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ABSTRACT 
 

An experimental and numerical study of the failure behaviour of composite T-joints under quasi-

static and high-rate dynamic loads is presented, including the investigation of different joint designs 

to increase damage tolerance and failure resistance.  

Three different T-joint designs using the same carbon fibre composite base material were used in 

this study. Two pure composite solutions and a hybrid design with arrow head-shaped metallic 

reinforcement pins in the through-thickness direction are presented. Specimen manufacturing and 

testing is described in detail. The test campaigns covering 0° T-pull and 30° T-bending tests were 

conducted under quasi-static and high-rate dynamic conditions in order to assess potential strain rate 

effects. The hybrid solution with the pin-reinforcement showed significantly increased post-damage 

load levels and energy absorption with the pins being pulled out of the laminate under large global 

deformations. The utilisation of a modern toughened epoxy resin in comparison to a conventional 

untoughened resin also showed significant improvements.  

In addition to the experimental test campaign, numerical simulations with the explicit Finite 

Element code LS-DYNA were conducted on micro, meso and macro level. The models were 

validated against the test results and applied to a ballistic impact simulation of a composite fuel tank 

structure under hydrodynamic ram loading. 

 

1. INTRODUCTION 

Joints between members or surfaces can be the weak link of loaded structures and joint failure can, 

in the worst case, lead to global structural failure.  

The focus of this research study is on composite T-joints as a typical connection to be found in 

aircraft wing structures and wing integral tanks. Fuel-filled wing tanks may be susceptible to a load 

case that is called hydrodynamic ram (HRAM), which is the result of a ballistic impact and projectile 

penetration through the outer skin into the fuel. The shock front that develops and propagates inside 
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the fluid may lead to very high pressures acting on the tank structure with potential structural damage 

[1-10]. Typical locations for damage are the structural T-joint connections between skin and spar. 

This load case may occur in military combat or observation aircraft resulting from hostile attacks or in 

civil aircraft as a result of turbine blade release or other foreign object impact (see Concorde accident 

[11]). 

The aim of the current study is to characterise the failure behaviour of such composite T-joints 

both experimentally and numerically and to investigate design alternatives aiming at increased 

damage tolerance and failure resistance. For this purpose, the mechanical behaviour both under quasi-

static and dynamic loads is assessed. Although numerous publications focussing on quasi-static T-

joint testing can be found [12-20], only very few researchers have studied the high-rate failure 

behaviour of such composite joints. In [21] and [22] dynamic T-pull tests were performed 

investigating different composite T-joint designs with minor strain rate effects occurring in 

unreinforced samples and a 25%-60% increased failure load being observed in samples reinforced by 

stitching. Even higher strain rates were accomplished in the RamGun T-pull tests in [23-25], which 

aim at a realistic hydrodynamic ram loading under a pressure shock wave in a fluid chamber. 

 In addition to the experimental test campaign, numerical simulations with the explicit finite 

element (FE) code LS-DYNA were conducted in order to be able to investigate further geometrical 

and boundary influences on the structural behaviour. Several numerical studies of composite T-joint 

failure have been conducted in past publications [13, 26-34], almost entirely using very detailed 

models in implicit FE codes in order to capture stress concentrations and mechanical effects on micro-

scale level. However, for hydrodynamic ram analyses, much coarser and more efficient T-joint 

models are needed in explicit simulation environments that are still supposed to capture realistic 

failure loads. Therefore, different modelling approaches on different scales (micro, meso and macro) 

with increasing degree of simplification are presented here and compared to the experimental test 

results. Finally, the application of the T-joint models to hydrodynamic ram simulations in fuel-filled 

composite fuel tanks under ballistic impact is shortly addressed. 

 

2. DESIGN CONCEPTS 

The aim within this project was to investigate the failure behaviour of three different composite T-

joint designs by experiment and simulation. The first one (baseline, D1) should be a state-of-the-art 

design that can be found in various aircraft structures and that can act as a reference. It consists of a 

flange, which splits into two distinct flange feet that are connected to the skin by co-curing (Fig. 1a). 

The second design D2 is a slight modification or improvement of design D1. The flange feet have 

no specific edge but continue to the next flange, forming an integral part of the skin (Fig. 1b). 

Although this design is not expected to increase the damage initiation load, it is intended to enable 

higher energy absorption under tensile loads by a higher delamination surface and to enable structural 

integrity and leak tightness in a fuel tank application. 

The third design D3 includes a z-reinforcement to increase the connection between flange feet and 

skin. Numerous past studies have shown that z-reinforcements in composite T-joints can significantly 

increase the maximum load carrying capability of the joint. Early studies investigated stitching or 

tufting [21, 35-43] as reinforcement methods with considerable results, while in younger days the 

focus seems to be on z-pinning [13, 15, 43-46]. All these methods typically use polymeric yarns or 

carbon fibres for the z-reinforcement. A different promising alternative can be the use of metallic 

reinforcement concepts in a hybrid joint, making use of the metallic plasticity, which is especially 

beneficial for high energy absorption targets. Such hybrid joints using metallic sheets with 

reinforcement pins connecting carbon fibre laminates were investigated in different recent studies 

with the metallic pins made of titanium or steel being produced either by additive layer manufacturing 

(ALM) [47, 48], welding [49] or metal forming [50, 51]. Pins with arrow-shaped heads were 
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investigated in [47], leading to a strong mechanical interlocking effect within the composite laminate. 

For this reason, the metal pin-reinforcement approach was also selected to be studied here, making 

use of the RHEA (redundant high efficiency assembly) technique based on formed, spiked metal sheet 

inserts described in [50, 52]. The basic idea is to use a thin metallic sheet, in this case a 0.4 mm DC4 

steel sheet, where the pin geometry is laser-cut and bent on a special bending machine in order to 

obtain a reinforcement sheet with pins on both sides (Fig. 2). This sheet is intended to be placed 

between two laminates, in this case between flange and skin. On the one hand, the pins are supposed 

to be as thin and few as possible in order to minimise fibre ondulation and disturbance when being 

inserted into the laminate. On the other hand, the pins need to have a certain minimum thickness and 

quantity in order to enable high strength and beneficial reinforcement effects. A compromise was 

needed to be found here, which led to the design shown in Fig. 2 with arrow-shaped pins on both sides. 

Further design studies related to the design or radius of the fillet in the centre of the specimens (as 

in [34, 53, 54]) were not part of the experimental programme and were to be investigated numerically. 

 

                      

                      

                      

Figure 1: Three composite T-joint design concepts investigated in this study (dimensions in mm) 

 

   

Figure 2: Metal pin reinforcement of design D3: a) CAD design, b) laser-cut steel sheet, c) bending of 

pins, d) final pin-reinforcement sheet 

a) Design 1 (D1): baseline 

 

 

 

 

 

 

 

b) Design 2 (D2): integrated flange feet 

 

 

 

 

 

c) Design 3 (D3): metal pin z-reinforcement 

b) c) d) 

a) 
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3. MATERIALS AND MANUFACTURING  

All three composite T-joint concepts are using the same base material, which is a Saertex carbon 

fibre non-crimped fabric (NCF) with Tenax HTS fibres in biaxial, triaxial and quadraxial 

configuration. The baseline resin was Hexcel HexFlow
®
 RTM6, a standard untoughened aerospace 

grade 180°C epoxy resin system. In order to investigate the influence of the resin system on the 

structural performance, half of the D2 T-joint samples were manufactured using Cytec Prism
®
 

EP2400 resin, a state-of-the-art toughened 180°C epoxy system. The T-joint flange had a uniform 

thickness of 4 mm with a stacking sequence of [+45°/0°/-45°/+45°/-45°/+45°/0°/-45°]S for the D1 and 

D3 specimens. The skin of D1 and D3 had a stacking sequence of [0°/+45°/90°/-45°/0°/-45°/90°/ 

+45°/0°/+45°/90°/-45°/0°/90°]S with a thickness of 7 mm. The flange laminate of D2 was slightly 

different with less 45° plies [0°/+45°/90°/-45°/0°/-45°/90°/+45°]S as it was supposed to extend 

completely onto the skin, which had a final thickness of 9 mm. 

The basic toolings for the T-joint sample manufacturing were two L-shaped strand-casted and 

milled steel profiles with a length of 1270 mm, allowing manufacturing of eight T-joint specimens 

with one shot. Firstly, the flange plies were stacked, placed between the toolings and cut according to 

the milled groove for the flange feet (Fig. 3a). Afterwards, a braided carbon fibre fillet supplied by 

Eurocarbon was put in the middle between the two halves of the folded flange plies. For the D3 

specimens with z-reinforcement, the sand-blasted and acetone-cleaned metallic pin sheets were then 

pushed into the dry fabric with a special tool (Fig. 3b). Then, the skin plies were placed on top (Fig. 

3c). After turning the tooling around, the vacuum-assisted resin infusion process (VAP) was prepared 

by wrapping the assembly in the specific fabrics, membranes and vacuum bagging films (Fig. 3d). 

The vacuum valves were installed (Fig. 3e) and the pre-heated RTM6 and EP2400 resin systems were 

infiltrated during 1.5-2 hours before heating up to curing temperature of 180 °C and curing for 2 

hours. The final parts shown in Fig. 3f were then cut and milled to specimens of size 150 mm x 240 

mm x 188 mm. 11 mm holes were drilled and chamfered for load introduction purposes. The final 

specimens are shown in Fig. 4. Ultrasonic C-scans were performed in order to verify the quality of the 

specimens and to check for pores or delaminations or other manufacturing-induced pre-damage. 

Furthermore, micrographs were taken to assess the quality of the fillet and pin reinforcement areas 

(Fig. 5). 

 

   

   

Figure 3: Manufacturing steps of composite T-joints samples: a) placement and cutting of flange 

plies, b) placement of fillet and metal pin sheet, c) placement of skin laminate, d) preparation for resin 

injection, e) vacuum-assisted resin injection process, f) final part for eight T-joint samples 

a) b) c) 

d) e) f) 
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Figure 4: Overview of samples of three composite T-joint designs 

  

Figure 5: Micrographs of D3 specimen: The dark spots are no pores but small resin nests resulting 

from the non-crimped fabric architecture and the fixation yarns 

 

4. TESTING 

The testing campaign of the T-piece specimens was divided into 0° tensile tests (T-pull) and 30° 

tensile tests (T-bend). While the 0° T-pull loading is a classical simplified test in order to characterise 

the failure behaviour under pure tension and to compare it to available data in the literature [21], the 

30° bending load was regarded as being a more realistic loading scenario for many applications. For 

example, hydrodynamic ram loads in a fuel-filled wing tank from a penetrating projectile will lead to 

a pressure wave bending the tank walls and loading the T-joints under bending and tension, which is 

better represented by a 30° bending/tensile test than by a pure 0° tensile test. T-bend tests under 

different angles up to 90° have also been performed in [26, 28, 55-57]. The skin part of the T-joint 

test specimens was clamped at the lateral positions using the boreholes mentioned before. 

The tests were performed both with a quasi-static loading rate of 2 mm/min and a high-speed 

loading rate of 5 m/s in order to assess potential rate effects. The quasi-static tests were performed on 

a 1000 kN Instron universal testing machine (Fig. 6a) using Aramis optical deformation measurement 

of the specimen side surface, four to eight strain gauges per specimen on the skin and flange surface 

and a displacement sensor on the lower skin surface. The dynamic tests were performed on a servo-

hydraulic Instron 8503 testing machine (Fig. 6b) with a 60 kN load cell, Aramis optical deformation 

measurement of the specimen front surface, four strain gauges on the skin and flange surface and two 

high-speed cameras. At least five specimens were tested for each configuration (design, angle, 

velocity) with 120 specimens in total. 

 

   

D1 D2 D3 
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Figure 6: Test set-up: a) quasi-static tests (30° test shown here), b) high-rate dynamic test machine 

and c) specimen fixation (0° test shown here)  

The deformation sequence of all three T-joint designs under quasi-static loading is shown in Fig. 

7. The corresponding force-displacement curves of a representative specimen are illustrated in Fig. 8. 

The D1 specimens fail with a crack initiated in the fillet area in the centre of the specimen, 

propagating sideward under the flange feet and upwards into the flange. The fillet may stick to the 

skin or to the flange, both options occurred. Once the crack propagation reaches the end of the flange 

feet, the flange detaches and the force drops to zero. This failure behaviour corresponds to results of 

other test campaigns in [12-20]. 

For D2a specimens with the integral flange feet, the crack initiation is similar in terms of location, 

peak load and crack propagation. However, as the flange feet are an integral part of the skin with no 

specific end, the upper plies of the skin are lifted under a higher residual force level and up to much 

larger displacements. In fact, the test was stopped when the crack propagation reached the clamping 

supports, without final failure of the specimen. Speaking in terms of application in a composite wing 

box, structural integrity and leak tightness would still be assured, in contrast to D1. 

Test begin: Elastic bending: Initial crack: Large deformation: 

 Design D1 (baseline):  

 
 Design D2 (integral flange feet): 

 

 Design D3 (metallic pin reinforcement): 

 

Figure 7: Deformation and failure sequence of all three T-joint designs under quasi-static loading  

a) b) c) 
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Figure 8: Force-displacement curves of quasi-static T-joint tensile tests under 0° and 30°  

Interesting is the result of D2b, where the toughened epoxy resin EP2400 was used instead of 

RTM6 as in all other specimens. The peak force and also the residual force level after initial failure 

are significantly higher, about 30%. This corresponds to a much higher energy needed to destroy the 

structural joint.  

Finally, the D3 specimens with a metallic sheet with z-reinforcement pins between skin and flange 

fail under a slightly lower peak force at the interface between CFRP and metal in the centre of the T-

joint. This is because no reinforcement pins were used in the specimen centre in the fillet area that 

would have significantly improved the performance and that are a preferred option for further 

specimen manufacturing. Nevertheless, the D3 specimens show their advantages and superior 

performance in the post-damage behaviour, when the metallic pins are either pulled out of the (upper) 

laminate or are loaded under tension until they fail. The residual force level is significantly higher 

than for all other specimens. Complete detachment occurs after very large displacements. 

The results of the dynamic T-pull tests with a loading rate of 5 m/s are shown in the force-

displacement diagrams in Fig. 9. The force value was derived as F = EA from the strain gauge 
……………………………………………………  

 

   

Figure 9: Force-displacement curves of quasi-static and high-rate dynamic 0° T-pull tests  

Design D1 Design D1

Design D3 Design D3

Design D2a
Design D2a

Design D2b (EP2400 resin)

D1, quasi-static 

D1, dynamic 5 m/s 

D3, quasi-static 

D3, dynamic 5 m/s 

D2a, quasi-static 

D2a, dynamic 5 m/s 

D2b, quasi-static 

D2b, dynamic 5 m/s 
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Test begin: Initial crack: Large deformation: 

Design D1 (baseline): 

 
Design D2 (integral flange feet): 

 
Design D3 (metallic pin reinforcement): 

 

Figure 10: Deformation and failure sequence of three T-joint designs under 0° T-pull dynamic loading 

(5 m/s) taken from high speed videos 

measurements  on the vertical flange, the flange cross-sectional area A and the effective laminate 

stiffness E calculated with classical laminate theory. The force values obtained directly from the load 

cell were too much influenced by inertial effects and could not be used here. In spite of oscillations 

affecting the force curves resulting from the high-rate dynamic nature of the test, a peak force 

increase can be observed in Fig. 9 for all three designs. The mode of damage, however, appears to be 

unchanged. This can be seen in Fig. 10, showing high-speed video images of the T-joint centre area 

under 0° tension. The crack initiation in the surfaces below and above the fillet as well as the crack 

propagation pattern appear to be similar to the quasi-static test results. 

Summarising the experimental findings, the following lessons were learned: 

 An integral design of flange and skin does not improve initial strength but residual 

strength, energy absorption, structural integrity and leak tightness. 

 Using a toughened instead of an untoughened epoxy resin can increase both initial and 

residual strength significantly. 

 The metallic pin reinforcement significantly increases the residual strength and total 

energy absorption at complete joint failure. 

 Rate effects in dynamic tests could be observed, leading to an increase in failure load. 

Combining the beneficial options (toughened resin, integral design, pin-reinforcement) in one 

design would probably lead to superior results.  
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5. MODELLING AND SIMULATION 

In parallel to the experimental test campaigns numerical simulations with the explicit finite 

element code LS-DYNA were conducted in order to assess if the mechanical performance obtained in 

the tests could also be predicted by numerical models and, furthermore, to efficiently investigate 

further geometrical and boundary influences on the structural behaviour. The models were developed 

on three different scales: micro, meso and macro scale. 

5.1 Micro-scale model 

The micro-scale model of the D3 specimen covers a detailed representation of the metallic 

reinforcement pins and surrounding laminate with solid elements. The aim was to capture the 

mechanisms of the pins being pulled out of the laminate. All composite parts were modelled with 8-

node solid elements with reduced integration and MAT59 (*Mat_Composite_Failure_Solid_ Model), 

which is a linear elastic, perfect plastic material law with stress-based failure criteria. Element erosion 

was controlled by the additional implementation of *Mat_Add_Erosion.  

Delamination between all plies was enabled by the utilisation of interlaminar contact interfaces 

(*Contact_Automatic_Surface_to_Surface_Tiebreak) based on the cohesive zone model for mode I 

and mode II loading. The delamination model was calibrated and validated in advance using double 

cantilever beam (DCB) and end notch flexure (ENF) tests of the material involved in this study and 

correlating simulations. The metal pins were modelled using MAT24 (*Mat_Piecewise_Linear_ 

Plasticity) with elasticity and plasticity parameters for cold-rolled low carbon steel. The model depth 

was reduced from 150 mm to 30 mm to limit the model complexity but still to cover two rows of 

upper and lower pins, respectively (Fig. 11). Similar tiebreak contact interfaces were used for the 

bonding connection of steel and composite with the parameters being based on experimental studies 

of steel pin pull-out tests in [50, 51].  

The final model consisted of 930,000 elements and was very complex due to the high number of 

nodes and contact interfaces involved. However, despite the high number of simplifications and 

uncertainties in the model, the simulation results were in fair agreement with the test results, both 

qualitatively and quantitatively (Fig. 12). The pins were partly pulled out of the laminate with the 

head partly being intact or sheared off, and some pins were completely torn off (Fig. 13). Major 

differences between test and simulation mainly occurred at the end of the test after large deformations 

and massive specimen damage. 

This study highlights the potential of such micro-scale models, which can be extended to the 

investigation of different designs or reinforcement patterns. However, since the efforts in terms of 

model generation and calculation are immense, they are currently only suitable for specific design 

investigations and not for an automatic optimisation of the reinforcement architecture. 

The micro-scale approach with solid elements for each ply was also extended to study D1 and D2 

specimens without z-reinforcement under quasi-static and dynamic loads (Fig. 14, Fig. 15).  

 

  

Figure 11: Cross-sectional (milled) view of D3 specimen with metal pin reinforcement and 

corresponding micro-scale model in LS-DYNA (mesh size 0.5 mm) 
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Figure 12: Deformation plots of D3 T-joint in simulation (micro-scale model) and test 

 

Figure 13: Post-test view of failed pins in micro-scale simulation and test 

 
Figure 14: Micro-scale model of D1 specimen (mesh size 2 mm) 

 

Figure 15: Comparison of quasi-static tensile test and simulation (micro-scale model) of D1 T-joint: 

deformation plots (left) and force-displacement curves (right) 

Simulation           Test 

Simulation                     Test 
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5.2 Meso-scale model 

The meso-scale models are a major simplification and only consist of 4-node shell elements with 

reduced integration for the skin and flange. Only the fillet is modelled with solid elements (Fig. 16). 

According to the experimental observations in Fig. 7 and Fig. 10, delamination contact interfaces 

(*Contact_Automatic_Surface_to_Surface_Tiebreak) were only used between the skin and flange 

(and fillet) and within the flange itself. MAT54 (*Mat_Enhanced_Composite_Damage) was used for 

the composite material modelling, which is an orthotropic, linear elastic, perfect plastic constitutive 

law with stress-based failure criteria and strain-based element erosion.  

The simulation results of D2 are shown in Fig. 17 as an example of the meso models. The failure 

behaviour with delaminations developing between skin and flange as well as within the flange is 

captured well and the force-displacement response correlates well with the experiments. Only the 

residual strength in the post-damage region is underestimated in this example. 

The number of elements and CPU time of this model are much lower compared to the micro-

modelling approach, but the results accuracy is similar. This is due to the fact that only this limited 

number of delamination interfaces is necessary to represent realistic failure behaviour, and solid 

elements are not necessary since this is a bending-dominated problem and the out-of-plane stresses do 

not necessarily need to be implemented, making the shell modelling approach the more efficient 

solution. 
 

 

Figure 16: Meso-scale model of D1 specimen (mesh size 2 mm) 

 

  

Figure 17: Comparison of quasi-static tensile test and simulation (meso-scale model) of D2 T-joint: 

deformation plots (left) and force-displacement curves (right) 

 

Simulation            Test 
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5.3 Macro-scale model 

The intention for investigating T-joint models on the macro scale was to use them in large wing or 

wing box models, where it would not be possible to implement the still too detailed meso-scale 

models. Much simpler and coarser models are needed for this kind of application, which should still 

be able to represent the global failure behaviour of the T-joint designs in terms of failure initiation and 

nonlinear post-failure behaviour. 

Different options in LS-DYNA exist that could theoretically be used to represent the structural 

joint on macro level. These are mainly contact algorithms, nodal constraints or special element and 

material formulations. In general, the method of choice should be able to meet the following six 

requirements: 

1. Transfer moments between flange and skin, separation of normal and shear behaviour; 

2. Failure of the connection should be covered 

3. Post-failure behaviour should be covered (nonlinear, correct residual force level and 

energy absorption) 

4. Separation of the joined partners needs to be implemented beyond failure 

5. Strain rate effects need to be covered 

6. Simple approach: minor modelling and calculation efforts. 

Since the contact laws cannot fulfil most of these requirements and also the constraints lack in 

post-damage behaviour and strain rate effects, the focus was put on representing the joint behaviour in 

a specific row of elements in the connection zone with an appropriate material model.  

Finally, shell elements with MAT123 (*Mat_Modified_Piecewise_Linear_Plasticity_Rate) were 

used, as this approach covers all six of the abovementioned requirements. The user has to define the 

elastic stiffness E, which represents the homogenised stiffness of the composite flange laminate, the 

yield stress SIGY, the nonlinear post-damage behaviour LCSS as tabular input of stress vs. plastic 

strain and the plastic strain at failure FAIL (Fig. 18). The latter three inputs were derived and 

calibrated in accordance with the test results in Fig. 8. Strain rate effects can be incorporated by a 

simple Cowper-Symonds yield stress scaling law, by a tabular yield stress scaling law, by tabular 

input of the stress-strain curve for different strain rates and by tabular input of strain at failure as a 

function of strain rate. 

                                                  

Figure 18: Macro-scale model with homogenised, generic input data for joint failure representation 

(left) and global force-displacement response of D3 macro model (right) 

 

 

E 

 



SIGY 
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LCSS tabular input


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The model behaviour was validated in 0° and 30° tensile test simulations of the T-joint, which 

required more than 90% less CPU time than the comparable meso models and were finished after a 

few seconds. The global T-joint failure behaviour was represented with a high degree of accuracy, 

making this model applicable in large wing box analyses. 

 

5.4 Application to hydrodynamic ram simulation of fuel-filled wing tank 

The application of the models developed here to the ballistic impact and hydrodynamic ram 

(HRAM) analysis of a fuel-filled composite wing tank box shall shortly be addressed. The aim was to 

assess the mechanical performance of the three different T-joint designs in a large structural assembly 

under HRAM loads.  

The structures were generic composite boxes in a 3-cell and 12-cell configuration, representing 

military aircraft wing segments (Fig. 19, Fig. 20). These structures were developed, built and used for 

ballistic impact tests with the focus on the HRAM behaviour in the past project EUCLID RTP 3.32 

[58]. The models of the 3- and 12-cell wing box were generated in LS-DYNA using the T-joint macro 

models and the Arbitrary Lagrangian-Eulerian (ALE) approach to model the fluid filling and fluid-

structure interaction. Simulating HRAM in fuel tanks with LS-DYNA and ALE is state of the art and 

has also been performed in numerous studies like in [1-3, 59-62]. The projectile was a 4.7 g steel 

cylinder, modelled as a rigid body, with an initial velocity of 1600 m/s. Test data of the previous 

project [58] in terms of pressure sensor measurements inside the fuel-filled box and post-test damage 

assessment were used to validate the simulations.  

 

 

3-cell box: 

 

 

 

Figure 19: Ballistic impact and hydrodynamic ram simulation of fluid-filled composite 3-cell box 

according to [58]: Failure of D1 T-joint macro elements 

Projectile 

Cavitation 

bubble 

Failure of 

T-joint 

design 1 

macro 

elements 
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The simulations were used to assess the structural performance of the three T-joint designs under 

this hydrodynamic ram load. After penetration of the front skin, a high pressure shock wave is formed 

and propagates through the fluid with a short-time peak loading of the structure. Afterwards, the 

projectile is intruding and pushes the fluid aside, leading to a further structural loading with a longer 

duration. The T-joints of design D1 fail under this load, while design D2 and D3 are still intact. This 

is in accordance with the experimental findings and supports the performance enhancements by the 

integral design, improved resin system and z-reinforcement. The failure of D1 macro elements in the 

3-cell box is visualised in Fig. 19 and in the 12-cell box in Fig. 20. Both show a translucent view of a 

ballistic impact simulation with the coloured macro elements being eroded under the high pressure 

load. 
 

12-cell box: 

 

 

Figure 20: Ballistic impact and hydrodynamic ram simulation of fluid-filled composite 12-cell box 

according to [58]: Failure of D1 T-joint macro elements 
 

6. CONCLUSIONS 

Three different composite T-joint designs were investigated experimentally and numerically under 

0° and 30° tensile loads and under quasi-static and dynamic loading rates. The unreinforced baseline 

design D1 showed a rather brittle behaviour and failed early in the hydrodynamic ram simulation of a 

fuel-filled wing tank under ballistic impact. An advanced toughened resin system in combination with 

an integral design D2 led to significant improvements in terms of initial and residual strength increase 

and structural integrity in the reference HRAM load case. This result was also obtained for the hybrid 

design D3 with metallic, arrow-shaped z-reinforcements, which showed the best residual strength 

behaviour. 

Projectile 

Cavitation 

bubble 

Failure of T-joint 

design 1 macro 

elements 
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Modelling and simulation studies of the composite T-joints were performed on micro, meso and 

macro level. While the modelling efforts on micro level are relatively expensive, the more efficient 

meso models showed promising results in good correlation to the experimental findings. 

Delamination modelling with adequate cohesive interfaces and accurate parameter selection appears 

to be the major factor for realistic simulation results. A promising macro modelling approach for an 

efficient representation of the T-joint failure behaviour in large models was derived and successfully 

applied to structural HRAM simulations. 
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