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Abstract 

 Carbon fibre composites for use in the design of a light aircraft have been investigated in 

terms of static uniaxial compressive strength, stiffness and to some extent, static shear 

properties and misalignment sensitivity. Several different test methods have been evaluated, to 

appoint a preferred method to determine the compressive properties of very thin fabric 

composites. Various standard handbooks are employed to provide the customer with an 

accurate, aerospace industry standard evaluation of the appropriate material properties, using 

a proper confidence level, for the design phase of the project.  

 The fibre distribution in a prototype wing spar is mapped and investigated for local fibre 

content and local compressive strength, which is found to differ greatly from the 

manufacturer’s specifications. Image analysis is performed by use of two slightly different 

methods to extract the local fibre volume fraction, which is averaged over the spar cross-

section. 

 A model for the compressive strength of the fabrics is evaluated, based on fibre 

inclination and shear strength properties. A good agreement with experimental results is 

found, and a more recent model for off-axis compressive strength is evaluated.



 

 2 

Contents  

1. Introduction ....................................... .................................................................5 

1.1. History..................................................................................................................5 

1.2. Perspective ..........................................................................................................6 

1.3. Specific application, ultra-light aircraft prototype ..................................................7 

1.4. Mechanical properties in compression.................................................................7 

1.5. Compressive failure modes..................................................................................8 

1.6. Objectives ............................................................................................................9 

2. Theory............................................. ..................................................................11 

2.1. Beam and buckling theory..................................................................................11 

2.2. Sandwich theory ................................................................................................14 

2.3. Failure modes for unidirectional composites in compression.............................16 

3. Experiment ......................................... ..............................................................19 

3.2. Four-point bending test of sandwich panel specimens ......................................21 

3.3. Compressive test of sandwich panel specimens................................................23 

3.4. Compressive test of fabric specimens ...............................................................24 

3.5. In-plane shear test of fabric specimens by tensile loading.................................25 

3.6. Tensile test of fabric specimens .........................................................................26 

3.7. Compressive test of unidirectional composite specimens..................................27 

4. Results ............................................ ..................................................................28 

4.1. Four-point bending test of sandwich panel specimens ......................................32 

4.2. Compressive test of sandwich panel specimens................................................42 

4.3. Compressive test of fabric specimens ...............................................................53 

4.4. In-plane shear test of fabric specimens by tensile loading.................................66 

4.5. Tensile test of fabric specimens .........................................................................72 

4.6. Compressive test of unidirectional composite specimens..................................73 

5. Modelling .......................................... ................................................................85 



 

 3 

5.1. Fibre tow strength predictions............................................................................85 

5.2. Misalignment sensitivity .....................................................................................87 

6. Discussion......................................... ...............................................................88 

7. Conclusion ......................................... ..............................................................92 

8. Acknowledgments .................................... .......................................................94 

9. References......................................... ...............................................................95 

 



 

 4 

Nomenclature 
Symbol: Property: First occurrence: (eqn.) 

a Distance between neutral axes of the face sheets in a sandwich panel 21 

B B-basis value 1 

b Width of the free surface in the classical plate problem 13 

D Flexural rigidity 14 

d Fibre diameter 19 

E Elastic modulus of a given composite material 3 

Ef Elastic modulus of the fibre in the transverse direction 22 

Em Elastic modulus of the matrix 22 

ET Transverse modulus of the ply 22 

G  Shear modulus of a given composite material 20 

Gcore Core material shear modulus 15 

h Thickness of a specimen, denoting face sheet thickness in a sandwich 11 

hcore Sandwich core thickness 15 

I Area moment of inertia 3 

k  Plate buckling parameter 13 

k0 One-sided B-basis tolerance limit factor 1 

L Specimen free length, i.e. mechanically unsupported section 7 

lm Distance between outer and inner load introduction points producing bending moment 21 

M Bending moment 2 

m Index number 9 

M0 Prescribed externally applied bending moment 2 

n Index number 5 

P Globally applied force 2 

Pcr Critical buckling load 10 

s Standard deviation of the population in question 1 

S Shear stiffness 14 

Vf Fibre volume fraction 22 

w Displacement in the direction of the z-axis 2 

W Width of a specimen 11 

w' First derivative of w with respect to x 6 

w" Second derivative of w with respect to x 4 

x Distance along the x-axis in relation to some point 2 

x̅ Measured mean value of a certain batch of specimens 1 

y Distance between neutral axes of the face sheet and core material in a sandwich panel 21 

ILSS Inter-laminar shear strength 20 

λ Buckling wavelength 19 

σ Normal stress 11 

σc* Compressive strength 17 

σcr Critical Euler column buckling stress 12 

τ Shear stress 23 

τLT* Shear strength of a ply or tow  23 

φ Angle of local fibre misalignment 20 
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1. Introduction 

1.1. History 

 The use of composite materials has opened up new methods for the design of high 

performance structural components for aircrafts and has enabled engineers to create lighter 

and stronger structures with more complex shapes than had previously been feasible with 

wood or metal. 

 The aerospace industry has benefited greatly from advances in composite materials 

technology. Examples include vertical-takeoff-and-landing aircraft and helicopters, military 

fighter jets, sailplanes and a wide variety of hang gliders and ultra light aircraft. However, 

over the last decades, CFRP composites in particular have worked their way into the design of 

larger commercial aircrafts. At first, only in a few components, such as in the Airbus A300, 

while the latest developments, the Boeing 787 and Airbus A350, employ more than 50% 

composite materials by weight. 

 Composite materials were introduced into the aerospace industry in the 1930’s, notably 

by the de Havilland aircraft company, who, after initial resistance from the Royal Air Force, 

established the idea of an all-wood aircraft in the Mosquito aircraft. The spruce plywood and 

balsa core sandwich design was in fact so fast, that the mosquito could outrun any 

contemporary conventional aircraft and became known as the wooden wonder.  

 The use of glass fibres became widespread in the post war era, but this type of reinforcing 

fibre has limited usefulness in the aircraft industry, as it has a low specific stiffness. The 

substantially lighter carbon fibre was developed in the 1960’s and was made stronger and 

stiffer over the following decade. 

 In the early 1970’s, the first woven carbon fibre fabrics were developed for aerospace 

structural applications. Carbon fibre prepreg1 fabrics were integrated into mainstream 

production, reducing labour costs by over 70% from that of the previous unidirectional, or 

UD, tape structures. Carbon fibre textile composites also provide great opportunities for the 

                                                 
1 Prepreg is short for pre-impregnated, where the resin is applied to individual fibres at the factory.  
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future, as they simplify the production of ultra-lightweight automobiles, for which there will 

surely be a great demand, as fuel becomes increasingly more expensive. 

1.2. Perspective 

 In aerospace applications, the use of carbon fibre composite materials is quite expensive, 

not only due to the vast energy consumption of the fibre production process. The main 

reasons are the high precision processes involved in the manufacturing and the extensive test 

programs required to demonstrate quality and reliability, as safety is of critical importance. 

For carbon fibre reinforced polymer, or CFRP, prepreg composites in aerospace applications, 

the ply thickness is usually around 0.13mm, which in a balanced and symmetric cross-ply 

stacking sequence implies a minimum skin thickness of about 0.5mm. The material and 

labour costs of these laminates are prohibitively high, limiting their applicability to high 

profile projects where budget is of less concern. In the mainstream industry, however, a less 

expensive variant with greater ply thickness and slightly lower mechanical properties are 

usually employed, such as in the automotive industry.  

 In an effort to be competitive in producing light private aircrafts, Nordic Aircraft AB is 

pursuing the use of industry standard carbon fibre prepreg fabrics as the main structural 

material. However, the safety regulations require extensive testing, on several structural 

scales, before any flight approval can be considered. The main benefit of a textile composite, 

in addition to the ease of handling during production, is that it can be considered analogous to 

a cross-ply in many respects, with a typical thickness of 0.25mm and has a good resistance to 

delamination.  

 Fabric composites have their own set of drawbacks, and the compressive properties are 

not very well known for single fabric layer composites, but are considered to be inferior to 

those of regular cross-ply composites. When compressive mechanical properties are listed, 

they have usually been determined using a laminate of several stacked fabric layers, which 

behaves a bit differently from a single fabric layer (Byström & Jekabsons, 2002). This is due 

to the multi-axial nature of a woven fabric, which means that the differing surface constraints 

in the two cases become important. Furthermore, as with cross-plies, where fibre and matrix 

properties differ greatly, the shear properties are considerably lower than the tensile 

properties. When designing high performance structures, knowledge of these properties is 

crucial. 
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 In this study, three different CFRP fabrics will be investigated in terms of their 

mechanical properties, emphasising the compressive ones. In addition, a CFRP UD composite 

is to be tested for the compressive strength and modulus and the dependence of off-axis load 

angle on these properties. The same UD composite will then be measured for the fibre content 

in the final application. Eventually, predictions from two compressive strength models will be 

compared with the test results.  

1.3. Specific application, ultra-light aircraft prototype 

 The textile composites in question are chosen by Nordic Aircraft AB, for use in an ultra 

light aircraft prototype, called the Nordic 580. Being a two seat aircraft, having a maximum 

takeoff weight of 540kg, the entire aircraft structure will be designed from CFRP sandwich 

panels, employing extremely thin skins in wings and fuselage, to meet the weight criterion. 

Sandwich technology will be used in order to achieve the desired buckling resistance.  

 The CFRP fabrics chosen by Nordic Aircraft AB are a plain weave with a normalised 

areal density of 1, which will be called Fabric A, a twill with a normalised areal density of 

1.25, called Fabric B and a slightly thicker plain weave with a normalised areal density of 1.8 

called Fabric C, for which the normalised specifications are listed in Table 1, found at the 

beginning of chapter three. In addition, the aforementioned UD-prepreg tape has a normalised 

areal density of 3.1 and will be denoted UD. The auxiliary materials such as the honeycomb 

or structural foam core and a structural adhesive are also listed in the same table. All 

composite materials used in this study contain high strength carbon fibres. 

1.4. Mechanical properties in compression 

 When considering the use of CFRP in aircraft structures, which routinely experiences 

complex loading scenarios, the main concern in structural component design would be the 

compressive and the shear properties of the material. Compressive failure generally occurs at 

a considerably lower stress level than tensile failure, as the material, subjected to compressive 

loads, can be considered as consisting of a vast number of closely spaced columns. Even in 

the case of ideally straight fibres, these perform worse in compression than in tension (Rosen, 

1965). On top of this, the fibres exhibit a substantial amount of waviness, as well as local 

spots with sharper kinks, severely reducing the stress required for buckling of the fibre tows, 
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why the compressive strength ultimately relies mostly on the shear strength of the matrix 

(Wisnom, 1993), (Argon, 1972). 

 While regular unidirectional prepreg tape has relatively poor compressive strength, at 

around sixty percent of the tensile strength (Fleck, 1997), the more pronounced waviness of 

the fibre bundles in the fabric meso-structure is expected to introduce additional reduction in 

the compressive strength. 

 In an effort to measure compressive modulus and strength, it is necessary to record stress 

and strain and also to ascertain that no undesired failure modes occur. The fabrics to be tested 

are extremely thin and this introduces great difficulty to measure true compressive mechanical 

properties. This is because the required specimen free length is on the order of 10mm, due to 

the meso-structure, while the thickness of the specimen is on the order of 0.2mm, which may 

lead to Euler column buckling. The specimen free length is the part of the specimen that is not 

clamped by the testing equipment, denoted L and depicted in Figure 1. 

 To determine the axial strain of the test coupon, the utilisation of strain gauges is 

required. In the case of a woven fabric, the multi-axial weave structure introduces an 

inhomogeneous strain field, which restricts the choice of strain gauges. The gauge length 

should, as a minimum, equal the length of one repeatable unit cell, RUC, as described by 

ASTM D-6856. 

1.5. Compressive failure modes 

 Experiments imply that unidirectional CFRP composites under uniaxial compressive 

loads fail when plastic micro buckling takes place (Soutis 1997). Nevertheless, according to 

Fleck (1997), there are six different competing compressive failure modes for UD composites 

in general and the sources of these failures are a combination of the matrix properties, the 

fibre properties and the waviness of the fibres. The competing failure modes are listed below 

as: 

1. Elastic micro buckling 
2. Plastic micro buckling 
3. Fibre crushing 
4. Splitting 
5. Delamination buckling 
6. Shear band formation 
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 As the compressive strength of the composite is investigated, the failure mode with the 

lowest failure stress for the given composite will be obtained. Buckling of composites is a 

phenomenon that is not allowed in aircraft structures and thus has to be avoided in the design 

of the structure. Therefore, buckling is considered an unacceptable failure mode throughout 

this study.  

 The longitudinal compressive strength is one of the most difficult composite mechanical 

properties to measure, in fact an ASTM round robin comparison, in cooperation with seven 

European laboratories, shows that the range of measured results differs between laboratories 

by a factor of two (Hodgkinson, 2000). That is, the properties of a series of specimens tested 

at one laboratory could, as a maximum, be measured as twice as high as for an identical series 

of specimens tested at another laboratory. 

 Numerous attempts to prevent column buckling in test coupons have been made. Crasto 

& Kim was one of the groups who tried this, by using a mini-sandwich beam according to the 

ASTM D-3410 standard. They managed to avert the buckling by use of sandwich structure 

(Wegner & Adams, 2000). But as for the sandwich structure, there are other sorts of failure 

modes which are undesired and should be avoided, such as core or end crushing, 

delamination, etc. 

1.6. Objectives       

 Finding a suitable test method, that fulfils the desired conditions and avoids unacceptable 

failure modes, is rather difficult. Therefore, the use of standardized methods is important and 

advised as far as possible. The international organization for standardization, ISO, and the 

American society for testing and materials, ASTM, are examples of organizations that 

regulate and publish such methods. The methods preferred in this study are taken from the 

handbook ASTM - space simulation, aerospace and aircraft; composite materials. 

 Because the tests to be performed in this study are part of an aircraft design effort, safety 

is a top priority. To be able to design the aircraft as light as possible while maintaining an 

acceptable safety level, a precise knowledge of the material limits is required. Due to the 

varying nature of composite materials, statistics is an important topic to consider. Quality 

assurance in the aerospace industry is mainly facilitated through standard handbooks such as 

the military handbook 17, MIL-HDBK-17 or simply MIL-17, which is a handbook relating to 
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the design of composite aircraft and aerospace vehicles, maintained by the US Department of 

Defence and the US Federal Aviation Administration. MIL-17 will be used as a guide, as far 

as possible, in planning the experimental work in conjunction with ASTM standards as 

mentioned above. The nature of the chosen fabrics differs somewhat from mainstream 

unidirectional ply stacks, necessitating deviations from the test standards, mainly in terms of 

clamping conditions and specified sample dimensions, and combining ASTM D-6856, which 

regulates testing of textile composites in a broader sense, with other standards pertaining to 

the physical form of testing that may be required to acquire reliable data. 

 The application of composites in the aircraft structure requires certification. For this 

reason the composite material undergoes a design development program, which assesses the 

performance and ruggedness of the composite prior to use. Substantiating this performance 

and durability consists of complex mix of testing and analysis. Testing and analyzing in an 

alternating fashion increases the reliability and lowers the cost. It is of interest to expand this 

collaborating test/analysis approach to conduct tests and related analysis at various levels of 

structural complexity. This approach is known as the building block approach (MIL-HDBK-

17, 2002), and is designed to minimize the number of test cases needed before the aircraft can 

be certified as airworthy. In this particular study, there is neither time, nor resources, to initiate 

such a program in full scale, but the idea is to familiarize the participants with the concept for 

future benefit. 

 As a means to determine the mechanical properties with any tangible objectivity 

regarding statistics, a statistical classification system is usually employed in the aerospace 

industry, where one of two systems of allowables, the A-basis or B-basis values, are used. An 

allowable is a statistically determined property of the material not to be exceeded. 

 The A-basis value is defined as “a statistically-based material property; a 95% lower 

confidence bound on the first percentile of a specified population of measurements” (MIL-

HDBK-17-1F), being the statistically more significant allowable level, requiring roughly 3 

times as many specimens as the B-basis value, for each property to be tested, (i.e. tensile 

strength, shear strength etc.).  

 Regarding composite materials, the military handbook prescribes testing in the form of B-

basis values, or simply B-values, which is defined as being on the tenth percentile instead of 

the first, still with a 95% lower bound confidence level. This allowable level requires five 
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independent batches with a prescribed minimum of 30 specimens in total for each loading 

condition and property, but will amount to about the same degree of certainty as the A-basis 

value in the end, since a much wider range of tests need to be performed, as described in the 

aforementioned building block approach (MIL-HDBK-17-1F). This is facilitated by the fact 

that the coefficient of variation of the intrinsic material properties can be more accurately 

estimated, as it can be measured in all tests. This procedure of finding the B-basis value for a 

particular material property is simplified using 

skxB 0−= ,           (1) 

where x  is the mean value of the specimens in the current test series, s is the standard 

deviation of the test series and k0 is the one sided B-basis tolerance limit factor, for which a 

formula is found in MIL-HDBK-17-1F, dependent on the number of specimens in the batch. 

For 6 specimens, k0 ≈ 3.007. This tolerance limit factor increases rapidly as the number of 

specimens is reduced, whereas it decreases asymptotically to about 1.4 as the number of 

specimens per batch approaches infinity. 

2. Theory 

 The necessary theoretical tools to facilitate the different parts of this study will be listed 

below, more or less in the order of utilization. However, the quantities specified will be 

considered global, unless otherwise stated.  

2.1. Beam and buckling theory  

 Using beam theory, the specimen free length that results in column buckling at a certain 

stress level is calculated, assuming an initially straight beam element, subjected to a small 

bending moment disturbance by the clamps and, of course, the longitudinal compressive 

loading. As can be seen in Figure 1 below, the beam element is rigidly clamped, with residual 

bending moments M0 at the ends.  
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Figure 1: One-dimensional Euler column buckling of the fourth kind. 

 The bending moments are considered to be an unavoidable practical phenomenon, and 

the bending moment M(x) in an arbitrary point, on the one dimensional beam, is given by the 

equilibrium equation, 

0)()( MxwPxM +⋅= ,         (2) 

where w(x) is the transverse displacement and P is the longitudinal compressive load. 

Further, the bending moment can be related to the transverse displacement as 

)()( xwIExM ′′−=           (3) 

where E is the elastic modulus, I is the area moment of inertia and w″(x) is the second 

derivative of the displacement with respect to longitudinal position coordinate x. This results 

in the differential equation  

EI

M
xw

EI

P
xw 0)()( −=+′′ ,         (4) 

having the general solution 

P

M
nxBnxAxw 0cossin)( −+= ,        (5) 

where EIPn /=  and A and B are constants that is determined by using the boundary 

conditions. Taking the derivative of w(x) yields 
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xnnBxnnAxw sincos)( −=′ .        (6) 

Eqns. (5) and (6) together with the boundary conditions depicted in Figure 1 gives A = 0 and  

B = M0 /P. Inserting A and B in (5) results in 

0)1(cos0 =−Ln
P

M
,          (7) 

where L is the specimen free length and the non-trivial solution is 

1cos =Ln .           (8) 

Hence, 

K3,2,1,0,2 == mmLn π ,         (9) 

why the lowest non-trivial solution to (5), i.e. for m = 1, is 

2

24

L

EI
Pcr

π= .           (10) 

In (10), Pcr is the critical buckling load. From this point on, for experimental design purposes, 

the quantity of interest is the critical length, rather than the critical load. Rearranging (10) and 

using  

hWPand
hW

I σ==
12

3

         (11) 

where σ is the stress, W is the width and h is the thickness of the specimen. Using eqs. (10) 

and (11), the critical length is calculated by 

cr
cr

hE
L

σ
π
12

4 22

= .          (12) 

 With the given fabric thickness of 0.25mm and the assumed values E = 30GPa and σcr = 

250MPa, equation (12) results in a maximum specimen free length of about 4.9mm for a 

single layer of twill fabric. The reason for choosing a critical stress equal to 250MPa is that 

the valid compressive failure mode is expected to occur at this approximate stress level. It 

should, however, be kept in mind that this result is hypothetical and in reality buckling is 

known to occur at a lower stress level than the theory predicts, especially as initial 

imperfections are of importance for stability phenomenon.  
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 It is assumed that if all four sides of the fabric surface are rigidly clamped, as depicted in 

Figure 2 below, and the friction problem is reduced to negligible levels, a somewhat longer 

specimen free length in the load direction might be permitted, as the added boundary 

conditions on the sides will help mitigate buckling. To that end, a model for buckling of thin 

plates, (Hertel, 1960)  

2








=
b

h
Ekcrσ ,          (13) 

was used, where k is a buckling parameter that depends on the ratio between the width and 

length of the plate’s free surface and the type of boundary conditions along the four edges, h 

is the plate thickness and b is the width of the plate. The buckling parameter is found in 

(Hertel, 1960). Using the same values for the mechanical properties as in (12), with k = 6.92, 

corresponding to width/length = 0.39 and all sides clamped, and using b = 7mm, (13) yields a 

buckling stress of 265MPa, which is in the vicinity of the supposed compressive strength of 

the fabric. The reason for choosing a length and width as per above, is that this is the 

approximate size of the strain gauge unit.  

 

Figure 2: Compression loading of clamped plate. The assumption here is that there is no restriction in in-plane 
movement, only out-of-plane movement and bending along the clamped edges. 

2.2. Sandwich theory 

 To circumvent the set of problems pertaining to column buckling of thin fabric laminates, 

the use of sandwich panels will be made, as part of the task of finding the compressive 

strength and modulus of the fabrics. The maximum gauge length when using a sandwich 

panel, can be extracted from the expression for critical buckling load, 
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DSL

DS
Pcr 22

2

4

4

π
π
+

= ,          (14) 

where  

core

core
core h

hh
GS

2)( += ,          (15) 

and 

2

)( 2
corehhhE

D
+= .          (16) 

here, D is the flexural rigidity, S is the shear stiffness, L is the specimen free length, h is the 

thickness of the fabric, denoted in sandwich literature as face sheet thickness, Gcore is the 

shear modulus of the core material, hcore is the core thickness and, finally, E is the elastic 

modulus of the face sheet. 

 The above equations are approximations, where it has been assumed that hcore >> h and 

Ecore << E and these assumptions will be maintained throughout this section. Thus it will be 

assumed that most part of the load will be carried by the fabric faces, in accordance with the 

iso-strain assumption, so that the critical buckling load for the sandwich must at least be equal 

to, or exceed, the face’s compressive strength multiplied with the area of the cross-section of 

the face sheets and   

WhP ccr
*2σ= ,          (17) 

where W is the specimen width and σc
* is the estimated compressive strength of the face 

sheets. Rearrangement and simplification of (14) in association with (17) results in the 

expression for the critical buckling length, 

Sh

hSD
L

c

c
cr *

*2

2

)2(4

σ
σπ −= .         (18) 

Using values specified by the manufacturers of the sandwich constituents, for example Fabric 

B and a 5mm structural foam core, a critical length in excess of 100mm is obtained, which 

means that there will be no problem concerning to buckling when using specimen free lengths 

on the order of the size of the strain gauge or slightly above. The properties that has been used 

are hcore = 5mm, Gcore = 0.0011, Ecore = 0.0026 and using the properties mentioned above for 
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the fabric composite. Here, normalised values of strength and modulus have been used, as the 

exact results are confidential. Thus, all property values of the investigated materials, supplied 

from manufacturer or obtained through tests, are normalised too, to facilitate comparison. 

This system is explained in more detail in the beginning of chapter four. 

2.3. Failure modes for unidirectional composites in compression 

2.3.1. Elastic micro buckling 

 According to Fleck (1997), elastic micro buckling is facilitated by elastic bending of the 

individual fibres and by elastic shearing of the matrix, where, in turn, it is assumed by Rosen 

(1965), that two buckling modes are possible, depending on the properties of the matrix and 

the fibre volume fraction. The first being a transverse buckling mode, where the matrix 

experiences straining transverse to the fibre direction, as would be the case when the fibre 

volume fraction is low. The matrix is then supporting each individual fibre from global 

buckling and hence is affected by the resulting transverse stresses. Such low fibre content in 

continuous fibre composites is seldom found, why the second mode, the shear buckling mode, 

is more probable. In this mode, the fibres are more densely spaced, which results in shear 

stresses being the dominant stress state in the matrix. Assuming that the fibres are initially 

perfectly aligned, Rosen (1965) calculated the composite compressive strength to  

E
d

Gc

22
*

3







+=
λ

πσ ,          (19) 

where G and E are the in-plane shear and elastic modulus of the composite, d is the fibre 

diameter and λ is the buckling wavelength. On the right hand side of eqn. (19), the first term, 

G, corresponds to the contribution to the compressive strength from matrix shear, while the 

second term is due to bending of the fibres. The fibre bending contribution tends to zero as the 

buckling wavelength is increased to a macroscopic scale.  

2.3.2. Plastic micro buckling 

 The most widely relevant failure mode for polymer matrix composites to date is the 

plastic microbuckling, where the composite fails by plastic shearing of the matrix. This failure 

mode is loosely related to the above failure mode of in-phase elastic micro-buckling, with the 

distinction that plastic microbuckling occurs at local spots of fibre bundle misalignment 
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imperfections, also known as failure nuclei, that arise during the production of the laminate. 

The general features are conveyed by Figure 3 below.  

 

Figure 3: Plastic microbuckling mechanism. Grey areas represent the fibre and white areas represent the matrix. 
On the right is a small segment of the inclined fibre bundle to the left, displaying shear loading of the matrix. 

The letter β denotes what is commonly called the kink band inclination angle. 

 During this process, the initial misalignment angle φ is growing as the compressive stress 

is increased, which eventually leads to unstable shear collapse, resulting in φ exceeding 45° 

before the surrounding straight fibre bundles redistributes the load. The microbuckling 

phenomenon develops along what is known as a kink band that is inclined an angle β relative 

the plane that is perpendicular to the fibre direction. 

 In the case of fabric composites, the fibre waviness is taken to the extreme, in terms of 

both misalignment and occurrence, why this failure mode is anticipated in the continued 

analysis. It is also important, in the case of fabric composites, to realize that this failure mode 

operates on both the meso-scale and the micro-scale simultaneously. The expected 

compressive strength is given by Argon (1972) as 
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φ
σ ILSS

c =* ,           (20) 

where ILSS denotes the inter-laminar shear strength and φ is the angle of the fibres at the spots 

of highest inclination. 

2.3.3. Fibre crushing 

 Another possible failure mode when subjecting composite materials to compression is 

fibre crushing. This is a failure mode governed by the fibre’s internal properties, as each fibre 

can be considered as a micro-composite in itself, given that the matrix is sufficiently strong 

and stiff to hold off the above microbuckling failure modes.  

 This failure mode is important to consider at the ends of CFRP specimens loaded in 

compression, where the free fibre ends would act as failure initiators, but is seldom stumbled 

upon internally in carbon fibre composites. Aramid fibres, on the other hand, would be more 

likely to exhibit this type of failure mode, as fibre crushing is due to the inter-fibrillar 

properties, why aramid fibres are not favourable for carrying compressive loads. The 

necessary crush strain is around 0.5% for Kevlar fibres, about 2.5% for PAN-based carbon 

fibres and both types experience fibre crushing in a microscopic variant of plastic 

microbuckling, according to Fleck (1997). 

2.3.4. Matrix splitting 

 In composites with an appreciable void content, a tensile failure of the matrix can occur 

in the lateral direction, where cracks propagate from voids in the longitudinal direction, 

leading to buckling failure. This failure mode is important when dealing with ceramic 

composites, where the stiffness of the matrix exceeds that of the fibre and is also very brittle. 

2.3.5. Delamination buckling 

 As a composite laminate debonds, usually by impact damage or manufacturing defects, a 

surface layer may buckle out over the area of the delamination, whereby the delamination 

may grow. Delamination growth is then a fracture mechanical problem not further treated in 

this study. 
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3. Experiment 

3.1.1. Introduction 

 To be able to present the aircraft manufacturer with the best estimate of the material 

properties, a range of different testing scenarios was adopted. The idea is that, as the 

compressive properties of the thin fabric will indeed be difficult to establish, several different 

test methods are necessary to ascertain the validity of the results, as the test methods confirms 

or invalidates each other, generally favouring the highest outcome.   

 When testing textile composites in compression, even if only the compressive strength is 

to be determined, the specimen free length of the test coupon still needs to be at least one unit 

cell to avoid ambiguity in the results. Otherwise, the results would reflect only a certain 

region of the unit cell, whereas the fabric consists of a great number of such cells in the real 

application. Therefore, it is of importance to use test-fixtures or other solutions where 

sufficient gauge lengths can be achieved.  

 In the general case of moderately thin laminates, a common solution to column buckling 

of the coupons specimen free length is to use a test-fixture, such as the IITRI-jig. This 

apparatus ensures that the ends of the sample are held rigidly clamped and aligned, to 

postpone the column buckling until an acceptable compression failure mode hopefully can be 

obtained. These fixtures, however, are not always sufficient to compel proper compression 

failure before Euler buckling occurs. In such cases, other methods need to be explored to 

arrive at accurate test results.  

 When investigating the compressive properties of the chosen fabric, a calculated 

maximum specimen free length, even in the ideally clamped condition, is on the order of one 

half of a unit cell, which is too short a specimen free length to give reliable measurements. 

Three approaches will be explored in this study to remedy this problem. In the first two cases, 

a sandwich panel approach will be used, initially in a beam bending procedure, then in an 

axial compression, where the sandwich structure prevents column buckling, while keeping 

interference with the measured results to a minimum. Finally, an attempt to test thin fabric in 

compression using a specially designed anti-buckling device will be made. 
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3.1.2. Materials 

 As earlier mentioned, a set of fabric composites are to be tested mainly in compression 

and shear, while a unidirectional prepreg composite is to be evaluated only in the compressive 

domain. The materials specifications for all the relevant materials are listed in table 1 below. 

The nominal thickness listed in Table 1 are values used for the calculations of stress and 

elastic modulus, when analysing results from test series utilising sandwich panels, where the 

face sheet thickness cannot be directly measured. Besides, it is not easy to control the exact 

thickness of a cured fabric layer. Rather, it may be easier to speak about the strength or 

modulus of a fabric using the nominal thickness approach, as the fabric contains the same 

amount of fibres in the tows regardless of the local thickness. However, the local thickness of 

the fabric may be important for the waviness of the fibre bundles, which in turn controls the 

compressive strength and modulus. Nominal thickness will not be used in the treatment of 

unidirectional prepregs. 

Table 1: Materials specification obtained from the respective manufacturer. The values of strength and modulus 
have been normalised, to enable comparison with the various test results. 

 Fabric A Fabric B Fabric C UD  Foam core 
material  

Epoxy 
adhesive  

Nominal 
thickness [mm] 

0.25 0.25 0.35 0.50 5 0.15 

Tensile strength - 4.50 4.70 10.1 0.011 - 

Tensile 
modulus 

- 1.78 1.60 3.38 0.003 - 

Compressive 
modulus 

- - - 2.75 - 0.086 
(assumed) 

Compressive 
strength 

- 4.00 3.25 5.50 0.001 - 

Fibre  volume 
fraction 

0.48 0.48 0.48 0.59 - - 

Normalised 
areal density 

1 1.25 1.80 3.10 - - 

Inter-laminar 
shear strength 

0.36 0.33 0.30 0.34 - - 
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3.1.3. Equipment 

 For all the scheduled tests, a MTS 20/M electromechanical testing machine have been 

used, which has a maximum load capacity of 100kN. Three different load cells were available 

with 1kN, 10kN, and 100kN maximum load capacity respectively. For strain measurement, 

Kyowa three-wired 120Ω strain gauges with 3m lead wire length were utilized, bonded by 

Vishay M-bond 200 cyanoacrylate adhesive. As structural adhesive, a slow curing epoxy resin 

of high strength type was used, and wherever needed, a medium strength Aluminium alloy 

was used as tabbing material. 

3.2. Four-point bending test of sandwich panel specimens 

 The four-point bending test can be used to extract information about the compressive 

properties of the skin in the sandwich panel test coupon, as there is a compressive stress state 

on the upper side of the sandwich panel depicted in Figure 4. There is of course an equal 

amount of tensile stress on the lower surface, and these two can be calculated by beam theory, 

provided the distance between the outer and inner supports are known, in addition to the load 

P and the geometrical features of the specimen. It is assumed that the core material 

contributes little to the bending resistance of the sandwich beam, as stated in section 2.2.  

 

Figure 4: Schematic view of a four-point bending test jig. Note that free lying slightly curved load distribution 
plates are used to avoid crushing of the core material 

 

 Important to consider, when performing four-point bending tests, is to prevent what is 

known as core crushing. When core crushing occurs, the sandwich core is crushed in the load 
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introduction area of the jig, leading to immature failure, as the high deflection of the skin 

reduces its bending resistance. Consequently, core crushing is considered an unacceptable 

failure mode. The ASTM standard D-5467, which deals with the details of this particular 

testing procedure, lists a wide range of possible failure modes and supplies the necessary 

formulae to determine the compressive modulus and strength. However, the elastic moduli of 

both face sheets are needed in order to calculate the strength in eqn. (21) below, and due to the 

waviness of the fabric meso-structure, the compressive and tensile modulus cannot be 

assumed equal once the sandwich beam is deflected (Byström et al., 2000). Because of this, 

the ratio of the elastic moduli is inversely proportional to the ratio of the strains recorded 

during loading. Furthermore, to measure the compressive modulus in more detail, strain 

gauges are applied to a total of five specimens per sample group, including the one with strain 

gauges on both faces. The expression supplied by ASTM D-5467 for the instantaneous stress 

in the compressed face sheet is 
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where σi is the stress at the i:th data point, Pi is the load at the i:th data point, lm is the distance 

between the inner and outer load introductions, a is the distance between the neutral axes of 

the face sheets, y is the distance between the neutral axis of the face sheet and centre of the 

sandwich, h is the thickness of the face sheet in the gauge section of the coupon, W is the 

specimen width and hcore is the thickness of the sandwich core.  

 The specimens are cut out of pre-fabricated sandwich panels to a width of 50mm and a 

length of 400mm, having an approximate thickness of 5mm. The edges are then dry ground 

extensively on a 120grit belt sander, to remove any edge delaminations introduced in the 

cutting process, followed by wet polishing with 320grit sand paper to further reduce the risk 

of edge defects interfering with strength measurements. A minimum of 12 specimens per 

fabric type are manufactured and five specimens in each series are fitted with strain gauges 

for determination of elastic modulus. Generally, the smooth tool side of the specimens are 

subjected to compressive loading. The load data is obtained using a 1kN load cell at a 

constant crosshead movement of 10mm/min and the specimens are loaded in a four point 

bending test jig of a making that can be considered standard equipment, with 300mm between 
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the outer supports, and 60mm between the inner loading points, so that lm in eqn. (21) is 

120mm. 

3.3. Compressive test of sandwich panel specimens 

 It is believed that the compressive properties of thin fabrics are best measured on the 

basis of some form of sandwich panel configuration, even though, in the current case of pure 

compression of both faces, the sandwich core could be suspected of interfering somewhat 

more with the measured results than in the bending approach above. Such interference could 

always be subtracted from knowledge of the core elastic modulus and the applied load. The 

idea in this section is to use the superior bending resistance of the sandwich panel to 

counteract any column buckling, while maintaining sufficient specimen free lengths to 

accommodate strain measurement. 

 One of the risks involved with loading such panels is the crushing of the core material at 

in the load introductions. For solid composite coupons, this problem is avoided using the 

ASTM D-6641 test standard, utilising combined end and shear load introduction through an 

associated test fixture. If a sandwich panel is to be loaded in this manner, the shear load must 

be introduced in the faces by chemical bonding rather than mechanical gripping plates, to 

avoid core crushing. Thus, a snugly fitting Aluminium profile frame where bonded to the ends 

of the sandwich panel by epoxy adhesive, as demonstrated in Figure 5. This setup is then 

compressed at 0.2mm/min, with load being recorded by a 10kN load cell and being 

distributed by a steel pivot bar, with a spherical upper surface. 
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Figure 5: Schematic view of compressive loading of a sandwich panel. A pivot bar with a spherical top is placed 
on top of the specimen to help distribute the load more evenly, in case there are flaws in the alignment of the 

equipment. 

3.4. Compressive test of fabric specimens 

 To exhaust all available test methods, an attempt will be made to test a series of 

specimens from each population by direct compression, without any sandwich core material. 

A support frame was designed to supply the necessary support to avoid column buckling, 

using Aluminium sheet metal. The support frame will incorporate a window at the centre of 

the frame on each side, to facilitate strain measurement. In addition, to avoid end crushing and 

to ascertain a correct loading, tabs of Aluminium will be bonded to the ends of the fabric 

specimens as depicted in Figure 6. It is also of importance to be mindful of the tolerances, to 

avoid buckling of the specimen at the edges of the tabs.  

 Three different stacking configurations of fabric will be tested, using one, two and three 

layers of each fabric type. The effect of more than one layer of fabric on compressive strength 

and stiffness will then be explored. To reduce friction during the test, a PTFE film is applied 

as demonstrated in Figure 6.  
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Figure 6: Schematic view of a fabric composite compression test jig. A PTFE anti-friction film is used on all 
surfaces where the there is a chance that friction will interfere with the measuring results. 

3.5. In-plane shear test of fabric specimens by tensile loading 

 The in plane shear properties of the different fabric alternatives selected by Nordic 

Aircraft are to be tested using an in plane shear test method, outlined in ASTM D-3518. This 

method originally uses a cross-ply lay-up cut in a diagonal fashion with respect to the 

principal axes of the composite. As the fabric can be considered close to a cross-ply, the fabric 

is simply cut in a similar fashion, with tows running ±45° off the loading axis. The specimens 

are cut to a length of 300mm and a width of 25mm, which should give a minimum of two unit 

cells in line over the width of the specimen, in accordance with the standard guidelines for 

testing of fabric composites, ASTM D-6856. Regarding the thickness of each specimen, it 
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should be noted that only a double fabric layer stacking will be tested for in plane shear 

properties, which may deviate from the single fabric layer composite favoured by Nordic 

Aircraft AB. This testing procedure’s physical layout is displayed in Figure 7. The tensile test 

is carried out using a 10kN load cell and a constant crosshead movement rate of 2mm/min. 

 

Figure 7: Schematic diagram over an in-plane shear test by tensile loading. To the right is a brief sketch for 
facilitation of calculation of the shear stress in the specimen from knowledge of the instantaneous load P. 

3.6. Tensile test of fabric specimens 

 To be able to compare the compressive strengths, which in general are difficult to 

measure, with a much better known property, the tensile properties will also be measured, 

While this is by no means a priority in the current study, it is still beneficiary to be able to 

present a rough estimate of the tensile strength. Hence, the testing does not involve a large 

number of specimens and it has been deemed sufficient with three specimens for each fabric, 

only to roughly estimate the mean tensile strength.  

 The testing is performed on double fabric layer specimens, having a specimen length of 

230mm and a width of 25mm, except for Fabric C, where a width of 20mm has been used, to 

accommodate testing on a 10kN load cell. The specimens are not tabbed, only clamped 
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between mechanically tightened wedge grips, using a layer of sand paper to increase the 

friction. The decision to not use tabs is justified by the fact that the specimens have a width to 

thickness ratio of around 50, combined with the fabric being close to a cross-ply, with less 

than 50% volume fraction fibres in the loading direction. In all other aspects, the tensile test is 

performed in close resemblance to the in-plane shear test, described above. 

3.7. Compressive test of unidirectional composite specimens 

 Unidirectional composites have extremely good mechanical properties in the fibre 

direction. However, the compressive properties are considerably less favourable for these 

materials and hence become the important parameters in structures where both tensile and 

compressive loads may occur.  

 

Figure 8: Compressive testing apparatus for unidirectional composites.  

 

 The compressive loading of the selected unidirectional composite material is to be tested 

as outlined in ASTM D-6641. As a test fixture in accordance with test standard could not be 

found, a variant without cylindrical guide rods was manufactured in Aluminium and used in 

conjunction with steel gripping plates. The steel plates are ground briefly using coarse sand 
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paper in a direction perpendicular to the loading direction, to yield a high coefficient of 

friction.  

 The specimens to be tested are 60mm in length, 2mm thick and 5mm in width in the 

measuring zone, having the shape of a dog bone, with a width of 13mm at the load 

introduction. The configuration is depicted in Figure 8. The test equipment is used with a load 

cell of 10kN and constant crosshead movement of 0.2mm/min. 

4. Results 

 In this chapter the test results are presented, first summarized in Figure 9 through Figure 

12, as well as in Table 2 and then treated more thoroughly in the following sections. In Figure 

9, a summary of the strength results for Fabric A is displayed, where the mean value and the 

standard deviation is shown for each test method. The same kinds of results are depicted in 

Figure 10 and Figure 11 for the two remaining fabric types. The strength results from the 

compressive tests of the UD composite are shown in Figure 12.  

 Unfortunately, the exact results from the tests are confidential, why normalised values of 

strength and modulus have been supplied instead. The normalised values can still be used to 

compare the various results within the report, as global normalisation factors have been 

applied throughout the text. This means that a certain representative value of the stress has 

been globally assigned as 1.00, while a modulus of 1.00 refers to a scale more representative 

for elastic moduli, as it is perceived as easier for the mind to handle values close to 1. This 

implies that the exact relationship between the normalised stress and modulus is undisclosed.  
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Figure 9: Summary of results for Fabric A. The bars above and below the squares denotes the standard deviation. 
Squares without bars indicate a small number of specimens in the test series. Notably, the tensile tests performed 

relatively poorly. 

 

Figure 10: Summary of results for Fabric B. The trend is apparent, the 3-ply fabric composite performs 
significantly better than the 2-ply variant, although in the 1-ply and 2-ply results, buckling has been known to 

occur, rendering these test results invalid.  
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Figure 11: Summary of results for Fabric C. For this fabric, being thicker and hence more resistant to buckling, 
the 2-ply fabric compression results are deemed acceptable, a conclusion backed by the narrow spectrum of the 

results for this series. 

 

Figure 12: Summary of the results obtained for the UD-composite. A relatively poor performance has been 
detected for the UD-composite in the wing spar, which may be a result of the low fibre volume fraction in the 

spar. 
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Table 2: Normalised mean values and standard deviations, found within brackets, of the various measured 
moduli, with the fabrics on the left and UD-composite on the right.  

 Fabric A  Fabric B  Fabric C    
UD 

(measured)  
UD 

(calculated)  

Four-point 
bending:  

1.06(0.04) 1.09(0.01) 0.95(0.01)  0º: 3.15 3.15 

Sandwich 
compression:  

0.94(0.02) 1.11 (0.03) 0.97(0.09)  2.5º: 3.08 2.95 

1-ply fabric 
compression:  

0.95 1.18 0.84  5º: 2.60 2.33 

2-ply fabric 
compression:  

1.09 1.39 1.07     

In-plane 
shear:  

0.074 
(0.003) 

0.085 
(0.001) 

0.073 
(0.004)     

  

 Returning shortly to the aforementioned B-basis values, these would now suggest a first 

batch allowable of 1.05 for the compressive test series of sandwich with Fabric A faces, using 

k0,12 = 2.211  and eqn. (1). Repeating this for the four-point bending test results for the same 

fabric yields an allowable of 1.17. For this to follow the guidelines of MIL-HDBK-17-1F, the 

same test would then have to be repeated four times using specimens from a different batch 

for each test series. For the twill fabric, the allowables from the test methods are 1.04 for the 

sandwich compressive test series and 1.09 for the four-point bending test series. 

 The Poisson’s ratio has been measured, and has been found to be 1, 1.64 and 1.46 for 

Fabric A, Fabric B and Fabric C, respectively. These values are also normalised, and have no 

relation to the normalised strength or modulus. These mean values are based on five 

measurements for each fabric. However, this property was first measured for Fabric B and C, 

using the compressively loaded sandwich panel test method, as these fabric batches was 

delivered earlier than the batches of Fabric A. After the tests were completed, the length to 

width ratio of the specimens was deemed inadequate for measuring the Poisson’s ratio. Later 

on, the Poisson’s ratio was instead measured using the four-point bending test method, where 

Fabric B was not included, as all the planned bending tests for this fabric had already been 

carried out. Hence, a conversion factor was estimated from the results found for Fabric C, 

where test results of both kinds existed, which subsequently was applied to the twill sandwich 

compression results.  
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4.1. Four-point bending test of sandwich panel specimens 

4.1.1. Fabric A 

 When performing the four point bending tests, the universal testing machine records load 

and crosshead distance, from the zero point, at five times per second. The general behaviour 

of the load plotted against this crosshead movement for a typical specimen with Fabric A 

faces on 5mm structural foam core is shown in Figure 13. It should be noted that the 

crosshead movement represents the displacement of the horizontal crosshead of the test 

machine, and elastic deformation of the test rig as well as the test machine are included in the 

measurement. Still, as the bending stiffness of the specimens is low, it can be approximated 

that the crosshead movement does represent the total deflection of the specimen. The diagram 

in Figure 13 is a convenient way to monitor the features of the tests, and to be able to spot any 

nonlinear behaviour.  

 

Figure 13: Representative diagram of load and crosshead movement from a four-point bending test using 
sandwich beams with Fabric A as faces. The crosshead displacement can be considered the approximate 

deflection of the specimen. 

 Using eqn. (21) to calculate the compressive stress in the upper face sheet, plots of the 

stress-strain relationship are produced, with a typical example displayed in Figure 14. It is 

apparent that the modulus is decreasing slightly with strain, as would be expected, 

considering the out-of-plane waviness. 
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Figure 14: Typical stress/strain curve for the four-point bending tests of sandwich beams fitted with Fabric A 
face sheets. The chord elastic modulus is suggested by ASTM D-5467 to be taken from 0.1% strain to 0.3% 

strain. 

 It may now be prudent to mention the high deflections involved in the four-point bending 

tests carried out on such long and thin sandwich panels. A deflection of over 30mm on a 

specimen with 300mm between the outer supports, yields a significant reaction force along 

the specimen, which is evident from Figure 15.  

 

Figure 15: High deflections may lead to a more complex stress state due to reaction forces. 

 This is in turn contributing to the overall stress state in the sandwich, but is somewhat 

counteracted by the non-zero friction at the supports, that tend to pull outwards on the 

specimen as the sandwich panel is bent. The friction contribution should then grow linearly 

with increasing load while the reaction force would grow as sine of the angle θ. 
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 A thicker core would lead to lower deflections at failure. A few specimens with thicker 

core were therefore manufactured and tested, without much success, as the higher bending 

stiffness resulted in higher failure loads and thereby crushing the core material at the load 

introductions. This was particularly the case for specimens with a structural foam core. 

 A picture of a typical compressive failure for a sandwich specimen with Fabric A is 

shown in Figure 16 below, where it is clearly visible that the face sheet has failed along 

adjacent laterally running tows, where the longitudinal tows crosses over, hence has a 

maximum off-axis angle with respect to the remote loading direction. 

 

Figure 16: Photograph showing a typical compressive failure line in a four-point bending test using Fabric A. 
The failure line is predominantly running along and between transversely oriented tows, where the longitudinal 

tows have the highest inclination from the loading direction. 

 As for the results in this test session, the normalised mean strength based on 12 

specimens is 1.44(0.159) and the normalised mean elastic modulus based on 5 specimens 

supplied with strain gauges is 0.98(0.05), where the numbers within parentheses denotes the 

standard deviation, a convention that will be used whenever a mean value and a standard 

deviation are presented together. Furthermore, the word normalised will henceforth be 

omitted, as it will be implied that all values of strength and modulus have been normalised. 

4.1.2. Fabric B 

 The twill fabric, in its basic form, is an interesting alternative when it comes to 

compressive loading of fabrics. Unlike the meso-structure of the plain weave, the twill pattern 

has no extremely weak points, as one tow has the highest inclination where two neighbouring 

tows are aligned with the load direction, as seen in Figure 19. Consequently, the twill should 
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have some significant intrinsic advantages compared to the plain weave. The load-

displacement relation for the specimens with twill fabric face sheets presents a more linear 

load-displacement plot, depicted in Figure 17. 

 

Figure 17: Typical load/crosshead movement plot for four-point bending tests of sandwich beams with Fabric B 
as face sheets. 

 The compressive stress/strain curve for this particular specimen can be found by using 

eqn. (21) on the load data together with the output data from the strain gauge and this is 

demonstrated in Figure 18 below.   

 As can be seen, the modulus decreases slightly with higher strain, which could be 

explained by the fact that the waviness of the tows increases, and it is then expected that the 

elastic modulus should increase accordingly in a tensile test.  

 Concerning failure modes for the twill fabric, Figure 19 shows a typical compressive 

fracture in the four point bending test, where the sandwich core usually fails in an explosive 

manner and sometimes large portions of the face sheet delaminates from the core, following 

the compressive failure of the face sheet.  
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Figure 18: Typical stress-strain curve for the determination of the chord elastic modulus of Fabric B, which is 
calculated in the range 25% to 50% of the failure strain, when failure occurs before 0.6% strain. 

 

 

Figure 19: Photograph of the upper, compressively loaded side of a four point bending test specimen with Fabric 
B faces. A characteristic is that the failure line over the greater part of the width of the specimen is located 

between two transversely running tows, where every other longitudinal tow has its maximum out-of-plane fibre 
misalignment.  

 Notice also the faint delamination on the right hand side of Figure 19, identified by the 

lack of visible fracture. It is assumed that the delamination caused the rest of the fabric to 

reach the meso-buckling failure stress. A possibility is that this delamination is caused by 

edge imperfections, introduced in the cutting process. This characteristic has been observed in 

a significant number of specimens in the test series.  
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 The compressive strength, in statistical form, for the twill fabric, is 1.24(0.13), based on 

12 specimens. The elastic modulus was found to be 1.09(0.02), based on strain measurements 

on 5 specimens. 

4.1.3. Fabric C 

 Fabric C presents the greatest waviness of all the tested fabrics, outlined in Figure 20, 

where it can be seen that the thicker fabric has longer sections running with maximum 

misalignment angle, and also has a slightly greater maximum fibre tow inclination than Fabric 

A.  

 An interesting difference between the two plain weaves is that while Fabric A displays 

appreciable out-of-plane waviness only, Fabric C has its tows much more densely packed, 

why the geometry of the tow cross-section is varying somewhat over the repeatable unit cell. 

This introduces increased waviness not only in the out-of-plane direction, but in the in-plane 

direction as well, because the fibres in each tow are forced together at the crossing points.  

 

Figure 20: Comparison of typical cross-sections of the three different fabrics selected for evaluation. Note that 
the top left picture does not give the true tow thickness, as the cross-section is displaced from the longitudinal 

tow’s centre-line . The series of pictures on the left are from the tool side of the molding equipment, which 
generally forces the tows to comply more to the mold, making sharper turns than on the vaccuum bag side, 

which in turn are depicted on the right hand side. 

 When performing compressive testing with the four-point bending method, curves such 

as the one outlined in Figure 21 are obtained in the same manner as before, where the 

maximum load value for each specimen is used in eqn. (21) together with the measured width 

and the nominal thickness from Table 1, to produce the statistics for the compressive strength, 

presented at the end of this section. 
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Figure 21: Typical load/crosshead movement curve for one of the sandwich specimens Fabric C as face sheets.  

 

 

Figure 22: Typical compressive stress-strain curve for a sandwich beam with Fabric C face sheets. 

 By now, a slight difference between the plain weave and twill fabrics can be recognised 

in the non-linear behaviour at the end of the test. The plain weaves exhibits more reduction in 

stiffness compared to the twill. This can probably be attributed to the fact that the plain weave 
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has a more vulnerable structure that starts to deflect out-of-plane at high stresses. 

Constructing a series of stress-strain diagrams for the specimens with attached strain gauges, 

such as in Figure 22, the standardized compressive chord elastic modulus is determined.

 When inspecting the fractures of this fabric, two different failure modes are recognised. 

In some specimens, the upper face displays edge delaminations, where the rest of the width 

shows signs of meso-buckling. This suggests that the upper face delaminated until it reached a 

critical compressive stress in the rest of the cross-section. Looking at the load curves, such as 

in Figure 21, there are seldom any detectable traces of such events. Of course, the data 

acquisition rate for the load recording equipment has been kept at 5Hz, which might be too 

low to capture this phenomenon, considering that the speed of sound, or stress propagation, in 

the face sheet is several thousand metres per second.  

 The mean strength of Fabric C in the four-point bending tests is found to be 1.18(0.08), 

while the compressive modulus has been measured to 0.95(0.01). The strength has been 

determined using 11 specimens, while 5 of these also have been used to measure strain, 

extracting the elastic modulus. 

 

Figure 23: Typical compressively failed surface of Fabric C in a four-point bending test. It is evident that this 
specimen has experienced edge delaminations too, as seen on the left hand side. 

 During the four-point bending tests, it has initially been approximated that the face sheets 

are subjected to the entire applied load, with no load being carried by the core and the epoxy 

films surrounding it. This has since been measured to be somewhat incorrect, with the core 

structure carrying between 5-8% of the load in the four-point bending test environment. This 

has been measured by subjecting one specimen with the face sheets removed by grinding.. It 



 

 40 

was established that the core structure has a compliance of 0.9N/mm, using the same width as 

for the regular specimens. 

4.1.4. Fabric C on a honeycomb core 

 Because of the unstable failure sequences occurring in bending tests involving the 

structural foam core, it has been deemed appropriate that sandwich specimens with another 

type of core should be tested as well. The alternative core is a honeycomb core, in both 5mm 

and 13mm thickness, which will hopefully facilitate an easier observation of the fracture 

event, and also post-mortem analysis.  

 This was, however, an ambition that had to be shelved. The adhesive between the core 

and faces was applied in insufficient amounts, only bonding the outer edges of the honeycomb 

cells, resulting in delamination of the compressively loaded face sheet. A significant amount 

of the strength in such an adhesive bond, if performed correctly, stems from the shear 

contribution from adhesive on the cell walls, with analogies in the welding discipline, 

illustrated in Figure 24 below. 

 

Figure 24: Exploded view of a honeycomb cell, displaying adhesive film being formed into a semi-spherical 
shape due to the capillary effect in a honeycomb structure. In the case of the received batch of honeycomb 

sandwich, only the dashed area on the edges of the honeycomb cells was bonded to the face sheet, resulting in 
less than favourable sandwich performance.  
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 This poor performance may be illustrated through an example, wherein six 13mm 

honeycomb sandwich specimens with Fabric C faces were inspected as to which face was 

better bonded and subsequently tested by the four-point bending test method, subjecting both 

the bad and the slightly better side of the sandwich to compressive load, using three 

specimens for each load case. The poorly bonded side, loaded in compression, resulted in a 

mean value of 0.65, while the more acceptably bonded face yielded a mean value of 1.28. The 

lowest of the first three measured failure stresses was 0.48, and Figure 25 shows a photograph 

of the delamination failure of this specimen, while Figure 26 displays the proper failure mode, 

as the specimen shown reached a compressive stress of 1.38 upon failure.   

 

Figure 25: Photograph of 13mm honeycomb sandwich beam bending specimen failed by delamination at roughly 
40% of the expected compressive strength of the face sheet material. 

 The measured mean compressive strength for Fabric C on the 5mm honeycomb core was 

measured to 1.06(0.08), which suggests that the bad bonding played an important part in the 

reduction of the measured strength even though an effort was made to find the best side of 

each specimen to load compressively. 
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Figure 26: Photograph of a 13mm honeycomb sandwich beam bending specimen failed by meso-buckling at a 
calculated stress of 1.38.   

4.2. Compressive test of sandwich panel specimens 

4.2.1. Fabric A 

 The compressive tests on sandwich specimens are performed in the universal testing 

machine using a 10kN load cell, and the data acquisition rate has been set to 5Hz, as was the 

case in the foregoing test method. The crosshead rate is a lot lower this time, compared to the 

bending tests, using a rate of 0.2mm/minute, as compressive failure is expected around 0.7% 

strain, which is equivalent to 0.2mm if using a specimen length of 30mm. The load-crosshead 

movement plot for the second specimen tested can be seen in Figure 27 below.  

 The compressive strength is then calculated from the maximum load in each test and 

measured specimen width data, using a nominal face sheet thickness of 0.25mm. As in section 

4.1 above, the sandwich core load carrying contribution has been measured on one specimen 

with the face sheets removed by grinding, whereby the contribution subsequently has been 

removed from the calculated strength and elastic modulus. 
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Figure 27: Typical loading curve for a compressive test of a sandwich panel with Fabric A face sheets. 

 The specimens designated for strain measurement are supplied with a 10mm strain gauge 

in the longitudinal direction on each face, in accordance with ASTM D-6641, running along 

the centreline of the specimen. A diagram showing strain as a function of load is shown in 

Figure 28, displaying a recurring tendency for bending during loading, in some of the 

specimens. There can be many reasons for this bending, despite measures taken to avoid it, 

but it seems there is either a lot of bending, such as in Figure 28, or almost none at all. What 

is odd is also that the maximum strain is somewhat higher for bent specimens, and that there 

is no apparent difference between the tool or bag side, observed in the 5 specimens with strain 

gauges loaded in this test series.  

 It should however be noted, that the tool and bag face differs in waviness, as can be 

observed in figure 20 above, why also the elastic modulus can be suspected to differ. This 

difference has not been experimentally investigated, but it could induce bending in the 

specimens. Furthermore, the thickness of the sandwich panel varies over most specimens, at 

least on the order of 0.1mm, which is more than enough to cause instability during loading. 

As the face cured at the tool surface in the autoclave process is considered plane, this implies 

that the face curing at the vacuum bag deviates all the more from the load direction of the 

panel, which was chosen to be aligned with the tool face. The bonding of the Aluminium 

profile supports to the specimens resulted in a varying misalignment of the components, 
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necessitating a grinding operation to ascertain that the panel was indeed loaded in the 

intended direction. During this process, the tool face was chosen as the reference direction. 

 

Figure 28: Load-strain plot for each face, for ease of understanding what has happened during the given test 
round. This particular specimen has experienced significant bending, while the tool side strain gauge has 

recorded a relatively high strain at failure. 

 Because of the tendency for skewed loading, the load could be separated into a ratio for 

each side, when having knowledge of the strain for both sides of the specimen, such as in 

Figure 28, assuming that the tool and bag face have the same compressive elastic modulus, or 

that the ratio is known. If so, it would be easier to estimate the actual compressive strength of 

the face sheets. This would then require only one strain gauge per specimen, to be able to 

calculate the stress in each face upon failure, once the elastic modulus for each face has been 

firmly established. 

 In an effort to determine the compressive modulus, in accordance with ASTM D-6641, 

the specimen strain will be averaged between the two sides and then the load will simply be 

divided by the cross-sectional area of the face sheets. The condition for validity of the result 

for each test, is a so called percentage of bending. This is defined as the difference between 

the two measured strains divided by their sum, multiplied by one hundred for fraction-percent 

conversion. This value must not exceed 10% at failure if the result is to be considered valid.  
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 Unfortunately, as the overall thickness of the specimens is relatively large, small bending 

angles result in large percentages of bending and only two specimens out of five falls below 

this limit. One of the specimens that do pass below limit is shown in Figure 29. 

 

Figure 29: Stress-strain plot for one of the few valid test rounds for sandwich compression with Fabric A faces. 

 Looking at a typical fracture surface, what will henceforth be denoted plastic meso-

buckling occurs in every specimen, albeit along a varying fraction of the specimen width, and 

not always on both sides of the sandwich simultaneously. The appearance of this plastic meso-

buckling, by visual inspection, is characterized by discontinuities in the fabric such as can be 

seen in Figure 30, running between two lateral tows. The theory is that the inclined sections of 

the longitudinal tows experience matrix shear yielding, in the same way as the plastic micro-

buckling, outlined in section 2.3.2 above, which eventually leads to a so called shear collapse 

instability, whereby the fibres are failing rapidly and cohesively. The traces of this failure 

mode can be observed in the micrographs in Figure 45, Figure 53 and Figure 56 below. The 

mean strength of Fabric A, as determined by the test method of compressively loaded 

sandwich panel, is 1.21(0.09), and the elastic modulus has been determined to be 0.94(0.04).  

These values are obtained using 12 and 5 specimens, respectively. 
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Figure 30: Fracture of compressively loaded sandwich panel with Fabric A faces. Clear signs of valid 
compressive failure, plastic meso-buckling, are seldom found over the entire width of the specimen, and usually 
only on one side. After improvements in the manufacturing process, however, traces of plastic meso-buckling, 

regarded as a valid failure mode, have begun to appear on both sides. 

4.2.2. Fabric B 

 Fabric B presents similar curves as the aforementioned plain weave, only somewhat more 

linear. The stress-strain curve for the same specimen is illustrated in Figure 32, and this plot is 

subsequently used to calculate the elastic modulus. Note that the specimen shown barely falls 

within the percent bending limit, which is not always the case for this test method. 
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Figure 31: Representative load-strain plot from a compressive test of sandwich panel with Fabric B as faces, 
showing the strain gauge output as the test progresses. 

 

 

Figure 32: Stress-strain plot from a typical compressive test of a sandwich panel with Fabric B faces. 

 Not being directly related to the specimen whose characteristic can be seen in Figure 31 

and Figure 32, a photograph of a typical partial meso-buckling fracture is displayed in Figure 
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33, where the specimen failed at a stress of 1.06, after the contribution from the core has been 

removed. 

 

Figure 33: Representation of a failure mode thought to be valid, from a compressive loading of a sandwich panel 
with Fabric B faces. 

 It is believed that the features of the fracture in Figure 33 is explained by the longitudinal 

tows loosing bending resistance after the shear collapse has occurred, whereby the epoxy 

resin film under the shear collapse subsequently delaminates in the violent event, leading to 

the buckling of portions of the face sheet that surrounds the fracture. 

 The mean compressive strength of the twill fabric obtained from this test method is 

1.10(0.07), while the mean compressive elastic modulus has been found to be 1.11(0.04), 

based on 12 and 4 specimens respectively. These values have been acquired after accounting 

for the core’s load carrying contribution.  

4.2.3. Fabric C 

 A typical load-strain curve is displayed in Figure 34, where the strain can be seen to be 

more evenly distributed, yielding a low percentage of bending, while the failure strain is 

relatively low. The stress-strain plot for the same specimen follows in Figure 35, and 

surprisingly displays an increasing modulus. 
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Figure 34: Plot of load and strain from compressive test of a sandwich panel with Fabric C faces, as recorded by 
the strain measurement equipment, 5 times per second. 

 

 

Figure 35: Complementing stress-strain plot of specimen from Figure 34 above, outlining the compressive 
elastic behaviour of the same sandwich panel. It seems the modulus is increasing somewhat with strain, which is 

peculiar.  

 As can be seen in Figure 36, the fracture line is rather difficult to spot, which has been a 

recurring phenomenon for this thicker type of fabric in the sandwich compression tests. This 
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may be due to the fact that Fabric C has a higher flexural stiffness, which means that the 

epoxy film joining the face sheet and the core material will be subjected to increased tensile 

stresses.   

 

Figure 36: Picture of the specimen from Figure 34 and Figure 35 after compressive failure. Note that the 
fractures are harder to spot here, which is has been a general theme of the compressively loaded sandwich panels 

with Fabric C faces. Also visible is the load distribution pivot bar with a spherical top. 

 Bottom line, the mean strength is calculated to 1.00(0.09), while the modulus is found to 

be 1.12(0.04), based on 9 and 4 specimens respectively. 

4.2.4. Misalignment sensitivity 

 To gain insight about the sensitivity of in-plane tow directions in the lay-up process, and 

also to be able to use a particular model later on, a few sandwich panel specimens with Fabric 

B and Fabric C faces are subjected to off-axis loading, by an angle of 5° and 10° respectively.  

 However, there is a significant scatter in the local orientations of the tows, in both the 0° 

and the 90° direction. There are quite a few cases where the tows run in opposite off-axis 

directions in the two faces, yielding an angular difference between the faces of as much as 
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10°. This introduces great scatter in the test results, in the regular test series as well as the 

misalignment test series. 

 Fabric B has only had two successful specimens in the 5° session, suggesting a mean 

strength of 1.04 after the removal of the core’s load carrying contribution. For 10° off-axis 

loading, the mean strength from 3 specimens is 0.91.  

 Fabric C had no specimens considered successful in the 5° misalignment test series, while 

the 10°-specimens was found to have a mean compressive strength of 0.94, based on 3 

specimens. This inconsistency may have to do with the fact that many specimens have 

significantly varying fibre directions, as mentioned above, and is illustrated in Figure 37 

below. However, the most plausible explanation to the erroneous results of the 5° batch is 

imperfections introduced during the manufacture of the batch, introducing severe bending in 

the specimens.  

 

Figure 37: Picture showing the tool and bag side of a sandwich panel Fabric C faces, displaying the 
inconsistency in tow angle between the tool and bag side. The panel has been flipped along the vertical edge, as 

the arrow illustrates. 

4.2.5. Compressive test of honeycomb sandwich panel specimens 

 In addition to testing Fabric C on a structural foam core, similar compressive tests were 

also performed using a honeycomb sandwich core, where the idea was that the honeycomb, 

being less brittle and porous, would make the failure inspection and analysis easier. The 
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honeycomb is also assumed to withstand higher out-of-plane loads, mainly in the tensile 

domain, when the face sheets starts to buckle on the meso-scale. Unfortunately, this has not 

been the case, as the amount of adhesive used to bond the face to the core was insufficient, 

leading to premature failure by debonding. To facilitate that the honeycomb core contributes 

properly to the load carrying capacity, the outer parts of the hexagonal cell structure has to be 

filled with adhesive in a dome-like fashion, as illustrated in Figure 24 above, with each cell 

cavity then resembling the shape of a typical pressure vessel.  

 The insufficient application of epoxy adhesive has led to the fact that none of the 

specimens in this test series displays any visible compressive fracture. Instead, delaminations 

between the face and core seem to be the dominant failure mode, even though sometimes only 

partial internal delaminations could be suspected of having occurred, resulting in an S-shaped 

specimen. 

 

Figure 38: Assorted photographs showing failed honeycomb sandwich specimens, with Fabric C faces. 

 Using the data gathered from three honeycomb-specimens with strain gauges attached, a 

compressive elastic modulus of 0.92 was obtained, which is slightly lower than for the same 

fabric on structural foam core.  
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Figure 39: Loading curve with strain measurement for a compressively loaded sandwich panel with Fabric C 
faces and a honeycomb core. Note the sudden bifurcation that occurs about 0.1% strain before fracture is 

expected.  

4.3. Compressive test of fabric specimens 

 Nordic Aircraft AB is interested primarily in the fabric properties, why an effort has been 

made to isolate the properties of the fabric used as faces in the different sandwich panel 

configurations. Therefore, a range of different fabric configurations have been tested for the 

compressive properties. A schematic illustration of the support fixture that was employed is 

shown in Figure 6, and the physical result of the manufacturing process is the fixture shown 

in profile in Figure 40. This fixture will have a cylindrical load distribution pivot instead of a 

spherical one, only levelling the load in the width-direction. When this test is performed, it 

will be very difficult to observe any tendencies for buckling and it is up to the specimens 

fitted with strain gauges to indicate whether an acceptable failure mode has been attained or 

not. In accordance with ASTM D-6641, there will always be one strain gauge on each side, 

when strain measurement is performed. 
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Figure 40: Physical appearance of the support frame/fixture that will be used in the subsequent compressive tests 
of fabric configurations. 

4.3.1. Fabric A 

 Unfortunately, the single layer fabric version of this test is so thin, that it requires a 

maximum free length below 1mm, and still, it will buckle in the strain measurement window. 

Figure 41 below shows this premature buckling.  

 Despite this behaviour, the data from the initial part is used to acquire an estimation of 

the elastic modulus of the specimen. This modulus was estimated to 0.95, and the stress-strain 

diagram used for the extraction of this value is shown in Figure 42. 

 As for the strength, the specimen presented in Figure 41 and Figure 42 failed at a stress of 

0.67, which was the highest obtained result from this batch. The behaviour outlined in Figure 

41 is considered unacceptable for the determination of compressive strength, as it experiences 

a very large amount of bending, why it can be assumed that all the single fabric layer 

specimens are subjected to severe buckling, a phenomenon treated in short in section 2.2. 
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Figure 41: Presentation of the only specimen that was tested with a pair of strain gauges, in terms of load and the 
strain response for each side. 

 

 

Figure 42: Stress-strain diagram for the initial section of the test, taken before buckling has initiated. A rather 
short strain interval has been used, why the elastic modulus calculated from it cannot be considered truly 

representative, as the normal range is between 0.1% and 0.3% strain, where the modulus will have subsided 
slightly. 
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 For the series of two-ply Fabric A specimens, marginally better results are obtained, with 

a failure strain of around 0.4%, still considered inadequate. The elastic modulus is measured 

to a mean value of 1.09 based on 2 specimens, and one of the load-strain plots is depicted in 

Figure 43. 

 

Figure 43: Load curve with strain information for a specimen with two layers of Fabric A. 

 The corresponding stress-strain diagram is supplied in Figure 44, pointing to the 

compressive modulus of the double layer fabric stack, albeit below the normal strain range 

used for determination of compressive modulus.  

 Two micrographs, displaying either fracture edge of a double layer Fabric A specimen, 

are displayed in Figure 45. They have been captured on the edges of the compressively loaded 

specimen, where plastic meso-buckling has occurred and the edges have not been polished 

after the failure event. Broken pieces of carbon fibre can barely be distinguished on the right 

hand picture, suggesting a failure mode analoguos to a plastic micro-buckling event, only 

with more deflection and hence a more unstable failure sequence. For the 2-ply specimens, a 

mean strength of 1.06(0.07) was achieved, which is still significantly lower than what has 

been obtained by the previous test methods. 
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Figure 44: Stress-strain diagram for the visualisation of the compressive modulus for a specimen with two layers 
of Fabric A. 

 

 

Figure 45: Micrographs of the fracture site on a specimen with two layers of Fabric A. The left and right picture 
displays the left and right side, respectively, of the same fracture site, somewhat displaced in the vertical 

direction.  

 In the current test method, it is possible to measure the thickness of the fabric stack in 

each specimen, why the results presented above is based on measured thickness, whereas in 

the sandwich case, a standard thickness has been assumed. Because the fabric thickness 

cannot be easily controlled, it would make sense to use the nominal thickness instead. If that 

would be the desired case, then the mean strength is reduced slightly to 1.02(0.07). 
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 When turning to the three layer specimens, only a couple of specimens have been tested 

for each fabric type, as this type of test was not prioritised. Due to mishaps in the 

manufacturing process, only one specimen of 3-ply Fabric A was tested, and the strength was 

measured to 1.98. No strain measurements were carried out for the 3-layer specimen, as will 

be the case for the other fabrics. However, a micrograph displaying the 3-ply specimen cross-

sections of the three fabrics is found in Figure 46. When using the nominal thickness 

assumption, the compressive strength of the single 3-ply specimen series drops to 1.59, 

indicating that the measured thickness and the nominal thickness differs quite a bit. 

 

Figure 46: Micrograph of three-ply fabric specimens for each fabric type, where the explanation can perhaps be 
found as to why the multiple stackings outperforms single fabric layers in terms of compressive strength. 

4.3.2. Fabric B 

 Compared to the plain weave treated above, the twill fabric is not doing any better in the 

single layer fabric specimen tests. A typical load-strain plot is presented in Figure 47, where 

the bifurcation can be seen to develop almost instantly. It is now understood that bending 

takes place in the strain measurement windows, where the strain gauges are situated, and also 
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possible that the strain gauges themselves adds support against plate buckling, yielding 

somewhat higher results than for the specimens without them. 

 

Figure 47: Load-strain plot from a compressive test of a single layer of Fabric B. As can be seen, this type of 
testing clearly is inadequate for thin single layer fabrics, as bending occur almost instantly.  

 The mean compressive modulus for Fabric B, based on two specimens, was found to be 

1.13 for the single layer configuration. The non-standard strain interval used for the extraction 

of this compressive modulus should be kept in mind when comparing against the values of the 

other test methods. This fact applies for the compressive moduli of the single layer 

configurations of Fabric A and Fabric C as well.  

 The mean failure stress for the 4 specimens that were considered more successful was 

0.65, assuming that the load was uniformly distributed over the width of each specimen. As 

buckling of the middle section of the specimens can be shown to occur, this uniform stress 

assumption is almost certainly incorrect. Therefore, this test method is considered inadequate 

for single layer fabrics, as the strain measurement window dimensions, which are governed 

by the size of the strain gauge unit, is too large. 
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Figure 48: Stress-strain plot from a compressive test of a single layer of Fabric B. When comparing the 
compressive moduli from the test series using a single layer of fabric, the strain range used for their extraction 

should be considered, as the compressive modulus generally drops with increased strain. 

 In the case of the double fabric layer configuration, a mean compressive modulus of 1.39 

was established from strain measurements on two specimens. The loading diagram and the 

stress-strain diagram are shown in Figure 49 and Figure 50.  

 The mean compressive failure stress for the batch of 2-ply specimens has been calculated 

to 1.19(0.17), which is slightly below the strength found in the four-point bending test 

method, and quite a bit higher than the recent sandwich compression tests. Again, the nominal 

thickness approach yields a compressive failure stress of 1.03(0.17), which in turn is a lower 

value than the compressive test sandwich method has yielded. The bifurcation displayed in 

Figure 49 above implies that buckling occurs in the region of the strain gauges, while the 

failure mode is found to be meso-buckling. 
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Figure 49: Loading curve for a specimen with two layers of Fabric B, displaying the behaviour of one of the best 
performing rounds in the series. However, the bifurcation occurs below 0.4% strain, which is clearly inadequate, 

compared to the results from the test series using sandwich panel. 

 

 

Figure 50: Accompanying stress-strain diagram for the specimen displayed in figure 48 above. The 
determination of the compressive elastic modulus may here be considered valid, as the useful strain range 

includes the interval suggested by ASTM D-6641. 
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 In the 3-ply series for the twill fabric, a mean compressive strength of 1.93 was found, 

using two specimens, where the better performing specimen had a compressive strength of 

2.07. These values refer to the use of measured thickness, whereas the nominal thickness 

mean compressive strength is 1.68. 

4.3.3. Fabric C 

 Fabric C has a slightly greater thickness, which does matter when it comes to resistance 

against buckling.  

 

Figure 51: Loading curve for a single layer of Fabric C. Obviously, the higher bending resistance of the thicker 
fabric is preventing buckling better, but still not enough to induce plastic meso-buckling over the entire width of 

the specimen. 

 Looking at Figure 51, it is important to remember that the load represents a global 

measurement while the strain is measured locally in this setup. The mean compressive 

modulus, based on two single layer specimens, has been found to be 0.84, while the strength 

is indeterminate. However, a mean failure stress of 0.75(0.05) was achieved before the 

specimens buckled. Figure 53 below shows a micrograph of a typical fracture in a single 

fabric layer specimen of Fabric C. 
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Figure 52: Accompanying stress-strain diagram to the specimen from figure 50.  

 

 

Figure 53: Micrograph displaying the fracture of a single Fabric C layer specimen. The picture is taken at one of 
the edges, implying that this is an acceptable failure mode. Thus, plastic meso-buckling was achieved despite the 

global buckling. As the load was distributed unevenly over the specimen width, a critical stress in the regions 
being clamped by the fixture was reached. 
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 Specimens with two layers of Fabric C have reached quite high in terms of stress at 

failure. The loading diagram for one of the specimens supplied with strain gauges is presented 

in Figure 54, followed by its stress-strain plot. In fact, the specimen shown below has 

virtually no bending at failure, comparatively speaking, which suggests that the 2-ply Fabric 

C specimen test series has been successful for determining the compressive strength. 

 

Figure 54: Loading diagram for a specimen from the 2-ply series of Fabric C compression. The figure presents a 
surprisingly straight loading, as do the second loading curve for specimen 10, not shown here. 

 The fracture micrograph of a specimen in the current 2-ply series, which reached a stress 

of 1.26, is shown in Figure 56. There is quite the resemblance with plastic micro-buckling, 

only the kink band width is shorter. The broken fibres scatter upon failure, as the surrounding 

matrix already have failed in shear. This scatter is probably due to the elastic flexing of the 

inclined tows, in contrast to unidirectional composites that have supporting straight fibres 

surrounding the kink region. 

 The mean compressive modulus for the double layer specimen series is calculated to 

1.07, based on two specimens with strain measurement, and a mean compressive strength of 

1.22(0.06) was found, which by far surpasses the values found in the compressive tests of 

sandwich specimens. The values are close to those obtained by four-point bending. Using the 

same approach as before, the nominal thickness of Fabric C results in a compressive strength 

of 1.11(0.06). 
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Figure 55: Representative stress-strain diagram for a 2-ply specimen of Fabric C. Notice that by now, the failure 
strain is approaching the typical values found in the test methods using sandwich specimens. 

 

 

Figure 56: Micrograph displaying the fracture site of a 2-ply specimen of Fabric C. Faint traces of an analogy to 
a kink band, in the form of the fibre fragment left behind and the inclination of the fracture over the thickness of 

the specimen. 
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 For the two 3-ply specimens tested, the mean compressive strength by measured 

thickness was 1.57, while the nominal thickness resulted in 1.42, which is significantly lower 

than for the 3-ply configurations of the thinner fabrics. It should, however, be noted that a two 

specimen batch results in a very crude estimate of the mean strength. 

4.4. In-plane shear test of fabric specimens by tensile loading 

4.4.1. Fabric A 

 In the in-plane shear test, figures 57 through 60 describe the normal scenario of events 

and characteristics for Fabric A. A crosshead displacement rate of 4mm/min is used, as the 

failure strain is expected to be significant. 

 

Figure 57: Load-crosshead movement curve, displaying the general behaviour of the tensile loading in-plane 
shear test, having two distinctive regions of linear behaviour, although not necessarily elastic. 

 The fact that the curves in the load-strain plot in Figure 58 levels out is explained by the 

strain measurement equipment being calibrated too narrow. This was a problem that was only 

identified and corrected towards the end of the experimental part of this study.  
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Figure 58: Diagram of the strain gauge output. Note that the magnitude of the longitudinal and transverse 
channel differs by a ratio of around 5:4. Theoretically, these are assumed equal, but with opposite sign. The 

transverse strain is shown positive here, for ease of comparison.  

 

 

Figure 59: Stress-strain diagram for the determination of the chord shear modulus for Fabric A. This interval 
corresponds to the steeper, initial part of the curve in Figure 57, that is, up to about 250N tensile load. 
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 The chord shear modulus, which according to ASTM D-3410 is to be calculated using 

data points having 0.2% and 0.6% strain, is 0.074(0.003), based on five specimens with strain 

measurement. The shear strength was determined to be 0.39(0.01), using 12 specimens, while 

5 specimens supplied with strain gauges was used to determine the shear modulus. It should 

be mentioned that the above values are calculated using the nominal thickness of 0.50mm for 

two layers of Fabric A. The fracture shown in Figure 60 below can be considered 

representative for all specimens of the three fabrics. 

 

Figure 60: Typical shear fracture for Fabric A, as well as the remaining fabric types. 

4.4.2. Fabric B 

 Subjecting the series of 2-ply Fabric B to the tensile load in-plane shear test yields the 

curve shown in Figure 61 below., The chord shear modulus, again calculated between 0.2% 

and 0.6% strain, resulted in a mean value of 0.085(0.004), and the mean shear strength was 

found to be 0.45(0.02). 
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Figure 61: Plot of the load and crosshead movement. The crosshead movement is here more or less 
interchangeable with the longitudinal strain, which gives valuable information. 

 

 

Figure 62: Loading curve for monitoring purposes, for a specimen consisting of two layers of Fabric B. Also, the 
ratio between the longitudinal and transverse strain magnitude is approximately 4:3. 
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Figure 63: Stress-strain diagram for a typical Fabric B 2-ply specimen in an in-plane shear test. 

4.4.3. Fabric C 

 The 2-ply Fabric C specimens are also subjected to in-plane shear tests, resulting in 

diagrams with the typical appearance of those in Figure 64, Figure 65 and Figure 66 below.  

 The chord shear modulus has been determined to 0.073(0.004) and the mean shear 

strength is found to be 0.41(0.02), based on 5 and 12 specimens respectively. Interestingly, the 

thicker plain weave reaches slightly higher than Fabric A, in terms of shear strength, even 

though thinner laminates usually result in better shear properties.  

 



 

 71 

 

Figure 64: Representative plot of load versus crosshead movement for Fabric C. Note that the plain weaves have 
displayed two more or less linear regions, while the twill has a plateau of pure plastic yielding.  

 

 

Figure 65: As can be observed, the ratio between the longitudinal and the transverse strain magnitude is around 
5:4, which is closer to the theoretical value of 1:1. 
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Figure 66: Stress-strain diagram tracing out the behaviour of the shear modulus for Fabric C. 

4.5. Tensile test of fabric specimens 

 Tensile tests on the three fabric types are performed, on 2-ply specimens, mostly for 

comparison, as it is the compressive properties that are emphasised in this study. The plot in 

Figure 67 suggests that the elastic behaviour differs slightly among the fabrics. Fabric C 

seems to gain slightly in modulus, which is expected, while the twill fabric has a fairly linear 

characteristic. Fabric A, on the other hand, displays a slight decrease in tensile modulus. 

4.5.1. Fabric A 

 Fabric A is subjected to tensile loading, with a typical diagram from the tests shown in 

Figure 67. The mean tensile strength of the three specimens, using measured thickness, was 

found to be 2.56. The nominal thickness assumption results in a mean tensile strength of 2.32. 
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Figure 67: Diagram displaying the loading information from a representative tensile test of each fabric. While it 
isn’t a stress-strain diagram, it still serves the purpose of hinting towards the tensile elastic behaviour.  

4.5.2. Fabric B 

 The tensile tests of the three twill fabric specimens resulted in a mean tensile strength of 

3.36, employing measured thickness. The tensile strength increases to 3.48 when using 

nominal thickness. In the tensile tests, the standard deviation has been omitted, as only three 

specimens of each fabric type have been tested. 

4.5.3. Fabric C 

 Regarding Fabric C, using measured thickness, a mean tensile strength of 2.94 was 

established, while the nominal thickness approach yields a mean tensile strength of 3.01. 

4.6. Compressive test of unidirectional composite specimens 

 The unidirectional composite specimens were originally scheduled to be tested using a 

fixture developed at Luleå University of Technology, described by Joffe (2000), which would 

be used in accordance with ASTM D-6641. However, the plans were changed, as the fixture 

had been damaged due to overloads,  
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 Instead, the fixture described in figure 8 was manufactured. The specimens then had to be 

reground into a dog bone shape, displayed in Figure 71, to reduce the compressive failure 

load to less than 10kN. 

4.6.1. Longitudinal loading  

 Below, a load-displacement recording for the sole specimen that was used to measure 

strain is displayed, followed by the corresponding stress-strain plot. Initially, flaws in the 

design of the home-made test fixture had the effect that the first three specimens failed in 

unacceptable modes, leaving only nine specimens for statistics. 

 

Figure 68: Test machine characteristics for a specimen of unidirectional lay-up. 
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Figure 69: Diagram showing the strain gauge output, as a function of the applied load, to ensure that the 
compressive test is valid, in terms of bending. 

 

 

Figure 70: Stress-strain diagram for the only successful test round with strain gauges attached to both sides of the 
specimen. 
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Figure 71: Photograph displaying fractures of a handful of 0° UD-specimens. Note that specimen #7, the second 
one from the left, had a partial fracture only, after which the test round were terminated. The plastic micro-

buckling failure mode was established by optical microscopy observations of the fractures, shown in Figure 72.   

 The mean strength, for the batch of 9 UD-specimens of 0°-orientation, has been found to 

be 3.68(0.34), which is a rather large scatter, but surely has to do with inconsistencies in fibre 

alignment, a phenomenon that can be observed in Figure 73. The elastic modulus, based on 

one specimen with strain gauges on both sides, and one specimen where one of the strain 

gauges had been damaged during processing, was found to be 3.15, taken as a chord between 

0.1% and 0.3% strain. The failure mode for the unidirectional specimens has been 

investigated by optical microscopy, shown in Figure 72, and was found to be plastic 

microbuckling, which should come as no surprise, given the amount of waviness displayed in 

Figure 73.  

 Before the plate of UD-material was cut into specimens, a strong dependence of waviness 

on location was observed. The fibre bundles would generally be fairly aligned with the global 

longitudinal direction, with local spots of even greater misalignments than can be observed in 

Figure 73. The fibre bundles displayed a typical wavelength of about 20mm. 
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Figure 72: Micrograph displaying compressive fracture edge of a 0° UD-specimen. It is evident that plastic 
microbuckling has occurred, leading to a shear collapse instability. 

 

 

Figure 73: Photograph displaying the varying fibre directions in the unidirectional composite, the upper surface 
of a 0° UD specimen being captured, implying that the in-plane waviness is shown.  
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4.6.2. 2.5° off-axis loading 

 In the case of misalignment, 2.5° seems to be a reasonable step size, as misalignments of 

this magnitude probably can be spotted by the naked eye. However, as can be seen in Figure 

73, the fibre inclination due to the waviness is also in this range. This may possibly interfere 

with the measured results. 

 The compressive strength of the 2.5° misalignment batch was found to be slightly lower 

than for the 0° batch, at 3.17(0.67), and the mean compressive modulus of the batch was 3.08, 

based on 5 and 3 specimens respectively. 

 

 

Figure 74: Load-strain diagram for validation purposes. The percentage of bending is well within the boundaries. 
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Figure 75: One of three stress-strain plots obtained for the 2.5° misalignment test series. Typically, a fairly low 
failure strain is achieved. 

 

4.6.3. 5° off-axis loading 

 In the 5° test series, the trend is continued in terms of reduced strength and modulus. The 

mean strength for this sample of 5 specimens has been estimated to 2.65(0.33) and the mean 

compressive modulus was found to be 2.60. Of course, the moduli for the misalignment series 

could also have been calculated by use of classical laminate theory.  

 In fact, as there were only one successful measurement of the compressive modulus in the 

0° direction, the results of the 2.5° and 5° batches, in combination with classical laminate 

theory, CLT, could be used to extract a better estimate of the 0° modulus.  
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Figure 76: Bending monitoring for a UD-specimen with 5° global misalignment. Bending is not a problem 
during these tests, where only a slight tendency of bifurcation is noticed. 

 

 

Figure 77: Clearly, the compressive modulus drops off in both magnitude and linearity, approaching the 
behaviour of the fabrics described above. 
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4.6.4. Wing-spar cut-out specimens 

 A few specimens have been cut out from a short section of prototype wing-spar. This was 

done in order to gain some knowledge of the compressive strength in the actual application, 

where the geometry is more complex than in the simple thin laminate used for the fabrication 

of regular specimens. Figure 78 below demonstrates the approximate locations of these cut-

outs in the spar cross-section. 

 

Figure 78: Wing spar cross-section, illustrating the original positions of the specimens. This outline depicts the 
upper flange, where the curved lower surface is a result of the manufacturing process, as the wing spar is cured 

in one single operation. 

 The compressive strengths measured for the specimens cut out in accordance with Figure 

78 are listed in Table 3 below. 

Table 3: The normalised compressive strengths of various specimens from a prototype wing spar flange. 

Specimen  

number 

Normalised compressive  

strength  

1 3.7 

2 3.0 

3 2.1 

4 2.9 

5 3.0 
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 This test series resulted in a mean compressive strength of 2.94(0.59). No strain 

measurement has been carried out for this test series. Even so, an assortment of loading plots 

acquired from the testing machine is displayed in Figure 79, to clarify the data in Table 3.  

 

Figure 79: Comparison of several load curves from the testing of wing spar UD-specimens. 

4.6.5. Fibre fraction measurements 

 The mapping of fibre volume fraction in the wing spar, and also in the fabrics tested in 

this study, is here treated in detail. The approach will be to employ image analysis methods, 

using micrographs of assorted cross-sections of fibre bundles. The images captured are not 

readily processed by an image processing program, as the surfaces have varying degrees of 

clarity, why a manual approach has been chosen.  

 Using the micrograph, small sections is enlarged, and the fibre ends in the picture are 

painted with a circular black dot in a size that has been estimated an appropriate mean value 

of the fibre ends. When this is done for all the fibres in the cropped micrograph, the colour 

levels are adjusted to facilitate extraction of the fraction of black area giving the fibre content. 

A few examples are shown in the figures below. 
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Figure 80: Fibre fraction measurement. On the left is the original micrograph, painted manually into what is seen 
in the middle, whereby the colour balance is shifted into the picture to the right. The measured fibre volume 

fraction here is Vf = 0.451. 

 

Figure 81: Another series of micrographs, displaying an area where the fibre volume fraction has been 
determined a bit higher, at Vf = 0.558. 

 Finally, a mapping of the fibre fraction behaviour throughout the cross-section of the 

wing spar is shown below, where it is evident that a fibre volume fraction significantly below 

the specified 59% is a reality. Both voids and regions of almost pure matrix are abundantly 

represented. However, the void content has not been measured.  

 The mean fibre content in the wing spar, based on five measurements over one cross- 

section, was found to be 49%. Another image processing approach, using an image editor 

such as GIMP, may present a quicker, albeit a little less exact, way to find the fibre fraction in 

a composite. Using the accessible toolbox, the picture displayed in Figure 83 may be 

achieved, where a fibre fraction of 47.3% has been determined. 
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Figure 82: Wing spar flange cross-section with micrographs displaying the fibre distribution at the various 
locations. 

 

Figure 83: Semi-automatic way of deducing the fibre content using GIMP, an open source image manipulation 
software, similar in capability to Adobe Photoshop. A fibre volume fraction of Vf = 0.473 was achieved. 
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5. Modelling 

5.1. Fibre tow strength predictions 

 The strength of a longitudinal fibre tow in the fabric and unidirectional composites under 

investigation can be calculated using the expression derived by Argon (1972), treated in eqn. 

(20) above. The inter-laminar shear strength is then used in combination with the measured 

fibre inclination for each fabric, and also for the topical unidirectional composite. This leads 

to the numbers presented in Table 4 below. 

Table 4: Calculated normalised compressive strength of the 0° tows, using Argon’s model, found in eqn. (20).  

 Fabric A Fabric B  Fabric C UD 

 

Inter-laminar 

shear strength 

0.36 0.33 0.30 0.34 

Maximum 

fibre inclination  

6.7° 7.9° 7.7° 5.0° 

Compressive  

Strength (calc.) 

3.08 2.37 2.23 3.90 

 

 The strength of the composite under consideration will then have to be determined by the 

use of classical laminate theory, when modelling the fabrics, whereas it can be approximated 

to directly represent the strength of UD-material.  

 Applying classical laminate theory on the fabrics is somewhat tricky, as the elastic 

properties for the tow, derived by micromechanics, i.e. rule of mixtures, is not representative 

for the tow in the actual composite, being a sine-shaped beam instead of a straight column. 

Instead of going through the relevant Timoshenko beam theory, which is a lengthy procedure, 

an experimental knock-down factor for the longitudinal stiffness of a tow will be obtained by 

trial and error using CLT implemented in a MATLAB-code, comparing the calculated global 

stiffness against the experimentally acquired one for a range of values of the tow longitudinal 

stiffness. 
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 However, CLT is not capable of dealing with fabric composites on its own, why the tow 

transverse stiffness of 0.34, calculated by use of the Halpin-Tsai expression found in eqn. 

(22), will yield inaccurate results, as the most part of the strain occurs in the regions where the 

longitudinal tows have inflection points, where there are little or no transverse tow at all. 

Thus, a knock-down factor must be used for the transverse tows as well. In searching this 

knock-down factor, geometry is considered, and a sine-shaped tow is assumed. The approach 

is outlined in Figure 84. 

 

Figure 84: Outline of the geometry used for the transverse tow knock-down factor calculation. The longitudinal 
strain can be approximated as 1/Eexperimental + (1/Eexperimental - 1/EL)*cos(2x), while the curve tracing out the 
transverse tow area can be approximated as abs(sin(x)). The knockdown factor will then be defined as the 

integral of the product of the two contributions, divided by the product of their respective integrals. 

 The approach outlined in Figure 84 yields a knockdown factor of 0.134, which is to be 

multiplied with the tow transverse modulus from the Halpin-Tsai equation, 
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where ET is the composite transverse modulus, Em is the matrix elastic modulus, Ef is the 

transverse elastic modulus of the fibre and Vf is the fibre volume fraction. The fibre transverse 

modulus has been assumed to be around 0.50, and the matrix modulus has been assumed to be 

0.086 and surely differs between the matrices in the different fabrics, having varying inter-

laminar shear strengths. 



 

 87 

 Using a reduced transverse modulus of 0.058, the longitudinal modulus of the actual tow, 

using experimental measurements, is found via CLT to be 1.85. This suggests a knock-down 

factor of 0.526, as the micromechanical value is 3.53 at a fibre volume fraction of 0.59. This 

value is for Fabric A, having an average measured elastic modulus of 0.96.  

 The same calculations are carried out for the twill fabric, where a tow fibre volume 

fraction of 0.60 yields 2.15 in actual tow longitudinal modulus, suggesting a knock-down 

factor of 0.6. Fabric C yields a tow longitudinal modulus of 1.85 in the same fashion, with a 

knockdown factor of 0.529. 

 The above results are used in a CLT analysis for each fabric, aimed at extracting the 

global compressive stress at the point where the longitudinal tow reaches its calculated failure 

stress. This has been found to result in 1.59 for Fabric A, 1.22 for Fabric B and 1.15 for Fabric 

C. 

5.2. Misalignment sensitivity 

 In a paper by Edgren et al. (2006), the off-axis loading behaviour of non crimp fabric 

composites was investigated, where a simplified criterion was used. Transverse loading was 

neglected, and the compressive strength as a function of longitudinal and shear stress was 

given as 

1
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=+
LT

LT

c

L

τ
τ

σ
σ

,          (23) 

where σc*  is the compressive strength of the tow in the case of loading along one of the fibre 

directions and τLT*  denotes either the measured shear strength of a cross-ply, or more 

preferably, a value extrapolated from the sample population with the highest off-axis loading 

angle. Supposing that σc*  has already been established, it is trivial to extract τLT*  from eqn. 

(22), once the stress state in the tows of the batch with the highest misalignment has been 

determined via CLT. For this to be possible, the values found in section 5.1 needs to be 

employed. The result is shown in Figure 85 for Fabric B, tested for misalignment sensitivity, 

where the extrapolated shear strength has been used in the criterion.  
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Figure 85: Comparison chart between experimental results for 5° and 10° off-axis loading stress states and the 
failure criterion for Fabric B. 

 As the 5°-misalignment test series for Fabric C was unsuccessful at determining the 

compressive strength, only the 0° and 10° test series remains. Thus, for this fabric, the 

equivalent diagram to that in Figure 85, has been omitted. 

6. Discussion 

 A number of different test methods have been explored, in order to find a reliable way of 

measuring the compressive strength of very thin CFRP fabrics. The results from compressive 

testing of single, and even double, layers of fabric has suggested that this is a doubtful test 

method, especially when the properties of a single fabric layer is desired. While the double 

layer setup at least approaches the values suggested by the other test methods, the significant 

variation in compressive strength with the number of plies is more or less obvious, when 

considering the results for the 3-ply fabric test series.  

 Therefore, a problem arises regarding the comparison of the results from the different test 

methods and series. When comparing the fabric compressive results to those of the test 

methods using sandwich panel, the differing surface constraints must be kept in mind. The 

free-lying single layer fabric composite has less resistance against out-of-plane displacements 
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on the meso-scale than the face sheet on a sandwich core. Still, the out-of-plane constraint on 

the sandwich panel is not entirely rigid either, as can be seen in Figure 86 below. 

 

Figure 86: Reflections reveals out-of-plane displacements in two compressively loaded sandwich specimens with 
honeycomb and foam core respectively, where the tows in the load direction are forced outwards and the 

transverse tows are forced to follow, creating bumps and depressions, respectively.  

 The behaviour shown in Figure 86 has also been a phenomenon encountered during 

earlier tensile tests of single layer fabrics at Swerea SICOMP AB, but has not been observed 

during the tensile tests performed in this study, using double layer specimens. It is assumed 

that two layers of fabric induce sufficient constraints to attenuate the out-of-plane 

displacements. A more rigid surface constraint should reflect in a higher compressive strength, 

as well as elastic modulus, as a given load increment results in a smaller increase in tow 

inclination. 

 Considering the compressive tests of single layer fabrics, Figure 87 below illustrates that 

the low compressive strengths suggested by the test results may well be only slightly below 

the actual compressive strength, as the surface constraint of this configuration permits 

substantial out-of-plane tow flexing, much like a spring being compressed, resulting in an 

increased inclination at failure and hence lower compressive failure stress.  
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Figure 87: Compressive strength dependence on fibre tow inclination angle for the inter-laminar shear strength 
of Fabric C composite. This suggests that if the relaxed out-of-plane constraints of the free surfaces of the 

compressively loaded fabric adds a few degrees to the fibre tow inclination, by flexing, the compressive strength 
drops by a significant amount. The compressive strength of a single fabric layer may then be as low as the 

corresponding test series suggests. 

 The problem thus amounts to, on one hand, the accurate determination of the compressive 

properties of a single fabric layer, supposedly in some sandwich configuration. On the other 

hand, having knowledge of the dependence of the compressive strength on the number of 

plies would enable a more structurally efficient design, where higher stresses can be permitted 

in the structure. 

 Considering the compressive test method using sandwich panel, the compressive  

strengths of the faces are probably underestimated, as skewed loading of the specimens is 

very difficult to avoid. Meanwhile, the four-point bending tests may overestimate the 

compressive strengths of the faces, as the induced curvature helps postpone the delaminations 

that follow out-of-plane meso-buckling failure. It should also be noticed that the bending test 

is the quickest test method, but could be further improved by using a thicker core. A thicker 

core may then require a local reinforcement, to avoid crushing of the core material. 

 It should be noted that the specimens for the bending tests of the sandwich panels with 

Fabric B and Fabric C faces were not as extensively polished on the edges as the specimens 

for Fabric A. This is an unfortunate shortcoming of the early tests series, where several flaws 

concerning the manufacturing process have been detected, and subsequently corrected, in later 
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batches, but is believed to only have a minor effect on the results. This is motivated by the 

fact that the results of Fabric A in the sandwich compression tests and the modelling in 

chapter 5 suggests superior properties for this fabric in the compressive domain altogether.  

 One big source of erroneous test results when determining compressive properties of 

composites, and especially concerning sandwich panels, is the sensitivity to flaws and 

imperfections that arise throughout the entire manufacturing process, i.e. cutting of the 

prepreg, lay-up, curing, specimen cutting and the handling throughout the entire process. The 

variation of fibre direction between the faces on a sandwich panel has been described in 

Figure 37, and the shortage of adhesive in the different honeycomb sandwich test series has 

been treated in Figure 24 and Figure 25. Still, many sources of errors have not yet been 

treated, and one major area concerns the buckling resistance of fabric composites and the 

associated theoretical framework. The theory applied assumes homogeneous, isotropic 

materials, with an ideally plane geometry. The fabrics, both as face sheets and on their own, 

fulfil neither of these criterions. It should be noted that buckling behaviour is highly 

dependent on initial imperfections. The failure mode of meso-buckling results in bending 

resistance being lost where the matrix starts to yield in shear, which induces a highly unstable 

structure that is only held in place by neighbouring structures, such as other plies or the 

sandwich core. Thickness measurements of the sandwich panels prior to four-point bending 

tests reveals that the thickness varies quite a bit, on the order of 0.1mm. It may not seem 

much at first, compared to the sandwich panel thickness of 5mm, but it has great impact on 

the stress results, especially in the beam bending tests, where the stress calculated depends on 

the thickness squared. Still, this has effects even in the case of pure compressive loading, 

subjecting the sandwich core to much higher out-of-plane loads than is intended, resulting in 

tensile or shear failure of the core material, with failure surfaces inclined approximately 45° 

to the load direction, despite the fact that all possible measures have been taken to avoid 

skewed loading. This means that the pure compressive strength of the face sheets may be 

superfluous knowledge, as this will hardly occur in an actual application, where there are 

sufficiently large areas to accommodate many material imperfections of different kinds.  

 Concerning the curing process, it has been understood that different autoclave pressures 

are maintained depending on whether the curing involves a sandwich panel, or if the fabric 

composite is cured individually. This difference in pressure, and accompanying vacuum 

appliance, is deemed important for the compressive properties of the resulting composite, as 
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the fibre tows straighten out considerably under higher pressure. It can be assumed that this is 

the reason for the slightly higher compressive strength of Fabric C on 13mm honeycomb core, 

at a mean value of 1.28, even though the use of a 13mm core results in a negligible curvature 

at failure, implying that this indeed was the compressive strength. The fabric faces of the 

sandwich panel were bonded onto the honeycomb core after curing, which means that the 

fabrics were cured at a higher autoclave pressure than the normal procedure of curing 

sandwich panels with structural foam core in a single operation allows. The heated structural 

foam core would also be a lot more flexible than in room temperature, possibly contributing 

to the macroscopic waviness of the sandwich panel, which is thought to cause disturbances in 

the test results for sandwich specimens.  

 On the other hand, the bonding interface of the composite matrix and externally applied 

adhesive will suffer in strength if not cured together, as there will be surface contaminations 

on the face sheets as well as a lot less entanglement and chemical bonding between the 

molecules in the two materials. In addition, there will probably be an increased occurrence of 

air bubbles, which may serve as failure nuclei in the interface, enabling delamination between 

the faces and the core.  

 A variation of the sandwich beam bending tests have been carried out, as well, where a 

thicker sandwich core, consisting of three layers of 5mm structural foam sheets, was used. 

The idea was to investigate the validity of the four-point bending tests with a 5mm core, with 

regards to the high deflections at failure. These test series have given high values of 

compressive strength indeed, but have not been reduced in terms of the core stiffness 

contributions, and have been dismissed because of unacceptable failure mode, as all 

specimens failed under the load introductions. 

7. Conclusion 

 The fabrics that have been tested in this study are summarized in Figure 88 and Figure 

89, where it is evident that there are considerable differences, both between fabrics and 

between test methods. 
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Figure 88: Summary of the mean strengths from all the test methods for the 3 investigated fabrics. 

 If the results for the fabric compression test series are disregarded, it is evident that the 

sandwich beam bending test is preferable. The 13mm honeycomb core seems to be a good 

choice for compressive strength determination, as long as it is properly bonded to the faces, as 

the core has not been crushed and a negligible curvature is achieved. Speaking of material 

choices, Fabric A would be the most desirable option, from a performance point of view, 

perhaps using two stacked layers of fabric on each side of the sandwich core.  

 As the test results for Fabric B in the four-point bending test method may have been 

somewhat underestimated, due to possible edge defects, this fabric may also be an appropriate 

choice, as the drapeability is thought to be better for the twill fabric. This fabric also has 

slightly higher shear modulus. 

 In this study, only the uniaxial static properties of the chosen materials have been 

evaluated. No investigation into the fatigue properties of the materials under scrutiny has been 

performed. 
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Figure 89: Comparison of the measured elastic moduli for the evaluated fabrics and different test methods.  

 It is apparent that the plain weaves suffer from the weak surface constraints present in the 

single layer fabric test series, while the twill has better resistance to out-of-plane 

displacements on the meso-scale. The fact that the twill generally has a higher modulus could 

be explained by the much higher fraction of each tow running along the loading direction, as 

seen in Figure 20 in chapter 4. Another possible explanation is that the strain behaviour 

outlined in Figure 84 does not apply for the twill, yielding significantly improved modulus. 
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