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Abstract  

In most application to date reinforced carbon fiber composites have been used in relatively smaller 

thickness, less than 10mm thick and essentially for carrying in-plane loads. As a result, design and 

testing procedures were developed which reflected the need to understand the in-plane response 

of the material.  recently, engineers and designers have begun to use reinforced carbon fiber 

composites in thicker sections, where an understanding of the through-thickness response is of 

para-mount importance in designing reliable structures, particularly where the through-thickness 

strength has a controlling influence on the overall structural strength of the component. In this 

thesis tests will be done on carbon fiber non-crimp fabric (NCF) which will be loaded in 

compression and shear and elastic moduli and strength will be evaluated. In characterizing the 

through-thickness mechanical properties of a composite, the objective is to produce a state of stress 

in the test specimen which is uniform and will repeatedly measure the true properties with 

accuracy. In this study, specimens were machined from two blocks of thick (~20 mm) laminates 

of glass/epoxy and NCF carbon fiber infused with vinylester and tested in compression, and shear. 

Keywords: reinforced carbon fiber, through thickness, non-crimp fabric, mechanical properties 
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1.0 BACKGROUND 

Measuring of through thickness properties of composite is difficult and there are limited number 

of standards available. Thick composites are used in various application such as on big ships for 

mounting engine block and attachment of landing gears in airplanes [1], the nature of loading that 

these blocks are subjected to, there is need to understand the out of plane properties of these thick 

blocks of composites. Through thickness properties and strength are required to determine the 

behavior of thick composites sections (20mm or more) [2], determination of interlaminar moduli 

and strength is necessary in the design, however there is dearth data on these areas, though 

experimental data do exist it mainly focusses on unidirectional composites and hardly on out of 

plane loading. Through thickness (TT) properties of strength and stiffness are increasing required 

by Engineers and designers as input in Finite element (FEA) and other analysis tools to investigate 

the properties of thick sections in both aerospace and non-aerospace application [3]. There are 

several problems that arises in trying to analyses TT properties of thick composite section, some 

of the problems are outlined below; 

• material anisotropy 

• stress concentration 

• competing failure modes. 

• End effects 

• Load introduction 

• Diversity in fiber architecture and matrix type. 

• Inherently low TT properties (relative to in plane) 

• Difficulties in manufacturing materials of desired thickness and maintaining quality 

consistent with thinner material (exotherms, porosity, poor resin infiltration etc.) [3]. 

1.1 reported thickness influence on Mechanical properties 

Most material characterization data on composite has placed much emphasis on test coupon 

specimen of between 2 to 2.5 mm thick laminates which were designed to produce in plane 

material properties [4]. However, results from these specimens has proved to be inapplicable for 

obtaining TT properties for thick composite because of different failures mechanism which are 

usually in play. the present design requirements for thick composites has exposed a shortfall in 

materials characterization skills, and there are no agreed methods for measuring the through-

thickness properties. Yung-Kun Lin et.al conducted some investigation on prepreg unidirectional 

thick composites and discovered that thick composite often develops more complex fracture modes 

than thin composites, they also realized that as the composites gets thicker the higher the chances 

of containing more and larger defects and this influences its mechanical properties. Compressive 

strength tends to reduce with an increase in thickness, however experimental validation is difficult 

because of a wide scatter of results [5]. Compressive failure in thick composites is because of fiber 

instability which is sensitive to fiber misalignment, thicker composites contain more plies of fibers 

and a higher possibility of greater misalignment. In a study conducted by Yung- Kun Lin et.al 

using thick composite specimen made up of 45, 90 and 180 plies, they found out that thicker 

specimen are less stiff and less strong because of size effects and lower fiber content in thicker 



5 | P a g e  
 

composites. The results further indicated that the thicker specimens tend to have lower strengths. 

The major reason is the lower fiber volume fraction of the thicker specimens. The lower volume 

fraction in thicker composites is because of the inability of the resin deep inside the panel to escape 

the panel leading to thicker composite becoming less compact in fiber packing. 

The TT tensile properties of a thick composite are not influenced by the thickness of the material. 

Ferguson, R.F et al [6] performed some experiments using 20mm and 40mm thick specimen to 

determine their TT properties, the sample tested showed similar results for stiffness and strength. 

Thickness play an insignificant role, because to carry out TT tensile testing the geometry of the 

specimen matters. The schematic below shows the most used geometries that gives more realistic 

results, 

                               

                    Fig 1 (a)                                                                 fig1 (b) 

Fig 1 a) and b) showing cubic type specimen (a) and reduced gage section (waisted) specimen  

As can be seen from these geometries it doesn’t matter the thickness, what is of importance is the 

end metal ends were the specimen is adhesively bonded, i.e. quality of the bond which will ensure 

that failure does not occur at the ends but within the material. The TT tensile properties largely 

depend on material lay up and interactions between fiber direction and matrix [7]. 

1.2 Available testing method for measuring through thickness 

The main properties of interest for TT is to determine both tensile and compressive modulus and 

strength, determination of Poisson ratios and shear properties, before any testing can take place 

there is need to fabricate the test specimen, there is insufficient literature on test of out of plane 

properties, however the few people who have done some research in this area, have used specimen 

of various shape and configurations, there is currently no agreed standard method for which shape 

or size produces consistent results which can be reproducible. 

 

 

 



6 | P a g e  
 

1.3.1 compression 

Two configurations for TT compression have been identified to work well, these are short blocks 

end loaded in compression between two flat plates and the other one is oriented TT in plane type 

compression tests which are loaded using compression jigs, figure 2 below shows some types of 

short blocks geometries subjected to compression. 

 

Fig 2 showing parallel sided, circular/elliptical waisted and RARDE waisted short blocks [3] 

 

1.3.2 tension  

Two methods are in general use for measuring tensile TT properties, these are direct and indirect 

tensile loading. In direct loading the specimen is adhesively bonded to metal blocks or through 

grips. The indirect tensile loading method is mostly used for curved specimen and induces TT 

tension by application of bending moments. Figure 3 (a) & (b) below shows specimen for both 

direct and indirect tensile loading methods. 

 

Fig 3 (a) showing direct tensile loading for parallel sided, circular/elliptical waisted and RARDE 

waisted short blocks [3] 
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Fig 3 (b) showing indirect tensile loading specimen for C-section, hump back & closed ring [3] 

1.3.3 shear 

The methods used to measure the shear properties of thick composite TT properties currently 

available are like those used for thin composite and are mainly derived from known standards such 

ISO and ASTM standards, those used particularly for TT include V-notched beam shear, short 

beam shear, double notched shear, and solid rod/circular disc torsion. Figure 4 below shows how 

the specimen looks; 
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Fig 4 shows specimen used for TT shear testing [3] 

 

1.4 effect of fiber waviness on the mechanical properties of thick composites 

There are a lot of factors that affects the strength of thick composite materials, the most common 

being fiber waviness/misalignment, void content, and fiber volume fraction. Waviness of fiber 

layers is a manufacturing defect and is common in thick composites [8], is it characterized by TT 

undulation of plies within the composite material. Thin laminates also exhibit undulation; 

however, ply layer waviness is more prominent in thick composites. The waviness causes a 

reduction in the compressive and tensile strength of the material. Several studies have been done 

to investigate the relationship between ply waviness and compressive strength, and a study by 

Michael. R wisnom [9] on unidirectional thick composite showed that when a block of composite 

with fiber waviness is subjected to compression, shear stress is induced due to the angle between 

the fiber and loading axis, this results in shear strains that leads to greater misalignment of fibers, 

and hence higher shear stresses. As the loading increases, at a certain point this lead to instability 

with the shear strains increasing for no apparent increase in load and thus reducing the ultimate 

compressive load of the composite block. From the research finding done by numerous researchers 

it has been established that fiber waviness reduces both the compressive strength and moduli of a 

thick blocks of laminate. It is the misalignment angles associated with fiber waviness that is 

responsible for the reduction of compressive strength in longitudinal as well as transverse 

directions for thick composite. 

2.0 PURPOSE/AIM 

The purpose of this thesis project is to determine the out of plane (through thickness) mechanical 

properties, particularly the compressive and shear properties as well as the poisons ratios of 

stitched non crimp fabric (NCF), produced through vacuum infusion with vinyl ester resin. 

2.1 Method 

The project started with a literature study to learn what has been done in this area of study, this 

was followed by learning how to operate the test machine and learning how to use the software, 

Aramis GOM correlate for analysis of strains generated from testing, before carrying out tests on 
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actual specimen, dummy wooden specimen was made and tested, then the strains produced 

analyzed with the software. When I grow more confident/conversant with how to operate the test 

machine on my own and being able to analyses the stresses and strains generated, I started tests on 

actual specimens. 

3.0 EXPERIMENTAL RESULTS 

3.1 SHEAR TESTING. 

The method that was used to test shear was the V-notched iosipescu shear. Test on the V- notched 

beam shear specimen was carried out according to ASTM 5379 [10], specimen preparation and 

procedure on how to perform the test is outlined in the test standard. The Nikon digital camera was 

used to get pictures for the deformations, and those pictures were analyzed by GOM correlate 

software for the strains generated during testing. The dimension of the specimen and failure loads 

are given in the table below under results. The figure below shows the test fixture of the test rig; 

 

Fig 5 V-notch test fixture. 
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3.1.1 shear test results 

The table below shows specimen dimensions and ultimate failure loads. 

Table 1: shear specimen dimension and failure loads 

specimen Thickness [t] in mm Width between 

notches [w] mm 

Failure loads [P] in 

Newtons 

1 4.09 11.79 1633 

2 4.04 11.84 1539 

3 4.00 11.64 1538 

4 4.09 11.73 1538 

5 4.11 11.63 1539 

Average values 4.066 11.726 1557.4 

 

The average shear stress for each specimen was computed using the formula below; 

𝜏̅ = 𝑃/𝑤𝑡 were P being the total vertical force applied to the Iosipescu specimen, w is the distance 

between the notch roots and t is the specimen thickness. Table 2 below summarizes results for the 

shear modulus’s and failure stresses. 

Table 2: shear modulus and failure stresses 

Specimen  Shear modulus (𝑮𝟏𝟑) in GPa Failure stress in MPa 

1 1.9226 33.865 

2 3.6001 32.174 

3 2.3261 33.033 

4 3.6210 32.058 

5 2.7926 32.197 

Average values 2.8525 32.6654 
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Fig 6 showing shear stress-shear strain curve for one specimen 

 

Fig 7 showing combined graphs of all shear test 
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3.2 COMPRESSION TESTING 

3.2.1 glass fiber 

Specimen preparation 

Compression testing were carried out on parallel sided (square cross section) specimen. A small 

piece of glass fiber with dimensions of height x width x thickness =100 x 70 x 20 mm^3 was 

available from which test specimen were cut from using a diamond saw. The samples dimensions 

were 10𝑥10𝑥20𝑚𝑚3. The height to width ratio was 2:1 as recommended for compression testing. 

Ten specimens were cut from this material for testing, a second set of specimens had dimensions 

of 20𝑥20𝑥20𝑚𝑚3. However, these bigger specimens were not tested as they could not fail under 

the maximum applied load of the test machine, finally a black and white speckle pattern was 

applied to the front side of the surface for accurate strain measurements by digital image 

correlation (DIC) as shown in the fig 8 below.  

 

Fig 8 showing specimen before application of speckle patterns 

 

Fig 9 DIC pattern on test specimen 
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The specimen were directly loaded between two flat steel platen, in compression until fracture 

occurred using an electric motor driven loading frame (Instron 4505). The loading rate was 

0.5mm/min, this loading speed minimized strain rate effects. During testing time, load in kN, and 

stress in MPa, were recorded, and images of the DIC patterns on the front side were recorded at a 

predetermined time interval. The images were later processed using DIC Aramis analysis software 

to obtain strain values in TT and transverse directions. The results of the glass fiber tests are given 

in the table below; 

Table 3: results of glass fiber compression test specimens 

Specimen 

# 

Elastic 

Modulus 

(𝑬𝒛𝒛) GPa 

COV in 

(%) 

Poisson 

ratio 

COV in 

(%) 

Compressive 

strength 

(𝑺𝒁𝒁) MPa 

COV in 

(%) 

𝝂𝒛𝒙 𝝂𝒛𝒚 

1 9.142 0.5714 0.234 0.234 1.8084 514.3792 1.7307 

2 9.207 0.5714 0.229 0.229 1.8084 532.7524 1.7307 

3 9.281 0.5714 0.227 0.227 1.8084 532.9572 1.7307 

4 9.119 0.5714 0.224 0.224 1.8084 508.2819 1.7307 

5 9.214 0.5714 0.226 0.226 1.8084 510.8190 1.7307 

6 9.130 0.5714 0.233 0.233 1.8084 527.2192 1.7307 

7 9.234 0.5714 0.221 0.221 1.8084 518.1433 1.7307 

8 9.196 0.5714 0.230 0.230 1.8084 516.9286 1.7307 

Averages 9.1904 0.5714 0.228 0.228 1.8084 520.1851 1.7307 

 

The stress-strain curve for one specimen and a combination of all specimen if given in the figure 

below. the calculations of elastic modulus, Poisson ratio and compressive strength was done as 

follows; 

I. Elastic modulus defined as the gradient of the linear portion of the stress/strain curve. 

II. Poisson's ratios  𝝂𝒛𝒙, and 𝝂𝒛𝒚, defined as (transverse strain/axial strain), taken at a suitable 

point in the linear portion of the stress/strain curve. 

III. The compressive strength was computed as the load at failure divided by cross sectional 

area of specimen 

COV is the coefficient of variation, which is the ratio of standard deviation against the mean 

multiplied by 100 to get it in percentage. 
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Fig 10 showing stress-strain curve for one test sample 

 

Fig 11 showing combine stress-strain curve of all specimen tested 

A graph of the strain in transverse direction against strain in TT direction were plotted for one 

specimen first and a combination of all specimen, it is from these graphs that the Poisson ratio 



15 | P a g e  
 

calculation were computed, for example 𝝂𝟑𝟏 =
𝜺𝟏

𝜺𝟑
; and from the strain graphs there is a linear 

relationship between the strain in TT and strains in transverse direction. 

It must be mentioned that due to the way the specimen failed, recording of pictures was stopped 

few seconds before failure and the camera covered with a foam board to protect the cameras lens 

from being hit by the flying off pieces of the specimen, therefore the end of each graph does not 

imply it is the failure stress. 

 

 

Fig 12 showing strain in TT direction against strain in transverse direction for glass fiber 

composite. 
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Fig 13 showing combined strains for all specimen tested for glass fiber composite. 

3.2.2 carbon fiber specimen preparation & Results 

The carbon fiber material which the test specimen was made, and resin properties are given in the 

table below; 

Table 4: carbon fiber and resin properties 

Material Density 

kg/m^3 

E-modulus 

GPa 

Tensile 

stress  

𝜺 [%] 𝑻𝒈 [℃] 

Vinylester 

Dion 9102 

1010-1050 3.4 79 MPa 4.5 100 

Carbon fiber 

Toray T700 

 

1800 230 4.9 GPa 2.1  

 

The layup of the fibers was    [(𝟒𝟓/−𝟒𝟓/𝟎/𝟗𝟎)𝟕, (𝟒𝟓/−𝟒𝟓) ]𝟑      

The maximum compression load from the Instron machine is 100KN, initially the specimen that 

were prepared had the dimensions of height x width x thickness = (𝟏𝟓𝒙𝟏𝟓𝒙𝟑𝟖𝒎𝒎𝟑). When 

specimen #1 was placed on a test machine and subjected to compression, I reached a load of 96KN, 

and the specimen showed no sign of failure, the test had to be aborted to avoid damaging the test 

machine. Upon consultation with my supervisor it was agreed that I need to reduce the specimen’s 

dimensions, the new dimensions of the specimen were 12𝑥12𝑥25𝑚𝑚^3. These specimens did 

not break as well and the testing was stopped when a load of 96KN was reached. Further specimen 
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reduction was done and the specimen that finally failed in compression had the dimensions of 

height x width x thickness = (𝟏𝟎𝒙𝟏𝟎𝒙𝟐𝟎𝒎𝒎𝟑).  After preparation of these new specimen a black 

and white speckle pattern was applied on one side of each specimen in readiness for testing, and 

results from the test is shown in table 5 below; 

Table 5: results of carbon fiber compression 

Specimen 

# 

Elastic 

Modulus 

(𝑬𝒛𝒛) GPa 

COV in 

(%) 

Poisson ratio COV in 

(%) 

Compressive 

strength 

(𝑺𝒁𝒁) MPa 

COV in 

(%) 
𝝂𝒛𝒙 𝝂𝒛𝒚 

1 8.992 0.4111 0.0973 0.0973 2.5902 943.38 2.6157 

2 8.984 0.4111 0.0940 0.0940 2.5902 907.80 2.6157 

3 8.919 0.4111 0.0957 0.0957 2.5902 905.64 2.6157 

4 8.937 0.4111 0.0923 0.0923 2.5902 913.27 2.6157 

5 8.999 0.4111 0.0949 0.0949 2.5902 923.32 2.6157 

6 8.975 0.4111 0.0917 0.0917 2.5902 895.04 2.6157 

7 8.990 0.4111 0.0980 0.0980 2.5902 865.30 2.6157 

8 8.901 0.4111 0.0924 0.0924 2.5902 899.99 2.6157 

9 8.995 0.4111 0.0922 0.0922 2.5902 891.58 2.6157 

10 8.969 0.4111 0.0964 0.0964 2.5902 933.83 2.6157 

Averages 8.9661 0.4111 0.0945 0.0945 2.5902 907.9150 2.6157 

 

COV is the coefficient of variation, which is the ratio of standard deviation against the mean 

multiplied by 100 to get it in percentage. 

 

The stress-strain graph for one specimen and a combination of all specimen for carbon fiber 

compression is shown in the figures given below; 
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Fig 14 showing stress-strain for carbon fiber compression 

 

Fig 15 showing stress-strain curve for all specimen of carbon fiber compression 

A graph of the strain in TT direction against the strain in transverse direction is shown below from 

which the Poisson ratio of the fiber composite was estimated from. 
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Fig 16 showing strain in TT direction against strain in transverse direction for carbon fiber 

composites 

3.3 Microscopic examination of the un-damaged and damaged carbon fiber specimen 

Fractographic examination under a microscope was done on two specimen, one damaged and the 

other one not damaged, first the samples had to be polished and then placed on a microscope which 

was connected to a computed, and at a magnification of 50𝟎𝝁m it was possible to see the fiber 

bundles in the composite. The undamaged specimen acted as a reference, because on it, there were 

not cracks, however from the damaged specimen, cracks could be seen, and all the cracks initiated 

in the 90-degree layer as can be seen from the pictures in appendix A. as earlier alluded to in 

section 1.4 the fibers are not perfectly aligned, there is ply waviness and this waviness increases 

with thickness, fiber waviness/misalignment tend to decrease the mechanical properties of 

composites. Pockets of resins which solidifies without infusing with the fibers are clearly visible 

from these microscopic scans, this poor resin infiltration reduces the fiber volume fraction and 

makes the fibers less compact and this in turn decreases the compressive strength of the 

composites. 

4.0 DISCUSSION OF RESULTS 

4.1 Compression testing on glass fiber 

The glass fiber specimen exhibited elastic behavior for approximately 1% of the strain followed 

by a softening behavior which eventually resulted into catastrophic failure without exhibiting any 

plasticity/yielding, as can be seen from the graphs in fig 10 & 11, the material was still in the 

elastic region though permanent deformation had taken place, there was no significant yielding at 

all, as the specimens were compressed the material within became brittle, and the specimen 
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experienced shear cracking at approximately 30-45degree angle to the loading axis, these specimen 

experienced high stress concentration on the loaded faces, especially the face that was not moving 

and it is from this face that the specimen raptures at an angle. The figure below shows the 

schematics of how failure progressed and actual specimen after failure; 

 

Fig 17 showing the schematic that the specimens took to fail 

 

Fig 18 showing specimens after failure 

4.2 compression testing on carbon fiber 

In the carbon fiber test specimens, the test specimens experienced elastic behavior for 

approximately 2% strain, followed by a softening behavior which resulted into catastrophic failure 

as can be seen in graphs of fig 14 &15.There was no significant yielding, the failure was sudden, 

from microscopic examination analysis, the specimen started developing cracks in 90°  layers as 

can be seen from figures from appendix A, as the load increased, these cracks continued to grow 

until a point was reached that the specimen could no longer sustain the load, and it failed suddenly 

with no significant yielding. The stress-strain curve showed a rather peculiar feature, the elastic 

modulus was increasing steadily then dropped and began to increase again, this rather unusual 

phenomena could be a result of loss of speckles, the Aramis software could not compute the strains 

in regions were cracks had developed, and the cracks continued to grow,  tracking of the speckle 
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pattern by the software became difficult hence the rather increase in elastic modulus at strains 

higher than 6%. To justify that this behavior is not because of hardening, a plot of stress-strain first 

using strain computed by the Aramis software, and then strain obtained from machine 

displacement shows different results, the results from strains from machine displacement does not 

show any hardening effect, therefore if densification was taking place, it would have been visible 

in in the other graph. The figure below shows a plot of stress-strain for these two cases; 

 

Fig 19 showing stress-strain curve for strains from Aramis software and from machine 

displacement. 

In an ideal case after the material has reached its yield limit, the elastic modulus when plotted 

against strain should be constant or decrease and not increase. However, for this specimen, after 

strain greater than 5% the loss of speckle patterns confuses the software and its unable to keep 

track of the strains hence the unusual increase of elastic modulus. Fig 20 shows the plot of elastic 

modulus against strains for the two cases discussed above. A  picture of failed fragments of test 

specimen is shown in fig 21.  
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Fig 20 show plots of Elastic modulus against strain for the two cases outlined above 

 

Fig 21 showing fragments of failed test pieces 
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4.3 shear testing on carbon fiber 

The V-notch beam shear was effective at determining the TT shear moduli of all the specimen 

tested and showed little scatter of results. All the tested specimen failed in shear, with shear 

cracking occurring within the gauge section. Schematics of shear failure progression is shown in 

the fig below. 

 

 

 

 

Fig 22 showing schematic of shear failure progression in the specimen 

The failure was initiated at the tip of the notch and progressed longitudinally along the length of 

the specimen. As can be seen from fig 6 & 7 above of stress-strain curve, the material showed 

elastic behavior up-to approximately 0.005% strain followed by softening behavior that eventually 

led to failure at strains higher than 0.015%. 

 

 
Fig 23 showing shear failure of shear specimen 
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5.0 conclusion and suggestions 

The TT mechanical properties i.e. compression and shear for non-crimp fabric (NCF) carbon 

fibers, and glass fibers were determined experimentally, Specimens and testing methods to 

determine these properties were analyzed and a successful set of experiments was conducted to 

measure both elastic properties and strengths of moderately thick composites. From the results 

obtained it was showed that NCF carbon infused with vinylester tend to densify under compression 

loading, and this densification is responsible for the increase in modulus prior to failure. 

Microscopic examination of two specimen shown in appendix A, one not subjected to compression 

loading and the other subjected to compression loading, showed that, cracks initiated in 90-degree 

layers, and in both specimen resin rich regions were visible, this means that some sections of the 

composite were dry, this poor resin infiltration reduces the overall mechanical properties of the 

composite. The results from glass fiber TT compression agrees to what other authors who have 

done similar tests in compression have found. 

More experiments with different materials needs to be done to see if the experiments and results 

can be repeated and reproduced, and the results needs to be validated by FEM models. The 

experiments need to be further complimented by examination of different specimen geometry, 

material properties and loading conditions. Influence of stress concentrations needs to be serious 

taken into consideration to improve stress uniformity and confirm failure modes. 
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8.0 APPENDIX A 

a) Undamaged specimen 
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b) Damaged specimen 

 

 


