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Abstract: The study investigates the behavior at mechanical loading tests of laminate composites manufactured 

by two methods as wet lay-up with vacuum bagging and autoclave processing method and they were achieved 

using two types of epoxy/carbon laminates. The stacking sequence of layers is imposed at eight-ply laminate [0]8 

and [(45/0)2]s. Fibers orientation, stacking sequences and methods of production influence the response of the 

composite structure. Starting from estimating the response of the composite structure to mechanical loads, an 

optimized Arcan device for testing thin composite plates was developed and used. Arcan type tests are used to 

investigate the specimen’s behavior in pure normal, pure-shear and mixed modes respectively. The fixture 

allows an ARCAN sample to be rotated at 15° increments from 0° to 90° to produce different amounts of mode-

mix during loading; with 0° being pure tension/compression loading to 90° being pure shear loading. The 

optimization of the design of the proposed device, based on simulations with finite elements and the 

experimental results obtained, completes the analysis regarding the performances of the composite materials 

processed with autoclaves, justifying high investment for improvement of material properties. 
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1.  Introduction 
 

The specific degradation of CFRP consists of delamination due to impacts, even at low 

energies, or overloading of the structure; excessive porosity; water absorption [1] etc. 

Evaluation of impact damage mechanism of epoxy composite structures is approached in 

numerous studies [2, 3]. Because assemblies of composite modules and connections between 

composite and metallic structures are of great importance, few standard tests are necessary to 

characterize composite assemblies [4]. Failure initiation in such assemblies is associated with 

the apparition of cracks in adhesive or interlaminar zones close to joints of composite-to-

composite or composite-to-metal, due to the efforts caused by efforts supported differently by 

the components of the joint [5]. The specialized literature proposes numerous experimental 

devices and often a large number of specialized specimens for each type of composite 

application, in accordance with the applicable domain standards [6].  

The use of an Arcan device to determine the behavior of composites for hybrid assemblies 

and beyond, has the advantage of testing of thin composite plate, cross ply and quasi-isotropic 

symmetrical plain weave carbon-epoxy laminates, for a particular set of epoxy / carbon fabric 

type. The optimization of the design of the test device and of the specimen was carried out 

based on the simulations of FEM using ANSYS Mechanical academic version [7]. From this 

reason, the failure of structural components from CFRP, submitted to complex axial stresses 

is more studied nowadays. The test (V notched beam) is used on a wider scale for pure shear, 

and it is also standardized to be applied to different materials [8]. Axial loading for CFRP 

shaped sample is realized using an Arcan device [9]. The CFRP samples taken in the study 

was manufactured by two methods, wet lay-up with vacuum bagging and autoclave 

processing method and they were achieved using two types of epoxy/carbon laminates [10]. 

The aim of this paper is to present the complementary results obtained during the 

investigation of mixed-mode fracture using the Arcan device for tests based on the sample.  
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2. Materials and methods 

 
For these tests, two type of carbon/epoxy laminates, manufactured by wet lay-up and vacuum 

bagging and autoclave processing method with different ply stacking sequences [0]8 and 

[(45/0)2]s [10] were realized. Dimensions of plates were 210x297mm with 2-2.8 mm 

thickness. For tension and compression tests, the results were those from [10].  

The complementary method proposed for the complete characterization of the obtained 

materials is the use of a modified Arcan test. Arcan type tests are an easy way to study the 

specimens behavior in pure and mixed mode (tensile & shear) respectively. The fixture allows 

an ARCAN sample to be rotated at 15° increments from 0° to 90° to produce different 

amounts of mode-mixt during loading; with 0° being pure tension/compression loading to 90° 

being pure shear loading. The key advantage of this device is the testing of composite thin 

plates. The characterization of the material from elastic properties point of view follows  

1 f f m m
E E V E V= +               (1) 

with Ef the elastic modulus of the fibers; Em the elastic modulus of the matrix; Vf the fiber 

content; Vm the volume content of matrices.  

The strain - stress responses of laminate [0]8 and [(45/0)2]s in tension, was determined [10] 

and are presented in Table 1, where E is elastic modulus; X1
T
 tensile strength (σ is stress); ε is 

strain. For composite structures, tensile failure of a 0
o
 ply is usually represented by a 

maximum – strain failure initiation criterion 1 1

T
Xσ =  or 1 1

T
eε = . 

 

Table 1: Results of static tests in tension and compression 

 Method Stacking Sequence 

Wet lay-up + vacuum bagging AC-prepreg 

[0]8 [(45/0)2]s [0]8 [(45/0)2]s 

d (mm) 2.80 2.78 2.05 2.04 

Vf (%) 32 31 45 44 

Tension E1[GPa] 40.9  56.4  

X1
T
[MPa] 398  527  

ε1
T
[%]   0.945  

e1
T
[%] 0.95    

Ex[GPa]  27.8  46.9 

σx
T
[MPa]    404 

εx
T
[%]    1.073 

σx
ult

[MPa]  292   

εx
ult

[%]  1.125   

 

It can be observed that the elastic modulus and strengths are smaller in wet lay-up laminates 

for all loading cases. The autoclave processed Torayca® T300 fibres /ET445 prepreg samples 

exhibited significantly higher tensile, compressive and flexural strengths (24-42%) than lay-

up samples [10]. The laminates were fabricated using standard modulus carbon fiber plain 

weave fabrics, Sigrafil and Torayca. Both fibers in fabrics are polyacrylonitrile-based, with 

equal filament diameter of 7 µm, the number of filaments in yarn being 50k and respective 3K 

filaments) and nearly similar elastic modulus [11],[12]. For the matrix, the MGS epoxy 

system (trade name MGS® 285, type diglycidyl-ether of bisphenol) and polyamide-type 

hardener (trade name Epikure Curing Agent MGS LH 285) were used [13].  

 

 

 



2.1. Test fixture and specimen  

In order to produce different biaxial states of stress, for this study has been used a modified 

Arcan test fixture [14]. Using this test fixture, various biaxial states of stress can be obtained 

simply by varying the angle α between longitudinal axis of symmetry of the specimen 

(mounted in the test device) and the loading direction, as follows tension or compression is 

obtained for α=0°, shear for α=90° and tension (or compression) with shear for other values of 

the angle α (Figure 1). The Arcan device and method, allow the application of shear stress 

(α=90
0
), tensile (α=0

0
), or shear with traction (with different ratios between σ and τ) in the 

narrow section by changing the angle of application of force, Figure 1. 

 
Figure 1. Arcan fixture for shear test with different loading configuration 

 

The shape of the sample concentrates the stress towards its center, where is the smallest cross 

section. In order to verify this assumption, a FEM analysis was done for one sample mounted 

on the Arcan device, under different cases of loading.  

The two types of specimens (modified butterfly type specimens) are presented overlapped in 

the Figure 2. Note that the central part (where is the minimum section, in which the rupture 

occurs) is identical for both specimens. Using FEA and IR thermography [14] in literature is 

shown that for radius from the bottom of the notch of 2.54 mm the most uniform stress shear 

stress in specimen is achieved. From the specified plates, samples were prepared [15] in order 

to study the mechanical behavior of the materials under shear loading (shear strength, shear 

modulus, strain to failure) fixed to Arcan device. Parallelepiped samples with two notches at 

the middle of 90
0
 each with a depth of 26% of the specimen width are shown in Figure 2. 

 

 

(a) (b) 

Figure 2. Specimen: (a) scheme; (b) photo 

 



The geometry of the specimens was selected for positioning in the Arcan device to apply the 

loads. In order to evaluate the effect of the joint geometry, the distances between the central 

part and the center of the two rows of parallel holes, realized on both sides of the central area, 

according to the geometry presented in Figure 2 were determined. 

 

 

2.2. Finite model analysis  

Finite element analyses were performed to determine the state of stress in narrow section of 

the specimen subjected to shear loads. Using FEM models, the influence of the radius of 

curvature of the specimen (considered orthotropic) on the uniformity of the stresses that 

appear in the central section was determined [14]. The sample is fixed at half geometry at Ox 

direction for prevented body motion. The geometry model transferred in the FEA software 

and meshed quadrilateral 8 nodes mesh elements as shown in Figure 3. The XY symmetry 

plane was constrained in the OZ direction. Simulations were performed for sample thickness 

average of 2.5mm. The FEM mesh contained 287893 nodes and 94984 elements for butterfly 

specimen (figure 3a)  and respective 173593 nodes and 57080 elements (figure 3b) for 

modified specimen. In the narrow section, the discretization is made similarly for both 

specimens.   

  

 

 
(a) (b) 

Figure 3. Mesh applied to studied specimens: (a) butterfly; (b) modified specimens 

 

The results of FEM for the first type of material are presented in Figure 4.  

    
(a) (b) 

Figure 4. Results of FEM for material 1 for Linearized Shear Stress(XY plane) and Shear 

Stress (XY Plane): (a) butterfly specimen;(b) modified specimen 

 

The results of FEM for the second type of material are presented in Figure 5.  

    
(a) (b) 

Figure 5. Results of FEM for material 2 for Linearized Shear Stress(XY plane) and Shear 

Stress (XY Plane): (a) butterfly specimen;(b) modified specimen 

 



The similar distribution of stresses in both the butterfly and the modified specimens, in the 

narrow section promotes the modified specimen to be used in the tests specified below. 

 

3. Results and discussions 

 
The Arcan device was mounted on a WDW 50 testing machine with a maximum load of 50 

kN, Figure 6a. The loading applied to the specimens was carried out at a transversal speed of 

2 mm/min. The samples cropped from the four plates have been tested using the following 

values of the angle α [45°, 60° and 90°]. The experiments were performed in a displacement 

control mode presented above. Shear strains were extracted from the equipment at the center 

of each specimen.  

Figures 6b and c show two typical failed specimens. 

 

 

 
(b) 

 

(a) (c) 

Figure 6. Experimental set-up: (a) Arcan fixture; (b) failure of specimen in the narrow 

section; (b) failure of specimen after reaching the ultimate stress, by cracking between holes 

(red circle) 

 

The analysis of the specimens after the test showed that the rupture of the samples is 

influenced by the fiber distribution and the force direction (α angle). The results obtained for 

the specimens that did not break in the narrow section were not taken into account, this 

phenomenon being also pointed out in the literature for the butterfly specimens [14]. Shear 

strengths from ARCAN tests are presented in Table 2. 

 

Table 2: Results of pure shear and mixed shear/tension ARCAN test  

 

Factor of safety c1 (calculated for ellipses drawn with dotted line) 

Material  σ [MPa] τ [MPa] X11 [MPa] X12 [MPa]  

P1 149.03 149.03 527 214.11  

P2 115.25 115.25 404 173.13  

P3 92.95 92.95 398 159.79  

P4 101.57 101.57 292 153.75  

 

 

 



4. Tsai Hill Failure criterion 

 
Halpin and Tsai [16] have been developed few simple models for calculation of elastic 

properties for composite materials based on their elasticity. The composites with long fibers 

are orthotropic. In the absence of specific analytical relationships for these materials, the 

stress state can be studied using numerical methods. Tsai-Hill criterion is based on an energy 

theory and it is widely used for orthotropic composite materials. For a general biaxial state of 

stress (biaxial tension with shear) it is usually written as 
2 2 2 2

11 11 22 22 12

11 11 22 12

1
X X X X

σ σ σ σ τ       
− + + ≤       

       
     (2) 

where X11 and X22 are the allowable strength in the longitudinal and respectively transverse 

direction of composite material; X12 is in plane shear allowable strength. The Tsai-Hill 

criterion predicts the failure when the left member reaches 1. For a particular biaxial state of 

stress with uniaxial tension and shear the equation will possess only the normal stress σ11 

(σ22=0) and the rupture will occur when 
2 2

11 12

11 12

1
X X

σ τ   
+ =   

   
       (3) 

where X11 is the tensile strength in longitudinal direction; X12 is in plane shear strength. It is 

observed that this equation represents an ellipse in the space σ-τ. The semiaxes of the ellipse 

are X11 and X12 respectively. The values of X11 were taken from [10], where the tests have 

been carried out on classical specimens for tensile tests – dog-bones. The materials used with 

Arcan tests are from the same batch as the materials used for tensile tests in [10]. On the 

contour of the ellipse, the material failures and the safety factor is c=1. Inside the ellipse is the 

safe area (c>1) and outside is the dangerous area (c<1). In figures 10 the ellipses generated by 

the Tsai-Hill criterion are presented for the four composite materials. In each diagram two 

points at which the composite material has failed for the loading directions α=45° and α=60° 

are also represented. It is observed that these points are located inside the ellipses (in the area 

considered safe). Of course, if only for certain states of stress the material failure occurs in the 

area considered safe, this can create serious problems for calculation in engineering.  

  
(a) (b) 



  
(c) (d) 

Figure 7. Tsai-Hill failure criteria for composite structures: (a) plate 1; (b) plate 2;  

(c) plate 3; (d) plate 4; 

This problem can be solved as follows: an ellipse concentric to the first is drawn, so that the 

states of stress for which the failure of material is produced must be on the contour of the 

ellipse or outside of it. The semi axes of this ellipse are X11/c1 and X12/c1 respectively, where 

is a factor of safety (c1>1). Thus the safe area will be considered now the one inside smaller 

ellipse. The semi-axes of this ellipse are X11/c1 and X12/c1 respectively, where is a factor of 

safety (c1>1). In Table 3, the factor of safety c1 are presented for the four composite materials 

taken into consideration. 

 

Table 3. The factor of safety c1 

Material c1 

The semi-axes of the ellipse which delimits the area considered 

safe [MPa] 

X11/c1 X12/c1 

P1 1.331 395.94 160.86 

P2 1.380 292.75 125.45 

P3 1.595 249.52 100.18 

P4 1.339 218.07 114.82 

 

Thus the safe area will be considered now the one inside smaller ellipse and Tsai-Hill 

criterion can be easily rewritten for each composite material studied in this work. The 

obtained results show that the failure criteria taken into consideration are correct and can be 

used for the prediction of failure in the analysed composite structures. 

 

5. Conclusions 

 
Four different composite materials were tested using a modified Arcan test fixture and 

modified butterfly specimens, up to ultimate failure.  It has been shown that the Tsai-Hill 

criterion can be used for the studied composites, in a biaxial state of stress. At the failure 

study, the following factors must be taken into consideration, thickness of the lamina, 

stacking sequences of the laminates, pretension of fixing elements, the method for obtaining 

of laminates, which affect the tensile failure in different ways. Thus, the testing at complex 

stresses states is important to transition of one failure mode to another.  

Authors proposes a testing program in mixed configuration for Arcan in order to selective 

investigate few critical parameters. The tests on failure mechanism during the mixed loadings 

will be further developed.  Supplementary researches of these specimens for failure avoidance 

around fixing elements are imposed.  
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