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ABSTRACT 

Detailed studies of adhesively bonded tubular lap joints subjected to axial loads can be efficiently 
performed with two-dimensional (2D) finite element analyses. However, three-dimensional (3D) 
analyses are required to model the bending of tubes and the axial loading of many other shapes - 
such as airfoils. Unfortunately, these 3D analyses require significantly more time and computer 
resources than 2D analyses. Thus, it is of interest to determine whether some aspects of 3D 
behavior can be captured with 2D analyses. A series of finite element analyses will show that the 
shear stress in the adhesive of a tubular or an elliptic lap joint - due to a bending load - can be 
reasonably estimated with a 2D analysis even though the behavior is 3D. After the agreement 
between 2D and 3D analyses is detailed, preliminary efforts to assess the importance of adhesive 
geometry at the end of the bond will be discussed. Experimental measurements of the mechanical 
properties of a structural adhesive used in joint tests will also be presented. Tension, compression, 
and stress relaxation data for a filled, amine-cured epoxy adhesive will be discussed. 

INTRODUCTION 

Adhesively bonded lap joints are increasingly being used in wind turbine joints as blade 
attachments. Consequently, numerous axisymmetric finite element analyses have been performed 
in conjunction with the testing of tubular joints. While two-dimensional (2D) analyses can 
accurately represent tubes subjected to axial loads, three-dimensional (3D) analyses are required to 
model the bending of tubes. 3D analyses are also required to model the axial loading or bending of 
many other shapes - such as airfoils. Unfortunately, 3D analyses typically require much more time 
and computer resources than 2D analyses, making parametric studies impractical. However, some 
aspects of 3D behavior can be estimated with 2D analyses. This study will compare the shear stress 
in the adhesive of a 2D axially loaded steel-to-composite tubular lap joint with the shear stresses in 
the adhesives of the corresponding 3D tubular joint and a similar elliptic joint subjected to bending. 

After the correlation between 2D and 3D analyses has been discussed, the issue of the adhesive 
geometry at the end of the bond will be addressed. The details of the adhesive geometry are of 
interest for two reasons. First, it is important to know if the truncated adhesive geometry typically 
used in finite element analyses predicts results similar to those obtained for more realistic 
geometries. Second, it would be of general interest if a particular adhesive geometry produces 
lower stresses in the adhesive or the adherend. In this paper, the effect of three different adhesive 
geometries on the adhesive and the composite adherend will be considered. 

Finally, some experimental measurements of the mechanical properties of a structural adhesive 
used in joint tests will be presented. A thorough characterization of the adhesive material properties 
will facilitate the correlation of analyses with destructive joint tests. Tension compression, and 
stress relaxation data for an epoxy adhesive will be discussed. 

FINITE ELEMENT ANALYSES 

1. Two-Dimensional 
The fmt step in this study was to establish that the shear stress in a linear elastic adhesive bond can 
be accurately determined by using a relatively coarse finite element mesh. Figure 1 shows the fairly 
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detailed finite element mesh used to establish a baseline for a steel (outer) on composite (inner) 
adhesive lap joint. The adhesive layer is 0.050 inches thick and has four elements through the 
thickness. Both of the adherends are 0.375 inches thick. The bond is 36 inches long, and the 
adherends extend 36 inches beyond the bond on either side. The outer surface of the inner 
adherend has a radius of 2.85 inches. Figure 2 shows the relatively coarse mesh which will be 
compared to the fine mesh. Note that the coarse mesh has only one element through the thickness 
for the adhesive layer and both adherends. Both of these finite element meshes and the 3D meshes 
that will be discussed later were generated with MSCRATRAN [ 11. The fine mesh and the coarse 
mesh are comprised of 6090 four-node bilinear (CAX4) and 490 eight-node biquadratic (CAXS) 
axisymmetric solid elements, respectively. ABAQUS [2] was used for all of the analyses. 

The isotropic material properties used for the adhesive and the steel are listed in Table 1. The 
orthotropic material properties used for the composite are listed in Table 2. The subscripts r, a, and 
t in Table 2 refer to the radial, axial, and tangential directions, respectively. The bond properties 
represent Hysol EA-9394, a high strength, room-temperature curing paste adhesive. The 
composite properties represent a triaxially reinforced E-glass/polyester material containing 
unidirectional layers stitched together with 70% of the glass reinforcement oriented in the axial 
direction and 15% in each of the +/- 45 degrees directions. The material property values used for 
the adhesive and the composite were taken from [3]. Generic values were used for the steel. 

Figure 3 shows how the computed shear stress (fine mesh) in the adhesive at the inner 
adherendladhesive interface varies along the length of the bond. The joint was loaded axially so 
that the inner adherend had a nominal tensile stress of 1 ksi. The normalized values shown in 
Figure 3 are the actual values divided by the 'average' shear stress of 9.73 psi, which is calculated 
by dividing the axial load by the total shear area of the adhesive. Figure 4 shows the same results at 
the left end of the bond for both the fine and coarse meshes. Several points should be made about 
the information contained in Figures 3 and 4. It is significant that the shear stress is much higher at 
the left end of the bond, where the load is transferred to the more compliant adherend. As the shear 
stress in the adhesive is close to zero over nearly all of the bond length, most of the adhesive does 
not contribute much to the initial strength of the joint. Thus, designing an adhesive lap joint based 
on the average shear stress is not prudent. Indeed, at a axial location one bond thickness from the 
edge of the adhesive, the shear stress is 50 times the average value. For linear analyses such as 
these, the value of the shear stress at the edge of the bond is singular and the predicted value will 
increase as the finite element mesh is refined. In a real joint, the adhesive will yield at this location. 
The agreement in the shear stresses obtained by using the fine and coarse meshes is good, 
especially for locations more than one bond thickness from the edge. Thus, the coarse axial and 
radial discretization shown in Figure 2 will be used for the 3D analyses. 

2. Three-Dimensional (Circular Cross Section) 

Figure 5 shows a portion of the 3D finite element mesh (composed of C3D20 quadratic hex 
elements) which represents the same tubular lap joint considered in the previous section. The 
elements shown in white represent the inner and outer adherends. The adhesive is modeled with 
the elements shown in black. Note that two symmetry planes are employed for axial loading. One 
symmetry plane and one anti-symmetry plane are employed for the bending problem. A 
preliminary analysis confirmed that the shear stress in the adhesive due to axial loading obtained by 
using the 3D mesh is nearly identical to that obtained with the 2D mesh. With the utility of the 3D 
mesh verified, the bending problem will now be considered. 

The outer surface of a tube - at a given circumferential location - subjected to uniform moment has 
a constant stress along the length of the tube. Thus, it may be possible to estimate the shear stress 
in the adhesive of a tubular lap joint subjected to a slowly varying moment by performing a 2D 
analysis with the appropriate axial stress. The bending problem considered in this study has an end 
load which will cause a bending stress of 1 hi at the outer surface of the inner adherend along the 



symmetry plane. As the moment is not constant, the value of 1 ksi (which is based on the bending 
stiffness of the inner adherend only) is actually predicted only at the left end of the bond. The shear 
stress in the bond (normalized by the same value used for the 2D analyses) is shown in Figure 6 
along with shear stress predicted by the 2D analysis (coarse mesh). The agreement is good. 
Apparently, the differences between these problems do not dramatically influence the shear stress 
in the adhesive. This is a useful result because detailed studies are more practical in 2D. (The 2D 
mesh and 3D mesh have 3874 and 101607 degrees of freedom, respectively.) For this particular 
case, using the 2D analysis to estimate the bending behavior would be slightly conservative . 
3. Three-Dimensional (Elliptic Cross Section) 

Figure 7 shows a portion of a 3D mesh which represents a lap joint with an elliptic cross section. 
Actually, the inner surface of the inner adherend is an ellipse with an aspect ratio of 3.45; the rest 
of the joint is constructed by using the same thicknesses and material properties used for the 
tubular lap joint discussed in the previous section. As with the circular cross section joint, the 
adhesive and adherend elements are shown in black and white, respectively. At the end of the 
minor axis, the distance from the neutral axis to the outer surface of the inner adherend is 2.85 
inches - the same value used for the tubular lap joint. There is nothing special about this elliptic lap 
joint. It is simply a shape closer to an airfoil than the tubular joint previously considered. 

Figure 8 shows the shear stress (normalized by the same value used for the 2D analyses) in the 
adhesive along both of the symmetry planes as well as the shear stress predicted by the 2D analysis 
(coarse mesh) of the tubular joint. Despite the uniform axial loading, the shear stress is dependent 
on the circumferential location. Indeed, the shear stress at the end of the major axis is considerably 
larger than at the end of the minor axis. Figure 9 shows how the normalized shear stress at the 
edge of the bond varies along the circumference. The circumferential distance of zero denotes the 
end of the minor axis. The slight drop-off at the vertex is probably due to the fact that the material 
properties are defined on an element-by-element basis and the circumferential discretization is 
rather coarse for the change in curvature near the vertex. However, the mesh wasn't refined 
because it was already becoming cumbersome (221352 degrees of freedom). It should be noted 
that using the 2D analysis to estimate the axial behavior would not be conservative near the vertex 
of the ellipse. However, the 2D analysis more closely predicts the shear stress away from the 
vertex, where the curvature of the ellipse changes slowly. 

Finally, the flatwise and edgewise bending of an elliptic joint will be considered. The same 
approach that was used for the bending of a tubular joint was utilized for the elliptic joint. Figure 
10 shows the normalized shear stress in the bond along the symmetry plane for both types of 
bending as well as the values from the 2D analysis. Given the marginal agreement between the 2D 
analysis of a tubular joint and the 3D analysis of an elliptic joint for axial loading, the agreement 
between the bending of the elliptic joint and the axial loading of the tubular joint is surprisingly 
good. This result is encouraging because the bending stresses in vertical axis wind turbine joints 
are typically comparable to the axial stresses. Note that for this particular geometry, using the 2D 
analysis to estimate the bending behavior would be conservative for flatwise bending but not for 
edgewise bending. Given the reasonable agreement between 2D and 3D analyses, the effect of the 
adhesive geometry will now be assessed with a 2D analyses. 

- 

ADHESIVE GEOMETRY EFFECTS 

Figure 11 shows a portion of the baseline axisymmetric mesh shown in Figure 1 as well as two 
alternative meshes. The white and gray elements represent the adherends and the adhesive, 
respectively. The only difference in the meshes is the amount of adhesive at the end of the bond. 
The analyses considered in this section differ from the earlier 2D analyses in three ways. First, the 
joints are loaded axially so that the inner adherend had a nominal tensile stress of 12 ksi. Second, 
nonlinear geometric effects are included. Third, the adhesive is now allowed to yield (at 10 ksi) 



and has a hardening modulus of 5.8 ksi. Figure 12 shows how the peel (radial) stress in the 
composite at the inner adherend/adhesive interface varies along the length of the bond for the three 
joints considered. The end of the steel (outer) adherend is located at an axial distance of 0.0, While 
the exact shapes of the curves are influenced by the mesh discretization, adding adhesive to the end 
of the bond (a dab or dollop) is clearly predicted to increase the peel stress in the composite. Thus, 
extra adhesive may adversely affect joints with a composite delamination failure mechanism. 

Finally, the adhesive needs to be considered. Figure 13 shows the extent of the adhesive yielding 
for the various joints. The lighter regions indicate areas where the adhesive has yielded appreciably 
(equivalent plastic strain of at least 0.1%). Adding a dab of adhesive offers no apparent benefit 
since a reduction in the amount of adhesive yielding along the inner adherend is offset by an 
increase in the adhesive yielding along the outer adherend. While adding a dollop of adhesive 
appears to be beneficial, there is some uncertainty as to whether large amounts of extra adhesive 
will remain in place during extended service. Thus, extra adhesive may have a positive effect on 
joints that fail due to adhesive cracking, if enough adhesive is used and it remains in place. 

ADHESIVE MATERTAL PROPERTIES 

Adhesive lap joints are often tested to failure in order to gain insight into the effect of a key 
parameter, such as bond thickness. A thorough characterization of the adhesive will facilitate 
efforts to analyze these experiments. Accordingly, a series of tests - thee of which will be 
summarized below - have been conducted to determine the material properties of Hysol EA-9394 
[4]. This amine-cured epoxy paste adhesive with a aluminum powder filler is representative of the 
adhesives used in wind turbine joints. Figures 14, 15 and 16 show the adhesive stress-strain 
response during tensile, compressive and stress relaxation tests, respectively. The guidelines in 
ASTM D-638, the Standard Method of Test for Tensile Properties of Plastics, were followed 
during the tensile testing of flat dogbone specimens. These specimens had gage sections which 
were 2.25 inch long, 0.5 inch wide and 0.2 inch thick. The cylindrical specimens (0.56 inch 
diameter, 1.13 inch height) used for the compressive and stress relaxation tests were tested 
following the guidelines of ASTM D-695, the Standard Method of Test for Compressive 
Properties of Rigid Plastics. During the stress relaxation tests, the specimens are first loaded and 
then the crosshead displacement of the test machine is held constant for thirty minutes. 

Several points should be made about the adhesive behavior depicted in the figures. Both tensile and 
compressive loading produce initial elastic moduli of -600 ksi and significantly nonlinear 
responses at higher strain levels. The tensile curve in Figure 14 provides a lower bound on the 
tensile strength and failure strain because the cast specimen failed at a void prior to localization. In 
addition, the adhesive exhibits appreciable strain rate sensitivity in the 0.003 to 0.00003 /s range. 
Finally, note that considerable stress relaxation occurs at stress levels near the yield strength. 

SUMMARY 

The response of tubular lap joints subjected to axial loads can be modeled with 2D analyses, 
allowing detailed studies to be performed efficiently. However, the bending of these joints is 3D 
and 3D analyses typically require at least an order of magnitude more degrees of freedom than 2D 
analyses. For the tubular joint considered in this study, the 3D analysis used to predict the adhesive 
shear stress due to a bending load yielded results quite similar to those predicted by a 2D analysis 
modeling the same joint subjected to an analogous axial load. This result is significant since 
estimating the adhesive shear stresses with 2D analyses is more efficient than using 3D analyses, 
even with a fmer discretization. Given the agreement between 2D and 3D tube behavior, an elliptic 
joint (which is just intended to be closer to an airfoil than a tube) was considered. Unfortunately, 
the shear stress in an elliptic joint varies significantly along the circumference even for uniform 
axial loads. Thus, 2D analyses are less successful at predicting the 3D response of elliptic joints. 



With the applicability of 2D analyses to 3D behavior established for at least tubular joints, the effect 
of the adhesive geometry at the end of the bond was investigated with 2D analyses. Preliminary 
analyses suggest that extra adhesive may reduce adhesive yielding under certain circumstances 
while increasing composite peel stresses. Thus, extra adhesive at the end of a bond may be 
beneficial or detrimental depending on the joint failure mechanism. Finally, experimental tests to 
thoroughly characterize the adhesive were discussed. These tests show that the yield strength of the 
adhesive is dependent on the type of loading (tensile or compressive) as well as the strain rate. 

E. D. Reedy, Jr. shared his insights into the behavior of adhesive lap joints. G. W. Wellman and 
C. M. Stone provided insight into the formulations of various finite elements. This work was 
performed at Sandia National Laboratories, which is operated for the U. S. Department of Energy 
under Contract No. DE-ACO4-94AL85000. 
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Table 1: Isotropic Material Properties 

I Material I Elastic Modulus (psi) I Poissons Ratio I 
Steel 3 0 ~ 1 0 ~  0.30 

Table 2: Orthotropic Material Properties (Composite) 

Er (psi) Ea (psi> E, (psi) Qrt Qat Gra (psi) Gfi (psi) Gat (psi) 

8 . 7 ~ 1 0 ~  3 . 0 ~ 1 0 ~  1 . 1 ~ 1 0 ~  0.10 0.30 0.40 5 . 8 ~ 1 0 ~  5 . 8 ~ 1 0 ~  5 . 8 ~ 1 0 ~  
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