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ABSTRACT 

This paper will present biaxial fatigue data of [0/90/04/ 0̅ ]S E-glass/epoxy laminates under a 

combination of normal and shear loadings. A butterfly-shaped Arcan specimen was developed and used 

for fatigue testing. Four different fiber orientations in the outer layers were considered, namely 0, 30, 

45 and 90°.   A variety of combinations of shear and normal stresses were created by changing the 

orientation of the specimen with respect to the loading direction.  By varying the loading angle, it was 

possible to create stress biaxiality that included pure tension, mixed tension-shear and pure shear in the 

significant section of the specimen. The maximum fatigue load in each case was a percentage of the 

peak load determined in static biaxial loading. The effect of biaxiality ratios on fatigue life diagrams 

and fatigue damage evolution in the composite laminate is presented.   

   

 

1 INTRODUCTION 

Fiber reinforced polymer composites are used in many different structural forms and applications in 

aircraft, space, automotive, marine and multiple other industries owing  to their high strength-to-density 

and high modulus-to-density ratios. Their fatigue behavior under uniaxial loading has received much 

more attention compared to biaxial loading [1-3].  Majority of the test data corresponding to biaxial 

static and fatigue performance that exist in the open literature have come mainly from three types of test 

specimens [4, 5]: 1) off-axis specimens, 2) cruciform specimens, and 3) thin-walled tubular specimens. 

Of the three types of test specimens, only thin-walled tubular specimens can be used to apply a 

combination of normal stresses and shear stress. The normal stresses are created by the application of 

either an internal pressure or an axial load, and the shear stress is created by the application of a torsional 

load [6 – 8].  Though tubular specimens have the advantage of allowing biaxial loading, it has many 

unique challenges, such as tubular specimen fabrication, non-uniform stress distribution through the 

thickness and the possibility of failure by torsional buckling. The effect of the combination of normal 

and shear stresses on laminated composite plates has not been studied much in the past. Since the 

majority of composites are used in laminated plate or shell structures, this study was undertaken to 

determine the fatigue life diagrams of a continuous fiber reinforced polymer laminate under a 

combination of normal and shear loadings. The test method used in this study is a butterfly-shaped Arcan 

specimen, which is a modified form of the Arcan specimen originally developed in 1978 by Arcan and 

his co-workers [9] and used later to determine the shear properties of fiber reinforced polymers [10]. 

The versatility of the Arcan specimen is that it can be utilized for testing materials under either normal 

loading, shear loading or a combination of in-plane normal and shear loadings.   

2  EXPERIMENTAL 

2.1  Material 

The material used in this study is an E-glass fiber reinforced epoxy flat laminate composed of 13 

layers and has a stacking sequence described by [0/90/04/0̅]S.  One layer from each of the outer surfaces 

of the laminate contains fibers in the transverse direction, but the fibers in the remaining 11 layers are 

oriented in the longitudinal direction. The trade name for the material is Scotchply 1002. The Scotchply 
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laminates were originally developed by 3M and is now available by the trade name Cyply 1002 from 

Red Seal Electric Co. in USA.  The nominal fiber volume fraction in the laminate is 64 percent. The 

longitudinal tensile modulus and strength, as reported by the laminate manufacturer, are 39.3 GPa and 

965.3 MPa, respectively. 

2.2 Fatigue Specimens  

The overall dimensions of the butterfly-shaped Arcan specimen used in this study are 50 mm x 75 

mm x 3.3 mm (thickness). The notch radius at the corner of the 90° notch angle is 10 mm. The details 

of the specimen design are given in Reference [11].  The distance between the notch ends is 23.28 mm; 

thus the cross-sectional area of the specimen between the notch tips, considered the significant section, 

is 76.82 mm2. The specimen has three 6-mm diameter bolt holes drilled at each end for mounting it to 

the loading fixture. Two different specimen configurations were prepared: 1) longitudinal specimens in 

which the 0° layers are perpendicular to the significant section, referred to as ‘1-2 specimens’, and 2) 

transverse specimens in which the 0° layers are parallel to the significant section, referred to as ‘2-1 

specimens’.  Figure 1 shows a schematic of the 1-2 and 2-1 specimens. In this figure, the 0° layers are 

represented by the solid lines and the 90° layers are represented by the dotted lines.  In the 1-2 specimens, 

11 of the 13 layers or 85% of the layers are the 0o layers. Similarly, in the 2-1 specimens 11 of the 13 

layers or 85% of the layers are the 90o layers.  In addition to 1-2 and 2-1 specimens, 30o and 45o off-axis 

specimens were also considered.  The laminate configurations in the off-axis specimens are 

[30/60/309/60/30] and [45/-45/459/-45/45], respectively. 

 

 

 
 

Figure 1: Fiber orientation on the outer surfaces shown by solid lines in 1-2 (left) and (b) 2-1 (right) 

configurations of the Arcan specimen  

 

2.3  Fatigue Tests 

 Load-controlled cyclic fatigue tests were conducted on an MTS 810 servo-hydraulic test system. The 

fixture for testing the Arcan specimens is shown in Figure 2 and is described in Reference [11].  It is to 

be noted that as the loading angle α is increased from 0 to 90o, the shear stress component increases 

while the normal stress component decreases.  In our experiments, the normal stress component for the 

1-2 specimens is 11 and for the 2-1 specimens, it is 22. 

 All fatigue tests were performed in load-controlled mode at 2 Hz and with an R-ratio (Pmin/Pmax) of 

0.1. The maximum cyclic loads applied on the fatigue specimens were 28 to 76% of the peak load 

observed in monotonic tests [11]. The load and crosshead displacement signals were continuously 

monitored and recorded throughout the tests. The cycle at which the instantaneous stiffness (load divided 

by crosshead displacement) becomes equal to half the stiffness at 100 cycles was considered the failure 

cycle for the material. If a specimen did not fail, the fatigue test was discontinued after a runout life of 

2 x 106 cycles. 
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Figure 2: Photograph of an Arcan specimen mounted on the test fixture. The loading angle is denoted 

by α and is measured from the vertical axis of the loading fixture. 
 

3. FATIGUE LIFE DIAGRAMS 

 In reporting load-controlled uniaxial fatigue data, it is customary to plot the fatigue life diagram using 

the maximum normal stress instead of maximum load as the fatigue parameter. In biaxial fatigue tests, 

there are two in-plane normal stresses, xx and yy, and a shear stress, xy. The effects of all three stresses 

are represented by the normal and shear stress biaxiality ratios defined below. Table 1 lists the biaxiality 

ratios for the specimen configurations used in this study. 

(1) For the 1-2 specimens,     

𝜆𝑦 =
𝜎𝑦𝑦

𝜎𝑥𝑥
   and  𝜆𝑥𝑦 =

𝜏𝑥𝑦

𝜎𝑥𝑥
    (1)  

(2) For the 2-1 specimens,     

𝜆𝑥 =
𝜎𝑥𝑥

𝜎𝑦𝑦
   and 𝜆𝑥𝑦 =

𝜏𝑥𝑦

𝜎𝑦𝑦
     (2)  

 

Specimen 

Configuration 

Loading 

angle, α 

(°) 

λy  λxy  
Specimen 

Configuration 

Loading 

angle, α 

(°) 

λx  λyx  

1-2 

30 0 0.58 

2-1 

0 0 0 

45 0 1 30 0 0.58 

60 0 1.73 45 0 1 

90 0 ∞ 60 0 1.73 

30° Off-Axis  0 0.33 0.57 90 0 ∞ 

45° Off-Axis 0 1 1 30° Off-Axis 0 3 1.73 

    45° Off-Axis  0 1 1 

 

       Table 1: Test configuration and biaxiality ratios of 1-2 and 2-1 Arcan specimens 

 

 Figures 3 and 4 show the semi-log plots of the maximum normal stress component acting on the 1-

2, 2-1 and off-axis specimens are plotted along the y-axis and the number of cycles to failure along the 

x-axis.  The 1-2 and 2-1 specimens were tested at various loading angles listed in Table 1, whereas the 

off-axis specimens were tested at 0o loading angle.   Since the maximum normal stress xx for 1-2 

specimens tested at 90o loading angle is zero, the data points for this angle lie on the x-axis instead on a 

 α 
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fatigue curve. The same is true for 2-1 specimens for which the maximum normal stress yy is zero when 

it was tested at 90o loading angle.   Figure 3 shows that for y = 0, the fatigue performance is reduced as  

xy is increased.   By comparing the fatigue curves corresponding to y = 0, 0.33 and 1, it can also be 

observed that the fatigue performance is reduced as y is increased.   Similar observations can be made 

in Figure 4.    Thus, increasing normal stress biaxiality and shear stress biaxiality have adverse effects 

on the fatigue performance of the composite laminate considered here.        

 

 

 
Fatigue 3:  Fatigue life diagrams of 1-2, 30 and 45o off-axis specimens based on the normal stress 

component xx. 

 

4 FATIGUE DAMAGE 

 Figure 5 shows the fatigue damage on the surfaces of 1-2 and 2-1 specimens tested at 30° loading 

angle.  It is seen that cracks on both specimen surfaces followed the respective fiber direction on the 

surface.   There was also considerable delamination surrounding these cracks.  Fatigue damage 

accumulated on 1-2 specimen surfaces contain longitudinal shear cracks and delaminations along the 

fiber lengths.  The majority of the fatigue damage accumulation occurred in the gage section and there 

is evidence of slight shear buckling of the 0o fibers. There were also damages at two diagonally opposite 

areas where the notch radius meets the slanted side of the specimen.  The fatigue-tested 2-1 specimens 

also exhibit multiple shear cracks and slight delamination along their lengths.  Like the 1-2 specimens, 

the 2-1 specimens also have damage that originated from the two diagonally opposite areas where the 

notch radius meets the slanted side of the specimen.  Figure 6 shows the fatigue damage on the surfaces 

of 30 and 45o off-axis specimens loaded at 0o loading angle.  Here also the fatigue damage on the surfaces 

is mainly in the form of shear cracks in the direction of fiber orientation angle on the surfaces and 

delamination surrounding these shear cracks.   
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Figure 4: Fatigue life diagrams of 2-1, 30 and 45o off-axis specimen configurations based on normal 

stress component yy. 

 

   

  

 

 

Figure 5: Fatigue damage on the surfaces of 1-2 (left) and 2-1 (right) specimens tested at 30o loading 
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Figure 6: Fatigue damage on the surfaces of 30° (left) and 45° (right) off-axis specimens tested at 0o 

loading angle 

 

5 STIFFNESS DEGRADATION 

 During load-controlled cycling of fatigue specimens, the instantaneous stiffness defined by the ratio 

of the maximum load and the maximum displacement decreased due to increase in the maximum 

displacement. This phenomenon, known as stiffness degradation, occurred due to continuous 

accumulation of damage in the specimens with increasing number of cycles.  Figure 7 shows stiffness 

degradations in 1-2 specimens tested at a 30o loading angle.  In this figure, the maximum cyclic stiffness 

is defined as the ratio of the maximum cyclic load and the displacement at the maximum cyclic load. 

For all specimen configurations, the stiffness degradation can be divided into two regions: 1) slow and 

progressive stiffness degradation, followed by 2) fast and accelerating stiffness degradation.   The 

change from slow and progressive to fast and accelerating stiffness degradation occurs at a knee.  Even 

though there is large amount of scatter, it appears that the higher the maximum fatigue load, the higher 

is the fatigue degradation.  The rate of stiffness degradation in the slow and progressive region is also 

higher with increasing fatigue load.  

 

 

Figure 7:  Maximum cycle stiffness as a function of number of cycles (1-2 specimen,  loading 

angle is 30o) 
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6 CONCLUSIONS 

In this study, a butterfly shaped Arcan specimen was used for biaxial fatigue testing of an E-glass 

fiber reinforced epoxy laminate under combined normal and shear loadings.  Several different specimen 

configurations and loading angles were used to develop fatigue failure diagrams with different levels of 

stress biaxiality.  It is observed that increasing shear stress biaxiality decreases the fatigue performance 

of the laminate.   Increasing normal stress biaxiality also decreases the fatigue performance.  Under 

combined loading, fatigue damage was predominantly by shear failure.  Stiffness degradation analysis 

shows that the material displays a knee region before which the stiffness decrease is gradual and slow, 

whereas upon reaching the knee region the material displays a fast decrease in the stiffness. 
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