to a conclusion that the pre-stress always makes an effect less than 5% on 

the force and displacement of the nap-core sandwich model in all cases, so it can be omitted. 
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6.3. Solution accuracy of the simulation methods 

In this section, the results from the experiments and the three simulation methods are 

presented and compared with each other. The four types of nap-core used for building the 

sandwiches were introduced in detail in section 4.2.1. The three simulation methods are  

1) The nap-core is 3D shell structure, and its engineering constants of the shell are determined 

through a flat sheet imitating the actual nap-core’s fabric wall (refer to section 5.1). 

2) The nap-core is 3D shell structure, and its engineering constants of the shell are determined 

by doing the homogenization to its knitted fabric’s RVE (refer to section 5.2). 

3) The nap-core is homogenized to transform its shell structure into a 3D continuous structure 

whose engineering constants are determined after the homogenization (refer to section 5.3). 

On the sandwich’s components, the material parameters of the outer layers are shown in 

table 5.1, the material parameters of the adhesives were shown in tables from 5.2 to 5.5, and 

the engineering constants of the nap-cores were shown in tables 5.6, 5.14, and 5.16. The 

results will be presented for compression, shear, and bending simulations correspondingly. 

6.3.1. Comparison between the simulation results and the experimental result 

6.3.1.1. Sandwich models with Nap-core type P1-5 

The results of the experiments and the simulation methods for P1-5 nap-core sandwich are 

displayed in the figures below. 

Compression 

 

Figure 6.10: Compression results of the test and the simulations (P1-5 nap-core sandwich) 
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initiation of the buckling (see figure 6.10). It seems the experimental sample and the simulation 

models have not so different elasticity moduli. The third simulation method gives a practical 

result as well, but it is only useful for the linear stage. 

The resulting forces of the simulation methods fluctuate from the force of the experiment, 

of which the force of the first simulation is the biggest one. However, the simulation methods 

cannot imitate the initial interim stage of the experiment where the deformation is nonlinear. 

In this stage, new contact of the yarns is formed, and perhaps entrapped air inside the naps is 

released. The displacement at buckling of every simulation is higher than that of the 

experiment. Additionally, the simulation models can uphold much higher force after the 

buckling than the experimental sample. The errors in the results of the models probably come 

from three major reasons: 

• Firstly, the real material of the sandwich’s nap-core is a knitted fabric being discontinuous, 

heterogeneous, and highly anisotropic while the material in the virtual model is continuous, 

homogeneous, and orthotropic.  

• Secondly, the thickness of the nap-core’s wall is non-uniform in the experimental sample; it 

is usually thick in the top and bottom portions but thin in the middle. On the other hand, the 

thickness of the nap-core’s wall is uniform on the simulation model, so its buckling may 

happen more slowly.  

• Thirdly, the resin used to the nap-core is thermosetting, so it is a bit brittle after curing 

which facilitates the formation of cracks at early stage of deformation. However, the 

brittleness of the resin is not considered in the simulations.  

For the above reasons, the real sample and the virtual model can behave similarly in the 

linear elastic stage and the initiation of damage but their damage evolutions are different.  

Shear 

 

Figure 6.11: Shear results of the test and the simulations (P1-5 nap-core sandwich) 
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In the shear, the modulus and force of the experimental sample is higher than those of all 

the simulation models, but the displacement at the buckling is slightly smaller (see figure 6.11).   

The second simulation has a lower force curve than the first simulation but higher than the 

third one. It is noted the force of the second simulation does not reduce immediately after the 

buckling but it keeps increasing slightly for a while. This phenomenon was also viewed on some 

P1-5 nap-core sandwich samples in the shear tests (refer to figure 4.15 in section 4.3). 

In the simulations of the shear case, the behavior of the sample, particularly in the post-

buckling stage, is better reflected. After the sample and the models started buckling, the force 

does not drop but keeps nearly flat until the debonding happens. For the experimental sample, 

the reason was given in early section 4.3.1. For the models, it can be explained as due to local 

hardening of the shell material, which is similar to the local hardening of metal materials.  

Three-point Bending S 

 

Figure 6.12: 3-point bending-S results of the test and the simulations (P1-5 nap-core sandwich) 

In bending S, the experimental sample possesses the highest flexural modulus, but its force 

and displacement at buckling are at some degree smaller than those of the first simulation's 

model. The second simulation's model gives a lower force but a higher displacement at buckling 

than the experimental sample. In addition, the third simulation offers the results very close to 

those of the linear stage of the first simulation (see figure 6.12). 

In general, the mechanical behavior of the experimental sample is predicted well by the 

simulation models. However, the differences in the displacements of the sample and the 

models are relatively visible. The reasons are similar to those of the compression. The nap-

cores of the models are uniform and homogeneous, which are opposite to the non-uniform and 

heterogeneous nap-core of the sample, so they are likely to buckle at larger displacements.  
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Three-point Bending P 

 
Figure 6.13: 3-point bending-P results of the test and the simulations (P1-5 nap-core sandwich) 

In bending P, the experimental sample and the simulation models act pretty similarly as 

those in bending S (see figure 6.13). The force of the experimental sample is a bit higher than 

the forces of the simulation models, but the displacement at the buckling of the experimental 

sample is smaller. Particularly, the simulation models' forces go down more steeply after the 

buckling. It can be explained by the cohesion strength of the simulation models. It is probably 

smaller than that of the experimental sample, so the debonding of the top skins may has 

initiated on the models after the bucking of the nap-core happened. Otherwise, the debonding 

has not appeared on the experimental sample. 

Four-point Bending 

 
Figure 6.14: 4-point bending results of the test and the simulations (P1-5 nap-core sandwich) 
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In the four-point bending, each simulation model has a larger elastic modulus than the 

experimental sample as its chart is closer than the vertical axis. The forces and displacements at 

damage of the sample and the models are relatively close, but the simulation models show 

longer nonlinear stages after the damage starts. This is possibly due to some small inaccuracy in 

the set parameters of the cohesive elements between the nap-core and the outer layers; thus, 

the forces of the models do not plunge as steeply as the force of the sample (see figure 6.14).  

Overall, the force of the experimental sample dropped suddenly and acutely not because of 

buckling of some regional naps but because of local debonding of the upper skin near the 

positions where the stresses are applied. This phenomenon has been seen on the simulation 

models as well but the progress of it is more slowly. A comparison of the sample and models' 

flexural strength may be inaccurate because the local delamination of the top layer usually 

happens before some regional buckling of the nap-core.  

The results are summarized in table 6.1 in which F is “force”, U is “displacement”, bk 

denotes “buckling” and db denotes “debonding”. The third simulation method cannot 

determine the force and the displacement at buckling, so its results are excluded. 

Table 6.1: Result summary of the simulation methods for P1-5 nap-core sandwich: 

P1-5 nap-core sandwich Compression Shear Three-point Bending S 

Sample size (cm x cm) 5 x 5 20 x 5 12 x 3 

 Fbk(N) Ubk(mm) Fbk(N) Ubk(N) Fbk(mm) Ubk(mm) 

Experiment 661.30 0.46 2556.00 0.35 26.18 2.49 

1st Simulation method 695.51 0.71 2483.77 0.32 27.84 3.83 

Error 5.17% 54.35% -2.83% -8.57% 6.34% 53.82% 

2nd Simulation method 649.44 0.78 2322.49 0.39 24.48 3.61 

Error -1.79% 69.57% -9.14% 11.43% -6.49% 44.98% 
 

 Three-point Bending P Four-point Bending 

Sample size (cm x cm) 12 x 3 40 x 5 

Parameters Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

Experiment 25.08 2.60 46.07 12.50 

1st Simulation method 24.16 

 

 

 

3.01 

 

52.17 

 

11.25 

Error -3.67% 15.77% 13.24% -10.00% 

2nd Simulation method 22.22 
 

 

 

3.06 

 

50.86 

 

11.71 

Error -11.40% 17.69% 10.40% -6.41% 

In all cases of loading, the simulation methods predict the mechanical behavior and forces 

at the buckling of P1-5 nap-core sandwich models quite accurately in which the error is under 

10%. The big errors in predicting the displacements at damage of the models expose the 

behavioral complexity of the nap-core sandwich when some damage initiates on it. That may 

involve nonlinear deformations of the nap-core and the face sheets as well a deterioration of 

the cohesive material, which the proposed simulation methods have not regarded thoroughly. 

The next parts of this section will introduce the simulation results of the sandwich models 

with nap-core types P1-10A, P1-10B, and P2-8. Those models show similar mechanical 

behaviors as the simulation model with nap-core P1-5 does above. 
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6.3.1.2. Sandwich models with nap-core P1-10A 

This section shows the results of the experiments and the simulation methods for P1-10A nap-

core sandwich. 

Compression 

 

Figure 6.15: Compression results of the test and the simulations (P1-10A nap-core sandwich) 

In figure 6.15, the simulation models have smaller moduli and forces than the experimental 

sample, but their forces reduce more slowly after the buckling. The reasons have been pointed 

out in the simulation of P1-5 nap-core sandwich. 

Shear 

 
Figure 6.16: Shear results of the test and the simulations (P1-10A nap-core sandwich) 
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In figure 6.16, the force of the experimental model goes down a little more slowly than the 

forces of the simulation models after the damage. That is probably because the actual adhesive 

between the nap-core and the outer skins has better strength than the simulation adhesive. 

Four-point bending 

 

Figure 6.17: 4-point bending results of the test and the simulations (P1-10A nap-core sandwich) 

In figure 6.17, the simulation models have the maximal forces not so different to the 

experimental sample, but they have the debonding more early and slowly than the 

experimental sample. Similar to P1-5 nap-core sandwich, the models of P1-10A nap-core 

sandwich have their forces reducing not as sharply as the experimental sample after the 

debonding of the top skin.  

The results of the experiments and simulations are summarized in table 6.2 (in which F is 

“force”, U is “displacement”, bk denotes “buckling” and db denotes “debonding”). The results 

of the third simulation method are excluded.  

Table 6.2: Result summary of the simulation methods for P1-10A nap-core sandwich: 

P1-10A nap-core sandwich Compression Shear Four-point Bending 

Sample size (mm2) 5 x 5 20 x 5 50 x 5 

Factors Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

Experiment 450.05 0.38 1114.00 1.05 74.50 10.80 

1st Simulation method 426.29 0.51 1122.20 0.81 76.78 9.30 

Error -5.27% 34.21% 7.36% -22.86% 3.06% -13.89% 

2nd Simulation method 406.78 0.57 1065.89 0.74 70.64 8.69 

Error -9.60% 50.00% -4.32% -29.52% -5.18% -19.54% 
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6.3.1.3. Sandwich models with nap-core P1-10B 

This section shows the results of the experiments and the simulation methods for P1-10B nap-

core sandwich. 

Compression 

 

Figure 6.18: Compression results of the test and the simulations (P1-10B nap-core sandwich) 

In figure 6.18, the simulation models have higher forces than the experimental sample. The 

second simulation model has a greater elastic modulus than the first simulation model, but it 

buckles at a smaller force value. With P1-10B nap-core, the nap-core sandwich does not usually 

buckle as steeply as with nap-core types P1-5 and P1-10A. That is because P1-10B nap-core is 

much thicker and stronger than them. Later on, the phenomenon will be seen on P2-8 nap-core 

sandwich as that kind of nap-core also possesses a high strength (see table 4.7 in section 4.3.2).  

Shear 

 
Figure 6.19: Shear results of the test and the simulations (P1-10B nap-core sandwich) 
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In figure 6.19, the simulation models illustrate earlier shear buckling than the experimental 

sample. Their forces also decline more quickly. It is likely that the adhesive of the simulation 

models is not as tough as that of the actual sample. 

Four-point Bending 

 

Figure 6.20: 4-point bending results of the test and the simulations (P1-10B nap-core sandwich) 

In figure 6.20, the mechanical behavior of simulation models and experimental sample are 

rather identical before buckling. In general, the debonding happens clearly on every model, but 

the experimental sample shows the steepest decrease of the force in the damage. The first 

simulation gives a lower modulus but higher displacement at debonding than the second 

simulation. 

The results of the experiment and simulations are summarized in table 6.3 (in which F is 

“force”, U is “displacement”, bk denotes “buckling” and db denotes “debonding”). The results 

of the third simulation method are excluded. 

Table 6.3: Result summary of the simulation methods for P1-10B nap-core sandwiches: 

P1-10B nap-core sandwich Compression Shear Four-point Bending 

Sample size (mm2) 5 x 5 20 x 5 50 x 5 

 Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

Experiment 1255.05 0.45 3244.00 0.59 108.72 7.85 

1st Simulation method 1389.25 0.59 3371.07 0.71 107.02 6.47 

Error 10.69% 31.11% 3.92% 20.34% -1.56% -17.58% 

2nd Simulation method 1331.82 0.51 3180.61 0.89 104.81 6.05 

Error 6.12% 13.33% -1.95% 50.85% -3.60% -22.93% 
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6.3.1.4. Sandwich models with symmetric nap-core P2-8 

This section shows the results of the experiments and the simulation methods for P2-8 nap-

core sandwich. 

Compression 

 
Figure 6.21: Compression results of the test and the simulations (P2-8 nap-core sandwich) 

Figure 6.21 demonstrates the high strength of P2-8 nap-core as its sandwich sample and 

simulation models do not buckle easily after the damage initiation. The maximal values of the 

forces on the models and sample are also very high. These characteristics are viewed with P1-

10B nap-core above. In the charts, the simulation model and the experimental samples have 

close moduli and forces. The displacement at buckling of the models is pretty larger than that 

of the sample.  

Shear 

 
Figure 6.22: Shear results of the test and the simulations (P2-8 nap-core sandwich) 
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Similar to the compression, the sample and the models show very high shear strengths and 

moduli in the shear (see figure 6.22). The forces and displacements at shear buckling of the 

simulation models are not much different but they are somewhat larger than those of the 

experimental sample. The reason is that the knitted fabric of the actual nap-core deforms more 

than its models at some degree while the added imperfection (10%) cannot remove the 

difference totally. However, the errors of the forces between the experiment and the 

simulations are not over 13.13%. 

 
Figure 6.23: Four-point bending results of the test and the simulations (P2-8 nap-core sandwich) 

In figure 6.23, the simulation models have the maximal forces smaller than the maximum force 

of the experimental sample, and their debonding happens more early and slowly than the 

experimental sample. Likewise, the nonlinear stages before debonding of the simulation 

models are longer then the experimental model. Perhaps, there are convergence difficulties of 

their cohesive elements. Also because of those difficulties, the forces of the models do not 

decrease as sharply as the force of the sample after the debonding of the top layer. 

The results of the experiments and simulations are summarized in table 6.4 (in which F is 

“force”, U is “displacement”, bk denotes “buckling” and db denotes “debonding”). The results 

of the third simulation method are excluded. 

Table 6.4: Result summary of the simulation methods for P2-8 nap-core sandwich: 

P2-8 nap-core sandwich Compression Shear Four-point Bending 

Sample size (mm2) 5 x 5 20 x 5 50 x 5 

Factors Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

Experiment 1995.25 0.365 4528.24 

 

0.68 70.05 5.15 

1st Simulation method 2106.94 

 

0.68 4988.78 

 

0.80 65.67 

 

4.25 

Error 5.60% 86.30% 10.17% 17.65% -6.25% -17.48% 

2nd Simulation method 2244.99 

 

0.71 5122.94 

 

0.89 60.69 3.55 

Error 12.52% 94.52% 13.13% 30.88% -13.36% -31.07% 
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In short, for modeling and simulating the sandwich with four nap-core types P1-5, P1-10A, 

P1-10B, and P2-8, the first simulation method usually offers better results of the force and 

displacements in the loading cases compared to the second simulation method. The third 

simulation method is not able to detect damage of the nap-core sandwich, but its results are 

well compatible with the linear deformation stage of the sample, giving a quick view on the 

performance and the elastic modulus of it. 

Of the four nap-core types, the simulations on P1-5 nap-core sandwich have the best 

results (the errors are smallest), whereas the simulations on P2-8 nap-core sandwich have the 

worst results (the errors are biggest). These may be explained by the fact that the knitted fabric 

of P1-5 nap-core is simplest and it deforms least in the forming and curing processes, which are 

opposite to the knitted fabric of P2-8 nap-core. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126 
 

 

6.3.2. Buckling of the nap-core and debonding of the top layer 

As commented above, in compression, the experimental samples and the simulation 

models have similar points of damage initiation while their damage evolutions are quite 

different where the simulation models are stiffer. However, the simulations did accurately 

determine positions on the nap-core with the most concentrated stress. 

In shear and bending cases the simulations perform better as they can depict both linear 

stage and non-linear stage of the shear deformation, buckling of the naps in three-point 

bending, and peeling of the upper skin in four-point bending. 

The following figures illustrate the stress concentration and damages of P1-10A nap-core 

sandwich in the experiments and the simulations. Nap-core type P1-10A is selected since its 

sandwich has a height of 10mm and large deformations, being easy for taking clear photos.   

    

Figure 6.24: The nap-core buckled in the compression test and simulation:  

Sample (left), model (right) 

In the compression experiment, the buckling positions of the naps are almost the same, 

which are closer to the top than the bottom of the nap-core (see figure 6.24). Of the nap-core’s 

walls, the middle areas deform the most while the upper areas deform moderately and the 

lower areas deform very slightly. The deformation of the nap-core is well reflected on the 

simulation model. The naps deform most in the middle areas of the walls, which have the 

highest strain indicated by red color. Similarly, the deformations of the upper areas and lower 

areas are properly reflected. 

       

        

Figure 6.25: The nap-core buckled in the shear test and simulation:  

Sample (top), model (bottom); and deterioration of the cohesive elements (right) 

Additionally, the image of the top layer (figure 6.25 right) shows the large distortion of the 

cohesive elements, which points out that the delamination is likely to happen when the shear 

stress is continuously increased.  
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Figure 6.26: The nap-core buckled in the three-point test and simulations: 

Experimental sample (top), model of bending S (bottom left), model of bending P (bottom right) 

In the three-point bending cases (see figure 6.26), the upper image depicts an actual test, 

and the lower images show how the nap-core deforms in the simulations. Since the stress can 

be applied right on the naps or in the middle of the slot between them (refer to figure 4.10 in 

section 4.2.3 again), the naps can deform in two different ways as depicted by the images. The 

entire nap distorts in the first way, but a half of each nap distorts in the second way. 

    

Figure 6.27: The nap-core debonded in the four-point bending test and simulation:  

Sample (left), model (right) 

In the four-point bending case (see figure 6.27), the left image shows the local delamination 

of the sample’s top skin in the end of the test. It occurs near one the two pins through which 

the stress is applied. The naps have not been buckle yet. In the right image, the top skin of the 

simulation model also deforms the most around the place the stress is applied. There, it rises 

up a lot, helping to predict the position that is most possible to be delaminated.  

To sum up, the simulation models can illustrate the deformations of the nap-core in the 

tests very well. Furthermore, they can give good forecasts on the places and patterns of the 

damages expected to happen to the samples. The simulations also confirm the important role 

of the adhesive beside the nap-core and the skins as its strength will decide when the 

debonding happens. 
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6.4. Parametric Investigations 

With the simulation models available, the effect of the parametric changes of the nap-core 

sandwich can be examined readily. This investigation will be particularly useful for the design 

specification and optimization of engineering applications. Beside the nap-core sandwich’s 

geometrical parameters (e.g., the total height, the nap centers distance, the fabric thickness, 

and the top diameter of the naps as in figure 6.28), the material of the outer layers and the 

resin content of the nap-core have been also changed to study their effect. The results are 

appropriate to theories and presented below. 

                 
                                         (a)                                              (b)                                         (c)  

Figure 6.28: The geometrical parameters of the nap-core: (a) The height H; (b) the nap centers 

distance L; (c) the fabric thickness T and the top diameter d.  

In each parametric investigation, a type of nap-core will be specified with several reasons: 

• Single sided nap-core types are going to be used because they are more suitable for the 

small batch production of samples, i.e. they are cheaper and more diverse than symmetric 

nap-core types. 

• The nap-core types being in the current production plan of the makers are selected first 

since it is more convenient to prepare the materials and devices for them. 

• The nap-core types whose geometric parameters are easier to be changed will take priority 

over other types. 

Namely, nap-core type P1-5 is used in the investigations into the effect of the nap centers 

distance L and the top diameter d to the mechanical behavior of the nap-core sandwich. 

Besides, nap-core type P1-10A is employed in the investigations into the effect of the height H, 

the fabric thickness T, the resin content of the nap-core, and the material of the face sheets to 

the mechanical behavior of the nap-core sandwich. 

Except for the sandwich samples in section 6.4.5, the face sheets of all nap-core sandwich 

samples are the same, i.e. impregnated glass fabric and Phenolic resin laminates. 

As commented in section 6.3.1, the first simulation method usually provides more 

accurate results than the second simulation method, so the engineering constants obtained 

from the former will be used in most parametric investigations except for the investigation 

into the effect of the nap-core height H. That is because the change of H will also change the 

stretch of the nap-core’s knitted fabric and so change the values of its engineering constants 

as well. Thereby, the second simulation will be more helpful to probe the degree of the 

changes. In fact, the change of the stretch of the nap-core’s knitted fabric with the change of 

H is only moderate, but a consideration of it will make the simulation results more accurate. 

T 

d 
L 

H 
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6.4.1. Nap-core height (H) 

TYPE OF NAP-CORE: P1-10A 

In this case, the performance of the nap-core sandwich will be examined with an alteration 

of the nap-core’s height (figure 6.28a). Nap-core type P1-10A is taken as an example. The nap-

core’s original height is 10mm, and it will be adjusted to 7mm, 8mm, 9mm, 11mm, or 12mm. 

The change of H makes the stretch of the nap-core’s fabric wall change as well. Hence, the 

second simulation method will be used in this investigation since it allows estimating the 

change of the engineering constants of the nap-core’s material more easily. 

Compression 

 

Figure 6.29: Compression results of the nap-core sandwich with many values of H: Experiment 

Through figure 6.29, the experimental results suggest that the higher a nap-core, the lower 

the compressive strength and modulus its sandwich has. When H increases from 7mm to 8mm, 

the results of the test change slightly. When H increases to 9mm, 10mm, and 11mm, the 

change of the force is clearer. When H is equal to 11mm or 12mm, the sandwich is particular 

weak as its maximum force gets much lower. It is because not only the nap-core’s height 

increases but also the nap-core's knitted walls become considerably thinner as its knitted fabric 

has been stretched much more. The charts also show that the sample has smaller displacement 

when H is equal to 10mm or 11mm. The difference is not significant and may be caused by the 

effect of the nap-core’s boundary that has been mentioned in early section 4.3.1. 
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Figure 6.30: Compression results of the nap-core sandwich with many values of H:  

Simulation (2nd method) 

By the figure 6.30, the simulation results reflect the experimental results well as they 

exhibit the right compressive behavior and force ranges of the samples. As implied in the 

comments on the experimental results above, the increase of the nap-core’s height will reduce 

the compressive strength of the sandwich. Furthermore, as the nap-core’s fabric wall stretches 

more, its engineering constants decrease and that make the sandwich’s compressive strength 

even lower. This is considered in the simulation as well. In the simulation results, the 

displacements of the models do not change as much as those of the experimental samples 

because the models have been created with very similar boundaries. Although not as clear as 

the experimental results, the simulation results also show a bigger reduction of the force when 

H increases from 8mm to 9mm and then 10mm. When H increases from 10mm to 11mm and 

12mm, the reduction of the force gets small again. 
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Figure 6.31: The nap-core’s heights versus the compression results at buckling:  

Experiment (left) and Simulation (right) 

Figure 6.31 indicates that the force at the buckling get smaller when the nap-core height 

gets higher in both experiment and simulation. The displacement at buckling only varies little in 

most cases except for H = 9mm.  

Shear 

 

Figure 6.32: Shear results of the nap-core sandwich with many values of H: Experiment 

In the shear test, the nap-core sandwich samples behave similarly as they do in the 

compression: The higher the nap-core, the lower the force (see figure 6.32). The experiments 
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show that when H increases from 9mm to 12mm, the results are mainly different after the 

shear buckling. When H increases from 11mm to 12mm, the force reduced more considerably 

than that when H increases from 10mm to 11mm. The reason has been pointed out in the 

compression test above: The nap-core's knitted walls become much thinner as the height is too 

high, which causes a noted decrease of the nap-core’s stiffness. When H is equal 8mm, both 

force and modulus of the sample improve. When H reduces from 8mm to 7mm, the force and 

modulus of the sample increase significantly. That is because a lower height keeps the sample 

more stable and allows the knitted fabric to be thicker. 

 

Figure 6.33: Shear results of the nap-core sandwich with many values of H:  

Simulation (2nd method) 

The results of the shear simulation meet those of the experiment quite well (see figure 

6.33). The nap-core sandwich’s displacement does not change much, but the force ascends 

clearly when H descends. When H is equal to 7mm or 12mm, a bigger gap between the chart 

and the other charts can be viewed, which indicates that the force increases or decreases much 

more. Although the force differences are a bit less obvious than those in the experiment, it is 

still good enough to assess the change of the sample’s behavior in the shear.  

The comparison of the experimental results and the simulation results are show in figure 

6.34 in which the force and the displacement at buckling are taken at the highest point (having 

the maximal value of force) in the nonlinear stage. In this stage, the damage has initiated and 

the force changes much more slowly than that in the linear stage. 
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 Figure 6.34: The nap-core’s heights versus the shear results at buckling:  

Experiment (left) and Simulation (right) 

Figure 6.34 demonstrates that the force at the buckling declines and the displacement at 

the buckling tend to increase when the nap-core height rises. The experimental samples have 

larger displacements at the buckling, and that may imply their adhesive are tougher. Again, 

when H is 11mm or 12mm, the performance of the nap-core sandwich is rather bad because 

the elastic moduli of its nap-core’s fabric decline considerably. 

Four-point Bending 

 

Figure 6.35: Four-point bending results of the sandwich with many values of H: Experiment 

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

0

200

400

600

800

1000

1200

1400

1600

6 7 8 9 10 11 12

D
is

p
la

ce
m

en
t 

(m
m

)

Fo
rc

e 
(N

)

Nap-core height (mm)

Force at Buckling

Displacement at Buckling

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

0

200

400

600

800

1000

1200

1400

1600

6 7 8 9 10 11 12

D
is

p
la

ce
m

en
t 

(m
m

)

Fo
rc

e 
(N

)

Nap-core height (mm)

Force at Buckling

Displacement at Buckling

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Fo
rc

e 
(N

)

Displacement (mm)

H = 7mm H = 8mm H = 9mm H = 10mm H = 11mm H = 12mm



134 
 

 

Figure 6.35 shows that the flexural moduli and forces of the experimental samples increase 

while the nap-core height raises from 7mm to 10mm. Interestingly, the force of the nap-core 

sample with a height equal to 11mm or 12mm is lower than that of the samples with other 

heights when the displacement is under 10mm, but it can increase to a higher value afterwards. 

That implies the sample’s modulus reduces when H increases from 10mm to 11mm or 12mm 

but its maximal force still gets higher. In fact, the reduction of the modulus is because the nap-

core’s knitted fabric becomes much thinner, and the increase of the maximal force is due to the 

effect of raising the nap-core’s height. The maximal force of the sample with 12mm-height nap-

core is till bigger than that of the other samples although the knitted fabric of its nap-core 

turned to be much weaker when H increases from 10mm to 12mm.  

It is also noted that in most bending cases, the force is linear in the initial two-thirds of the 

deformation, and then it turns nonlinear as the flexural modulus reduces. In the end, the force 

plunges as the top skin delaminates locally, being indicated by the vertical lines in the charts.  

 

Figure 6.36: Four-point bending results of the sandwich with many values of H: Simulation (2nd) 

Figure 6.35 and figure 6.36 demonstrate that the experimental results are smaller than 

simulation ones but not over 6%. As the nap-core’s fabric thickness is considerably thinner 

when its height is equal 11mm or 12mm, this is reflected in the simulation by setting the 

engineering constants to be somewhat smaller. Similar to the experimental results, the 

simulation results prove that the flexural modulus of the nap-core sandwich reduces when H 

increases from 10mm to 11mm and then 12mm, but the value of the maximal force still grows 

higher. 
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Figure 6.37: The nap-core’s heights versus the four-point results at debonding: 

 Experiment (left) and Simulation (right) 

Figure 6.37 shows the trend of the force and displacement at debonding. In both 

experiment and simulation, these quantities increase, but charts of the simulation results move 

up a little more steeply. 

In general, when H increases from 7mm to 12mm, the maximal force of P1-10A nap-core 

sandwich decreases in the compression and shear tests, but it increases in the bending test. 

Hence, a choice of H will be decided based on its specific application. The results of the 

investigation of the change of the nap-core’s height are summarized in table 6.5 below (in 

which F is “force”, U is “displacement”, bk denotes “buckling” and db denotes “debonding”). 

Table 6.5: Results of the tests and simulations on P1-10A nap-core sandwich when H changes: 

P1-10A Nap-core Sandwich   Compression Shear Four-point Bending 

Sample size (cm x cm) 5 x 5 20 x 5 50 x 5 

The nap-core’s Height (mm) Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

7 

Experiment 495.00 0.42 1453.00 0.70 68.00 9.50 

Simulation 484.00 0.56 1386.52 0.62 66.30 7.36 

Error -2.22% 34.94% -4.58% -11.43% -2.50% -22.53% 

8 

Experiment 488.00 0.41 1283.00 0.90 71.30 11.00 

Simulation 462.85 0.59 1203.82 0.65 69.35 8.28 

Error -5.15% 45.68% -6.17% -27.78% -2.74% -24.73% 

9 

Experiment 464.00 0.43 1176.00 1.00 72.60 10.50 

Simulation 430.75 0.61 1114.22 0.66 70.03 8.44 

Error -7.17% 43.53% -5.25% -34.00% -3.55% -19.62% 

10 

Experiment 450.00 0.38 1114.00 1.05 74.50 10.80 

Simulation 406.78 0.62 1065.89 0.64 70.64 8.69 

Error -9.60% 63.16% -4.32% -39.05% -5.18% -19.54% 

11 

Experiment 412.00 0.38 1085.00 1.10 75.10 10.90 

Simulation 389.31 0.62 1031.16 0.83 71.99 10.60 

Error -5.51% 65.33% -4.96% -24.55% -4.14% -2.75% 

12 

Experiment 401.00 0.36 1002.00 1.15 75.60 12.20 

Simulation 373.08 0.63 921.68 0.71 73.16 11.62 

Error -6.96% 77.46% -8.02% -38.26% -3.23% -4.75% 
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6.4.2. Naps distance (L) 

NAP-CORE TYPE: P1-5 

In this part, the nap concentration of the nap-core will be investigated. This is represented 

by the distance between the centers of two any adjacent naps (L), which is always the same 

(refer to figure 6.28b). For nap-core type P1-5, the original value is 16.05 mm, and it will be 

changed to new ones of 15.05mm, 15.55mm, 16.55mm, 17.05mm, 17.55mm, or 18.05mm. 

Since there are no available molds to make the new dimensions, there are only simulation data 

for this analysis. The engineering constants gained from the first simulation method are used. 

Compression 

 

Figure 6.38: Compression results of the sandwich with many values of L: Simulation (1st) 

In figure 6.38, the results show that when L increases from 15.05mm to 18.05mm, the force 

of the compression test keeps decreasing. The reason is that the distribution of the naps 

becomes sparser when L gets longer, making the compressive strength of the nap-core lower. 

The largest changes can be observed when L increases from 15.55mm to 16.05mm and when L 

increases from 17.55mm to 18.05mm. Perhaps, these changes of L make the biggest difference 

in the layout of the naps. 

On the other hand, the displacement at the buckling of the nap-core sandwich is likely to 

increase with the increment of L. As shown in figure 6.39, this is not absolutely true as the 

0

100

200

300

400

500

600

700

800

0 0.5 1 1.5 2 2.5

Fo
rc

e 
(N

)

Dipplacement (mm)

L = 15.05mm Compr L = 15.55mm Compr L = 16.05mm Compr

L = 16.55mm Compr L = 17.05mm Compr L = 17.55mm Compr

L = 18.05mm Compr



137 
 

 

displacement at the buckling decreases slightly when L changes from 17.05mm to 17.55mm, 

but it increases again afterward. 

 

Figure 6.39: The nap-core’s L versus the compression results at buckling. 

In figure 6.39, the opposite tendencies of the sandwich’s force and displacement at the 

buckling can be viewed obviously of which the force changes a bit more quickly. 

Shear 

 

Figure 6.40: Shear results of the sandwich with many values of L: Simulation (1st) 
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In the shear simulation, when L increases from 15.05mm to 18.05mm, the changes of the 

sandwich’s results are not as the same as those in the compression simulation. Mostly, when L 

increases, the force decreases except when L increases from 15.05mm to 15.55mm and when L 

increases from 16.55mm to 17.05mm. Then the force rises moderately in the first case and very 

slightly in the second case. The biggest changes of the force occur when L increases from 

16.05mm to 16.55mm and when L increases from 17.05mm to 17.55mm (see figure 6.40).  

In the compression, the strength of the sample mainly depends on that of the nap-core, but 

in the shear, the strength of the sample relies on the strengths of both nap-core and adhesive 

of it. When L increases, the cohesive area of the upper layer will decrease but the cohesive area 

of the lower layer will increase. That is probably the reason explaining why there are 

differences in the change of the results in the compression and the shear when L alters. This 

characteristic suggests the importance of not only the top layer but also the bottom layer in the 

shear case. 

 

Figure 6.41: The nap-core’s L versus the shear results at buckling. 

In figure 6.41, the force tends to descend when L ascends because the nap-core’s nap 

distribution will be sparser, making the shear strength weaker. The top cohesion and the 

bottom cohesion of the nap-core sandwich to the face sheets also contribute to its shear 

strength but fairly less. On the other hand, the displacement at buckling of the nap-core 

sandwich due to shear traction increases when L increases, but this change is rather small. 
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Three-point Bending 

 

Figure 6.42: Three-point Bending results of the sandwich with many values of L: Simulation (1st) 

In the three-point bending, the samples act somewhat different from those in the shear 

and compression situations. The force decreases when L increases from 15.05mm to 16.55, but 

it increases much when L changes from 16.55mm to 17.05mm before decreases again when L 

reaches to 18.05mm (see figure 6.42). It reminds that the strengths of both nap-core and 

adhesive affect the strength of the nap-core sandwich in the bending test. When L increases, 

the nap-core's top area decreases, but its bottom area increases. That makes the contribution 

of the outer layers to the sandwich's flexural strength change as well. Perhaps, when L 

increases, the strength of the nap-core gets lower, but the strength of the cohesion gets 

stronger in many cases. When L increases from 16.55mm to 17.05mm, it is likely the increase of 

the cohesion’s strength dominates the decrease of the nap-core’s strength. Thus, the total 

flexural strength of the nap-core sandwich still grows.  

 
Figure 6.43: The nap-core’s L versus the bending-P results at buckling. 
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Figure 6.43 shows that the force at buckling of the nap-core sandwich changes in two 

different phases. In the first phase, this force decreases when L increases from 15.05mm to 

16.55mm. Subsequently, the force increases moderately when L increases from 16.55mm to 

17.05mm. In the second phase, the force decreases when L increases from 17.05mm to 

18.05mm. Additionally, the change of the displacement at the buckling the nap-core sandwich 

is very similar to that of the force but in a smaller degree.  

Overall, the change of the nap-core’s nap concentration causes significant and different 

changes of the sandwich performance in the tests. The force always increases when the nap 

concentration increases (i.e., L reduces) in the compression, but it fluctuates more in the shear 

and bending tests. That is because the role of the adhesive is unimportant in the compression 

but crucial in the shear and bending tests. After all, P1-5 nap-core sandwich perform best when 

L is equal to 15.05 mm or 15.55mm. 

The results of the investigation of the change of P1-5 nap-core’s nap concentration are 

summarized in table 6.6 below (in which F is “force”, U is “displacement”, bk denotes 

“buckling” and db denotes “debonding”). 

Table 6.6: Result summary of the simulations on P1-5 nap-core sandwich when L changes: 

P1-5 Nap-core Sandwich   Compression Shear Three-point Bending 

Sample size (cm x cm) 5 x 5 20 x 5 12 x 3 

The nap-core’s L (mm) Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

15.05 

Simulation 

744.42 0.65 2689.85 0.53 44.29 3.77 

15.55 728.82 0.65 2792.97 0.31 38.44 3.59 

16.05 695.51 0.71 2483.81 0.40 24.17 3.02 

16.55 683.08 0.73 2215.59 0.31 22.38 3.11 

17.05 668.57 0.73 2275.91 0.65 30.29 3.63 

17.55 644.42 0.73 1902.05 0.71 27.68 3.51 

18.05 601.31 0.81 1775.92 0.34 25.39 3.68 
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6.4.3. Thickness of the nap-core’s knitted fabric (T) 

NAP-CORE TYPE: P1-10A 

Through many tests and simulations, the thickness of the nap-core’s knitted fabric proves 

to be very crucial to the mechanical properties of the nap-core sandwich (refer to figure 6.28c). 

Here, nap-core type P1-10A is picked, having an original thickness of 0.49mm, made with one 

layer of knitted fabric. The new thickness is 0.7mm where the nap-core is made with two layers 

of knitted fabric. The engineering constants gained from the first simulation method are used. 

Compression 

 

Figure 6.44: Compression results of the nap-core sandwich with different fabric thicknesses:  

Simulation (1st) vs. Experiment 

Figure 6.44 exposes the remarkable changes of the sandwich in compression when its nap-

core’s knitted fabric is doubly thicker. In both experiment and simulation, the maximal force 

increases almost fourfold while the displacement at buckling rises one and a half time. It is 

rather obvious that the strength of the nap-core will increases when its fabric has been added 

one more layer. The four-time increase of the maximal force may hint that it is proportional to 

the square of the fabric thickness. The simulation models have slower buckling than the 

experimental samples, but they can forecast the ranges of forces and displacement very well.  
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Shear 

 
Figure 6.45: Shear results of the nap-core sandwich with different fabric thicknesses:  

Simulation (1st) vs. Experiment 

In the shear, the nap-core samples and models with thicker knitted fabric also dominate 

the samples with thinner knitted fabric; namely, the maximal force increases about two and a 

half times. Otherwise, the displacement at buckling decreases slightly (see figure 6.45). 

Four-point Bending 

 

Figure 6.46: Four-point bending results of the sandwich with different fabric thicknesses:  

Simulation (1st) vs. Experiment 
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In the four-point bending, the maximal force ascends more twofold as the thickness of the 

knitted fabric increases. The displacement at debonding reduces slightly in the experiment, but 

it increases somewhat in the simulation (see figure 6.46). 

Generally, the mechanical properties of the sandwich samples are improved in all the 

loading cases when the nap-core’s knitted fabric is thicker. The maximum force of the sandwich 

increases about four times in the compression and more than two times in the shear and 

bending tests. Nonetheless, the thickness increase of the nap-core’s knitted fabric does not 

help to considerably increase the displacement at buckling or debonding of the sandwich. That 

is because this increase makes the nap-core’s strength higher while the nap-core’s engineering 

constants are still the same. 

The results of the investigation of the change of P1-10A nap-core’s knitted fabric are 

summarized in table 6.7 below (in which F is “force”, U is “displacement”, bk denotes 

“buckling” and db denotes “debonding”). 

Table 6.7: Result of the tests and simulations on P1-10A nap-core sandwich when T changes: 

P1-10A Nap-core Sandwich   Compression Shear Four-point Bending 

Sample size (cm x cm) 5 x 5 20 x 5 50 x 5 

Nap-core’s fabric thickness Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

One-layer 

Experiment 450.00 0.38 1114.00 1.05 74.50 10.80 

Simulation 426.29 0.56 1164.27 0.80 76.78 9.30 

Error -5.27% 47.37% 4.51% -23.81% 3.06% -13.89% 

Two-layer 

Experiment 1500.77 0.45 2772.85 0.79 171.21 10.05 

Simulation 1583.54 0.69 2687.92 0.84 175.13 10.81 

Error 5.52% 53.33% -3.06% 6.33% 2.29% 7.56% 
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6.4.4. Resin content of the nap-core.  

NAP-CORE TYPE: P1-10A 

To investigate the effect of the nap-core’s resin content (in volume) on the mechanical 

behavior of the sandwich, nap-core type P1-10A is chosen. The normal resin content of the nap-

core is 40%, and the varied resin contents are 43%, 48%, 56%, and 59%. These changes have 

been done by remaining the absolute quantity of the dry knitted fabric and increasing the 

quality of the resin. Therefore, a nap-core with higher resin content is actually thicker and 

expected to be stronger. The experimental data are presented below. 

Compression 

 

Figure 6.47: Compression results of the sandwich with many values of the nap-core’s resin 

content: Experiment 

Figure 6.47 illustrates that a sandwich sample with a higher resin content of the nap-core 

will also has greater elastic modulus, higher maximal force and bigger displacement at the 

buckling in the compression. To compare the elastic moduli of the samples, it is noted that the 

more the linear part of a chart inclined to the vertical axis, the higher the sample’s elastic 

modulus is. The sandwich is weakest when the resin content is 40%. At this resin content, the 

chart of the sample inclines to the vertical axis least; that means the sandwich’s elastic modulus 

is smallest. The maximum force of the sample is about 450N, and the displacement at buckling 

is 0.38mm there. When the resin content increases from 40% to 59%, the strength of the 

sandwich increases as well. At the resin content of 59%, the chart of the sample inclines to the 

vertical axis most, implying that the elastic modulus is biggest then. The maximum force and 
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the displacement at buckling of the sandwich also get much higher, reaching to about 700N and 

0.5mm respectively.  

 

Figure 6.48: The nap-core’s resin content versus the compression results at buckling. 

Figure 6.48 shows the increasing tendencies of both the force and the displacement at 

buckling of the sandwich when the resin content of its nap-core increases from 40% to 59%.  

Shear 

 

Figure 6.49: Shear results of the sandwich with many values of the nap-core’s resin content: 

Experiment 

Similar to that in the compression, in the shear, the force and the elastic modulus of the 

sandwich increase when the resin content of its nap-core increases. However, the displacement 

at the buckling decreases (see figure 5.49). It is possible that the rise of the resin content has 
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added more hardness and brittleness to the nap-core in its shear direction, so the nap-core 

deforms less before the shear buckling. 

 
Figure 6.50: The nap-core’s resin content versus the shear results at buckling. 

Figure 6.50 exhibits the opposite tendencies of the force and the displacement at buckling 

of the sandwich when the resin content of its nap-core increases from 40% to 59%, i.e. the 

force increases while the displacement decreases. 

Four-point Bending 

 
Figure 6.51: Four-point bending results of the sandwich with many values of the nap-core’s resin 

content:  Experiment 

In the four-point bending, all the elastic modulus, the force, and the displacement of the 

sandwich increase when the resin content of its nap-core increases from 40% to 59%, which 

resemble those in the compression (see figure 6.51). In the charts shown, all the samples 
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behave in the same manner. They deform linearly in the first two third and then nonlinearly in 

the last third of the test. The occurrences of the debonding are indicated by the vertical lines 

marking the plunge of the force. 

 

Figure 6.52: The nap-core’s resin content versus the four-point bending results at buckling. 

Figure 6.52 displays the increasing tendencies of both maximum force and displacement at 

buckling of the sandwich when the resin content of its nap-core increases from 40% to 59%. 

The changes of the maximum force and the displacement at buckling in the four-point bending 

are similar to those in the compression but a bit more slowly. When the resin content of the 

nap-core rises from 40% to 59%, the force increases 55% and the displacement increases 32% 

in the compression; but these changes are around 20% in the four-point bending.  

In general, the increase of the resin content of the nap-core will be followed by the 

increase of the elastic modulus and force of the sandwich. Though the displacement at the 

damage of the sandwich increases somewhat in the compression and the four-point bending, it 

decreases moderately in the shear test. 

The results of the investigation of the change of P1-10A nap-core’s rein content are 

summarized in table 6.8 (in which F is “force”, U is “displacement”, bk denotes “buckling” and 

db denotes “debonding”). 

Table 6.8: Result summary of the tests when the resin content changes: 

P1-10A Nap-core Sandwich   Compression Shear Four-point Bending 

Sample size (cm x cm) 5 x 5 20 x 5 50 x 5 

Nap-core’s resin content Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

40% 

Experiment 

450.00 0.38 1114.00 1.05 74.50 10.80 

43% 495.70 0.45 1176.44 0.98 75.34 10.95 

48% 538.43 0.48 1250.24 0.96 76.89 11.20 

56% 656.23 0.49 1303.42 0.89 83.10 11.50 

59% 698.11 0.50 1339.24 0.84 89.76 12.10 
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6.4.5. Material of the face sheets 

NAP-CORE TYPE: P1-10A 

Beside the nap-core, the face sheets also play an important role in deciding the sandwich’s 

strength, particularly in bending.  Therefore, the influence of its material is explored in this 

sense, which is conducted with nap-core type P1-10A. Material Airpreg PC8242 has been used 

for the outer layers of all nap-core sandwiches so far in this thesis. Here, a new material, Gurit 

PHG600, which is much softer than Airpreg PC8242, is employed for the face sheets of the first 

P1-10A nap-core sandwich sample. To make comparisons, one-layer Airpreg sheets are used for 

the second sample, and two-layer Airpreg sheets are used for the third sample. Suppose the 

outer layers of the sandwich are bonded firmly to the fixtures’ surfaces in the compression and 

shear tests, the change of their material affects the result of the bending test only. The 

experimental results of the four-point bending are presented in figure 6.47 below.  

Four-point bending 

 

Figure 6.53: Four-point bending results of the sandwich with different outer layers: Experiment 

The results display great differences in the performance of the sandwich in the four-point 

bending when changing its skins’ material (see figure 6.53). Compared to the original sample 

with one-layer Airpreg skins, the sample with one-layer Gurit skins has much lower maximal 

force (only one third) and displacement at debonding (nearly one half). On the other hand, the 

sample with two-layer Airpreg skins has a much higher maximal force (more than two times). 

Although its damage initiates sooner than that of the original sample but it can work better and 

longer afterward. It is shown in the chart that the force of the sample with two-layer Airpreg 
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skins still goes horizontally instead of vertically after the debonding happens. The reason is that 

the top skin has become much stiffer after being added one more Airpreg layer, so it bends 

back less and can tolerate the force well even when the debonding has happened. 

The results of the investigation of the change of P1-10A nap-core’s outer sheet are 

summarized in table 6.9 (in which F is “force”, U is “displacement”, bk denotes “buckling” and 

db denotes “debonding”). 

Table 6.9: Result summary of the tests when the outer sheet’s material changes: 

P1-10A Nap-core Sandwich   Four-point Bending 

Sample size (cm x cm) 50 x 5 

Nap-core’s resin content Fdb(N) Udb(mm) 

Gurit single-layer 
Experiment 

23.42 7.00 
Airpreg single-layer 72.61 11.20 

Airpreg double-layer 158.43 9.12 

 

6.4.6. Combination: Top diameter (d), thickness (T), and naps distance (L)  

NAP`-CORE TYPE: P1-5 

To find how the nap-core sandwich will change its performance with several modifications 

of its nap-core’s geometries at once, three parameters are selected, including the top diameter 

(d), the knitted fabric’s thickness (T) and the distance between the centers of two any adjacent 

naps (L) (see the geometries in figure 6.28). Depending on the availability of the molds, this 

choice is the most optimal, and the most suitable nap-core type is P1-5. 

An original P1-5 nap-core has the top diameter of each nap is 9.5mm, the thickness of the 

knitter fabric is 0.33mm, and the distance between any two adjacent top naps’ centers is 

16.05mm.  

There are two variations of the nap-core corresponding to two new sandwich samples. The 

first nap-core variation has d = 5.5mm, T = 0.39mm, and L = 11.5mm. The second nap-core 

variation has d = 11.5mm, T = 0.45mm, and L = 24.5mm. 

Following the above parametric investigations, the overall strength of a nap-core sandwich 

will be higher when T increases or L decreases. If the decrease of d makes the nap 

concentration denser, the nap-core sandwich is likely to be stronger. 

To be simple, the sandwich sample of the first nap-core variation is referred to as d = 

5.5mm; the sandwich sample of the second nap-core variation is referred to as d = 11.5mm; 

and the sandwich sample of the original nap-core is referred to as d = 9.5mm. 

For the simulations, the engineering constants gained from the first simulation method will 

be used. 
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Compression 

    

Figure 6.54: Compression results of the nap-core sandwich with geometric changes:  

Experiment (left) versus Simulation (1st) (right) 

In figure 6.54, it is noticeable that when there is a combination of several geometric 

modifications, the force and displacement of the nap-core sandwich in the compression test 

change a great deal. As predicted, when d and L decrease or T increases, the nap-core sandwich 

sample become much stronger. In the charts, the sandwich sample of the nap-core with 

d=5.5mm, T=0.39mm, L = 11.5mm offers the highest force, and the sandwich sample of the 

nap-core with d=11.5mm, T=0.45mm, L = 24.5mm gives the lowest force. When d is equal to 

9.5mm or 11.5mm, the maximum force and the displacement at buckling of the experimental 

sample and the simulation model are very close. When d is equal to 5.5mm, both maximum 

force and displacement at buckling of the experimental sample are smaller than those of the 

simulation model about 10%. It is possible that the engineering constant of the nap-core's 

fabric have been lowered somewhat when its geometries change from "d = 9.5 mm, T = 0.33 

mm, and L = 16.05 mm" to "d = 5.5 mm, T = 0.39 mm, and L = 11.5mm". However, this 

reduction of the engineering constant of the nap-core's fabric is not considered in the 

simulation, which causes the described errors of the force and the displacement at buckling.  
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Figure 6.55: The nap-core’s top diameter d versus the compression results at buckling. 

Figure 6.55 shows that the trends of the maximum force in the experiments and the 

simulations are the same. In both cases, the maximum force decreases when the top diameter 

increases. On the other hand, the change of the displacement at buckling is opposite; it is larger 

when the top diameter is bigger. There is an exception here. It is the displacement at buckling 

of the sample in the simulation when d is equal to 5.5mm. The reason has been given in the 

comment under figure 6.54 beforehand. Although the simulation models have higher 

displacements at the buckling, they can predict the performance of the nap-core sandwich 

when there are parameter changes rather well. 

Shear 

    

Figure 6.56: Shear results of the nap-core sandwich with geometric changes: 

Experiment (left) versus Simulation (1st) (right) 

When compare the forces of the experiment and those of the simulation, the former are 

lower (see figure 6.56) as they are in the compression. In addition, the displacements at the 
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buckling of the simulation models are a bit higher. The reason is similar to that in the 

compression, which is because the engineering constants of the simulated nap-cores are 

slightly larger. Overall, the results are relatively close to each other. 

Figure 6.56 also exposes that every simulation model undergoes an unstable period after 

the shear buckling, showing by the uneven curves. It is possible that the adhesive of the models 

deteriorate a lit unstably. 

 

Figure 6.57: The nap-core’s top diameter d versus the shear results at buckling. 

In figure 6.57, all the charts show a big difference between the compression results and the 

shear results. In compression, the force always decreases when d increases from 5.5mm to 

9.5mm and then 11.5mm. In shear, the force also decreases when d changes from 5.5mm to 

9.5mm, but it increases when d changes from 9.5mm to 11.5mm. 

Four-point Bending 

    

Figure 6.58: Four-point bending results of the nap-core sandwich with geometric changes:  

Experiment (left) versus Simulation (1st) (right) 
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In the four-point bending, the experimental results are smaller than the simulation results, 

but the differences are under 10%. The simulation models initiate the damage early and keep it 

before the debonding longer than the experimental sample (see figure 6.58). 

 

Figure 6.59: The nap-core’s top diameter d versus the four-point bending results at buckling. 

In the four-point bending, the experimental samples and the simulation models behave 

very similarly in both changes of the force and the displacements at debonding (figure 6.59). 

The results of the investigation of the change of P1-5 nap-core’s geometries are 

summarized in table 6.10 (in which F is “force”, U is “displacement”, bk denotes “buckling” and 

db denotes “debonding”). 

Table 6.10: Result summary of the tests and simulations on P1-5 nap-core sandwich when the 

nap-core’s geometries changes: 

P1-5 Nap-core Sandwich Compression Shear 
Four-point 

Bending 

Sample size (cm x cm) 5 x 5 20 x 5 50 x 5 

Nap-core’s fabric thickness Fbk(N) Ubk(mm) Fbk(N) Ubk(mm) Fdb(N) Udb(mm) 

d = 5.5 mm, 
T=0.39mm, 
L = 11.5mm 

Experiment 1560.71 0.42 4077.90 0.27 65.99 14.81 

Simulation 1700.78 1.02 4318.76 0.43 71.56 12.11 

Error 8.97% 142.86% 5.91% 63.37% 8.43% -18.26% 

d = 9.5 mm, 
T=0.33mm, 

L = 16.05mm 

Experiment 661.30 0.46 2555.61 0.29 46.07 12.50 

Simulation 695.51 0.71 2732.12 0.38 45.99 11.27 

Error 5.17% 54.35% 6.91% 29.78% -0.15% -9.84% 

d = 11.5 mm, 
T=0.45mm, 
L = 24.5mm 

Experiment 386.18 0.52 3108.60 0.44 12.00 6.50 

Simulation 420.85 0.86 3316.35 0.48 12.11 7.50 

Error 8.98% 65.38% 6.68% 8.93% 0.93% 15.38% 
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6.5. Comparison of symmetric nap-core and single side nap-core 

In this section, the comparison between a symmetric nap-core and its equivalent single 

sided nap-core is showed. Because there is no available mold to fabricate the equivalent single 

sided nap-core, the comparison is conducted by simulations. Nap-core type P2-8 is chosen to be 

the symmetric nap-core of the comparison. A single sided nap-core is modelled with similar 

dimensions and materials (see table 6.11).  

Table 6.11: Parameters of the nap-core in the comparison 

Nap-core Symmetric nap-core (P2-8) Single sided nap-core 

Nap top diameter (mm) 5.5 5.5 

Nap bottom diameter (mm) 9.8 9.8 

Boundary height (mm) 8 8 

Sample size (mm x mm) 50 x 50 50 x 50 

Engineering constants of the 

nap-core’s knitted fabric 

G1 = 43.85E7Pa, G2 = 34.26E7Pa, 

G12 = 121.15E7Pa, ν12 = 0.28. 

G1 = 43.85E7Pa, G2 = 34.26E7Pa, 

G12 = 121.15E7Pa, ν12 = 0.28. 

Lay-out pattern of the naps Diamond Diamond 

The major differences between the two nap-cores are their structures, i.e. two-sided 

structure against one-sided structure (see figure 6.60). The sandwich models of the two nap-

cores are created using the second simulation method presented in section 5.2. All the 

engineering constants of P2-8 nap-core (obtained from the second simulation method) and the 

material parameters of its sandwich’s cohesion will be imposed on the sandwich models of the 

single sided nap-core. 

       

Figure 6.60: Symmetric nap-core (left) and single sided nap-core (right) 

To compare these two nap-cores, typical simulations (i.e., compression, shear, and four-point 

bending) will be implemented on their sandwich models. The results are provided hereafter. 
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Figure 6.61: Compression simulation results of the sandwich samples with the symmetric nap-

core (red) and the single sided nap-core (blue). 

Figure 6.61 shows that the single sided nap-core sandwich dominates the symmetric nap-

core sandwich in the compression. The elastic modulus of the former is higher as its chart is 

closer to the vertical axis. Furthermore, the maximum force of the single sided nap-core 

sandwich is much better than that of the symmetric nap-core sandwich while its displacement 

at buckling is only a bit larger, i.e. (4713.5N, 0.56mm) compared to (2072.9N, 0.52mm). The 

buckling schemes of the sandwich samples during the compression simulations are illustrated in 

figure 6.62. 

 

 

Figure 6.62: The buckling of the nap-cores in the compression simulations: 

Symmetric nap-core (top) and singe sided nap-core (bottom) 
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Figure 6.63: Shear simulation results of the sandwich samples with the symmetric nap-core (red) 

and the single sided nap-core (blue). 

The charts in figure 6.63 demonstrate that the performances of the single sided nap-core 

sandwich and the symmetric nap-core sandwich in the shear simulations are not as different as 

they are in the compression simulations. The elastic modulus of the single sided nap-core 

sandwich is smaller as its chart is further to the vertical axis, but the maximum force and the 

displacement at buckling of it are bigger than those of the symmetric nap-core sandwich, i.e. 

(5249.4N, 1.25mm) compared to (4988.8N, 0.80mm). Especially, the displacement at buckling 

of the single sided nap-core sandwich is much bigger. The buckling schemes of the sandwich 

samples during the shear simulations are illustrated in figure 6.64. 

 

 

Figure 6.64: The deformation of the nap-cores in the shear simulations: 

Symmetric nap-core (top) and singe sided nap-core (bottom) 
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Figure 6.65: Four-point bending simulation results of the sandwich samples with the symmetric 

nap-core (red) and the single sided nap-core (blue). 

Similar to the compression simulations, the single sided nap-core sandwich also perform 

much better than the symmetric nap-core sandwich in the four-point bending simulations, i.e. 

the maximal forces of them are 137.4N compared to 70N. However, the displacement at 

buckling of the former is a bit smaller than that of the latter, i.e., 4.30mm compared to 5.15mm 

(see figure 6.65).  

The deformations of the two nap-core sandwich models are showed in figure 6.66. The 

symmetric nap-core bends rather more than the single sided nap-core sandwich. 

    

Figure 6.66: The deformations of the nap-core sandwich samples in the four-point simulations: 

Symmetric nap-core (left) and singe sided nap-core (right) 

Overall, it is noted that that the single sided nap-core sandwich performs better than the 

symmetric nap-core sandwich in all three kinds of tests. In the compression and the four-point 

bending simulations, the maximum force of the former is approximately double that of the 

latter. In the shear, the displacement at buckling of the former is about 50% higher than that of 

the latter. However, it is reminded that the symmetric nap-core is developed because it is more 

suitable for the automatic mass production. 
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Remarks: 

Making use of boundary conditions in Abaqus for symmetric macroscopic structures and 

keep a right ratio between the nap-core’ wall area and the sample’s boundary area can 

effectively reduce sizes of models and computation time. The simulation methods can depict 

the general mechanical behavior of the nap-core sandwich in various loading conditions: The 

sandwich undergoes a short establishment stage, then it deforms linearly. Subsequently, the 

sandwich has a nonlinear deformation stage since the damage initiated. When the damage 

occurs, the force of the sandwich plunges in the compression and the bending cases, but it 

keeps relatively even until the total debonding of the top skin happens in the shear case.  

In the simulations, the first simulation method usually offers better results than the second 

one. Both ways of simulation have errors around 10% or less in the forecast of the force at 

damage (buckling of the nap-core or debonding of the top skin), but the errors in the forecast 

of the displacement at damage are still big (at times over 40%). The initial reason is that the 

models of the nap-core do not exactly recreate the discontinuous and heterogeneous structure 

of its knitted fabric in reality. The second reason is that the wall of the real nap-core is thinnest 

in the middle and thickest in the top and bottom, but the wall of the simulated nap-core is 

uniformly thick at every place. The third reason may come from thermosetting nature of the 

resin. After curing, the resin system turned brittle at some level, and that allows cracks to start 

more easily. The models do not consider non-uniformity or brittleness of the nap-core 

cautiously, so they are usually better than samples at the buckling tolerance. 

The third simulation method gives good results in the linear deformation stage of the nap-

core sandwich samples. Its most noticeable advantage is the fast and simple computation 

process, and its major disadvantage is the incapability of detecting nonlinear deformations. 

The parametric studies have confirmed on the nap-core sandwiches theories that 

• When the nap-core’s height falls, the sandwich’s force increases in the compression and 

shear, but decreases in the bending tests. 

• When the fabric thickness and resin contest increase, all forces of the tests increase. 

• The tougher the outer layers, the stronger the sandwich is.  

• Increasing the nap-core’s nap concentration (it is equivalent to decreasing the nap 

centers distance) usually makes the sandwich stronger, but it does not always mean a 

certain increasing or decreasing of the force because both top cohesion and bottom 

cohesion are important in strengthening the nap-core sandwich under loads.  

• A combination of at least two geometric changes at once can bring about a huge effect 

as shown in section 6.4.6. This is already validated by both experiments and simulations. 
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VII. CONCLUSION AND OUTLOOK 

In conclusion, the nap-core sandwich is a novel kind of lightweight material that is a 

combination of textile materials and sandwich-structured composites. The material can be 

manufactured environment-friendly and has numerous properties useful to mechanical 

applications. Especially, it is better than foam and honeycomb core sandwiches at the abilities 

of drainage, ventilation, and wire integration. 

In the different kinds of mechanical tests (compression, shear, and bending) conducted on 

various sample types, the nap-core sandwich shows a consistent behavior: The sample 

underwent a short establishment stage and then behaved linearly until the initiation of the 

damages (buckling of the nap-core and/or delamination of the top skin). Subsequently, the 

sample performed nonlinearly in a short stage before the damages occur. After the damages, 

the sample’s force decreased quickly in the compression and bending tests while it changed 

slowly in the shear test until the entire delamination of the top layer.  

The employment of the nap-core sandwich in the manufacturing industry is still limited 

because there is little understanding of its mechanical properties. Using FE modeling is a highly 

possible way to achieve more knowledge on the material. However, it is difficult due to the 

complicated structure of the nap-core. So far, the thesis has accomplished two important tasks: 

The first one is to explore the simulation methods to make the computation of the new and 

complex nap-core sandwich structures’ force and displacement possible. With several 

assumptions, the approaches have been relatively simple while the results are practical. The 

second one is to examine in what way the nap-core sandwiches are sensitive to alterations of 

their geometries and resin contents. 

The FE simulation is possible and diverse as the nap-core fabric is a non-continuous 

material but behaves like a continuous one, in which pre-stress makes effect less than 5%, and 

the area ratio of the wall and the base of the nap-core should be kept constant. Also, the 

induction of some geometric imperfection into the nap-core makes the simulation results more 

compatible with the experimental results. 

The proposed computational modelling of nap-core sandwich structure can be applied to a 

wide range of nap-core types. Of them, the RVE homogenization method is more suitable for 

the nap-cores whose mesoscopic structures do not deform severely. This will result in a 

noticeable saving of test and design costs. In fact, a simulation without homogenization or 

predefined result from experiments is nearly unbearable since the fabric’s complex geometry 

requires a very fine mesh with hexahedron element type.  

The choosing of the RVE homogenization method permits to investigate conveniently how 

each constituent factors of the nap-core sandwich contributes to it overall properties. It also 

proves the range of the fabric’s elastic moduli as quite small while the sandwich structures can 

work well under different load cases. 
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The error of the homogenization’s result can be reduced by refinements of the unit fibers’ 

paths (i.e., increasing the number of discretized points) and mesh (i.e., decreasing the mesh 

seed’s size). However, the computation process of the homogenized RVE model with a very 

finer mesh will slow down a great deal. These adjustments will raise the calculating expense 

drastically, so it’d better to use an interpolation algorithm. 

The third homogenization can be economic, but it is very limited to examination of local 

buckling in nap-core sandwich. Therefore, the choice of the homogenization level will also 

depend on the aims of simulation. 

Computational simulation of the nap-core sandwich is the prerequisite for answering the 

question: Which elements of the nap-core sandwich need to be changed to improve a certain 

performance of it? Here, the elements are material parameters, dimensions and layouts of the 

constituents (i.e., yarns and resin) or the nap-core (i.e., height, thickness, or top diameters the 

naps). The adjustment of the elements is for the purpose of predicting the nap core sandwich’s 

mechanical behavior in various working situations without or with very few experiments. With 

the modelling at hand, it is possible to suggest the optimal design as well as materials for the 

nap-core sandwich in each case of usage. This can be furthered by researching on new 

properties and applications of this structural composite.  

The parametric investigation has fulfilled two jobs together: Confirmed the accuracy of the 

simulation methods and supplied valuable cognition on how the nap-core sandwich structures 

behave and perform with changed geometries and parameters under loading cases. Based on 

that, the design optimization of the nap-core will be facilitated. However, it is noted that many 

geometries and parameters of the nap-core sandwich demand to be considered at once to 

obtain an optimal performance if its structure or loading condition in complicated. As 

discussed, each change usually has its drawback beside some benefits, so a number of 

simultaneous changes may be very difficult to manage the outcome. Therefore, computer 

programs will be needed in the future to assist the design optimization of the nap-core 

sandwich and even make its automation possible. 

Beside the purpose of optimization, the future work may include the simulation of the 

whole production process of the nap-core sandwich. Whereby, many other mechanical 

properties of it can be revealed, which are the post-buckling behavior, fatigue limit, resilience, 

effect of the local damages, and dynamic behavior. This work requires a great deal of labor and 

effort, but it will harvest many benefits such as more accurate results, better control of the 

relation between input parameters and output behaviors, and easier movement from one type 

to another type of the nap-core. 
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Appendices 

Appendix 1: Verification of RVE homogenization method 

To verify the accuracy of the output macroscopic strain at the reference points, it needs to 

demonstrate that the displacement of reference points is exactly equal to the integration of 

local strain over the RVE. Take the RVE in the below figure as an example.  

             

Figure A.1: A RVE (left) and the integration contour for its square array (right) 

Because of the different mechanical properties of the matrix and the fiber, the strain across the 

interaction face of matrix and fiber may be discontinuous. Thus, it is useful to divide the 

integration area into two regions, the matrix and the fiber. In order to use Gauss theorem 

during the demonstration, the connective property of the integral regions needs to be ensured. 

The boundary of two regions is set as above. 

Define S1 is the interaction surface between fiber and matrix, and S2 is the outer surface of RVE. 

  
Use Gauss theorem and transform the integration of volume to the surface integration, it writes 

 
Then the volume integration of local strain from the displacement of boundary is derived as 

 
Assume use of triangle element mesh, and first order shape function in finite element 

computation, it is going to prove that if Eij satisfies the constraint equation of the periodic 

boundary condition, it is equal to the volume integration of εij. Here, E11 is taken as an example 

to demonstrate the validity. The RVE model is shown in Figure A.1 with length, width, and 

height being α, β, γ respectively. In this case, there is uA − uB = αE11 for every point on surfaces A 

and B. 

In finite element analysis, linear combination of shape functions is used to describe the 

displacement function. Within a 3-noded triangular element, it can interpolate the 

S1 

S2 S2 

S1 

(A.1) 

(A.2) 

(A.3) 
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displacement as: U = U1N1 + U2N2 + U3N3. Where N1, N2, N3 are shape functions. They are linear 

functions of two non-dimensional coordinates, ξ and η. In details: 

N1 = ξ;   N2 = η;   N3 = 1 − ξ – η. 

 
Start from element Ae on the surface of A, which has area Se. Because of the symmetric mesh, 

on the opposite side, there is element Be which has the same shape with Ae. Suppose that Ωe = 

Ae ∪ Be. In element Ωe, the constraint equations of the periodic boundary are 

uAi − uBi = αE11;      i = 1, 2, 3 in  Ωe 

and 

 
Multiply equations (A.5) by Se/3, they change to 

 
Substitute formulas of (A.4) into equations (A.7), we have 

 
Because the normal vector of surface A and B are opposite, nA = (1, 0, 0) and nB = (−1, 0, 0). We 

can write (A.8) as 

 
Use relations in (A.6) and sum these three equations on index i, it gets 

 
Sum all the element Ωe on the surface A and B, we get the equation for the whole surface. 

 
The demonstration for other components Eij is similar. That enables computation of values Eij 

based on constraint equations instead of volume integrations in the homogenization 

procedure. 
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Appendix 2: Defining orthotropic elasticity by specifying the engineering constants 

Linear elasticity in an orthotropic material is most easily defined by giving the “engineering 

constants”: the three moduli , , ; Poisson's ratios , , ; and the shear 

moduli , , and  associated with the material's principal directions. These moduli 

define the elastic compliance according to 

 

The quantity  has the physical interpretation of the Poisson's ratio that characterizes the 

transverse strain in the j-direction, when the material is stressed in the i-direction. In 

general,  is not equal to : they are related by = . The engineering constants 

can also be given as functions of temperature and other predefined fields, if necessary. 

Material stability requires following constraints: 

 

When the left-hand side of the inequality approaches zero, the material exhibits incompressible 

behavior. Using the relations = , the second, third, and fourth restrictions in the 

above set can also be expressed as 

 

(The content in this appendix is originated from Part 2, Chapter 22, Abaqus/CAE User’s Guide, 

version 6.14) 
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