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    Abstract     An analysis of composite Pi/T-joint was performed through the comparison of a fi nite element simulation and 
experimental results obtained using digital image correlation. The fi nite element simulation was performed in ABAQUS 
using a realistically modeled adhesive layer consisting of cohesive zone elements. The composite Pi/T-joints were manufac-
tured using vacuum assisted resin transfer molding (VARTM). The resulting Pi/T-joints were loaded in out-of-plane (web 
pull-out) until failure, during which three-dimensional digital image correlation (3D-DIC) was used to measure the in-plane 
displacements and strains. 

 From the experiments, it was found that the average peak pull-out force was 12.56 ± 0.82 kN, which was 10 % less than 
that from the FE simulation at 13.77 kN. However, this does not give much information about whether the stress and strain 
distribution has been accurately predicted by the simulation. To better understand this, the experimental data obtained using 
DIC was compared to that from the FE simulation using image decomposition. The image decomposition process reduces 
the large, full-fi eld data maps to a feature vector of 130 or so elements which can be compared much more easily. In this case, 
there was good agreement between the experiment and simulation, when taking into account the experimental uncertainty.  

  Keywords     Composite joint   •   VARTM   •   Digital image correlation   •   Numerical simulation  

2.1       Introduction 

 Composite Pi-joints are being extensively used in the marine and aerospace industries and are called T-joints, or Tee joints 
in some sectors. ‘T’ refers to the parts being joined while ‘Pi’ describes the shape of the preform used to form the joint. These 
joints are of special importance due to their complex geometry and criticality to overall structural integrity. T-joints are found 
at composite bulkhead-to-skin, rib-to-skin and spar-to-skin interfaces [ 1 ]. T-shaped stiffeners are extensively used in aircraft 
wings [ 1 ]. Additionally, the requirement for reduced structural weight and the ever-increasing demand for effi cient aerospace 
structures has driven the development of adhesively bonded T-joints. However, these joints have been found to be sensitive 
to peel and, or delamination and through-the-thickness stresses. It has been reported that composite T-joints often fail near 
the web/skin interface [ 2 ]. 

 Various confi gurations of composite T-joints have been studied extensively, mostly in the context of marine structures 
[ 3 – 18 ], including tee-joints made of sandwich panels [ 9 – 12 ]. The damage and failure analysis of such marine composite 
joints has also been studied [ 13 – 18 ]. A good overview on adhesively bonded composite joints is provided by Banea and Silva 
[ 19 ]. Moreover most of the aforementioned T-joints were manufactured by connecting the horizontal (fl ange) and vertical 
(web) laminates with a hand-layup laminate/skin (overlaminate). Similarly, literature on T-joints using a pi-preform (hence 
a Pi-joint) is relatively limited [ 20 ]. The use of Pi-preforms compared to hand-layup skins offers ease of manufacturing and 
speedy construction. Researchers from the Wright Patterson Air Force Research Laboratory (AFRL), Ohio, US, have studied 
adhesively bonded Pi-preform T-joints and also incorporated them in an aircraft wing and reported enhanced performance 
relative to a similar wing manufactured by conventional methods [ 2 ,  21 ,  22 ]. In addition, they tested the wings with T-joints 
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in fatigue and found no failure in the joints [ 21 ,  22 ]. They reported considerable savings in manufacturing time (days instead 
of weeks) and up to 75 % reduction in costs. Apart from the AFRL study [ 2 ,  21 ,  22 ], the literature on pre-form Pi-joints is 
relatively limited. Hence, this work focuses on evaluating the pull-out performance using both structural tests to destruction 
and integrated experimental and simulation approach to analyzing the strain fi elds in structural Pi-preform composite 
T—joints. 

 In this work, the out-of-plane behavior or pull-out performance behavior of the composite Pi-joints was experimentally 
studied by using three-dimensional Digital Image Correlation (3D DIC). To the best of author’s knowledge, the use of DIC 
to study the composite Pi-joints is unique and no other work has been reported, except the preliminary results reported earlier 
by the authors [ 23 ,  24 ]. The following sections provide brief details on the manufacturing process, materials used, and the 
experimental and numerical results.  

2.2     Experimental Method 

2.2.1     Manufacture of the Pi-joints 

 The Pi-joints of dimensions shown in Fig.  2.1  were manufactured by connecting fl ange and web plates with a Pi-preform and 
infusing the resin (adhesive) using vacuum assisted resin transfer molding (VARTM). The VARTM technique was also used 
to manufacture the glass fi ber composite adherends (base and web plates) for the Pi-joints. The reinforcement used for the 
adherends was Owens Corning ShieldStrand S, S2-glass plain weave fabric with areal weight of 818 g/m 2 . The base and web 
plates had 16 and eight layers of plain weave glass fabric respectively resulting in cured thicknesses of 9.53 mm (3/8 in.) and 
4.76 mm (3/16 in.), respectively. The resin used was a two part toughened epoxy (SC-15, Applied Poleramic). The base and 
web plates were then connected with the Pi-preform and infused with SC-15 adhesive. The Pi-preform used was a carbon-fi ber 
3D woven preform (Albany Engineered Composites, Inc., Rochester, NH, USA.).

   A constant adhesive bond-line thickness in Pi-joints was maintained by placing steel wires of 0.127 mm (0.005 in.) 
diameter in the bond-line. These spacers were placed strategically such that they did not infl uence the resulting performance. 
The tensile properties of the adhesive were obtained from experimental tests following the ASTM D638 standard. The fracture 
properties of the resin were obtained experimentally from Mode-I and Mode-II tests. The properties of the fl ange and web 
plates were also obtained experimentally. A summary of the material properties is provided in Table  2.1 .

   All bonded surfaces were grit-blasted and then cleaned with acetone. Figure  2.2  provides a step-by-step overview of the 
Pi-joint manufacturing process. Figure  2.2b  shows the aluminum mold used to obtain the desired pi-preform dimensions. 
The aluminum mold has inlet and outlet pipe-fi ttings that attach to the vacuum pump and the resin-bath, respectively. The inlet 
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  Fig. 2.2    Manufacturing of the Pi-joint using VARTM: ( a ) aluminum mold, ( b ) assembled pi-joint during VARTM, ( c ) completed pi-joints, and 
( d ) a 50 mm wide section of pi-joint during a tensile pull-out test       

 (a) Adhesive tensile properties (experimental) 

     Modulus (GPa)  2.69 ± 0.19 

     Tensile strength (MPa)  58.10 ± 3.94 

     Tensile failure elongations (%)  3.45 ± 0.37 

 (b) Adhesive fracture toughness [ 29 ] 

     GI c  (N/m)  0.132 

     GII c  (N/m)  0.146 

 (c) Plates—GFRP (experimental) 

     Web, tensile modulus (GPa)  17.25 

     Base, fl exural modulus (GPa)  7.00 

     Poisson’s ratio [ 5 ]  0.17 

 (d) 3D-Preform—CFRP [ 30 ] 

     Elastic, isotroPic modulus (GPa)  32.8 

     Poisson’s ratio  0.17 

   Table 2.1    Material properties 
used in the numerical simulation  
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and outlet are located just above the web- location of the Pi-preform. The permeability of the preform was found to be suffi cient 
for successful manufacture of the Pi-joints, and hence, a distribution media was not required. The aluminum mold was fi tted 
with end-plates and enclosed with vacuum tape prior to infusion as shown in Fig.  2.2c . The resin-infused joint was cured in a 
convection oven at 60 °C for 2 h and post cured at 94 °C for 4 h. The completed joints, which are shown in Fig.  2.2c , were then 
cut into sections of 50 mm wide using a water jet prior to being subjected to experimental testing as shown in Fig.  2.2d .

2.2.2        Pull-Out and Damage Resistance (DIC) 

 The out-of-plane behavior of the Pi-joints was evaluated by performing pull-out tests on the manufactured Pi-joints using a 
specially designed rig in a servo-hydraulic test machine, as shown in Fig.  2.3a . The specimens were tested at a loading rate 
of 1 mm/min until failure. The load and displacement from the test machine cross-head was recorded. Additionally, an exter-
nal LVDT (linear voltage displacement transducer) was used to measure the relative displacement of the web with respect to 
the support.

   In addition to the load and displacement values measured during the pull-out tests, a 3-D Digital Image Correlation sys-
tem was employed to measure the full-fi eld displacement and strains on the cut surface of the pi-joint. This was a commer-
cially available DIC system (Dantec Dynamics Q-400) which consisted of a pair of cameras (AVT F-125B) along with a 
matched pair of lenses with a 12 mm focal length. Illumination was provided using a small panel of green LEDs. The cut 
surface of the Pi-joint was prepared by painting it fi rst with a coat of matte white spray paint (Krylon matte white) and then 
misting with matte black (Krylon matte black) to provide the contrasting speckle pattern. Reference images for the correla-
tion process were captured with a small pre-load applied to the joint, in order to remove any slack from the experimental 
setup. Images were then captured in 500 N increments up until failure of the joint occurred.   

2.3     Numerical Simulations 

 An integrated approach to numerical simulations and experiments was taken with the intention of using simulations to facili-
tate the design of the experiments, sensor placement and also to support the interpretation of the experimental data, as well 
as creating a validated numerical model that could be used in future design work with a high-level of confi dence. In this 
work, simulations of Pi-joint pull-out behavior were performed using a commercially-available fi nite element package, 
ABAQUS ®  [ 25 ]. 

  Fig. 2.3    Picture of a typical pull-out test setup ( a ); schematic of the experimental test setup ( b )       
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 A two-dimensional plane-stress model of the Pi-joint was created in ABAQUS ® . The web, fl ange and the pre-form were 
created as separate parts for ease of defi ning the properties and also the meshing. The adhesive was also created as a separate 
part but with a much fi ner mesh using cohesive elements. The adhesive surfaces were appropriately connected with respec-
tive surfaces of the web, fl ange and pre-form to assemble the model. Models that reproduced the three cases studied in the 
experiments were analyzed. 

2.3.1     Mesh, Gap Creation and Material Models 

 Four-node quadrilateral plane-stress elements were used to mesh all the parts of the model in ABAQUS ® . All parts were 
given an out-of-plane thickness of 50 mm corresponding to the width of the Pi-joint in the experiment. The fl ange, web and 
Pi-preform were modeled as linear elastic materials. An element size of 0.5 mm was used for all parts except the adhesive 
layers. A meshed fi nite element model for a Pi-joint is shown in Fig.  2.4 . For adhesive layers, cohesive elements, the mesh 
was more refi ned as illustrated in the inset of Fig.  2.4 . The element size of cohesive elements was equal to bond-line thick-
ness (0.005 in., 0.127 mm), and an aspect ratio of 1 (unity) prior to load application. The adhesive was modeled in greater 
detail using cohesive elements and the delamination was simulated using a traction-separation material model [ 25 ]. The 
damage evolution was modeled in ABAQUS by defi ning the fracture energy as a function of the mixed modes using the 
analytical power law fracture criterion. The material properties used in the simulations are provided in Table  2.1 .

2.3.2        Boundary Conditions and Loading 

 The loading pattern and boundary conditions used in the experiments were replicated in the fi nite element models. A sche-
matic of the FE model is provided in Fig.  2.4 . It has been reported that the number of degrees of freedom at the constraints 
and the angle of loading play a vital role in the accuracy of the results [ 6 ]. Kesavan et al. [ 6 ] simulated marine composite 
T-joints and applied the loading at an angle of 0.55° to the positive Y-axis in Fig.  2.4 , to take into account manufacturing 
inconsistencies, and found good agreement with their experimental results. In this work, the web was assumed to be perfectly 
perpendicular and the angle of loading was not considered. The applied load was distributed along the top nodes in the web. 
The model was constrained symmetrically at two points on the fl ange simulating a simply- supported condition with a total 
span of 100 mm. The left-hand side support constraint does not permit translation in either the X- or Y-direction while the 
right-hand support constraint does not permit translation in the Y-direction. All simulations were performed on an eight-core 
3.16 GHz machine with 64 gigabytes of RAM.   

  Fig. 2.4    Details of the FE model 
showing the boundary conditions 
and applied loading. The  inset  
shows a more detailed view of 
the mesh with the quadrilateral 
elements and the adhesive 
elements       
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2.4     Results and Discussion 

2.4.1     Experimental Pull-Out Results 

 Figure  2.5  provides the pull-out performance of the Pi-joints from the experiments. The general failure mode in the experi-
ments for the Pi-joints consisted of an increasing load until failure, which led to the separation of the Pi-preform from the 
base. The failure was instantaneous and the direction of failure propagation could not be seen with the naked eye. A high-
frame rate camera would be required to confi rm the propagation path of failure. Since symmetric failure initiation was 
observed, the delamination propagation was also expected to be symmetric. Instead an asymmetric failure was observed. 
Such a discrepancy may be caused by a combination of eccentricity in load application and manufacturing fl aws. The use of 
a brittle adhesive, like the one used in this work, makes the joint highly susceptible to manufacturing fl aws and less tolerant 
to damage.

2.4.2        Digital Image Correlation Results 

 Digital Image Correlation was used to capture the displacement and strain on the cut surface of the Pi-joint as it was loaded 
in the tensile test. The images were processed using commercial software (Dantec Dynamics Istra 4D) to calculate the dis-
placements and strains in the Pi-joint. A facet (or subset) size of 25 pixels was used, with an offset (or shift) of 15 pixels. The 
measured surface strain in the x-direction is shown in Fig.  2.7  at an applied load of 3 kN. The two red boxes indicate the areas 
for comparison with the FE results.  

2.4.3     Numerical Simulation Results 

 The fi nite element (FE) simulations successfully modeled the complete pull-out response of the damaged and undamaged 
Pi-joints and the results are shown in Fig.  2.5 . Figure  2.6  shows the failure mechanisms observed in the FE simulation. The 
initial onset of failure occurs in the web/Pi region (see inset in Fig.  2.6 ) and continues asymmetrically on one side of the web. 
This onset of failure does not reduce the load carrying capacity as the load transfer continues mostly across the other bonded 
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side of the web/Pi. As the applied load increases, the subsequent onset of failure occurs in the adhesive/bond between the 
preform and the base. This failure initiated from the termination of the preform with the base and continues until separation 
of the Pi-preform from the base.

   The peak pull-out loads from the simulations agreed very well with the average experimental data as shown in Fig.  2.5 . 
Similar load eccentricity and mis-alignment issues have been reported by Kesavan et al. [ 6 ] who applied the pull-out load at 
an angle of 0.55° counterclockwise to the vertical axis (web) in order to obtain better agreement between experimentation 
and computational results. Such modifi cations were not considered made in this study and all loads were applied to the web. 

 Additionally, the experimental data provided in Fig.  2.5  shows the standard deviation (as error bars) for each Pi-joint 
studied. The variation in experimental data may be due to many factors including manufacturing inconsistencies, variation 
in material properties of constituents, errors induced in experimental test-setup, instruments etc., Similarly, the numerical 
simulations assume average material properties and ideal test confi gurations.  

2.4.4     Comparison of DIC and FE Using Image Decomposition 

 Although the pull-out force data matched well between the experiments and the simulation, it was desired to perform a more 
thorough validation of the simulation. Figure  2.7  shows the measured strain in the x-direction from the DIC experiment (left) 
compared to the x-strain found from the FE simulation (right). A recently published CEN document [ 26 ] recommends the 
use of image decomposition using Tchebichef polynomials to make quantitative comparisons of measured and predicted 
strain fi elds as part of a model validation process, This approach, which has been used previously to validate models of a 

  Fig. 2.7    Comparison of the principal strain from DIC ( left ) and FE ( right ). The highlighted boxes indicates where there the image decomposition 
comparison was performed       

  Fig. 2.6    Failure mechanism for 
the pi-joint in the simulation       
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vibrating plate [ 27 ] and a composite protective panel [ 28 ], was adopted here. The image decomposition using the discrete 
Tchebichef moments can only be performed over a rectangular domain, so the pi- joint was divided into two section for analy-
sis. One rectangular patch was taken from the vertical section, and another from the horizontal section.

   The Tchebichef polynomials were used to represent the strain component in the x-direction from both the experiment and 
the simulation following the procedure described in [ 28 ]. A reconstruction of the original strain image was performed from 
the Tchebichef coeffi cients to ensure that they were an accurate representation of the original data. In this fashion, 136 coef-
fi cients were used to represent the strain data from the vertical section and 176 coeffi cients from the horizontal section. The 
larger number of coeffi cients required to describe the horizontal section would indicate that the strain distribution was more 
complicated in this region. 

 The decomposition was performed on both the experimental and simulation data sets, producing a set of coeffi cients 
representing each strain fi eld. These coeffi cients were then plotted against each other for the horizontal and vertical sections, 
as shown in Fig.  2.8 . The experimental coeffi cients were plotted along the x-axis, and the simulation coeffi cients along the 
y-axis. If there were perfect agreement between the two sets of coeffi cients, the points would all lie along the line with gradi-
ent of unity (solid line in the fi gure).

   Deviation from this line indicates differences between the experimental and simulation data sets. In reality, uncertainty in 
both the experiment and the simulation will cause deviations, and so it is unrealistic to expect all the points to fall on this line. 
For that reason, Fig.  2.8  has been plotted along with confi dence bounds (dashed lines) which relate to the  experimental 
uncertainty. The bands are defi ned by combining of the uncertainty from the experiment and from the image decomposition 
reconstruction process. For the case shown here, all of the moments fell within the confi dence bounds. The points are primar-
ily concentrated along the solid line, but there are a few moments close to the dashed lines, particularly in the comparison of 
the vertical section.   

2.5     Conclusions 

 The performance of adhesively bonded structural composite Pi/T-joints was evaluated by experimental pull-out tests and 
numerical simulations. The values of the peak pull-out force recorded experimentally matched well with those from the 
numerical simulation (~10 % difference). The vacuum assisted resin transfer molding (VARTM) technique was found to be 
a successful technique to produce Pi/T-joints. 3-D digital image correlation was used to capture the displacements and strains 
in the pi-joint during the pull-out tests. The CEN procedure for making quantitative comparisons of measured and predicted 

  Fig. 2.8    Comparison plots of the most signifi cant moments from the experiment and the simulation for the horizontal section ( left ) and the vertical 
section ( right ). If the data were in perfect agreement, all points would fall on a line with a gradient of unity ( solid line ) the dashed lines represent 
confi dence bands equal to twice the uncertainty in the data from the experiments       
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strain fi elds was applied using image decomposition. The simulation was found to produce acceptable results within the 
confi dence bounds provided by the uncertainty in the experiment. Experimentally validated simulations can be used to fur-
ther understand the behavior of Pi-joints with other joint confi gurations and also to understand damage-induced behaviors 
beyond the case explored in this work, and such validated simulations have great potential in use as a design tool.     
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