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Abstract  
Joints in structures always cause strength reduction. The percentage of strength reduction depends 
upon the selection of several factors such as: type of joint (i.e. adhesive or mechanical), technique of 
joint (i.e. lap joint, butt joint etc.), geometry of joint, mode of load application etc. Here in this research, 
the strength of adhesively bonded butt joints with several geometries, later referred as joint angles, is 
investigated under uniaxial tension loading.  

Adhesively bonded simple butt joints, where joints are placed perpendicular to the loading direction are 
in common practice mainly because of ease in manufacturing process. But when the joint is fabricated 
with an angle respective to the loading direction, the geometry of the joint itself affects the strength of 
the joint significantly. Without going too deep into other factors that affects the joint strength such as 
manufacturing techniques, manufacturing defects, material behavior etc. only the geometry of the joint 
is considered and it is evaluated whether it is worth to change the joint geometry or not.  

The significant issue in adhesive joint technology is the prediction of joint strength. However, an 
approach similar to plastic yield criterion later referred as elastic limit offset method (attempted for 
0.025% offset) is considered to estimate the linear elastic limit. Since RUAG Space AB (the industry for 
which this project is performed) is only interested in the linear elastic regime of the stress-strain curve, 
therefore the elastic limit offset method is considered to be the suitable one.  

The present work is concerned with the study of adhesively bonded angled butt joint vs. strength 
behavior. The strength of adhesively bonded butt joints is examined for several butt joint angles under 
uniaxial tensile loading. The employed butt joint angles are:  0°, 30°, 45°, 60° and 75°. The main objective 
of the current investigation is to find the joint angle that has the highest strength or the highest 
capability of load transfer. 

 In addition to the above, the influence of the joint on the stress field, joint strength and type of failure is 
also evaluated using DSP (Digital Speckle Photography) technique and simulated using well known finite 
element tool, ABAQUS. It is observed that specific strength of the joint is greatly influenced with joint 
angle. The 45° joint showed the highest elasticity and failed like ductile behavior whereas 75° joint 
showed the lowest elasticity and failure was purely brittle. Moreover, post-failure inspection of 
fractured surfaces showed cohesive failure (failure within adhesive layers) for 0°, 30°, 45° and 
60°whereas 75° showed composite or adherend failure.  

The simulation is performed for each joint angle. However to validate the model only 45° and 75° joints 
results are compared with experimental results and plotted in the report. The simulation results of these 
angles showed good agreement with the experimental ones. Moreover, the stress fields for each joint 
angle are captured (from ABAQUS), showing that all joints are susceptible to inter-laminar shear.  
Besides, the relative slip between the top and middle adherends is also calculated, the results show that, 
the 45° joint has higher tendency of relative slip than others.   
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1. Problem definition 

The clamp band is a component used in space crafts for stage separation. Spacecraft have multistage 
rockets as their carrier and hence undergo many separation stages during the entire flight. The parts of 
spacecraft that are no longer needed must be separated to lighten the spacecraft or to uncover the 
equipment [2]. For successful mission, the separations should be on time and smooth, i.e. impact and 
shock loads should not be present. For mounting the spacecraft on the rocket the clamp band is loaded 
in tension, as shown in Figure 1. There are several techniques utilized to reduce the influences of loads 
during separation but these will not be considered here in this project.  

1.1. Objective 

The thesis project was part of a NRFP KOMET-3 project, performed at KTH in close collaboration with 
RUAG Space AB. The overall objective of the project was to investigate if the existing aluminum clamp 
band ring in a rocket separation system can be replaced by a carbon fiber clamp band. The interest to 
change the clamp band from aluminum to fiber reinforced composites is mainly to save weight. The 
objective for this work was to study adhesive joints between pieces of the band to make the 
manufacturing process easier when it comes to 2.5m diameter layered clamp band rings. Therefore 
several tests were performed to see the effects on the strength, i.e. how much load can be transferred if 
the band-ring is built from shorter strips of lamellas  (of carbon fiber composite), which are easier to 
handle than 30mm wide and 2.5m diameter ring of carbon fiber layers as shown in Figure 1. The load 
transfer capability is investigated for three parameters:  1. for varying joint angle, 2. for varying 
specimen width and 3. for varying joint location. These three parameters are shown in Figure 3 and 
grouped in Table 2. The  parameter  ‘varying  specimen  width’  is  also  aimed  to  investigate  the  edge/joint-
end effects.     

 

 
 

 

 

Figure 1. Aluminum clamp band assembly courtesy of RUAG.com (left), Ideal layered clamp band (right) 
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2. Experiments  

2.1. Introduction 

In recent years metal/composite (hybrid) technology has become more frequently used for 
manufacturing of structural parts. Earlier on, aluminum was used because of its mechanical properties 
i.e. high strain to failure and high ability to absorb crash energy.  During the last few decades composite 
modelling i.e. fiber composite, metal composite or fiber metal composite modelling is growing vastly, 
mainly because of the lightweight and high fatigue strength properties.   

Adhesive joining techniques is of a great interest because they provide more uniform load distribution 
over the entire bonded area, weight reduction, flexibility in joining dissimilar materials. In addition to 
that, adhesive joining also offers vibration isolation and provides almost no shape distortion [3].  Besides 
that, adhesive joints exhibit stronger performance in shear and are therefore suitable for applications 
where high shear is expected. 

The significant issue in adhesive joint technology is the prediction of joint strength. Several models have 
been suggested but with a limited degree of success [4]. Principally the strength prediction models 
consider either the ultimate strength of material, plastic yield criteria or fracture mechanics approach (in 
case of crack existence). A similar approach i.e. plastic yield criterion termed as elastic limit offset 
method is  considered  here  in  the  report  and  described  under  “Evaluation”  section. 

The strength and the safety of the joint are greatly influenced by the quality of the adhesion between 
the bonded layers and the joint itself. The strength of adhesive joints is generally evaluated by standard 
test methods, assuming a defect free joint/bond-line. However, imprecise joint manufacturing and 
inappropriate curing may cause notch generation (at joint ends) and presence of bubbles or dust 
particles (in the joints). Essentially, the notch generation provides uneven load distribution and presence 
of bubbles or dust particles create un-bonded area [5]. Because of such difficulties/issues in assessing 
the joint quality or joint strength after manufacturing, the adhesive joining technique is limited to 
secondary non critical structures [6].  

Typically three failure modes of adhesive bonded joint exists:  1. Adherend failure 2. Interface failure 
(failure at adhesive/adherend interface) and 3. Cohesive failure (failure within adhesive layer), as shown 
in Figure 2. The cohesive failure is reportedly stronger than interface failure. In addition, the mode/type 
of failure is also greatly influenced with adhesive ductility i.e. ductile adhesives promotes the cohesive 
failure whereas brittle adhesives promotes interface failure [4]. 
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Figure 2. Failure modes of adhesive bonded joints 

The adhesive thickness for the simple butt joint has been studied by Eduardo et al. [7] who concluded 
that the joint strength is higher for thinner adhesive layers but for adhesive thickness less than 0.05mm 
the joint strength decreases.  

2.2. Experimental Setup 

2.2.1. Specimen design 

The specimens were cut from a 1.56 mm thick sheet manufactured from dry carbon fiber layers and an 
epoxy matrix using a Resin Transfer Molding (RTM) technique. The layup was asymmetric with angles 
[90/-45/0/45/-45/0/45/90], where 0° is the angle parallel to the length of the specimen. Three molded 
sheet layers per specimen, later termed as adherends, were adhesively bonded together with Araldite 
420 A/B (a two components epoxy adhesive). First one of the layers, either top or middle one, was cut 
into two halves of the same size and the two halves were then placed to produce a butt joint forming an 
angle of either 0°, 30°, 45°, 60° or 75°. The 0° angle is perpendicular to the loading direction and 90° 
would (hypothetically) be parallel to the loading, see Figure 3. Moreover, all specimens were 
manufactured with 250mm length except the 75° joint specimens which were manufactured with a 
length of 300 mm to enhance the area unaffected by the load introductions.  
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Figure 3. Specimen geometry; with joint location in the middle adhered (top), with varying width at 

same joint angle (middle), with varying joint angle at same width (bottom) 

The faces of the adherends were uniformly polished with sand paper of grit size 120 and later to 
degrease the surfaces prior to the bonding process they were wiped with acetone. The Araldite 420 A/B 
adhesive was mixed thoroughly with spatula for 3 minutes with a weight ratio of 100 to 40 for the 
Araldite 420A and Araldite 420B respectively. The mixture was left for three minutes in open air to 
remove air bubbles. Then the adhesive was spread to the adherend surfaces with a spatula, carefully to 
displace the extra air. The useable life for 50g mix, at 25°C is 2 hours while for 100g mix, at 25° C is 1 
hour [8]. The adhesion process was completed prior to the end of useable life. Later the adhesively 
bonded specimens were left under vacuum pressure of 1bar for 5-6 hours to be sufficiently cured. It was 
tried to ensure that the adherends were coaxial during the curing process, as slip between the uncured 
layers causes uneven load distribution on the bond line and notch generation at the joint ends. Later, 
the specimens were left for 1 hour at 120°C in the oven to achieve full strength. After bonding the 
overall thickness of the specimen was achieved to 5.20 mm. Moreover, it was attempted to use 
specimens of uniform cross section along the entire length. 

The specimens were further processed i.e. elastic paint was applied on the surfaces of the specimens to 
make them suitable for DSP (Digital Speckle Photography): a strain measurement instrument descibed 
under section “Test  procedure”.  
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2.2.2. Test procedure  

Mechanical testing plays a significant role in evaluating the fundamental properties of materials. Hence 
for the strength evaluation a simple tensile test was carried out in a universal test machine (INSTRON) 
equipped with a 100kN load cell. The test setup is shown in Figure 4.   

 
Figure 4. Test Setup 

All tests were performed at room temperature with a constant crosshead speed of 2mm/min. For each 
test the results in the form of strain field distribution were captured for each increment of a second and 
evaluated with DSP (Digital Speckle Photography). DSP is an image processing technique that utilizes a 
random pattern on the surface of specimens as information carrier. The pattern is critical for good 
results because the pattern distance gives a physical base for the resolution in the strain measurements. 
Therefore, prior to testing the speckle pattern was compared with a sample pattern provided in the DSP 
manual [14]. The speckle pattern on the test specimen is shown in Figure 5. Both the background paint 
and pattern dots deform with specimen deformation therefore elastic paints were used.  

 
Figure 5.  Speckle Pattern 
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2.3. Evaluation  

The test matrix used in the study is presented in Table 1. The test matrix samples are grouped differently 
to compare and estimate the influence of various parameters on the strength; these parameters are 
outlined in Table 2. For simpler comparison between varying joint angles and between varying specimen 
widths a baseline specimen configuration was chosen with 30mm width and 45° joint angle.  

Table 1. Test matrix 

Specimen Width [mm] Joint Angle 
[Degrees] 

Joined 
Adherend 

1 30 Without joint -- 
2 30 0 Middle 
3 30 30 Middle 
4 30 45 Middle 
5 30 60 Middle 
6 30 75 Middle 
7 20 45 Middle 
8 40 45 Middle 
9 30 30 Top  
10 20 45 Top 

 

Table 2. Test matrix parameters overview 

Parameter Width 
 [mm] 

Joint Angle  
[Degrees] 

Adherend 
hold joint 

Specimen 
# 

Joint angle 30 Without Joint -- 1 
30 0 Middle 2 
30 30 Middle 3 
30 45 Middle 4 
30 60 Middle 5 
30 75 Middle 6 

Specimen  
width 

20 45 Middle 7 
30 45 Middle 4 
40 45 Middle 8 

Joint  
location 

30 30 Top 9 
30 30 Middle 3 
20 45 Top 10 
20 45 Middle 7 

 

2.3.1. Mechanical properties of materials  

The mechanical properties of the adherends were estimated by performing a tensile test on a single 
adherend (without any joint). From the test 𝐸  is calculated by least square fitting of the experimental 
stress-strain data. While 𝐸  is assumed to be same as 𝐸  because the adherend had the same number 
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of layers and the same orientation in the length (longitudinal) and width (transversal) directions.  
Moreover 𝜈  is assumed to be 0.28. By using these properties the shear modulus is calculated, 
assuming that the material is isotropic, and presented in Table 3. In addition to that the adhesive 
properties are directly taken from [6] and presented in Table 4. 

Table 3. Mechanical properties of the adherends  
𝐸   (GPa) 𝐸   (GPa) 𝜈  𝐺   (GPa) 𝐺   (GPa) 𝐺   (GPa) 
29.4 29.4 0.28 11.5 11.5 11.5 

 

Table 4. Mechanical properties of the adhesive (Araldite 420 A/B)   
𝐸  (GPa) 𝜈 𝜎   (MPa) 𝜎   (MPa) 𝜀 (%) 
1.85 0.3 27 35 3.4 

 

2.3.2. Elastic limit offset method 

For ductile failure it is not easy to find the transition between elastic and initial irrecoverable 
deformation. However to estimate this transition, the reasonable approximation of 0.025% strain offset 
after unloading is attempted. Here in the study the stress level corresponding to residual plastic strain of 
0.025% is referred as the elastic limit represented by  σ . The  Young’s  modulus  represents  the  slope  of  

the stress-strain curve in the linear elastic region calculated by least square fitting of the experimental 
stress-strain data in the range between 0.02-0.03% strain. Lower strains were avoided due to the 
problems defining the precise zero adjustment and that non-linearity is often observed at initial or low 
loads. 

2.3.3. Failure Criterion  

A simple stress failure criterion for the joints is proposed to find the behavior/mode of failure for 
different joint angles i.e. tension dominated failure or shear dominated failure. The failure criterion is 
presented in Equation 1. 

 𝜎
σcr

+
𝜏
𝜏cr

≤ 1 

 

(1)  

 
Where, 𝜎 and 𝜏 are: 

 𝜎 =   𝜎   
1

1 + tan2𝜃
 

 

(2)  

 𝜏 = 𝜎   
tan 𝜃

1 + tan2𝜃
 (3)  

Where 𝜎  is the stress far away from the joint, 𝜎 and 𝜏  are the geometrical stresses normal and parallel 
to the joint respectively, achieved by establishing simple force equilibrium conditions over the joint. The 
subscript  “cr”  represents  the  critical  stresses  (obtained  by fitting of Equations 2 and 3) for  𝜎  equal to 
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the elastic limit stresses (obtained from experiments using the elastic limit offset method). The assumed 
critical stresses are: 237MPa “from 0ᵒ case” and 98MPa “estimated joint shear strength, using the 
highest value from the experiments (75ᵒ case)” for 𝜎cr and 𝜏cr respectively. The 𝛼 and 𝛽 are the curve 
fitting parameters used to vary the influence of normal and shear stresses in the failure, respectively, 
and plotted to choose the safe design. The failure criterion for each joint angle is presented in section 
4.3. (Results - Failure criterion) 
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3. FE Modelling 

ABAQUS is employed for the FE simulation of the composite layup. The simulation is performed for only 
one parameter in Table 2 i.e. Joint angle, when the joint is placed between the middle adherends.  

An FE model can be considered valid if correlation between FE results and experimental results is 
achieved to a high extent. Therefore to validate the model two angles 45° and 75°are compared with 
experimental results, results are presented in  “Results”.  

3.1. Element selection 

Continuum shell elements were used in the simulation. The decision to use these elements in modelling 
is drop down on the basis of following main features; 

1. “They are three dimensional stress/displacement elements for the use in modelling structures 

that are generally slender, with a shell like response but continuum shell topology” [17], as 
shown in Figure 6.   

 

 

Figure 6. Conventional shells vs- Continuum shells [17] 

 
2. Coupling i.e. tying between surfaces of different parts is fully supported. Moreover throughout 

the surface-to-surface contact modelling, the geometrical shell surfaces are considered rather 
than the shell reference surfaces.  

3. Elements allow  
¾ Thick, thin, linear and nonlinear modelling; suited for both adherends and adhesive 

modelling. 
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¾ High aspect ratio between in-plane dimensions and thickness which better suits to model 
the fine meshing through thickness 

¾ Double sided contact which capture accurate contact modelling and through thickness 
response better than conventional shell elements. [16] 

¾ Only translation/displacement degree of freedom  

3.2. Modelling  

The band geometry was modeled as seven 3D deformable solid parts: four for adherends (one for top, 
two for middle and one for bottom) and three for adhesive, (two in between the adherends and one in-
between the joint). The surfaces of parts were tied to form a single deformable geometry as shown in 
Figure 7. 

 
Figure 7. Modelling overview (Illustration of 3D deformable solid parts used to form single geometry) 

Each part was meshed using continuum shell elements. The stacking direction for the continuum 
elements was defined along the thickness of the part. It is recommended by ABAQUS [10] that, to 
achieve higher accuracy and less computational time the slave surface should have higher number of 
elements than master surface. For that reason, increased numbers of elements in the adhesive were 
used, though it was thinner than the adherend. Moreover, to avoid the element isoparametric angle 
failure, finer mesh in the vicinity of joint was required, which ultimately increased the computational 
time. Thus to avoid this issue, two types of element shapes were used. The wedge shape was preferred 
in the vicinity of the joint and hexagonal shape was preferred away from the joint, as shown in Figure 8. 
It was tried to use hexagonal shape wherever possible as it is less stiff than wedge shape and consumes 
less computational time. Moreover, as there is no bending included in the structure therefore six node 
wedge and 8 node hexagonal shape elements were used to save computational time.  
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Figure 8. Mesh view with different element shape in different regions  

 One end of the band geometry was clamped and on the other end displacement was applied. The stress 
vs. strain was plotted and compared with experimental results. The simulation results for each joint 
angle and comparison between simulation and experimental results for joint angles 45° and 75° are 
presented under section ‘Simulation results’. 

 

 

  

Zoom in  
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4. Results 

4.1. Experimental results using DSP 

For each test the results are presented in forms of the ultimate strength or maximum tensile strength, 
the elastic limit calculated by a 0.025% offset method and the maximum failure load. These results are 
tabulated in Table 5 and presented graphically in Figure 9, Figure 10 and Figure 11 for parameters: joint 
angle, specimen width and joint location, respectively. All joint angles are compared with the 0° joint 
angle. Therefore all elastic limit results are also normalized with respect to the 0° case in Figure 9. 

Besides these, from the post failure observation of tested specimens cohesive failure was found on 
fractured surfaces of all joint angles except for the 75° joint where adherend failure was observed. 
Figure 12 shows the failure type for several joint angles. The results are in line with the conclusion by 
Afendi et al. [4] that, ductile adhesives promote cohesive failure. The adhesive employed in this work 
had extremely high toughness i.e. extremely high strain to failure [8]   

 

Table 5. Test matrix parameters (Table 2) results 

Parameter 𝝈𝒖, Ultimate Strength  [MPa] 𝝈𝒚,   Elastic limit [MPa] 𝑷𝒎𝒂𝒙 , Maximum load [KN] 

 Batch1 Batch2 Average Batch1 Batch2 Average Batch1 Batch2 Average 
Joint angle          
None 479.441 479.441 479.441 481.5 481.5 481.5 75.005 75.005 75.005 
0° 379.449 350.580 365.014 237 234 235.5 59.194 54.690 56.942 
30° 341.508 363.661 352.585 208 223 215.5 53.275 56.858 55.066 
45° 387.536 395.638 391.587 165 170 167.5 60.536 61.815 61.176 
60° 314.143 349.766 331.955 214 306 260 49.111 54.727 51.919 
75° 423.786 433.728 428.757 387 400 393.5 66.110 67.661 66.886 
          
Specimen Width          
20mm 354.429 349.714 352.072 190 193 191.5 36.860 36.409 36.635 
30mm 387.536 395.638 391.587 208 223 215.5 60.536 61.815 61.176 
40mm  386.806 390.154 388.480 228 230 229 80.526 81.152 80.839 
          
Joint Location          
30° 30mm Top 340.780 295.103 317.942 162 176 169 53.483 46.036 49.759 
30° 30mm Middle 341.508 363.661 352.585 208 223 215.5 53.275 56.858 55.066 
45° 20mm Top 304.385 337.022 320.703 146.9 148.5 147.7 31.732 35.050 33.391 
45° 20mm Middle 354.429 349.714 352.072 190 193 191.5 36.860 36.409 36.635 
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Figure 9. Parameter – Joint Angle 

 

 
Figure 10. Parameter – Specimen Width 
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Figure 11. Parameter – Joint Location 

 
Figure 12.  Cohesive failure and adherend failure observed on fractured surfaces 

0° Joint 

30° Joint 

45° Joint 

60° Joint 

75° Joint 

75° Joint along thickness 

75° Joint along thickness (opposite side) 

 

Location of joint 
prior to failure 
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4.2. FE results (ABAQUS) 
To validate the FE model, comparisons between the FE results and the experimental results are plotted 
in Figures 13 and 14, for 45° and 75° joints, respectively. Figure 15 is presented to compare the ABAQUS 
results for the 45° and 75° joints, where  the  case  “without  joint”  is  also  plotted  as  a  reference.   

 
Figure 13. Experimental results vs. simulation results for 45° joint 

 
Figure 14. Experimental results vs. simulation results for 75° joint 
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Figure 15. Simulation results; 45, 75° and without joint  

The ABAQUS contour plots designed for stresses in the loading direction i.e. 𝜎  are presented in 
Appendix B for all joint angles; where the stress distribution is plotted for the whole geometry i.e. the 
geometry includes all seven deformable parts used for modelling. Contour plots are captured for 0.6% 
strain in a fixed scale limit of 52MPa to 220MPa. Additionally, the stress field for only the middle 
adherend, which holds the joint, is presented in Figure 16 for the same strain and stress scale. Moreover 
Figure 17 and Figure 18 show the displacements in the width and thickness directions, respectively.  
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Figure 16.  𝝈𝒙𝒙, (tensile stress) for all joint angles at 0.6 % strain (Middle Adherend) 

30° 45° 60° 75° 0° 
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Figure 17. 𝑼𝟐, Displacement in the width direction at 0.6 % strain (Middle Adherend) 

30° 45° 60° 75° 0° 
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Figure 18. 𝑼𝟑, Displacement in the thickness direction at 0.6 % strain (Middle Adherend) 

 

30° 45° 60° 75° 0° 

Rescaled  
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4.3. Failure Criterion  

Figure 19 represents envelops of predicted results, plotted for several values of the curve fitting 
parameters. Here, the 0° joint case is showing the pure tensile failure whereas the 75° and 60° cases are 
showing more shear dominated failure. 30° and 45° are showing mixed mode failure. α  = β = 1 strongly 
underestimate  the  strength  while  α  = β = 2 overestimate it.  A  combination  of  α  =  1  and  β  =  3  seems  to  
give a good estimate of the elastic limit, except for the 30ᵒ case which is about 20 % stronger than the 
criterion predicts. 

The failure criterion is just an attempt to find a failure envelop for the elastic limit. However it shows 
that none of the curves fit very well with the experimental results.  

 

 
Figure 19.  Predicted failure envelop of 𝝈  vs. 𝝉 
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5. Discussion 

The difference between Batch1 and Batch2 is that, they were processed at different times. Otherwise 
materials, manufacturing process, testing technique and testing equipment all were the same. Besides, 
due to the lack of previous experience some experimental results of Batch1 might deviate from Batch2. 
For best reliability it is suggested to use the average value of Batch1 and Batch2 for each test sample.  

5.1. Experimental Results  

5.1.1. Parameter – Joint angle 

The 0° joint angle was considered perfectly perpendicular to the loading direction. The strain 
distribution fields for 0° joint angle captured with the DSP are presented in Appendix A1 (prior to 

studying Appendix A series, it is recommended to read a small note, written prior to Appendix A1).  
 
When the joint angle was shifted from 0° to 30° the ultimate strength and the elastic limit decreased but 
not very much. Here the bond line length is 16 % longer than in the 0° case but on the other hand a 
shear component is introduced, which might be the reasons for the drop in ultimate strength and elastic 
limit. Figure 20 is presented to illustrate the terms used in the discussion. The DSP results i.e. strain 
distribution fields for 30° joint angle captured during the experiment are presented in Appendix A2. 
 

 

Angle 𝐿 [mm] 
0° 30 

30° 34.641 
45° 42.426 
60° 60.000 
75° 115.911 

 Figure 20. Illustration of terms (left), Variation in 𝑳 with respect to joint angle (right) 

 
When the joint angle was shifted from 30° to 45° the ultimate strength increased and the elastic limit 
decreased. Here the bond line length is 40% longer than for the 0° case, which might be the reasons for 
improved ultimate strength. But conversely equal contribution from both load components might be the 
reasons for the higher nonlinearity in the stress-strain curve. The 45° joint angle was the one showing 
highest non-linearity prior to rupture/failure. That non-linearity was further evaluated with the help of 
strain distribution fields captured with the DSP and presented in Appendix A3. The strain fields showed 
inter-laminar shear prior to failure, this statement is further supported with ABAQUS results. However, 
ABAQUS results are only valid within liner elastic regime.  
 
For the 60° joint angle both the ultimate strength and elastic limit raised again. Here the bond line 
length is twice the width of specimen, which might be the reasons for increased ultimate strength and 
elastic limit. Same effects can be seen in 75° (more steep) joint angle which gave the highest ultimate 
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strength and elastic limit. Moreover it was observed that only the 75° joint specimens failed without 
separation of the joint, all other specimens first showed failure of the joint before the whole specimen 
failed. The 60° and 75° strain distribution fields are presented in Appendix A4 and Appendix A5 
respectively.  

5.1.2. Parameter – Specimen width 

In this parametric study, the elastic limit showed increment with respect to the width, the reason might 
be same that bond line length ‘𝐿’  is  increased. Moreover, the ultimate strength for the 30mm and 40mm 
case is the same, whereas for the 20mm case it showed reduction (see Table 5) meaning that edge 
effects might still be present. Besides, the baseline angle in this parametric study was 45° because of 
that; in each sample of this group the same phenomenon i.e. non-linearity in stress-strain curve was 
observed.  

5.1.3. Parameter – Joint location 

When the joint location was changed from the top to the middle, the ultimate strength was increased by 
10% and the elastic limit was increased by 22-25% in both cases, whether it was 30°-30mm or 45°-
20mm. The reasons for the raise in ultimate strength and elastic limit might be because of following; 

Case-1: when the joint is placed between the top adherends: In this case the joint will be free to open 
but after initial failure (i.e. joint separation), the ultimate strength of the specimen will be the strength 
of only two adherends. Moreover, after initial failure bending of the specimen might be observed.  

Case-2: when the joint is placed between the middle adherends: In this case the joint will not be free to 
open, as it will be protected by shear strength emanating from the top and bottom adherends but after 
initial failure (i.e. joint separation), the ultimate strength of the specimen will be the strength of two 
adherends with the addition of strength emanating from inter-laminar shearing. Moreover, after initial 
failure loading will remain symmetric with respect to the joint. 

5.2. Simulation Results  

The good agreement obtained between experimental and simulation results prove that, in the future 
the model can be further employed for modeling the damage criterion. Once the damage criterion is 
included in the model the yielding, damage initiation, damage propagation and final failure can be 
captured accurately.  

The stress contours  𝜎   for the entire geometry are presented in Appendix B, where higher stresses are 
observed in top and bottom adherends relative to middle adherend (in each joint case), meaning that 
each joint is susceptible to inter-laminar shear. Moreover, higher stresses at the faces of the adherends 
are also observed than at the adhesive faces.  

To further evaluate the inter-laminar shear phenomenon, stress contours  𝜎    for only the middle 
adherend are shown in Figure 16, where lower stresses are observed all along the joints and in the 



 

23 
 

vicinity of joint. Moreover near the ends of the joints (except for the 0° case) the stress profile showed a 
“blunt” shape, expressing that the joints are also susceptible to transversal inter-laminar shear i.e. inter-
laminar shear in width direction. To further assess the transversal inter-laminar shear, Figure 17 is 
presented for  𝑈  (the displacement in width direction), where it can be seen that 0° joint is perfectly 
free and 75° joint is virtually free from transversal translation. Besides, Figure 18 is presented for  𝑈  (the 
displacement in thickness direction), where for some reasons only 45° joint showed the twist around the 
joint.  

The longitudinal inter-laminar shear and transversal inter-laminar shear are further evaluated by 
calculating the relative displacement between top and middle adherends. The relative displacement is 
calculated in the longitudinal and transversal directions i.e. 𝑑𝑈   and  𝑑𝑈  respectively, see Figure 21. The 
achieved results are plotted in Figure 22 for two strain levels: 0.6% and 0.8%, where it can be seen that 
the 45° joint has the higher tendency of relative displacement in both directions i.e. longitudinal and 
transversal.  

 
Figure 21. Inter-laminar shearing between the adherends 
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Figure 22. Relative displacement between adherends versus Joint angle 
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6. Conclusion 

FE simulations showed that, the stresses were higher at the interfaces than in the adhesive itself, see 
Appendix B but the experimental failure occurred in the adhesive which indicates that the adhesion 
strength between the adhesive and adherend is higher than adhesive strength. Moreover, this work was 
the first step in the strength designing of axially loaded angled butt joints and therefore can give good 
ideas for modelling of the cohesive failure in composite angled butt joints.  

FE results were in good agreement with the experiments (evaluated using DSP). Therefore, based on 
these results and post observation of fractured surfaces some conclusion can be drawn for the studied 
parameters, 

Parameter – joint angle:  The elastic limit showed positive parabolic behavior i.e. decline from 0° to 45° 
and incline from 45° to 75°, whereas the relative displacement between the adherends showed negative 
parabolic behavior i.e. incline from 0° to 45° and decline from 45° to 75°. Additionally, the 45° joint 
showed higher elasticity and failed like ductile behavior whereas 75° joint showed the lower elasticity 
and failure was more brittle. Based on above description it can be stated that, these failure behaviors 
might be somehow dependent on relative slip.  Moreover,  post observation of fractured surfaces 
showed the cohesive failure for 0°, 30°, 45° and 60°  but composite failure for 75° joint angles.  Besides, 
the failure criterion gave the highest critical load for 75° joint. 

Parameter – specimen width: The elastic limit showed increment with respect to width. The ultimate 
strength changed when the width was increased from 20 to 30 mm but remained the same when the 
width was increased further, to 40 mm. An edge effect for the joints can thus neither be confirmed nor 
be excluded.  

Parameter – joint location: The elastic limit was increased by 22-25% and the ultimate strength was 
increased by 10% when joint location was shifted from top adherend to middle adherend, the raised 
factor  was  neither influenced by changing the joint angle nor by changing the width of specimen. 

Limitation: Some variations in the results might be expected because of some relative slip between the 
adhesively bonded uncured layers when they were put under vacuum pressure, as the slip causes 
uneven load distribution on bond line and the notch generation at the joint ends.  

However, based on the present results the 75° joint angle with joint location in the middle adherend is 
the better one to achieve higher elastic limit and higher ultimate strength.  
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7. Future work and Suggestions  

- At least five samples for each specimen type should be tested to achieve better reliability and 
accuracy.  

- More joint angles could be tested to find the optimal one.  
- The offset elastic limit criterion can be calibrated by finding the load level at which permanent 

residual deformation starts to occur. This can be done by loading the specimen to various load 
level i.e. 50, 60,70,80,90 and 100% of the ultimate load while returning to the zero load in each 
case.  

- Multi adhesive technique can be employed to reduce the stress concentration in the vicinity of 
joint. As this technique was studied by Pires et al. [9], where the single lap joint configuration 
was employed. The author used the ductile adhesive at the ends of overlap where the stress 
concentration occurs while a brittle adhesive in the middle portion of the overlap. The author 
concluded that this technique reduced the stress concentration and increased the joint strength 
relative to the single adhesive.  

- Damage model can be included to accurately capture the yielding and damage initiation.  
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9. Appendices  

Appendix A (DSP Contours):  

Introduction to Appendix A:  

A summery (list) of the appendices is presented in content list.  

In each of Appendix A1 – A10: 

- The width of specimen, joint angle and the location of joint is coded as [30mm/30°/Middle] 
respectively where “middle” represents the adherend which holds the joint.  

- The strain stage time [s] shown on the x-axis of right side plots is the same as the stage number 
mentioned on the top of each strain distribution field. Therefore the load at that stage can be 
calculated easily but to find the stress on that stage that load need to be divided by the 
specimen area i.e. 𝜎 = 𝑃/(𝑊 × 𝑡) where 𝑊 is the width and 𝑡 is the thickness (i.e. 5.2mm)  

- The top Strain distribution series is captured to understand the strain progression behavior and 
bottom series is captured in the region near failure to see the failure behavior.  

- For each top distribution series the strain range is kept constant to 0.5 - 1.2 % (in all cases) 
whereas for each bottom distribution series the strain range is kept constant to 0.7 - 2.0 % 
except for the last two cases where the joint is located in the top adherend. For these two cases 
the strain range is increased to 2.0 - 4.30 % for proper distribution of contour.  

  



 

29 
 

Appendix A-1 

Strain distribution for [30mm/without joint/--] 
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Appendix A-2 

Strain distribution for [30mm/0°/Middle] 
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Appendix A-3 

Strain distribution for [30mm/30°/Middle] 
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Appendix A-4 

Strain distribution for [30mm/45°/Middle] 
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Appendix A-5 

Strain distribution for [30mm/60°/Middle] 
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Appendix A-6 

Strain distribution for [30mm/75°/Middle] 
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Appendix A-7 

Strain distribution for [20mm/45°/Middle] 
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Appendix A-8 

Strain distribution for [40mm/45°/Middle] 
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Appendix A-9 

Strain distribution for [30mm/30°/Top] 

 

 

  



 

38 
 

Appendix A-10 

Strain distribution for [20mm/45°/Top] 
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Appendix B (ABAQUS Contours):  

Stress distribution for [30mm/0°/Middle] 

 

Stress distribution for [30mm/30°/Middle] 
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Stress distribution for [30mm/45°/Middle] 

 

 

 

Stress distribution for [30mm/60°/Middle] 
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Stress distribution for [30mm/75°/Middle] 

 
  

 

 

 

 

 

 

 

 

 

 


