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Abstract 

Hydrodynamic Ram Analysis of Bonded Composite Fuel Tanks 

Teddy Sedalor 

Major Advisor: David Fleming, Ph. D. 

Military aircraft are tested against a variety of ballistics threats as part of their design to 

assess their vulnerability. One aspect of this approach/requirement is Hydrodynamic Ram 

testing which accounts for projectile impact into fuel tanks. Hydrodynamic Ram (HRAM), 

which occurs due to overpressure created in an enclosed fluid as a result of the transfer of 

energy and momentum from a penetrating projectile, can be quite destructive to the 

enclosing structure, which makes testing expensive. Therefore the need arises for 

numerical methods to supplement the testing and provide more test data than can be 

obtained directly from the article test. This research uses the building block approach to 

extrapolate failure from a single joint coupon level testing to a fuel tank using a 

progressive damage failure model. Independent joint testing by way of a Ram Simulator or 

RamGun, which is a device capable of creating HRAM order pressure, enables evaluation 

of T-joints to assess HRAM resistance. The ALE fluid-structure interaction technique is 

used in concert with Cohesive Zone Modeling via the commercial explicit finite element 

software LS-DYNA to predict damage in a fuel tank. Previously-used numerical 

techniques have minimum requirements that demand a fine mesh size to ensure accurate 
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results. That approach is impractical for analyzing dynamic behavior in large articles like 

fuel tanks. Therefore a coarse mesh approach is devolved to satisfy the requirement for 

both CZM and ALE FSI techniques to ensure accurate damage prediction results. The 

developed model is used to study the effect of velocity and projectile location on tank 

damage as well as HRAM damage mitigation techniques. 
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Chapter 1 

Introduction 

Damage to an aircraft can result in catastrophic failure, which can lead to the loss of the 

vehicle, often accompanied by multiple fatalities. Aircraft vulnerability and survivability is 

of great importance to military aircraft since they are likely to be damaged during their 

intended missions. Damage to an aircraft can be introduced at various stages during the 

lifecycle of the aircraft. Sources of damage include design errors, manufacturing defects, 

service-induced damage and ballistic damage [1]. The most prominent modes of damage 

are service-induced damage and ballistic damage. Service induced damage can result from 

foreign object damage like birdstrike and engine debris. Ballistic damage can be caused by 

exploding and non-exploding projectiles. Ballistic damage gets the most attention from the 

armed forces since military aircraft are more likely to encounter ballistic threats than civil 

aircraft. 

Ball, [2] an expert on aircraft vulnerability and survivability, has extensively studied 

aircraft damage and provided insight into the mechanisms of aircraft damage. The primary 

damage mechanism associated with a ballistic threat or a metallic penetrator is impact and 

penetration through a structure and possible pressure loading when a fluid-filled container 

is penetrated. Projectile impact is defined as scenarios where the penetrator hits but does 

not fully penetrate the impacted object. A blunt high-velocity projectile can cause ejection 
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of material from the backside of the impacted object, known as spalling. Impact damage 

can also be caused by the tension and compression waves created by the impact which can 

be superimposed to produce high tensile stress leading to failures such as cracks. Impact 

can also cause the impacted object to fail in diagonal shear which is a precursor of spalling. 

Penetration damage occurs when a projectile completely perforates an object. Whether or 

not penetration damage occurs depends on the projectile material, size, weight, shape and 

the material type and thickness of the impacted object. A sharp and hard penetrator 

perforates an object by pushing the material aside which results in tearing. For metallic 

structures, this manifests as petalling, which is the formation of outward protrusions in the 

object resembling the petals of a flower. Blunt penetrators usually shear out a hole in the 

structure. Penetration damage from slower projectiles is characterized by sizeable 

permanent deformation that extends beyond the local penetrated area [2]. 

Laminated fiber composites tend to have a different response to projectiles than metallic 

structures. The damage in a composite structure subjected to penetrators is influenced by 

their anisotropic strength and stiffness, low ductility of fibers and low interlaminar strength 

[3]. The damage modes exhibited include perforations, delamination, peeling and fiber 

buckling. The exit surface of a thick composite will usually exhibit peeling and splitting 

after impact. Delamination in a composite will usually occur and extend well beyond the 

impact locations. The extent of delamination is dictated by the interlaminar properties of 

the composite, which are heavily dominated by the resin material. Even in cases where no 

visible damage is apparent, there might still be delamination within the structure. This can 

only be verified with Non Destructive Inspection. 
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Hydrodynamic Ram (HRAM) is a phenomenon that can cause extensive structural damage 

to aircraft fuel tanks and surrounding structure when the tanks are subjected to ballistic 

impact. When a high-velocity projectile penetrates a fuel tank, very high pressures may be 

generated within the fluid due to the transfer of energy from the projectile. This 

overpressure can cause a variety of damage to a structure based on the materials and 

construction. Aircraft structure may fail catastrophically from HRAM pressures if they are 

designed only to withstand flight loads. The typical failure of metallic tanks in this event is 

the fracturing of the walls. HRAM can cause excessive tearing and petalling of the walls, 

with damage holes very much larger than those created at the impact location by the 

projectile [2]. A critical location for HRAM damage is at joints between a spar and the skin 

and at the exit wall. In designs with fasteners, the hardware may be sheared off during this 

high-pressure event. HRAM can be particularly damaging to composite fuel tanks since 

they are typically not designed to handle large transverse load akin to that exhibited during 

HRAM. HRAM can be very destructive and has led to aircraft kill or loss of aircraft. It can 

cause excessive loss of fuel, fire, explosion and destruction of critical components and 

structures adjacent to the fuel tank [2]. 

There has been an increase in the utilization of composite materials in aircraft. Composites 

are attractive to the aircraft industry because of the immense weight savings that can be 

realized due to their great material properties, primarily high specific strength and stiffness. 

Other beneficial attributes include high durability in terms of crack growth, corrosion 

resistance and the ability to form large parts with fewer joints than with traditional metallic 

structures [3]. Notwithstanding the impressive gains realized by using composite in 
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aircraft, composites also have a few drawbacks. The high cost of raw material and 

manufacturing challenges continue to be an issue in the aircraft industry. Other concerns 

include low resistance to mechanical impact and their small temperature window of 

operation. Despite their high cost, the use of composite is growing rapidly in the design of 

military aircraft compared to civil applications. Recent civil aircraft show an increase in the 

utilization of composite parts. Military aircraft have a strong motivation for performance 

and stealth. Composite materials make it possible to design and shape aircraft to meet 

aeroelastic needs and radar evasion [3]. The high specific stiffness also makes it possible to 

design a high-performance aircraft while keeping the size and weight down. 

It has been established that HRAM can be very catastrophic to an aircraft and can 

potentially lead to loss of aircraft. The effects can be even more damaging to composite 

tanks, which tend to be the current trend for aircraft. It seems impossible to totally 

eliminate HRAM in fuel tanks, therefore the goal will be to find a way to reduce the 

destructive effect of the event. To achieve this, the event must be well understood through 

testing and analysis. Appropriate tests can also serve as a benchmark for various proposed 

mitigation techniques. To study this event, intermediary tests, as well as full-scale tests, 

have been developed to subject tanks and joints to high pressure reminiscent of an HRAM 

event [29]. Since critical damage from HRAM often occurs at the T-joint of the skin to a 

spar, a simplified and inexpensive test was developed by the air force to test and assess 

their resistance to HRAM [29]. The T-joint can be tested dynamically with a uniaxial 

testing machine to obtain failure data. Another test uses a RamGun or a Ram Simulator, 

which consists of a fluid-filled cylinder which is impacted with a high-velocity puck to 
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generate high pressure, enabling joint-level tests. At the other end of the spectrum, a full-

scale test can be performed to assess a fuel tank’s resistance to HRAM. As expected there 

is a hefty price tag associated with this form of destructive testing 

Due to the transient nature of the event and high cost, dynamic numerical models are used 

to understand various sensitivities and modes of failure involved with HRAM. Numerical 

analysis for HRAM started about 30 years ago. The current state of the art for modeling 

HRAM uses Arbitrary Euler Lagrangian (ALE) Simulation, where fluid and structure are 

modelled separately with different formulations that are coupled together to ensure their 

interaction, or Smooth Particle Hydrodynamic (SPH), a discretized meshless method that 

may also be used to simulate HRAM problems [4]. 

Because the joints of a fluid-filled vessel are one of the most critical locations for damage, 

a good analysis technique is required to track and assess the damage in joints during a 

numerical simulation. For analyses that consider this damage, a method that has been 

frequently used is using “fuse elements” which are basically elements representing a 

feature that fail based on a prescribed strain value [4]. This method has some limitations, 

particularly when used to model bonded joints instead of fastened joints. Recently, 

Cohesive Zone Modeling (CZM) has emerged as a very effective technique for analyzing 

bonded joints [5]. CZM is a technique used to characterize the fracture of a crack. The 

advantage of this method is that it easily tracks both crack initiation and propagation. The 

existence of an initial crack is not required in a CZM model; the models simulate crack 

initiation and growth throughout the bond surface, not just at a pre-defined crack tip, 
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offering an effective way to analyze delamination and debonding. CZM have been used 

extensively to model and study bonded joints [5, 6]. 

1.1 Objectives 

Most of the work on HRAM has been on metallic tanks. In cases where damage to seams 

or joints of containers were considered, their joints were either welded or bolted. With the 

increased use of composites in aircraft (and in other applications, like storage containers 

that are susceptible to HRAM events), having more insight into the mechanics of a 

composites material during hydrodynamic ram will help designers make better products. 

There is little to no previous work on HRAM for structures with bonded joints. Previous 

studies of HRAM used generic fluid filled containers not representative of an aircraft fuel 

tank [4, 7, 8]. Recent studies have tried to increase realism by adding bays within tanks to 

represent ribs in a tank. There have also been a few damage mitigation techniques 

proposed [7], but most of them seem impractical for actual aircraft fuel tank. Some of the 

methods include adding redundant structures to the tanks for strength and to create air 

barriers which add unwanted weight to the aircraft. The proposed research aims to provide 

a better understanding of HRAM in a realistic bonded composite fuel tank. The work will 

involve both experimental and numeric analysis, with primary emphasis on numerical 

computations. Having a well-developed and correlated numerical method would be very 

beneficial because HRAM tests are destructive and can be very expensive. The viability of 

using CZM to accurately model bonded joints in a fluid-structure interaction analysis will 

be assessed. The work will follow a building block approach. Initially, individual joint 

integrity will be tested and analyzed by way of a Ramgun test. This will be followed by 
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modeling full-scale tank tests using the calibrated CZM parameters from the previous 

RamGun test to assess the damage of joints. This research will evaluate the effect of core-

stiffened tanks as well as Hat stiffness on the resistance of fuel tanks to HRAM. The final 

simulated tank will also have two bays created by representative ribs to make it more 

realistic to an aircraft fuel tank. The damage at the spar to skin joint be primarily assessed 

since the spar is a critical aircraft structure. The research will aim to find a relationship 

between projectile proximity to spar and damage propagation as well as projectile velocity 

effects. Finally, practical HRAM mitigation techniques will be analyzed. The primary 

method will comprise of increasing the total bond area of the joint in an attempt to reduce 

the extent of disbond.  

1.2 Background 

Hydrodynamic Ram (HRAM) occurs when a high velocity projectile is introduced into a 

fluid filled enclosure. Kinetic energy and momentum from the projectile is transferred to 

the fluid, producing very high pressures. The generated pressure is then imparted onto 

interacting structures. This high pressure can induce catastrophic failure in structures. Most 

of the damage is manifest at the seams and joints of the fluid filled enclosures and 

sometimes at the exit wall. A perfect candidate for this scenario is fuel tanks embedded in 

the wings of an aircraft. Figure 1.1 depicts damage to a metallic enclosure due to HRAM. 
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Figure 1.1 — Extent of tank damage due to HRAM [2] 

The study of HRAM is very important to military aircraft in the assessment of vulnerability 

of an aircraft since the wings provide a large surface area for combat ammunitions. 

Statistics from the “Desert Storm” war indicate that some 75% of aircraft lost was due to 

vulnerability of fuel systems, with HRAM being one of the primary modes of failure [8]. A 

live fire research program was implemented by the military in an effort to assess and 

quantify the survivability of a vehicle due to events like live fire and HRAM. Although 

military aircraft are mostly concerned with projectiles in relation to HRAM, commercial 

aircraft can also be susceptible. In 2000 a Concorde crashed after takeoff from the Charles 

de Gaulle airport (France). The investigation report indicated that HRAM played a 

significant role in the aircraft failure [8]. To a lesser extent hailstorm and bird strike can 

also contribute to HRAM in fuel tanks. 

It is very difficult to prevent HRAM, especially in light weight aircraft, therefore most of 

the work on HRAM is to understand and be able to mitigate its effects. A lot of 
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experimental work has been performed to understand the phenomenon. Due to the transient 

nature of the event various dynamic models are needed to get a better understanding on 

various sensitivities and modes of failure involved with HRAM. 

1.2.1 3D Woven Pi Preform 

One of the methods employed to counter the effects of HRAM is improving joint design. 

The most common failure at the joint level is joint pull-off. For adhesively bonded joint 

designs this can be problematic, since most adhesives are weaker in this direction than in 

the primary shear loading direction. A few joint designs have been developed to increase 

joint strength in terms of pull-off. The baseline is co-curing the spar to the skin, another 

method is using wet ties to join the skin to the spar. Designs where the spar was integrated 

into the skin showed increased strength [4, 6]. The consensus seems to be that joint designs 

with reinforcement in the thickness direction exhibit superior strength in terms of pull-off 

[4, 6]. A promising candidate is 3D woven Pi preforms shown in Figure 1.2 below. Pi 

Preforms, named after the Greek letter π, have fibers woven in the thickness direction 

perpendicular to the warp and weft direction. This increases pull-off and interlaminar shear 

properties. The ease of manufacturing and high strength provides an avenue for bonding 

structural components.  
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Figure 1.2 — Construction of a Pi joint. 

1.2.2 HRAM Stages 

Hydrodynamic Ram occurs in about four distinctive stages in order; Shock, Drag, 

Cavitation and Exit. Fig. 3 illustrates the various stages. Each phase contributes to failure 

in a different way. 

 

Figure 1.3 — Four stages of HRAM phenomenon [4]. 
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The Shock phase is the first stage; this is when the projectile first makes contact with the 

enclosure and begins penetration. It is characterized by a generally hemispherical shock 

wave without much effect from the fluid. The shock pulse travels through the fluid very 

quickly and stays ahead of the project. Most of the structural damage is focused around the 

impact location. In early experiments researchers used the shadowgraph technique to 

capture the shock pulse [3].  Fig. 4 shows the shadowgraph generated from a 3.2 mm steel 

fragment impact on a tank at a velocity of 1073 m/s. The generated shock pulse travels 

through the fluid ahead of the projectile since the projectile has a velocity less than the 

speed of sound, and it strength diminishes quickly [3]. 

 

Figure 1.4 — Spark Shadowgraph of pressure wave during shock phase [9]. 
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Yang [9] and others have tried to characterize the shock pulse and relate it to velocity. This 

work suggested that the wave pressure in this stage is proportional to the velocity of the 

impacting projectile raised to the power 2.17 and varies linearly based on the projectile’s 

projected area. Various studies have found that projectile material had no bearing on the 

extent and duration of the shock pulse [4, 9]. The magnitude of the pressure pulse 

decreases away from the shot line of the projectile [9]. 

As the projectile first encounters the fluid it starts to slow down due to viscous drag. 

Energy from the projectile is transferred to the fluid during this process. This is the drag 

stage. This results in a pressure field in front of the projectile as the fluid is displaced. The 

pressure here is not impulsive like the one associated with a shock pulse and its magnitude 

is lower as well [4]. The pressure field generated is radial and has a longer duration [4]. 

Yang [9] compared different materials to ascertain their effect on the pressure in this stage. 

He compared aluminum, steel and tungsten. It was determined that the heavier the 

projectile the higher the pressure generated. This is due to the higher kinetic energy of the 

projectile which is then transferred to the fluid causing the high pressure. Figure 1.5 shows 

the pressure profile of the drag phase. It is not as dynamic as the shock stage and has a 

longer duration. 
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Figure 1.5 — Pressure from sensor at drag stage [3]. 

Cavitation is the formation of a gas bubble in a liquid due to low pressure. The pressure 

drop is usually caused by moving the liquid quicker than it can react. The cavitation stage 

in HRAM is the most complicated and detrimental. Due to the high velocity of the 

projectile, a low pressure is created in its wake, which causes a cavitation event [4, 8]. Air 

from outside the tank is also ingested into the cavity. The displaced fluid seeks to fill the 

formed cavity which ultimately results in oscillation of the fluid. The subsequent growth 

and collapse of the cavity is the source of the oscillation. The oscillations result in high 

pressure pulses. The highest pressure in an HRAM event is often recorded in this stage [4]. 

The oscillation of fluid in this stage can also expel fluid from the entry and exit holes into 

unwanted areas, causing further damage or fire. Cavitation normally occurs at over 2 ms 

into the event depending on the velocity [4]. The magnitude and sequence of the pressure 

pulses is displaced in Figure 1.6. It is evident the cavitation stage exhibits the highest 

pressure. 
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Figure 1.6 — Pressure time history of a spherical projectile impacting a tank at 350 m/s [9].  

The final stage is the exit stage where the projectile exits the fluid filled enclosure. Local 

damage to the wall is usually worse than at entry because the exit wall is pre-stressed from 

the shock stage and fluid pressures before impact. Figure 1.7 shows the whole process; the 

growth and collapse of the cavity can be clearly identified. 
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Figure 1.7 — Pressure from sensor at drag stage [3]. 

1.3 History and Overview of HRAM Simulation 

For the last 30 years there have been continuous improvement in the numerical algorithms 

and methods used to model and understand HRAM events along with other fluid-structure 

interactions. The very first methods usually resolved the fluid pressures into forces that 

were then applied to the structure. Later methods attempted to couple the fluid and 

structure by using linearized representations of the fluid and the structure. Current methods 

have successfully coupled fluid and structure using a variety of algorithms that can solve 

the nonlinear set of equations involved with the phenomenon.  

The very first method employed the Piston theory for fluid-structure interaction [11]. The 

piston theory is likened to the motion of a piston in a one dimensional cylinder. For fluid- 
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structure interaction it is assumed that pressure waves will reflect perpendicularly from the 

interacting structure and this can be represented by a piston. Ball [11] incorporated the 

piston theory into a finite element codes where the structure was modelled without the 

fluid but its effect was applied as pressure loads. The code was improved from elastic 

models only, to include plastic deformation and it was validated against experimental data. 

Even though it provided a good approximation, there was a large discrepancy between test 

and analysis for the strain and deflection values. 

Due to the shortcomings of the piston theory method, Lundstrom [12] developed the 

variable image methodology, which later evolved into the Hydraulic Ram Program-

Version one. In this method a set of potential functions are used to represent the flow field 

by approximating the effects of the projectile and the cavity using a line source distributed 

along the path in the wake of the projectile. The method was able to account for incident 

pressure as well as reflected pressure waves from the interacting surface. Unlike the piston 

method, this technique provided more realistic fluid-structure coupling and was able to 

track the pressure field within the fluid as well as close to the structure walls. This method 

also had a few limitations; it is geometry-limited and is based on linear theory, therefore 

neglecting nonlinear interactions.  

Various authors and organizations continued to improve on the analysis techniques [13-

15]. The possible structures that could be analyzed were expanded outside of just rigid 

bodies and eventually included the analysis of curved structure. Recent work has improved 

the tracking of pressure gradients but with some limitations at the entry, cavitation and exit 

[14]. A more sophisticated fracture mechanics approach was used to predict structure 
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failure [15]. These enhancements were rolled into a new code at the time. However, there 

were still critical limitation that prevented accurate and dependable HRAM analysis. The 

code could not fully couple the mechanics of fluid-structure interaction and it could not 

handle complex geometries, a feature that is deemed necessary for accurate representation 

of the event. 

Kimsey [16] is credited as a pioneer of HRAM simulations where the full set of continuum 

equations, i.e. conservation of mass, momentum and energy, is accounted for. The finite 

element code he developed is known as EPIC-2 and used a Lagrangian element 

formulation to model the penetration of a steel rod into a cylindrical fuel cell simulator. In 

this code each element is given a portion of the material mass and is tracked within the 

element as the element deforms as part of the whole structural deformation. Due to the 

Lagrangian elements used in the code, it was limited by large deformations which would 

cause the elements to become distorted and exhibit negative Jacobians. Despite these 

limitations it provided useful qualitative results. 

Due to the high distortion associated with HRAM event, the Lagrangian codes experience 

mesh entanglement and distortions that limited the application to HRAM. Eulerian codes 

which use a fixed grid that allows material movement within the domain helped with the 

distortion problem. However, the under developed numerical algorithms of the time were 

still unable to resolve the fluid dynamics and mechanics of the HRAM event. 
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1.3.1 Fluid-Structure Interaction 

The early 1990s ushered in a new era of numerical codes that combined both Lagrangian 

and Eulerian formulation referred to as coupled Eulerian/Lagrangian methods [17, 18]. 

These methods were initially developed for high pressure simulation but have become 

popular for Fluid-Structure Interaction (FSI) problems and for simulations likely to exhibit 

high distortions [17, 18]. In the Lagrangian formulation the mesh moves with the material, 

which makes it easy to track interfaces and boundary conditions. In the Eulerian domain, 

the mesh remains fixed while the material passes through it. This eliminates the problem of 

mesh distortion because the mesh does not change. Combining this two formulations 

provide the best of both worlds to help with the HRAM and FSI. A hybrid method was also 

created known as Arbitrary Lagrangian Euler Formulation (ALE). In this method an 

arbitrary referential coordinate system is created in addition to the Lagrangian and Eulerian 

coordinate systems. This is required because the Eulerian mesh in the ALE formulation is 

allowed to move. By translating, rotating and deforming the multi material mesh in a 

controlled fashion, the mass flux between elements can be reduced and the overall mesh 

size can be smaller than an entirely Eulerian mesh [19]. One of the predominant methods 

used to implement ALE formulation is to split it into two phases. The Lagrangian phase is 

performed first where the mesh moves with the material and the change in velocity and 

internal energy due to internal and external forces are calculated. Since there is no material 

flow across the mesh boundary mass is automatically conserved. In the second phase 

known as advection, mass transport, momentum and internal energy across the mesh is 

computed. This is explained/expressed as remapping the displaced mesh at the Lagrangian 
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phase back to its original for strictly Eulerian mesh or to the arbitrary location for ALE 

formulation [19].  

Smooth particle hydrodynamics (SPH) is an alternative method used to model fluid 

equations of motion. SPH is a meshless Lagrangian method initially developed to solve 

astrophysical problems [20]. It has since evolved to analyze problem that involve high 

mesh distortions, like high-velocity impact and compressible fluid dynamics. 

Computationally, the fluid is represented by a set of moving particles that evolve based on 

flow velocity. Each SPH particle represents interpolation points that contain the fluid 

properties and where the conservation equations are applied. These particle are not fixed or 

connected as in traditional finite elements. Therefore, they are free to move around and 

deform making this method a prime candidate to capture simulations where large 

deformations occur. To connect the effect of the particles, a weight function is required 

which describes a domain of influence for each particle to be able to interact with others. 

The SPH method is usually combined with Lagrangian methods for FSI simulations, where 

the Lagrangian method captures the smaller deformations and the SPH accounts for the 

larger distortions [4, 21].Bot methods are able to accurately capture the different phases of 

HRAM as indicated in Figure 1.8. 
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Figure 1.8  — Drag stage of HRAM represented be ALE on the left and SPH on the right [4]. 

1.4 Bonded Joint Failure Analysis 

Stress analysis for bonded joint can be more challenging than analysis of bolted joints. The 

drastic difference in the elastic modulus between the adhesive and the adherends as well as 

complex stress state within the adhesive contribute to singularities and eccentricities that 

are difficult to characterize. For simple joints like a lap joint various analytical methods 

have been used, including techniques like the Volkersen Shear method and the famous 

Hart-Smith equations. As the joint get more complex numerical methods are usually 

employed that range from 2D analysis using plane strain elements as well as 3D analysis 

using solid elements. Recently cohesive elements with formulations that more closely 

simulate adhesive behaviors can be utilized. 

Determining a failure criteria for bonded joints is even more perplexing. Failure in bonded 

joints emanate from cracks which eventually leads to complete disbond and delamination. 

Analytical methods are not able to accurately assess bonded joint failure due to the 

complexity of the modes of failure and loading. Therefore Finite element analysis is the 

current state of the art to determine a reliable failure criteria of a bonded joint. FEA is able 

to handle complex loading as well as plasticity in adherend and adhesive. Over the years, 
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there has been extensive FEA research on failure from crack growth to assess failure which 

resulted in the following major techniques; Continuum Mechanics, Fracture Mechanics, 

Extended Finite Element Method and Damage Mechanics [22]. 

Continuum mechanics is generally used to assess material failure. It is based on comparing 

generated stress, strains and strain energy from an analysis with well-established failure 

criteria like Von Mises stress, maximum principal stress/strain and maximum plastic 

energy density criterion [23]. This method works very well but falls short when used to 

analyze cracks in bonded joints. The main drawback is the stress singularity located at the 

crack tip [24]. Using the continuum mechanics approach, the stress at this location is 

infinite which of course is inaccurate. Another source of singularity results at the interface 

since the materials including the adhesive will have very different stiffness causing an 

abrupt change in stress at the interface. Strain can be employed for ductile adherence since 

they tend to yield before failure but they are also susceptible to the singularities 

surrounding the crack. Plastic energy density based on total strain energy is a failure 

criteria that has been successful in prediction failure of ductile adhesives for lap joints [25]. 

However it is inadequate for complex geometry, loading and brittle adhesives. It is safe to 

say, failure prediction techniques based on continuum mechanics should be reserved for 

continuous materials unlike a bonded joint with cracks present that create singularities. 

Since failure of bonded joints tend to start from a crack, fracture mechanics seems like a 

suitable techniques to characterize failure. Linear elastic fracture mechanics (LEFM) is the 

basic method used to assess crack growth and failure. It assumes elastic behavior in a 

brittle material until in the vicinity of the crack where it employs a simple failure criteria 
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such as Griffiths or Irwin’s method [23, 26, 27]. Griffiths method uses a critical energy 

release rate to assess crack growth while the Irwin’s method used a stress intensity factor 

around the crack and compare the stress to a baseline for failure. LEFM is very useful in 

the aircraft industry for tracking general crack growth but falls short in terms of its 

limitation to brittle materials and the assumption of linear regions. Elastoplastic Fracture 

Mechanics (EPFM) was later introduced to account for ductile adherends and possible 

plasticity around the crack [28]. This provided a great improvement but it is still plagued 

by the strain singularity. The Virtual Crack Closure Technique (VCCT) is another fracture 

mechanics failure technique, VCCT assumes that the energy released during crack growth 

is equal to the virtual work required to close the crack and return it to its pristine state [29]. 

The main drawback of this method is that it assumes nodal forces along the crack tip are 

equal which creates inaccuracies for short cracks. Fracture mechanics as a whole is a great 

tool and is extensively used. When applied to bonded joints the multiple interface present 

and geometry complexity causes problems. Also to implement this method in a FEA code, 

there has to be a preexisting crack present in the model in order to track its growth. This is 

not very favorable for bonded joints.  

The Extended Finite Element Method is fairly recent failure method for modeling crack. 

Currently this method is able to accommodate 3D damage, intersecting cracks and handle 

geometry non-linearities. This method assumes linear elastic behavior around a crack and 

uses stress/strain and fracture toughness/energy release rate respectively for crack initiation 

and growth in a finite region [23, 30]. The damage laws follow a linear or exponential 

behavior. It does not need a predefined crack and it is easily implemented in FEA software 
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by introducing local functions for the nodes around the crack. This tends to be an effective 

technique for uniform materials but seems inadequate for multiple material interfaces 

similar to a joint stack up. It is also not able to analyze mixed mode of tensile and shear 

accurately. The algorithm relies heavily on maximum principal stress/strains, which dictate 

initial crack formation in any element around the crack tip [23]. This can cause initial crack 

to occur in the adherend instead of the adhesive, which can be problematic. XFEM works 

great for bulk materials but tends to be limited for multiple materials like bonded joints. 

Failure criteria can be based on damage in a material, when the damage is characterized as 

formation and growth of void and micro cracks which will manifest as discontinuities in a 

bulk material. Damage mechanics is a failure criteria technique based on progressive 

damage in a finite region by monitoring crack creation and growth and possible complete 

structure failure [31]. The technique is able to account for stiffness degrading during crack 

propagation. This can be based on a variety of damage laws. The damage laws can be 

expressed in terms of a ratio that ranges from 0 to 1, where 0 means no damage and 1 

means complete damage [32]. Cohesive zone modeling is a technique that has been able to 

harness damage mechanics. The challenge with cohesive zone modeling is its sensitivity to 

mesh sizes. Finer mesh tends to generate more accurate results at the expense of 

computational time. Also choice of traction separation law can affect the results. 

1.4.1 Cohesive Zone Modeling 

Cohesive Zone Modeling (CZM) is a technique used to characterize the fracture properties 

of a crack. The advantage of this method is that it tracks crack initiation and propagation. 
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Therefore the existence of an initial crack is not required and the direction of crack 

propagation is not predefined. This offers a great way to analyze delamination and 

debonding. CZM was initially introduced in the early 1960s in an effort to analysis damage 

under static loading beyond the crack tip [33]. The CZM algorithm works by relating the 

relative movement of two opposing points in a finite element mesh to force per unit area 

which is referred to as the traction. Cohesive zone can be represented with regular 

elements, as zero thickness elements, or by using modified contact algorithms. When 

cohesive elements are used, the relative displacement is expressed in terms of normal and 

shear deformations and the traction is determined as a function of the displacements [23]. 

Due to the modeling flexibility of the cohesive elements they can be used as bulk elements 

or at the interface between bulk elements. The total damage represented by a CZM model 

is controlled by a constitutive relation know as a traction-separation law. As the name 

suggests, a traction separation law describes the behavior between the displacement of the 

CZM nodes and their associated traction as a curve. The traction separation law usually 

describes the CZM behavior in stages. The initial stage starts from zero displacement; as 

the load is increased the traction follows a slope with respect to separation.  The initial 

slope is known as the interface stiffness.  This linear behavior continues until some 

maximum traction, referred to as interface strength is reached.  This load corresponds to a 

specific displacement value and signifies damage initiation. Up until this point the response 

is reversible. Following damage initiation, the interface can still carry load but softens.  

After sufficient additional loading, the CZM reaches a final displacement value where the 

interface is severed and no additional traction is applied. This response is irreversible. The 

area under the traction-separation curve represents the critical energy release rate. 
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Attainment of critical energy release rate coincides with zero traction. Figure 1.9 describes 

the progression of a crack at different stages of a traction separation law. 

 

Figure 1.9 — Damage propagation and corresponding traction separation law [23]. 

1.4.2 Traction Separation Laws 

Several different traction separation laws have been developed. Some of these are 

illustrated in Figure 1.10.  The most common one is the bilinear law due to its simplicity 

and typically reasonable test result correlation. It has a triangular shape and the function is 

a discontinuous piecewise linear function. It was developed from a simple linear rigid 

softening relation with the inclusion of an initial stiffness [34]. It can be described by 

Equation 1.1  
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Equation 1. Equations that represent a bilinear law 

Tm is the maximum traction with corresponding displacement delta m and c. δ is the 

relative displacement. Gc is the area under the triangle curve. Another common law is the 

Trapezoidal law which has a shape akin to its name. This is also a piecewise linear and 

discontinuous function first introduced by Tvergaard and Hutchinson [35] to study crack 

growth in an elasto-plastic material. The critical energy release rate is defined by area of a 

trapezoid. The final traction law shown in Figure 1.10 is the exponential law. This 

represents a continuous and smooth function. It was developed by Xu and Needleman [36] 

to solve the problem of decohesion of interfaces under hydrostatic tension. Choice of a 

traction separation law is based on the type of test, materials involved and the objective. 

The bilinear model is favorable for brittle materials and delamination as it offers a good 

compromise between accuracy, computational cost and numerical performance. The 

trapezoidal law is the preferred option for ductile adhesives. The exponential law has the 

best ratio of accuracy to computation cost for simple coupon tests like the double 

cantilever beam test. 

(1.1) 
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Figure 1.10 — Various common traction separation laws [23]. 

Fracture modes can usually be grouped into three models, namely Mode I, Mode II and 

Mode III. As shown in the Figure 1.11 below Mode I represents the opening mode, Mode 

II represents in-plane shear and Mode III is out-of-plane shear (or tearing).  

 

Figure 1.11 — Fracture modes [23]. 

In most practical loading cases these modes are combined, therefore the various CZM laws 

that represent the fracture must be combined to accurately represent the overall behavior. 
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Figure 1.12 below shows an example of a mixed mode loading for a bilinear traction 

separation law where Mode I and Mode II are combined. 

 

Figure 1.12 — Bilinear mixed mode traction separation law [23]. 

 In the mixed mode, the onset of damage is usually represented by a quadratic interaction: 

 

 Tm and T represent max traction and traction respectively. Unsteady crack growth or 

complete failure is usually represented based on a combination of the energy release rates. 

Two main criteria are used to predict failure, the power law and the Benzeggagh and 

Kenane (BK) law.  

(1.2) 
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Combing the quadratic failure initiation criteria with the power law or BK law results in a 

failure surface like the one represented in Figure 1.12 for mixed mode traction law. 

 

 

 

 

 

 

 

(1.3) 

(1.4) 
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Chapter 2 

Literature Survey & Technical Approach 

Current work on HRAM simulation can be divided into two main categories: joint level 

testing and full scale box level tests. The joint level analysis can be subdivided into those 

that use a universal testing machine to test joints at a high rate and those using a ram 

simulator to test joints. 

2.1 Joint Level HRAM Assessment 

In the early 2000s Hinrichsen [37] used LS-DYNA ALE to redesign the Air Force 

Research Laboratory’s underdeveloped RamGun. The goal was to have an accurate model 

and to test realistic cases and economically assess skin-spar joint resistance to 

hydrodynamic ram pressures. With the improvement in hydrocodes they were able to use 

ALE technique in LS-DYNA to assess the capability and viability of the old design shown 

in Figure 2.1. 

 

Figure 2.1 — Old RamGun design and resulting train of stress waves [37]. 
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 In this design a gas gun launches a steel projectile into a piston. The green cylinder is the 

steel projectile that is launched into the light blue piston. The brown mesh represents the 

water and the red part is the enclosure. From their model they were able to identify some 

deficiencies in the existing test method, with the main one being the generation of stress 

waves in the piston which are then transferred to the fluid and then eventually to the test 

specimen. This observation prompted a redesign which resulted in the replacement of the 

piston with a steel plate to avoid the stress wave and instead create a single ram wave of 

correct amplitude and length. They also opted to use a delrin puck instead of a steel one as 

a less expensive option. The new design and sample pressure spectrum are displayed in 

Figure 2.2. 

 

Figure 2.2 — Updated RamGun design with accurate ram pulses [37]. 

In 2017 Kim [38] used a similar RamGun design to assess and develop a failure criteria for 

bonded composite joints. In their approach, they performed a static test on the joint using a 

uniaxial testing machine. They determined the interlaminar shear stress in an FEA model 

that indicated failure corresponding to the test results. They took pressure data from the 
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RamGun test performed and applied the pressure to the skin of the joint in a stand-alone 

model. From there they could predict what pressures might cause failure to the joint. An 

important component is missing from this approach, which is the strain rate effects 

involved in an HRAM event. 

In the late 2000s the RamGun design was redesign again with support from a LS-DYNA 

fluid-structure interaction model to improve the design and address a few limitations [39]. 

The new design increases the test section to accommodate larger specimens, reduces edge 

effects, reduces reflections from the flared section of the RamGun and provides more 

control of the incident pressure pulse. Through a combination of 2D models and 3D 

coupled Euler Lagrangian models they performed parametric studies on thickness and 

location of the strike plate, presence of the flared section and size of the water column in an 

effort to increase and produce a more accurate ram pressure pulse. These changes were 

implemented into the new Ramgun design which has been use to test a variety of T joints 

[39] including bonded and bolted joints to understand their effect on HRAM joint failure. 

This is the current Ramgun design used to test joints for resistance to HRAM. 

Another prominent joint level approach is testing of joints in a universal testing machine at 

rates as high as 5 m/s. Heimbs [40, 41] used this approach in conjunction with a quasi-

static test to test the effectives of three different joint designs to HRAM damage 

retardation. The test joints included, a normal co-cured T-joint, a T-joint with the base 

integrated into the skin and a final joint where arrow shaped metallic joint reinforcement 

pins are incorporated into the adhesive layer. The test was conducted at 0 degree and 30 

degree angles to account for potential bending that will occur during an actual HRAM 
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event. The test demonstrated that the design with the integrated base sustained the highest 

load while the reinforced joint had more residual strength after failure due to the pins 

within the adhesive layer.  

 

Figure 2.3 — Joint designs investigated [40]. 

Heimbs proceeded to create an FEA model and calibrate it to the test results for each of the 

three main designs so the models can be used to predict damage. Three different numerical 

approaches were utilized namely, micro, meso and macro scale models as shown in figure 

2.4.  

 

Figure 2.4 — Joint modeling techniques [41]. 
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In the micro scale model everything was modelled using solid elements, including detail of 

the metal pins. Joint failure was based on cohesive zone modeling calibrated to match the 

test results. The meso model was modelled with shells except for the adhesive nugget at 

the transition of skin to spar. The pins could not be represented in this model. Joint failure 

was once again represented and calibrated with CZM. The macro model utilized two shells 

representing the skin and the spar which were merged at their interface and a row of 

elements on the spar right above the skin was used to introduce failure. These elements 

were assigned with a linear piecewise plastic material which was also rate sensitive. It was 

concluded that the macro model is efficient and accurate enough to predict the failure seen 

in the test. The main downside is that the strain rate effect was incorporated only with the 

Cowper Symonds yield stress scaling law, which does not have a direct bearing on the 

pressures, and strain rate effects in a fluid that cause failure to a joint. Also the initial 

loading rate of 5 m/s used is not universal and represents a single test condition. 

2.2 Full Scale HRAM Assessment 

The other category of HRAM simulation is focused on full scale tests where an entire tank 

is simulated [4, 7, 8, 9]. Most of the initial studies were used to investigate the capabilities 

of analysis techniques. Therefore they typically go hand in hand with some form of test for 

correlation. HRAM simulation is computationally intensive and can be time consuming, 

therefore most simulations are idealized and the enclosures used are small perfect 

geometries [4, 8]. Other models also focused on the extent of damage caused by HRAM 

and various techniques to reduce the destructive effect of HRAM in a structure.  
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Varas [4] performed extensive studies on HRAM simulation. He used LS-DYNA to study 

the HRAM process that ensues when spherical steel projectiles impact a water-filled 

aluminum square tube. Both ALE and SPH techniques were used and compared to pressure 

data derived from the test to understand the pressure evolution that goes along with the 

various HRAM stages. He also assessed damage at the exit and entrance of the enclosure. 

He concluded that both techniques are able to accurately capture the event and its effects. 

ALE seems to be more suited for larger articles and have a finer pressure resolution with a 

moderate mesh size, SPH with finer particle can produce slightly more refined results but 

at the expense of computation time.  

Artero-Guerrero [42] later used a strictly Coupled Euler Lagrangian (CEL) formulation to 

simulate and predict HRAM effects and damage in a water-filled woven CFRP square 

tube. He used the CEL method in Abaqus to study HRAM and the effect of projectile 

velocity on the peak pressure and cavity formation. He also analyzed the entry and exit 

damage on the CFRP. His simulation was able to correlate the experimental test results in 

terms of pressure recorded and strains on the enclosure. He concluded that higher velocity 

produces a higher pressure peak which in turn creates a larger cavity resulting in more 

damaging HRAM effect.  

Varas [7] also performed another study where he researched the effect of fluid height on 

the HRAM phenomenon. One enclosure was completely filled while the other was filled to 

75%. Through a numerical model he studied the pressure, energy and momentum versus 

time contours to get a better understanding of the event and fluid height effects. The 

outcome of the study indicated that fluid depth was crucial for the development of the 
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cavity. Less fluid results in a small partial cavity formation which reduced the damage 

effect of HRAM. Another important aspect of HRAM simulation is the investigation of 

techniques and designs that will mitigate the effects of HRAM. Varas [7] performed a 

numerical simulation to investigate one such method, which consisted of inserting an air 

gap within the fluid enclosure. From the analysis results, the cavity formation is interrupted 

by the presence of the air gap, therefore the cavity is not able to fully grow, therefore 

reducing the extent of the HRAM damage. 

Ron Hinrichsen [21] performed a lot of recent work that was built on by other authors like 

Varas. He performed an analysis to calibrate and fine tune the various options in LS-

DYNA to accurately model an HRAM phenomenon [21]. The test performed had a cluster 

of pressure transducers along the path of the projectile. Hinrichsen used both ALE and 

SPH techniques. He studied parameters to reduce leakage, which is a term used to describe 

fluid passing through the structure without recognizing it, and also parameters in LS-

DYNA like the pressure cutoff, which affects cavitation in a model. He was able to 

accurately model the HRAM tests. From his study it seems the CEL method produced 

more accurate results since the algorithm is better suited to capture fluid-structure 

interaction while SPH method used contact algorithm to account for fluid-structure 

interaction. 

Follow on work by Heimbs [40, 41] used the macro model developed to represent a full 

scale tank to assess the extent of damage. This analysis was one of the most realistic to-

date since they represented a few bays in the tank separated by ribs. As expected the model 

with metallic pin reinforcement exhibited less damage than the other models due to their 
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high residual strength. There was no test to compare the results and prediction against, 

however. 

HRAM is complicated event and the numerical analysis is even more challenging. Various 

authors have shed light on the event and on understanding the various stages and the role 

of the pressure gradient at each stage. A good amount of work has been done comparing 

ALE and SPH to determine the pros and cons as well as determining the best scenarios for 

using each one. There are still some gaps in knowledge of HRAM testing that could 

increase our understanding on the event in various environments. 

2.3 Cohesive Zone Modeling 

Limitations of various continuum mechanics and fracture mechanics methods in terms of 

singularities when evaluating fracture and material separation led to the advent of cohesive 

zone modeling. Elliot [43] was one of the first researchers to use an interatomic attracting 

force per unit area to investigate fracture of a crystalline structure, which is the basis for 

CZM. Barenblatt and Dugdale [44, 45] presented cohesive zone modeling to predict brittle 

material strength under static loads. They also used the method to study yielding at a crack 

tip and plastic zone size. Most of this early work was focused on characterizing non-linear 

fracture behavior and was based on the Griffith energy balance. With the continued use of 

CZM for failure, it was identified that cohesive tractions exist at crack surfaces which 

culminated with Smith [46] developing a theory to generate various traction separation 

relations to understand displacements along the crack. To account for large non-linear 

fracture structure in large concrete, Hillerborg [47] introduced a softening model which 
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would eventually lead to the widely used bilinear traction separation law. It was based on 

having a fracture energy requirement for initiation and one for crack growth. Eventually 

CZM was refined and used to simulate crack initiation and growth in composites to capture 

delamination [48, 49]. CZM can also be used for assessing fatigue crack growth [49, 50]. 

Variation in mode I and II fracture was accounted for and captured in CZM mixed mode 

models to capture both opening and opening fracture [49, 51]. CZM implementation in FE 

softwares were initially based on springs [52] and eventually transitioned into using 

cohesive elements with 3D elements [53]. Now cohesive zone modeling is the state of the 

art for modeling crack initiation and growth. 

2.4 Research Space/Gaps 

Most of the previous work on HRAM focused on metallic tanks; there is very little work 

involving composite damage and HRAM. The prominence of composites in the aircraft 

industry warrants more information and understanding on composites that encounter 

HRAM. 

Until recently most of the research neglected damage at the seams of enclosures that 

experience HRAM, although this is where the critical damage tends to occur. This is even 

more critical for composite boxes that can delaminate in those locations 

Dynamic joint level HRAM typically uses a universal testing machine and testing at a 

single rate to obtain the data used to calibrate joint failure models. In cases where a 

RamGun was used only one pressure was used and the analysis was a stand-alone model 

that did not account for FSI. Using a single rate or pressure is inadequate to characterize 
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failure of a joint in dynamic situations like HRAM. To date there is no published dynamic 

analysis involving a Pi joint. 

Even though cohesive zone modeling is the preferred method for modeling delamination 

and bonded joints, there is little work on the rate sensitivity of cohesive zone models and 

application of CZM with fluid-structure interaction. Improvement in the numerical 

hydrocodes make this possible now. 

It has been established that numerical analysis of HRAM is computationally intensive 

which can take a long time, this has caused most of the designs analyzed to be very basic 

and not very representative of an actual fuel tank. Heimbs latest work on HRAM 

incorporated some realism by including a few bays in the enclosure that was modelled. 

2.4 Technical Approach 

The proposed research will shed more light on numerical analysis of HRAM in bonded 

composite enclosures. It will combine cohesive zone modeling with Arbitrary Lagrangian 

Eulerian fluid-structure Interaction to model the event. The research will consist of two 

main parts in a building block approach. 

2.5.1 Stage One – Joint Level CZM Calibration 

The first part will be calibration of the CZM model that will represents the joint in the Pi 

joints. This will be based on results of a RamGun test. The RamGun at the Wright-

Patterson Air Force Base (WPAFB) will be used for this stage of the test. Unlike previous 

test where a single pressure value was used to drive the coupons to failure, the V50 armor 
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ballistic testing approach will be used to narrow down on the pressure within the RamGun 

that will cause failure in a joint. In the up down V50 approach, a high pressure value that 

will cause failure is tested to get an upward bound, then a low pressure value where the 

specimen will survive is also established. Then more pressure values are tested from the 

high end and low end until the inflexion pressure, i.e. the pressure where a test coupons 

transitions from failure to no failure, is derived.  The CZM for the joint can be calibrated to 

this pressure and validated against the other pressures. This will establish the CZM 

parameters needed to model a coarse mesh CZM that can be scaled up to study larger 

structures. The effect of skin thickness on failure pressure and mechanism will also be 

investigated. 

2.5.2 Stage Two – Box Level HRAM Failure Prediction 

The second part of the research will extend the calibrated coarse CZM model into a full 

scale tank model. It will help predict the extent of damage and delamination that will occur 

in a larger composite article with bonded joints. Joints will be adequately modeled to shed 

more light on damage at the joints of enclosures during HRAM as opposed to just focusing 

on projectile entry and exit damage. The proposed box level analysis will take a step 

toward realism instead of using only an idealized enclosure. Ribs, core stiffened panels and 

hat stiffeners will be modeled to study how these affect the HRAM process and their effect 

on strength and HRAM resistance of the whole enclosure. Various parameter like the effect 

of projectile proximity to joint will also be investigated. Proximity of projectile determines 

location of the cavitation bubble and hence the magnitude of pressure that will be 

experienced by a joint. Projectile velocity will also be varied to investigate its effect on 
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damage. Techniques that might reduce the extent of damage in a bonded structure will also 

be investigated. 

2.5.3 Contribution Statement 

This research will provide more insight into the mechanics of a bonded composite structure 

in the presence of HRAM. The study will characterize and predict the extent of damage in 

such a structure, which will be very different from metal structure due to the possibility of  

delamination and unzipping of joints. The V50 ballistic testing approach will be used for the 

first time to test bonded joint strength based on pressure in a RamGun, which will yield an 

accurate failure pressure threshold. This will provide an indication of joint HRAM 

resistance. The research will use the empirical pressure data to develop and calibrate a 

coarse mesh CZM model that can accurately describe the delamination of a composite 

bond Pi joint. The calibrated CZM model will be extrapolated and combined with an ALE 

fluid-structure interaction model to create a complete model for analyzing HRAM failure 

of large bonded composites structures. The complete fuel tank model will be analogous to 

an actual fuel tank design with fuel bays and stiffeners on the skin. Performed parametric 

studies will provide an understanding of the effect of projectile location to overall damage 

and finally be able to ascertain the extent of damage mitigation realized by various crack 

growth arrestment features.  

This work establishes a computational procedure that can be used to efficiently simulate 

HRAM events in large structure. 
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Chapter 3 

Joint Testing & Model Calibration 

HRAM survivability improvements at the joint-level translate to improved survivability at 

the fuel tank- level. Various techniques have been investigated to understand joint strength 

under HRAM conditions. The method of choice in this research is the RamGun.  Despite 

its limitations it is the most realistic HRAM joint testing apparatus developed to date. The 

proposed design methodology is to first perform successful HRAM tests on various 

configurations of a T-joint using a RamGun; data from these tests are then used to calibrate 

a coarse numerical model that can be used in a larger model to predict failure in a fuel cell. 

A major design issue is to make sure that joints in composite fuel tanks can survive HRAM 

events. A key trend observed in previous research is that joints with reinforcements in the 

pull-off/transverse direction tend to have higher strength in HRAM loading [40, 41, 54]. 

Heimbs et al. [40] tested a joint fabricated with metallic arrow pins passing through the 

joint to add additional out-of-plane reinforcement. This resulted in an increase in residual 

strength after initial failure. They also tested a joint with integrated feet, resulting in a 

larger bonded area than a regular joint. The joint with the integrated feet showed a 

considerable increase in joint strength. Their tests were performed using a universal testing 

machine operating at a rate of 5 m/s. Their research indicated that bonded joint area had a 

bearing on the dynamic strength of a T-joint. The use of Pi joints has also shown promise 

for HRAM resistance. Figure 3.1 shows an example of a Pi joint. Pi preforms resemble an 

upside down Greek letter Pi and they are formed using 3D weaving, which places fibers in 
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all directions including the out-of-plane direction. The transverse fibers provide increased 

strength against pull-off loads [41].  T-joints made out of Pi preform were selected for the 

present research.  

 

Figure 3.1 — Page Layout, margin settings. 

The T-joints used are comprised of a base or skin, a web or spar, and a Pi preform all 

bonded together using a film adhesive. The spar/web is seated into the clevis of the Pi 

preform with the help of the film adhesive, forming a sheath around the spar. The base/skin 

is bonded horizontally to the bottom of the Pi preform. All constituents are constructed 

using carbon fiber. The base is made out of unidirectional tape while the spar and the Pi 

preform are made using woven fabric. The two main design variables that are investigated 

are the base thickness and the total bonded area. The total bonded area can be modified by 

changing the area of the bottom of the Pi preform to provide a larger bonded area between 

the pi preform and the base. Another concept is adding extra plies to the base-to-Pi preform 

interface, thereby increasing the total bonded area. The advantage of adding plies to the 
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base-to-Pi interface is that the bond area can be tailored along the joint run. The latter 

concept, shown in Figure 3.2, was used in the test.  

 

Figure 3.2 — Illustration of joint modifications. 

The test matrix is displayed in Table 3.1. The test captures the effect of skin thickness as 

well as joint bonded area. 

Table 3.1 Test Matrix 
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3.1 RamGun Testing (Experimental) 

The RamGun used in this research has been in development for the last 10 years and is 

operated at the Wright-Patterson Air Force Base (WPAFB) by the Air Force’s 704th 

TG/OL-AC [55]. The RamGun or Ram Simulator is a device capable of generating HRAM 

magnitude pressure in an economical manner. It is used for joint testing to perform 

dynamic tests at high strain rates. The RamGun consists of two main components, a gas 

gun and a water-filled test chamber. During operation the gas chamber is pressurized to 25-

2500 psi [55]. This pressure is the input parameter for the test. To initiate the test, the gas 

pressure is released which then accelerates a Delrin puck to a velocity from 100 to 1,470 

ft/s based on the input pressure [55]. The Delrin puck strikes the steel plate on one end of 

the test chamber. The test chamber is an instrumented cylinder filled with water. The test 

coupon is placed within the chamber on the opposite end from the steel plate. The coupon 

is bolted to a fixture within the chamber as shown in Figure 3.3. There is a sheet of 

aluminum foil at the end of the chamber directly behind the test coupon which allows the 

pressure to escape after impacting the joint. 

 

Figure 3.3 — RamGun test chamber with T-joint installed. 
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Figure 3.4 provides a perspective of how the puck from the gas gun works together with 

the fluid filled test chamber to perform a RamGun test. 

 

Figure 3.4 — Complete RamGun. 

The output from the test is the pressure readings from the various pressure transducers in 

the chamber and the strain from the strain gages placed on the test joint. The test chamber 

was instrumented with pressure transducers and the test joint with strain gages, designated 

K and SG, respectively. Figure 3.5 shows the locations of the strain gages and the pressure 

transducers in relation to the T-joint. 
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Figure 3.5 — Sensor placement in the RamGun. 

The objective of the test is to determine the pressure range for which a RamGun test 

specimen will fail based on the joint configuration. Past methods usually reported a single 

failure pressure, giving no indication of the range of pressures that represent the transition 

from non-failure to failure which is apparent in repeated testing [40, 41]. To narrow in on 

this failure pressure range, the V50 ballistic testing approach was utilized [56]. This is a 

probability technique used to characterize the outcome of an experiment or event based on 

a stimulus. The outcome is usually binary, failure or non-failure.  For a given test 

condition, various uncertainties mean that there will be a certain probability of failure. The 

department of Defense (DOD), frequently employs the V50 ballistic testing approach 

method to assess the probability of penetrating armor as a function of projectile velocity. 
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This approach has been used for cases such as body armor and cockpit armor [56]. Ballistic 

tests tend to be destructive, which results in expensive test and loss of test materials. This 

limits the number of test coupons available for testing. The need for a reliable method to 

accurately characterize failure with limited samples led to this testing method. Ballistic 

characterization test usually focusses on a specific percentile of interest with the most 

common one being the 50th percentile hence the name V50. The V50 velocity or ballistic 

limit represents the projectile velocity that has a 50 percent probability of perforating an 

armor. Historically the V50 approach allows characterizing armor with fewer shots than 

other methods [56]. To use this technique a sequential method is employed to determine 

the velocity of the projectile used in subsequent tests. The most common sequential 

method include the Up-Down Method and the Langlie Method. Figure 3.6 shows an 

example of data collected using the Up down method. In this method extreme bounds of 

failure and non-failure are first obtained and then narrowed in from the bounds to obtain 

the failure range.  This test yielded a ballistic limit of 1500 ft/s. 
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Figure 3.6 — Example of up down V50 ballistic armor testing. 

A similar method was used in the present RamGun tests. The up down V50 approach is 

utilized by first testing to a pressure where the joint is expected to fail and then testing at a 

pressure where the joint is expected to survive to create initial bounds of the test. The 

pressure is then moved inwards from these bounds at the discretion of test engineer until a 

failure transition pressure is identified. The process was repeated for each of the four 

different configurations, requiring about eight specimens each to determine the failure 

pressure. Failure is assessed mostly by visual inspection. Failure is usually very apparent, 

with the skin separating from the Pi. Specimens that are intact following testing are 

inspected with ultrasonic nondestructive inspection (NDI) to ensure there is no hidden 

failure. Pressure and strain data are recorded for each specimen. An example of a failure 

spectrum for a single configuration is shown in Figure 3.7. 
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Figure 3.7 — Sample pressure spectrum showing failure, non-failure and zone of mixed 

results. 

3.2 RamGun Numerical Model 

In addition to the experiment, numerical analysis was performed to complement the test 

and provide additional data. A calibrated numerical model can be used to predict joint 

failure from HRAM in larger articles. The Arbitrary Lagrangian Euler (ALE) Fluid- 

Structure Interaction (FSI) method was used via the commercially available explicit 

dynamic analysis software LS-DYNA. A Lagrangian mesh, used to represent structure, 

moves with the material and is used to track boundaries and velocities. An Eulerian mesh 

is used to track the fluid and is able to handle large deformation and pressure gradients. 

The two algorithms are combined with a coupling algorithm known as 

*CONSTRAINED_LAGRANGE_IN_SOLID in LS-DYNA. This feature enables the FSI, 

which happens by way of an advection cycle inherent in the hydrocode.  

A complete numerical RamGun model is shown in Figure 3.8. The gas gun section was 

omitted to reduce the size of the overall model. Instead, the puck was represented and 

given an initial velocity.  
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Figure 3.8 — Section view of RamGun Finite Element Model. 

The complete model contained a total of 8,855,260 elements. The body of the test 

apparatus was modeled with Lagrangian solid hexahedron elements with full integration 

(ELFORM 2) and consisted of 1,834,500 elements. A refined mesh size of 0.125 in was 

used, which is required for accurate FSI simulation. The chosen mesh size resulted in five 

elements through the thickness of the RamGun test chamber. Most of the RamGun is 

modeled as steel using Mat Elastic (Mat_001). The Delrin puck was modeled with Mat 
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Plastic Kinematic (Mat_003) to be able to accurately capture the failure of the puck upon 

impact. The puck has 16 elements through the thickness. Figure 3.9 shows a finite element 

model of the puck and the strike plate. 

 

Figure 3.9 — Left: Delrin puck FEM. Right: Strike plate FEM. 

The strike plate was modeled as mild steel using Mat Piecewise Linear Plasticity 

(Mat_024) to accurately capture energy absorption upon impact, energy transfer and 

deformation of the plate. The strike plate has two elements through the thickness. The 

aluminum foil is modeled with Mat Piecewise Linear Plasticity (Mat_024) to be more 

representative of the failure of the aluminum foil during the RamGun event. Figure 3.10 

shows the stress strain curve for the aluminum foil [39].  
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Figure 3.10 — Stress strain curve for aluminum. 

Table 3.2 shows a comprehensive list of the materials used to model the major components 

of the RamGun, they were obtained from references [4, 39].   

Table 3.2 RamGun Material Models 

 

The air and water, which represent the fluids in the analysis, were represented with 

7,020,760 Eulerian elements using element formulation 11. Solid hexahedron elements 

with average size of 0.125 in were used to be consistent with the element size of the 

RamGun body. The 1 to 1 mesh size ratio between the water and the RamGun body 

facilitates better coupling during the fluid-structure interaction [19, 42]. The air was 
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modeled at the periphery of the water mesh with nodes merged at the interface. This will 

ensure that the water can flow into the air medium if it breaches its boundary without 

arresting the simulation. The air model also allows the structure to deform into the air 

depending on the mechanics within the chamber.  

 

Figure 3.11 — Finite element model of RamGun fluids (Air and Water). 

The air and water were modeled with Mat Null (Mat_009), which is ideal for modeling 

fluid-like materials without shear strength. The dynamic viscosity component in Mat Null 

calculates the deviatoric stress based on strain rate. To get the total stress state in the 

material an Equation of state (EOS) is added to Mat Null, which provides the hydrostatic 
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stress component of the total stress. The equation of state relates pressure in a fluid like 

material to compression and internal energy. The Mie-Gruneisen equation of state was 

used to model the water since it is able to account for the relationship shock front velocity 

and particle velocity [4, 21]. Pressure is based on Equation 3.1, which is derived from 

cubic shock velocity theory. A shock velocity (υs) vs particle velocity (υp) curve is created 

based on the cubic shock theory, which provides the variables used in Equation 3.1. The 

variables S1 through S3 are coefficients of the slope. The intercept of the slope is D which 

also corresponds to the speed of sound in water (C). γ is the Gruneisen gamma and a is the 

first volume correction to γ0 [4].  

 

 

The Linear Polynomial Equation of State (EOS) was used to model the air in the model. 

Equation 3.2 shows the general form of the EOS.  

                                           

Air is usually modeled as an ideal gas by setting C0 = C1 = C2 = C3 = C6 = 0 and C5 = γ -

1 where γ is the specific heat ratios and E is the initial internal energy [19, 57]. The 

simplification results in the pressure equation: 

 

(3.1) 

(3.2) 

(3.3) 
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The parameters used to model Air and water are presented in Table 3.3. 

Table 3.3 RamGun fluid properties 

 

Surface-to-surface contact was defined for contact between the puck and the steel plate. 

This enables energy transfer from the puck to the strike plate. To ensure continuity and 

transfer of energy from the strike plate to the fluid (Fluid-Structure Interaction), a type of 

penalty contact between Lagrangian and Eulerian parts was implemented by invoking 

*CONSTRAINED_LAGRANGE_IN_SOLID. Like a contact, this prevents penetration of 

the fluid into the structure but ensures continuity. 

The T-Joint, which consisted of 616 shell elements of element formulation 16, was fixed 

about one inch from the tip of the spar using Single Point Constraints (SPC) to represent 

being bolted to the test fixture. The model provided excellent correlation to the RamGun 

event and pressure recorded in the test. Each run took over 20 hours to complete on a 64 

node cluster, making it impractical for calibration of failure of the bonded joints tested in 

the experiment. 

3.3 Breakout Local Model 

To get around the computational time limitation, a breakout local FSI model was created 

which used the empirical pressure from the tests and applied it directly to a segment of the 

total model that houses the joint, as illustrated in Figure 3.12.  
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Figure 3.12 — Local breakout FSI ALE T-joint model. 

An Eulerian mesh is created around the joint starting from the location of the head-on 

pressure transducers K1 and K4 and continues to the end of the test chamber boundary 

represented by air. This setup allows the recorded pressure to be directly applied to the 

model. Data from the two pressure transducers are applied to each side of the joint 

independently but simultaneous via *LOAD_SEGMENT_SET in LS-DYNA [57], as 

displayed in Figure 3.13. This will ensure that asymmetric loading can be captured. This 

model contains a total of 5,465 elements with 4,400 of them Eulerian elements. The T-joint 

in this model is the same one used in the complete RamGun model and consists of 616 

quad shell elements. The shell elements used full integration with an average size of 0.25 

in. The chosen size of the mesh ensures that the developed and calibrated models will be 

feasible on larger structures like a fuel tank or storage container. The T-joint is fixed at 
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about 1 inch from the tip of the spar and the model is subjected to a pressure pulse. The 

joint was modelled with LS-DYNA Material 002, Orthotropic Elastic, using smeared 

material properties. This model only took a few seconds to run, making it favorable for 

calibrating joint failure. 

 

Figure 3.13 — Empirical pressure reading from RamGun. 

To model the bonded joint and subsequent failure, a cohesive zone modeling (CZM) 

approach was used.  The CZM approach captures failure of bonded joints more accurately 

than prescribed strain methods typically used for bolted joints [40, 41]. The use of CZM 

allows the bond to fail and unzip like an actual bonded joint. 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_TIEBREAK, 

which is a zero-length cohesive zone model manifested as a contact, is employed. Option 9 

is used, which employs LS-DYNA material 138. Material 138 employs a bilinear traction-

separation law. This is the most common cohesive failure law, due to its simplicity and 

typically reasonable test results correlation. It has a triangular shape and the function is 

defined by a continuous piecewise linear function. A mixed mode model is used which 

combines Mode I fracture, the opening mode, and Mode II, which captures shearing. In 
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mixed mode, damage initiation is represented by a quadratic failure law while unstable 

crack growth is represented with a power law. Equations 1 and 2 show the quadratic 

criteria used for crack initiation and power law used for unstable growth, respectively [57].  

{
𝑡𝑛

𝑡𝑛
0}2+ {

𝑡𝑠

𝑡𝑠
0}2 = 1 (3.4) 

𝐺𝑛

𝐺𝑛
𝑐 +  

𝐺𝑠

𝐺𝑠
𝑐  = 1  (3.5) 

To accurately implement a cohesive zone model, a fine mesh is usually required. There has 

to be a minimum of three elements in the cohesive zone of the model [6]. The cohesive 

zone is the length over which elements experience deformations that exceed linear-elastic 

behavior but have not yet reached complete separation. An accurate simulation to capture 

crack initiation to unsteady growth of a segment of a model must have a mesh of sufficient 

resolution to model behavior over this length scale. For larger models, this requirement 

will result in a large number of very small elements and these elements will control the 

computational time step required for solution stability. The critical time step is proportional 

to element size, and excessively small elements will make such models infeasible for most 

research. To get around this issue, there has been tremendous effort into investigating how 

to lengthen the cohesive zone length in simulations and therefore allow larger elements to 

be used in the cohesive zone while still fulfilling the three-element requirement [6]. The 

initial sizing of 0.25 in used in the present research  falls short of the recommended 3 

elements within a cohesive zone with a typical cohesive zone being 0.039 - 0.0787 in long.   

Bilinear cohesive zone models are implemented numerically using three parameters; 
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critical energy release rate (GC), interfacial strength/Max traction (τ0) and stiffness (K). 

Through his research, Camanho [6] indicated that fracture toughness is the most important 

parameter for accurately modeling CZM behavior. Cohesive length is directly proportional 

to the critical energy release rate and inversely proportional to the square of the maximum 

traction, τ0, as indicated by Equation 3.6. 

𝑙𝑐𝑧 = 𝑀𝐸
𝐺𝑐

(𝜏0)2
 (3.6) 

E represents the material Young’s modulus, usually the transverse modulus for orthotropic 

materials, Gc is the critical energy release rate, τ0 is the maximum interfacial strength and 

M is a scaling parameter that ranges from 0.21 to 1 in work by previous authors. A value of 

1 is often used and was used in this model. GC can be held constant to ensure accuracy 

while τ0 can be reduced to increase the cohesive length making coarse mesh CZM 

modeling feasible. The concept is displayed in Figure 3.14 below. 
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Figure 3.14 — Effect of CZM parameters on cohesive zone length. 

There has not been a lot of work done on the rate sensitivity effects in cohesive zone 

models. Choules [58] found that as strain rate increases the traction separation curve 

changes and the critical energy release rate increases. Figure 3.15 shows the results of the 

study. Marzi [59] also did some work on using cohesive elements to analyze crash 

response of large bonded vehicles. He was able to successfully use coarse mesh CZM 
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elements ranging from 0.039 - 0.39 in to model and track cracks in the vehicle while 

representing strain effects. 

 

Figure 3.15 — Effect of strain rate on Bilinear Traction Separation Curve (based on Ref. 16). 

3.4 Results and Discussion 

By means of the V50 ballistic testing approach, it was found that there is a range of 

pressures where a specimen will fail and a range where they will survive HRAM pressures 

in the RamGun. Most importantly there is an inflexion region where there a mixture of 

failure and non-failure cases is observed, as indicated previously in Figure 3.7. Failure 

prediction in this region is a challenge due to the ambiguity of test outcomes. Identification 

of this region provides an indication of failure transition for each joint configuration. Each 

configuration tested has a different failure and survival pressure spectrum.  
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3.4.1 Experimental Results 

Figures 3.16 through 3.19 illustrate the pressure ranges and inflexion regions for the four 

configurations tested. Each discrete test event is plotted on the failed or survived axis 

depending on the test outcome. The green segment to the left of the graph represents the 

pressure range with no failures, while the red segment represents the failure pressure 

ranges. The transition region, which had a mixture of results, is the overlap of the two 

regions.  

 

Figure 3.16 — Configuration 1 RamGun Results. 

Configuration 1, which is the thin base design, had 20 test points, of which 13 failed and 7 

survived. Pretest shots were performed on this configuration to dial in the RamGun, 

resulting in a large number of data points compared to the other configurations. The lowest 

recorded pressure that caused a failure was 256 psi while the highest pressure survived by a 

coupon was 484 psi. This configuration had the largest region of uncertainty, a range of 

about 200 psi. Thus it is expected that there is a large pressure range for this configuration 

where failure prediction will be challenging. 
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Figure 3.17 — Configuration 2 RamGun Results. 

Configuration 2, which is the thin base design with increased bond area, had a total of 8 

test points. Half of the coupons failed and the other half survived. The lowest pressure that 

caused failure was 716 psi while the highest survival pressure was 810 psi. The range of 

uncertainty was about 100 psi. 

 

Figure 3.18 — Configuration 3 RamGun Results. 

Configuration 3, which is the thick base design, had 8 test points, of which 2 failed and 6 

survived. The lowest recorded pressure that caused a failure was 692 psi while the highest 

pressure survived by a coupon was 707 psi. This test was able to produce useful and 

desired results but it had most of the data in the survival pressure range. This configuration 
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had a very narrow measured region of mixed results, though no test points were available 

for pressures above the high end of the reported range until a relatively high level. 

 

Figure 3.19 — Configuration 4 RamGun Results.  

Configuration 4, which is the thick base design with increased bond area, had a total of 8 

test points. Three of the coupons failure and five survived. The lowest pressure that caused 

failure was 1290 psi while the highest survival pressure was 1219 psi. There is gap of 

about 80 psi which might have yielded a region of mixed results if more data points were 

available in that region. 

Table 3.4 provides a summary of the four different configurations. It is apparent that base 

thickness and total bonded area play a crucial role in the HRAM resistance of a joint. The 

increased strength of the joint with the increased area caused the joint to fail at a higher 

pressure. A 47% increase in joint area led to an average increase of 76% in the failure 

pressure. A 150% increase in base thickness results in a 59% increase in failure pressure. 

Therefore, while both increasing thickness and total bonded improve HRAM joint 

resistance increasing the area seems to be more efficient. 
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Table 3.4 Effect of Total bonded area and thickness on failure pressure. 

 

Due to the destructive nature of typical joint failures in HRAM testing, visual inspection is 

usually sufficient to assess damage. After each test the specimen is removed from the test 

chamber and inspected. For baseline configurations without increased bonded area, failure 

of the joint was adhesive, occurring at the interface of the adhesive and the Pi preform or 

the skin. For thick base specimens, failure seemed to propagate from the tip of the Pi 

preform.  For thin base specimen failure initiated from the middle or throat of the Pi 

preform. This same trend was observed for the specimens with a larger bonded area, as 

shown in Figures 3.20 and 3.21. The manner of failure remained the same for both thin and 

thick base specimen irrespective of the bonded area. Thickness of the base seems to be the 

main parameter that affects the failure mechanism while the bonded area plays a trivial role 

for damage initiation.  

The main difference that was observed between the baseline models and the models with 

increased bonded area was during crack growth. After crack initiation (controlled by skin 

thickness), failure was no longer adhesive but transferred into the adherend on the skin side 

of the joint. The effect was more pronounced in the thin base specimens. The crack growth 

failure controlled by the bonded area is very apparent for both thick and thin base 

specimens. Increasing the bond area creates a complex failure that is a combination of 
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adhesive and adherend failures. The total failure crack surface increased, meaning more 

energy is needed to cause a crack and the strength of the joint increased. The strength of 

the plies now also plays a role in the failure. This is in line with the work by various 

researchers who studied the effect of joint overlap in static tests [60-62]. 

 

Figure 3.20 — Variation in damage of the thin base model: baseline (left) and increased area 

(right). 

 

Figure 3.21 — Variation in damage of the thick base model: baseline (left) and increased area 

(right). 

Appendix A, provides more detail on the output from the various sensors used in the RamGun. It 

details the recoreded pressure and correspoding strians recorded for different configurations. 

3.4.2 Numerical Results 

Figure 3.22 shows the pressure pulse computed from the local breakout T-Joint model, 

described in Figure 3.12, as it impacts the joint. The simulated behavior is similar to that 
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exhibited by the full RamGun model, demonstrating that the local breakout FSI model was 

able to successfully transfer the pressure load and simulate the pressure loading found 

within the RamGun model. As expected, there was only a slight difference, less than 10%, 

in the delaminated area predicted by the model. This difference may be due to the extent 

and boundary conditions of the respective models; the mechanics and failure prediction 

was not affected. 

 

Figure 3.22 — Pressure pulse impacting T-joint in breakout local model.  

The basis for assessing the validity of the modeling approach is by verifying the mechanics 

of the numerical model against the experimental tests. Strain gages on the joint provide the 

time history of the structural response during the test. Requesting strain data at the gage 
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location in the model provides comparable strain results and joint behavior, as shown in 

Figure 3.23.  

In some instances the FE simulation provided more insight into the structural joint 

behavior than the experiment alone because the RamGun chamber is opaque and thus some 

internal behaviors are not evident in the test. The only insight into what is happening inside 

during the experiment is through the pressure sensors and strain gages while the numerical 

model also provides visualization to complement the strain data. Figure 3.24 shows sample 

LS-DYNA strain history corresponding to averaged strain data from gages 5 and 6 on the 

skin of the tested joints. Strain data from a scenario where the specimen survived and one 

where it failed due to pressure magnitude are both presented in Figure 3.24. 

 

Figure 3.23 — Sample strain data from T-Joint RamGun test. 
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Figure 3.24 — Sample numerical strain time history of strain gage on the skin of the T-joint. 

A snapshot in time is presented to correlate the strain data to the mechanics of the joint. As 

seen in Figure 3.24, the pressure pulse reaches the test specimen at about 0.1ms and the 

joint reacts thereafter. The numerical model helps explain the initial dip in strain value at 

about 0.2 ms which is also evident in the empirical test results. The negative strain around 

time zero corresponds to the initial reaction of the joint to the pressure pulse. The whole 

joint is briefly moves in the direction of the pressure pulse causing the top of the skin 

where the gage is located to experience a brief compression. The positive slope following 

the initial dip for both cases indicates bending of the base/skin of the joint, as expected 

from reaction to the pressure pulse. The failed joint reached its maximum strain much more 

quickly, a testament to the high strain rate experienced in this simulation.  The first peak at 

0.4 ms represents the initiation of failure and the second peak at 0.6 ms corresponds to 
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complete disbond of the joint. The released skin then transitions into compression and 

subsequently oscillates away from the spar. Figure 3.25 shows deformation states for 

various times in the specimen that experienced failure, further illustrating this behavior.  

 

Figure 3.25 — Failed T-Joint structural response time stamps. 

For the model that survived the pressure loading, the slope change in Figure 3.24 at about 

0.5 ms represents bending of the whole skin about the base of the spar in the T-joint, while 

the higher peak at about 0.85 ms represents the skin bending at the tip of the 3D woven 

portion of the joint, similar to what is depicted in time stamp 3 of Figure 3.25. The second 

peak, from 1.2 to 2 ms, represents the continued oscillation of the skin after being hit with 

the pressure pulse.  This oscillation would eventually damp out if the simulation was 

continued. 

To further ensure the accuracy of the numerical model, the mode of failure was checked for 

thin and thick base models. As indicated in Figure 3.26, for the thinner models the joint 
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starts to fail at the tip of the Pi and propagates inwards, leading to a disbond. On the thicker 

base model, the crack initiation starts at the bottom of the spar and propagates outward. 

This is the same trend that was observed during various coupon tests performed on the Pi 

joints. 

 

Figure 3.26 — Crack initiation for thick and thin base models. 

These results demonstrate that the numerical model is able to accurately model the 

RamGun test and illustrate the overall mechanics of the joint in the RamGun; therefore it 

can be used to predict joint behavior.  

3.4.3 Calibration and Accuracy 

Calibration of the T-joint models using Cohesive Zone Modeling to predict failure of the 

joints is based on correlation with the empirical pressure results obtained from the 

experimental tests. There will necessarily be some uncertainty (loss of accuracy) in 

predicting failure within the inflexion region of test pressures. 
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For each configuration (thick base, thin base and variable bond area), the CZM parameters 

(critical energy release rate, interface strength and stiffness) were systematically varied, 

and the response was simulated across a range of pressure values.  Results were examined 

to determine if failure of the joint was simulated.  Based on these comparisons, a set of 

CZM parameters was chosen that provided failure results similar to those observed in the 

tests. As expected, some inconsistent results are seen around the inflection region. In the 

tests, a delamination of 50% is considered a failure. The area of delamination was therefore 

used as the parameter in LS-DYNA to assess failure. The ASCII output file “atdout” 

provides the area of delamination within the CZM contact. Tables 3.5 to 3.8 provide a 

general overview of the assessment and prediction of failure based on the CZM parameter 

used for the various configurations. The numbers in red are for cases that result in failure 

for both test and CZM prediction. A test pressure in red should correspond to a minimum 

of 50% CZM disbond to be accurate, and test pressure in black should correspond to about 

0% CZM disbond. Numerical prediction with a strikethrough represents an inaccurate 

prediction. 

Table 3.5 Failure prediction of configuration 1-Thin base. 
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Table 3.6 Failure prediction of configuration 2-Thine base with increased area. 

 

Table 3.7 Failure prediction of configuration 3-Thick base. 

 

Table 3.8 Failure prediction of configuration 4-Thick base with increased area. 

 

Configurations that had a narrow band of uncertainty region tends to have a higher overall 

failure prediction accuracy. The greatest disagreements between the model and the 

experiments were for RamGun pressures in the inflexion region, where there is also the 

greatest uncertainty in the experimental results. Table 3.9 below shows a summary of 

failure prediction accuracy. 
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Table 3.9 Summary of failure prediction. 

 

The interface properties determined by this method are not universal; they are specific to 

this particular model, mesh size and scenario. As the pressure increases so does the strain 

rate, which increases the critical energy release rate, in agreement with the study published 

by Moshier [58]. The parameters used for the various configurations is summarized below. 

Table 3.10 Interfacial properties of numerical models. 

 

The design and aquatic environment of the RamGun makes it impossible to measure the 

failure load required for a failure since no load cell could be incorporated. Strain data 

provides some insight but excessive skin bending and the complex nature of the loading 

makes it impossible to deduce force data from strain data as was done by other researchers 

in tests using a high rate universal testing machine. However, a calibrated numerical model 

can provide load data based on RCFORCE contact output in LS-DYNA presented in 

Figures 3.27 and 3.28. The figures provide an overview of the effect of thickness and total 
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bonded area on recorded force.  Analyzing such data shows that there seems to be a 

threshold pull-off load that will cause failure for each configuration. For a specimen that 

fails, the load reaches a max value and then goes to zero since it cannot carry any more 

load after failure. Surviving coupons achieve a max load and then the load oscillates and 

gradually dissipates to zero. In agreement with the test data, increasing the skin thickness 

increases the average pull-off load. Doubling the skin thickness almost doubles the average 

failure load. Increasing the total bonded area also increases the pull-off load required for 

failure. The effect is more pronounced in the thick base specimen, which produced a load 

increase of about 100%, while the load increased about 30% in the thin base specimen. 

 

Figure 3.27 — Contact force for thin base model: baseline (left) and increased area (right). 
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Figure 3.28 — Contact force for thick base model: baseline (left) and increased area (right). 

As a sanity check at the end of the analysis, a few pressure values outside the zone of 

mixed results in the test data were run in the complete RamGun model to close the loop on 

the viability of the standalone FSI model in comparison with the RamGun model. Table 5 

below provides a summary. 

Table 3.11 Summary and comparison of analysis technique. 

 

3.5 Conclusion 

Through the use of the RamGun, the effect of base thickness and total bonded area on 

HRAM resistance was studied. This will form a basis for studying the effect of these 

parameter on the failure of a fuel tank. The V50 ballistic testing approach was used for the 

test, which provided a transition pressure range between failure and non-failure cases. This 
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data will help to narrow down the pressure range that will cause failure for a specific 

configuration. The results indicate that an increase in joint bonded area increases the 

strength of the joint and thus increases resistance to HRAM. An area increase of about 

40% resulted in an increase in failure pressure of about 70%. As the bonded area is 

increased the failure mechanism of the joint transitions from adhesive failure to a more 

complex failure that involves the laminate. Therefore as the bonded area is increased, the 

joint failure is limited by the strength of the laminate. These results are in line with 

previous findings from static tension shear joint tests. Increasing the base thickness 

changes the location of crack initiation and eliminates most of the shear contribution to the 

joint failure. This results in a higher failure pressure. Therefore the weakest joint will be 

one with a thin base and a regular bonded area while a thick base joint with increased area 

will provide the most resistance to HRAM. Because thickness of a fuel tank is chosen 

based on a variety of factors it might not be a practical variable to change in an actual 

design; increasing overall tank thickness might also add unnecessary weight. Increasing 

bonded area seems to be the least impactful design option that provides significant 

improvements. The experiment provided insight into joint failure in terms of HRAM. 

Harnessing this data in the form of a numerical model will help predict failure in larger 

articles, saving time, material and cost.  

Using a coarse mesh cohesive zone model combined with ALE FSI method, the empirical 

pressure results was used to calibrate the CZM parameters for the various configurations. 

A local breakout T-joint FSI model, which was a subset of a total RamGun model, was 

used in the interest of saving time during parametric studies. The CZM parameters used 
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were found to relate to the magnitude of applied pressure and are thus sensitive to the 

strain rate. Some results from the stand-alone model were checked with the complete 

RamGun model to ensure continuity, and to demonstrate applicability for a more complete 

model. The CZM model was able to accurately predict failure of the joints for all pressures 

outside the uncertainty region. The mechanics and failure evolution followed the test 

results for both thick and thin models. There was correlation between the computed and 

experimental strain gage data as well as location of crack initiation for both thick and thin 

models. This model will be able to predict joint failure in a full scale fuel tank modelled 

with a coarse mesh.  
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Chapter 4 

Fuel Tank and Model Analysis 

This section provides an overview of the Finite Element Model (FEM) used for box-level 

analysis and how it relates to the joint-level work performed in previous chapters. A model 

representative of an actual fuel tank in an aircraft (Figure 4.1) is used to provide accurate 

understanding of the HRAM problem. The tank consists of two fuel bays and includes hat 

stiffened skins. The main connection of interest, the spar–to-skin joint, is modeled as a 

bonded joint. The various joint configurations used in the RamGun models are evaluated 

using tank models to assess the effect of the joint configuration at a tank level and provide 

a sense of failure prediction for tank.  

The tank Finite Element Model is divided into Lagrangian and Eulerian components. The 

Lagrangian components consist of the tank and the projectile. The Eulerian components 

consist of the air and water. Due to the large extent of the model, which measures 92” x 

42” x 30”, there are about 7.3 million elements in the mesh. To make a practical model for 

analyzing hydrodynamic ram phenomenon, it is necessary to minimize the total time of the 

simulation. A major portion of the current research was aimed at developing techniques to 

ensure that a coarse mesh can be used to accurately capture the fluid-structure interaction 

and failure during HRAM, which will ensure accurate failure assessment of a large article 

like a fuel tank. The calibrated T joint property data from the RamGun model using a 0.25” 

mesh size will translate to the tank structure if it is meshed with the same mesh size. A fine 

mesh is typically required to accurately capture pressure gradients and load transfer in a 
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fluid. Therefore, care must be taken to ensure accurate results if the Eulerian mesh is not a 

fine mesh. Many previous researchers used symmetry to reduce the model size and 

therefore the time of the simulation [4, 7]. Symmetry was not employed in this research 

since preliminary test data indicate that asymmetric damage states appear even in 

nominally symmetric structures.  For example, different degrees of damage can occur at 

the AFT and FWD spar positions in the fuel tank during a single event; thus a symmetric 

model might capture the failure at say the AFT spar but miss the dissimilar damage at the 

FWD spar if it was omitted by symmetry. This could lead to exclusion of important overall 

failure data. 

Figure 4.1 illustrates the concept of using model information from RamGun analysis to 

build the joints in the tank model. The joint mesh and calibrated CZM failure properties are 

transposed from the joint- level to the tank-level. Once the model has been calibrated, 

parametric studies can be performed to better understand the effects of projectile velocity 

and distance-to-spar on tank damage as well as techniques to reduce extent of damage.  
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Figure 4.1— Extrapolating joint failure to tank failure. 

4.1 Numerical Model 

A finite element model was created for each individual component of interest.  These 

models are described in the following sections. The main components were the projectile, 

the tank and the fluid. The set-up of the combined model as well as the boundary 

conditions that were used will also be discussed. The meshing scheme and techniques to 

accommodate such large models will be presented. Finally the location and use of tracer 

elements to record pressure will be outlined. 
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4.1.1 Projectile 

A 150 grain cubic projectile, which weighs about 0.0214 lbf, is used in this simulation. The 

length of the cube edge is 0.422”. The projectile is modeled with Lagrangian solid 

hexahedron elements with full integration (ELFORM 2). 8 total elements with a mesh size 

of 0.21” are used. It is modeled as Mat Rigid (MAT_020) since stress and strain data for 

the projectile are not essential to the simulation and its deformations are not significant. 

Modeling as Mat Rigid saves on total simulation time. Figure 4.2 below shows the 

projectile mesh and dimensions below. 

 

Figure 4.2 — Finite element model of 150 grain projectile. 
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4.1.2 Tank 

The overall dimensions of the tank are 20” x 40” x 80”, comparable to an actual fuel tank. 

It consists of hat-reinforced top and bottom skins, core-stiffened FWD and AFT spars and 

three core-stiffened ribs resulting in two fuel bays. The bay where the projectile makes 

impact is dubbed the primary bay. The tank components are modeled with shell elements 

using element formulation 16, which is a fully integrated but relatively fast LS-DYNA 

element formulation. An average element size of 0.25” is used, which resulted in 311,264 

elements for the Lagrangian model. *MAT_ENHANCED_COMPOSITE_DAMAGE 

(MAT_054) was used as the material to model the tank since the tank was made of out of 

carbon fiber composite. An effective failure strain of 4,000 microstrain is used for all 

elements, based on preliminary test data. The main failure of interest is at the joints. More 

information on the joint model will be provided later in this chapter. The fiber reference 

direction for the material is defined as parallel to the hat stiffeners. The stiffness of each 

composite part is determined from the layup of the composite. Classical laminate theory is 

used to deduce the aggregate stiffness for each component of the tank that uses a different 

layup. *SECTION_SHELL was also used to account for the different thickness of the tank 

components. Figure 4.3 shows the components of the tank. The top skin was made 

transparent and sectioned to provide a better view of the internal components.  
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Figure 4.3 — Finite Element model of Tank. 

4.1.2.1 Joint Model 

The same bonded joint design used in the RamGun models is implemented in the box-level 

analysis. A cohesive zone modeling approach is used to model the joints. MAT138, which 

uses a bilinear traction-separation law, was selected for the model. The joint can withstand 

load until a threshold is reached, whereupon the joint will soften. After this point 

continuous loading might lead to failure if a load state is reached where the energy 

absorbed during separation is higher than the fracture toughness. A mixed-mode model is 

used which accounts for both pull-off and shear failure. The approach is manifested 
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through contact tiebreak in LS DYNA.  More information on the joint is provided in the 

previous chapter (Section 3.3) where the same concept was used for the RamGun joints. 

4.1.3 Fluid 

The fluids in the model are air and water. Both are modelled using solid hexahedron 

elements with an average size of 0.25”. During the event the water and fuel in the tank 

undergo large deformations that will cause distortion that cannot be captured with 

Lagrangian elements. LS-DYNA uses an ALE multimaterial formulation which is the 

parent formulation for Eulerian elements. Eulerian elements are a subset of ALE elements 

where the mesh does not move. The material moves across the boundaries of the Eulerian 

elements. ALE formulation allows some specified motion of the elements independent of 

the material without distortion. The multimaterial feature allows different materials to 

share the same element space, which is essential for such a violent simulation where there 

is a high probability that an element at the air-to-water interface will simultaneously 

contain both air and water. The fluid elements used in this model employ ALE element 

formulation 11. The size of 0.25” was chosen to complement the mesh size of the structure, 

which was dictated by the mesh sized chosen for cohesive zone model calibration. Air 

forms the outermost boundaries of the model. It measure 91” x 41” x 31” and contains 

about 4 million elements. The air is located outside the tank and about 3.5” from the top 

skin within the tank to represent the ullage space typically present in fuel tanks. The ullage 

space is a volume in a fuel tank, usually inerted with nitrogen or nitrogen enriched air to 

reduce the possibility of fire that can be caused from an oxygen enriched environment. The 

water model starts from the ullage interface to the boundaries of the tank. The nodes of the 
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water are merged with nodes of the air at the ullage boundary and the tank sides. This 

facilitates capturing of the water and structure motion into the air medium and also water 

flowing into the air medium in case of a failure. The total volume of the water measures 

about 60” x 36” x 16”. It contains about 1 million elements.  

 

 

Figure 4.4 — Finite Element model of fluid (water and air). 

Two different water parts were created to facilitate coupling of the fluid-structure 

interaction algorithm about the middle rib, which separates the tank to create two bays. To 

enable fluid-structure interaction in LS-DYNA the keyword 

CONSTRAINED_LAGRANGE_IN_SOLID is used. It works similarly to a penalty 

contact algorithm and allows penetration but applies a force proportional to the penetration 
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to restore the objects to their correct location. The spring-like system is applied to both the 

Lagrangian and Eulerian meshes and pushes penetrating fluid particles back toward the 

surface of the structure to remove/prevent penetration. The algorithm works best in 

compression. Since the whole structure including the mid rib was modeled with shells, 

which have just one surface, it must be coupled for both compression and tension due to its 

central location. Having two water models enables two compression couplings that 

produce a more accurate simulation of the transfer of pressure across the boundary. Figure 

4.5 shows the two water parts in relation to the middle rib. They are colored Red and 

Green, respectively. 

 

 

Figure 4.5 — Finite Element Model of independent water models. 
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Similar to the approach used in the RamGun models, the fluids (air and water) are both 

modelled with Mat Null (Mat_009) and the appropriate dynamic viscosity is assigned to 

each to capture the shear stress based on strain rate. Air is paired with Linear Polynomial 

equation of state (EOS) while the water is paired with Mie-Gruneisen equation of state 

which is based on the cubic shock velocity principle to account for hydrostatic stress. As in 

the RamGun models a comprehensive list of materials and formulation used for the fluids 

can be found in Table 3.3. 

4.1.4 Set-Up and Boundary Conditions 

In an actual test, the edges of the test article skin sit on a platform and leave the skin of the 

tank unobstructed to give the gas gun the clearance needed to shoot the projectile at the 

tank. In the numerical model the tank has no such constraints because representing the 

actual constraints did not affect the behavior of the test article. The inertia of the filled tank 

and the transient nature of the test and simulation negate any relevant effects.  

An initial velocity boundary condition is applied to the projectile. The initial projectile 

velocity applied in the model did not simply match the pre-impact velocity, but was 

modified to ensure correct conditions are obtained following initial impact.  For efficiency, 

the tank was modelled with shell elements, which are unable to accurately reduce the 

energy of the projectile as it penetrates the wall. To accurately model the energy imparted 

into the system, which has a direct correlation to failure, the initial velocity is adjusted to 

compensate for this effect. Other researchers [21, 42, 63] address this problem by creating 

a small region of solid elements at the impact location or by modeling the whole tank 
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model using solid elements, but these approaches are not feasible here due to the desire to 

realistically assess the effect of different impact locations. Remeshing the model for each 

case would be prohibitive.  To use the current approach, a study of residual velocity was 

conducted. Various panels similar to the skin with different thickness were shot with the 

intended projectile and the reduction in the projectile velocity was recorded. After a 

sufficient sample size was obtained, the average velocity reduction was observed to be 

about 13% for the skin thicknesses used in this analysis. The residual velocity is calculated 

using this factor as input in simulations. Contact between the projectile and the skin was 

ignored; the projectile just passes straight through the skin and directly impacts the fluid 

with the required residual velocity. This approach eliminates a step from the analysis and 

replaces it with empirical data, while providing consistent results in terms of projectile 

energy. 

4.1.5 Mesh and Pressure 

To ensure accurate fluid-structure interaction analysis, the mesh needs to be fine enough to 

be able to transfer the energy from the projectile effectively, which will dictate the 

stopping distance of the projectile distance in the fluid and the resulting pressure. Some 

researchers use an estimate of stopping distance, based on projectile shape and density of 

fluid, to determine the appropriate mesh density for the analysis [63]. Others calculate the 

stagnation pressure or use pressure data if available to determine the mesh size [19]. These 

methods usually result in mesh sizes about 0.0625” to accurately track the pressure. That 

mesh size is impractical to use for large article like the one being analyzed or for larger 

fuel tanks. A plan was devised to obtained accurate pressure distribution while maintaining 
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a relatively coarse mesh to reduce the size of the overall model and hence the solution 

time. 

A test was conducted where a 150 grain cubic projectile was shot into an instrumented 

tank. The tank contained pressure transducers (PTs) at different locations to capture the 

pressure during the event. The projectile velocity was varied to provide a variety of data. A 

fluid-structure interaction model was created similar to the one used for the fuel tanks. The 

projectile velocity in the numerical model was modified for each run until the pressure 

predicted by the numerical model matched the pressure recorded by the pressure 

transducers during the test. The hydrocode used in LS-DYNA is dissipative in terms of 

pressure so it is difficult to match pressure far from the source. A linear relationship was 

developed that increases the residual velocity to make up for the coarse mesh and replicate 

pressure recorded by the PT in an actual experiment. The linear relationship was then 

applied to the numerical model for the fuel tank. Figure 4.6 show the calibration process 

for the mesh and pressure. 

 

Figure 4.6 — Velocity calibration. 
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Two residual velocities were analyzed, 4013 ft/s and 5522 ft/s. The pressure readings from 

near and farfield gages, gauge 1 and gauge 2, respectively, were recorded for reference. 

The analysis pressure seems to have a linear relationship with velocity. It was found that 

the experimental velocity had to be increased by a factor of 1.6 -1.8 to match the pressure 

data. 

4.1.6 Tracers 

The main parameter used to track and assess failure capability is pressure. Pressure also 

provides a measure of the accuracy of the analysis when compared with experimental 

results. In this research, since the box-level analysis is built up from the RamGun models, 

pressure from both tests will provide a way to assess how well they track, which can lead 

to future RamGun studies to make joint to complete tank analysis seamless. LS-DYNA 

provides tracers in the ALE simulation that act like pressure transducers. The locations of 

interest are close to the joints, to provide an indication of failure pressure, and in the 

middle of the bay to potentially capture initial pressure near the projectile. The skin away 

from the entry point is not instrumented, since the pressure pulse is usually benign when it 

gets there. This same configuration was repeated in the bay adjacent to the impacted bay to 

gauge how the pressure is transferred across the rib and potential damage in the adjacent 

bay. The tracer elements are illustrated in Figures 4.7 and 4.8. A total of 20 tracers are 

used. 
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Figure 4.7 — Number of Tracer elements in the model. 

 

Figure 4.8 — Location of tracer nodes. 

At the start of an analysis the projectile moves with the initial velocity representing the 

calculated residual velocity, which has been factored to account for the coarse mesh. After 

entry, the projectile passes through the air and the skin, in that order, and then impacts the 

water at the interface of the skin and water. The HRAM process then begins. A high 

pressure impulsive shock is created around the projectile that travels through the water at 
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the speed of sound. The pressure near the projectile is on the order of 10,000 psi but the 

pressure dissipates exponentially as the shock moves away from the projectile and travels 

through the fluid. The reduced, but still high, pressure pulse then impacts the skin and spar 

closest to the entry point. Depending on the strength of the joint, failure or disbond might 

start shortly after this initial impact. A second pressure pulse from the drag phase moves 

with the projectile and stays slightly ahead of it. This pressure can also contribute to 

failure, but in the present analysis the majority of failures seemed to have been caused by 

the shock phase. 

4.2 Joint Correlation 

To ensure continuity from the RamGun models and accurate failure prediction at the tank-

level, the joint models from the RamGun were extrapolated to create the tank models. 

Figure 4.9 shows the thin base models. The image to the left shows the baseline model 

while the image to the right shows the augmented model with the extended bonded area. 

As can be seen both the joint and tank exhibit the appropriate thickness and joint area. 
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Figure 4.9 — Thin base model translation and variation. 

The same methodology was implemented for the thick base model shown in Figure 4.10. 

Once again the appropriate thickness and extent of the bonded joint is apparent for both 

baseline and increased area model.  
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Figure 4.10 — Thick base model translation and variation. 

4.3 Results and Discussion 

To build confidence in the numerical model and its ability to accurately predict HRAM 

damage in a composite fuel cell, the fluid mechanics of the HRAM event are checked to 

make sure it follows the HRAM evolution and conservation laws. Figures 4.11 and 4.12 

shows the progression of the HRAM process as captured by the numerical model. Due to 

the modeling technique utilized, the projectile passes through the tank skin and impacts the 

fluid with the calculated residual projectile velocity.  
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Figure 4.11 — Shock created during HRAM. 

The projectile impulsively loads the fluid and creates a high pressure hemispherical shock 

wave. This is the HRAM shock phase and can be seem explicitly in the Figure 4.11. The 

drag phase follows as the projectile slows and transfer its energy to the fluid. The pressure 

has a radial shape and stays in front of the projectile and moves with it. Since the initial 

shock pressure moves at speed of sound in the fluid it is faster than the drag pressure pulse 

and stays ahead of it. The cavitation phase is also evident as shown in Figure 4.12, the 

cavity grows behind the projectile and the projectile slowly comes to a momentary 

standstill as it transfers all its energy to the fluid. The cavity continues to grow to its 

maximum size and then collapses due to the pressure change and gravity. There was no 

exit stage since the fluid depth and projectile velocity insured complete transfer of the 
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projectile energy to the fluid before it reached the wall. Therefore it did not have any 

energy to exit the structure. 

 

Figure 4.12 — Cavity evolution. 

The tracers were used to monitor the pressure inside the tank to provide more insight on 

the event. Figure 4.13 highlights a few tracer nodes to provide insight into the pressure 

distribution.  

 

 



99 

 

 

 

Figure 4.13 — Recorded tracer pressure. 

The tracers closest to the projectile were about 7” away and recorded the highest pressure 

of 8.2 ksi by 0.5 ms, dissipating quickly thereafter. The highest pressure pulse recorded 

was during the shock phase. The drag phase also produces a high pressure pulse soon after, 

as shown in tracer 19. The tracers next to the spar, about 4” away, pick up the pressure 

pulse later, depending on the impact location. These pressures are usually at least an order 

of magnitude lower than the pressure recorded near entry. For example, only 333 psi is 

recorded by tracer 6. This is testament to the fact that the shock pulse dissipates very 

quickly, almost exponentially. Even though the pressure pulse is of reduced magnitude it 

still may have enough energy to cause damage. There are also tracer nodes placed before 
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(tracer 6) and after (tracer 8) the mid rib to provide information on how much the middle 

rib dissipates the pressure. As expected there was significant pressure drop of about 200 psi 

across the rib. A model made using solid elements for the skins might have yielded slightly 

different results for this pressure drop since solid elements better capture energy absorption 

and transfer. For our purposes, however, the shell element model provided an appreciable 

pressure drop to predict overall tank failure while still remaining computationally viable. 

The tracer (tracer 10) in the secondary bay (bay without impact) recorded a very low 

pressure, close to ambient pressure, much later in the simulation. The damaging capacity of 

HRAM seems to be local but can create inertia which propagates failure in the structure 

since the far field pressure is usually not enough to cause failure.  

4.3.1 Parametric Study (Projectile Velocity & Distance to 

Spar) 

A baseline projectile velocity of 4,000 ft/s was used in initial studies of the HRAM effect 

in the tank. A baseline spar distance of 13” (Spar distance one) from the closest spar was 

also used. This means that the projectile is located 13” from the spar. Figure 4.14 shows 

the baseline impact location and an example of the HRAM cavity evolution based on 

location of impact. The baseline impact location places the projectile over skin and avoids 

the hats. This was done in an effort to simplify the analysis and reduce the complexity of 

the event. The previously discussed reduction in velocity of 13% to correct for skin 

penetration losses has already been determined for a projectile going through the skin (see 

Section 4.1.4) and is used to determine the residual velocity. Figure 4.15 shows the 

pressure distribution for this baseline location and velocity. 
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Due to the stiffening effect of the hat, different residual velocities will be obtained for 

impacts that occur above or near stiffeners. This uncertainty in velocity can be problematic 

for calibration and correlation between results for different impact locations.  

 

 

Figure 4.14 — Nominal impact location and its effects. 

For different impact locations, there will be changes in the pressure distribution within the 

tank that determines the energy transfer and magnitude of pressure that will be experienced 

within the tank. The structure will react to these pressure distributions with deformations 

and possibly failure based on its composition and structural design.  
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Figure 4.15 — Pressure distribution for the nominal impact in psi. 

The first tank that was assessed to determine the effects of different impact locations, based 

on the distance from the spar, was based on the thin base model.  In this model the tank 

skin has a thickness of 0.2”. From the RamGun test this resulted in the weakest joint, 

which tends to fail at a pressure range between 400-483 psi. At the tank-level the damage 

predicted for the nominal impact location was extensive. The main damage occurred at the 

interface between the skin and spar closest to the projectile impact. Damage propagated 

from the primary bay to the secondary bay, completely disbonding the whole base close to 

the location of impact. The other three spar-to-skin joint locations were also slightly 

compromised. Figure 4.16 shows the damage caused in the thin base model.  
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Figure 4.16 — Thin base model predicted damage. 

The image to the left in Figure 4.16 shows the overall displacement of the model 

highlighting the disbond. The skin close to impact had a maximum deformation of 5.68”. 

The image to the right in Figure 4.16 shows the same deformation state with the model 

rotated 180° degrees and hiding the skins for better visualization of the interior structure.  

The colors in the figure show the binary failure flag for the CZM surfaces.  Red indicates 

that cohesive zone failure has occurred. These data are obtained from LS-DYNA via  

*DATABASE_INTFOR request. It is apparent that the disbond extends all the way from 

the first rib to the last rib.  

The thick base tank was investigated next using the same baseline velocity of 4,000 ft/s 

and the same impact location (spar distance of 13”). The skin thickness on this tank was 

0.5”. The pressure experienced by the closest spar-to-skin joint was comparable to the 

pressure distribution that occurred in the thin base tank mode. As illustrated in Figure 4.17, 

however, the extent of damage is very different. From the RamGun test the thick base 

model failed at a pressure range of 692-707 psi, indicating that the thick base tank model 

should be able to resist more than the thin base. 



104 

 

 

Figure 4.17 — Thick base model predicted damage. 

The displacement model to left in Figure 4.17 shows a slight damage in the primary bay 

where the projectile made impact. The skin displaced a maximum deformation of 0.54”. 

The rotated CZM failure model to the right in Figure 4.17 shows the failure/disbond more 

vividly. Skin-to-spar failure was contained to one bay (the primary bay) and the other skin 

to spar joints remained intact. 

To understand the effect of projectile velocity on the damage. A different projectile 

velocity was used while maintaining the same impact location (spar distance of 13”). A 

projectile velocity of 5,000 ft/s was used on the thick base model. Figure 4.18 compares 

the pressures generated from the 4,000 ft/s model and the 5,000 ft/s models. 
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Figure 4.18 — Tracer pressure distribution comparison. Left: 4,000ft/s Right: 5,000ft/s. 

For the higher velocity projectile, the maximum pressure close to the projectile increased 

by 65% to a pressure of 14.5 ksi. The pressure recorded by the tracer nodes next to the 

closest skin-to-spar interface increased by 40% to a pressure of 460 psi. There was also 

about a 40% increase in the pressure recorded by the tracers located directly behind the 

mid rib in the secondary bay. The farthest tracers in the secondary bay were not 

significantly affected by the change in projectile velocity, remaining close to ambient in 
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each case. Irrespective of the magnitude of initial pressure, the pressure decays rapidly to 

ambient after a certain distance of travel. The skin deformation increased to 3.15” from 

0.54” for the higher velocity projectile. The higher velocity tremendously increases the 

kinetic energy introduced by the projectile into the system resulting in much high pressure 

and energy. Figure 4.19 compares the cavity size of the 4,000 and 5,000 ft/s models.  

Cavity size has a direct relation to the energy introduced into the system. This is in line 

with Vara’s [7] work relating projectile velocity to study cavity size which showed that 

increasing the velocity increases the size of the cavity. 
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Figure 4.19 — Cavity size based on projectile velocity. 

Figure 4.20 shows the damage that occurred with the higher projectile velocity. Because 

the pressure recorded at the joint location was much higher than the joint strength pressure 

determined with the RamGun test, it is expected that the damage state was more severe 

than found in the simulation using the 4,000 ft/s projectile. In the high velocity simulation 
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the damage was extensive and spread across both the primary and secondary bays. The 

damage was contained to only the spar to skin joint closest to the projectile impact, 

however. The other spar to skin joints were intact. 

 

Figure 4.20 — Thick base model predicted damage for 5,000 ft/s projectile velocity. 

Another variable was assessed to study its effect on tank damage, the location of the 

projectile impact.  Changing the impact location changes the pressure distribution and 

cavity formation within the tank. The projectile impact-to-spar distance was changed from 

13” in to 3” (spar distance two), which brought the projectile closer to the spar/skin 

interface that experienced the most damage in previous simulations. A 0.5” skin thickness 

was maintained for this model, corresponding to the thick base model used in the RamGun 

model. The failure pressure for this joint configuration was estimated to be in the range of 

692-707 psi based on RamGun test and simulation. Figure 4.21 shows the new projectile 

location and the increased proximity of the formed cavity to the spar and skin.  
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Figure 4.21 — Alternate impact location and its effects on cavity formation. 

Due to the proximity of the projectile impact location to the spar, the high pressure from 

the projectile will not be significantly dissipated before it is experienced by the spar. Figure 

4.22 shows the pressure distribution that ensued with this new location. 
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Figure 4.22 — Pressure distribution for the alternate impact location, in psi. 

The magnitude of the pressure recorded close to the spar was as high as 500 psi, which is 

about 50% higher than the pressure recorded for the original spar location. The high 

pressure resulted in the damage state displayed in Figure 4.23. 
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Figure 4.23 — Thick base model predicted damage for spar location two. 

The displacement image showed in the left of Figure 4.23 reveals a maximum skin 

displacement of 1.7 in. Visually, the damage extended into the secondary bay, completely 

disbonding both bays. The CZM failure image to the right in Figure 4.23 confirms this. 

There also seems to be significant damage to the joint located at opposite skin in the 

primary bay. The other skin–to-spar joints seem to be intact, further demonstrating the 

local nature of the damage and dissipative of the pressure pulse with distance. 

4.3.2 Effect of Total Bonded Area 

During the RamGun joint studies, it was found that increasing the total bonded area of a 

joint drastically increased the joint strength (Similar results were also shown by previous 

researchers [60-62].)  Both thin and thick base models were analyzed which yielded a 

failure pressure increases of 73% and 79%, respectively. This concept was investigated at 

the tank level for both thin and thick base configurations to determine whether the trend 

carries over to the fuel tank since this is a promising method to reduce the extent of 

disbond and damage in a bonded fuel tank. The baseline velocity of 4,000 ft/s and 

projectile spar distance of 13” (spar distance one) was maintained to produce 
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approximately the same pressure distribution as previous models. The damage found in the 

augmented thin base model is displayed in Figure 4.24. From the RamGun model and test, 

the failure pressure for this model was in the range of 716-810 psi compared to 400-483 psi 

for the model without the bonded area extension. 

 

Figure 4.24 — Thin base with extended bonded area predicted damage. 

From the displacement image in the left of Figure 4.24, the max skin deformation was 

about 1.8” and the damage seemed to be contained to only the primary bay. The CZM 

failure image in the right of Figure 4.24 is in agreement with this failure assessment. 

Damage was reduced drastically from the original joint configuration, which showed a 

complete disbond of both bays with other joints also being potentially compromised.  

The effect of the increased bonded area was also checked with the thick base model. 

According to the RamGun test the failure pressure range increased from 692-707 psi to 

1212-1292 psi. Figure 4.25 shows the damage experienced by the thick base model with 

the increased bonded area. 
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Figure 4.25 — Thick base with extended bonded area predicted damage. 

The maximum skin displacement, seen in the left of Figure 4.25, reduced to 0.31”. The 

displacement model shows no apparent damage. The CZM model in the right of Figure 

4.25 confirms this observation; no failure is indicated. This is a great improvement from 

the baseline model, which had a complete disbond in the primary bay. Table 4.1 

summarizes the predicted damage for the different configurations and variations.  

Table 4.1 Summary of predicted damage 

 

From the various analyses conducted it is apparent that velocity has a large effect on 

internal pressure and hence damage of a fuel tank in a HRAM event. The damage was 

significantly increased from a velocity of 4,000 ft/s to 5,000 ft/s. Also, moving the 
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projectile closer to the spar also increased the extent of damage in a tank. As can be 

expected there is a large skin displacement associated with high internal pressure and 

damage. The recorded maximum pressure in the tank was compared to the generated 

pressure in the RamGun test. Once again it was noted that the thin base model is the 

weakest tank model while the thick base model with increased area is the strongest model, 

showing no failure. Increasing the bonded area is a viable technique to reduce or eliminate 

the extent of disbond in a tank. The tank pressures required to produce failure appear to be 

less than those in the idealized RamGun test conditions. This indicated there are other 

forces that act on an actual joint during failure that are not completely captured by the 

RamGun. 

Appendix B provides more information on projectile velocity decay and the implication of 

velocity on the pressure recorded by the structure and the tracers. 

Appendix C highlights the mechanics of the tanks during HRAM, from dynamic structural 

displacement to velocity of the tank components. 
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Chapter 5 

Conclusion 

Body Hydrodynamic Ram damage remains a critical failure mode and kill mechanism for 

military aircraft due to susceptibility of fuel tanks to hostile fire. Failure can range from 

excessive structural damage to fire and explosion. Ideally, before entering service an 

aircraft will undergo numerous live fire tests that can trigger hydrodynamic ram events in 

fuel tanks. The survivability of an aircraft will be determined from the results of these tests. 

This test method is very expensive and time consuming because the test is destructive, uses 

a full-scale test article, and presents a lot of risk. To facilitate effective testing and 

assessment, an intermediate test method was developed using a RamGun to assess joint 

strength of T-joints that are critical elements in a fuel tank structure. Research suggests that 

critical damage during HRAM occurs at the location of projectile exit and at seams (joints) 

of a fuel tank. Using the RamGun, which creates a HRAM pressure environment on 

representative joints, to assess their resistance to HRAM can facilitate design of these 

critical structures before full-scale testing and analysis is done. Various joint 

configurations can be tested to understand joint characteristics that affect HRAM and 

possible joint modification to increase their strength.  

In the present research, the RamGun was used to test several configurations of a bonded T-

joint made using 3D woven Pi preforms. The Pi Preform’s fibers in the transverse direction 

increase the pull-off strength.  Pull-off loading is experienced during HRAM. Four 

different joint configurations were tested by varying the skin (base) thickness and the total 
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bonded area. The V50 ballistic testing approach was used to generate a pressure spectrum 

for each configuration. The spectrum comprised of a range of pressures that cause failure, 

pressures that cause no failure, and a transition pressure region which provides some 

insight into the uncertainty inherent in such testing. 

The ultimate goal is to develop efficient, accurate and cost efficient method to predict 

failure of a fuel tank due to HRAM. The study investigated the overall performance of 

bonded fuel tanks and possible HRAM mitigation techniques. Numerical models of various 

bonded T-joint were created based on a cohesive zone modeling approach to simulate the 

bonded joint. The models were calibrated based on empirical data obtained during 

RamGun testing. The models accurately predicted failure for 80 percent of simulated cases, 

which was considered to be a very good correlation. The calibrated models were 

extrapolated from the joint model to produce a fuel tank model. The models were 

combined with an ALE fluid-structure interaction model to predict overall failure in the 

fuel tank stemming from bonded joint failure. A realistic fuel tank was modeled, including 

skins, spars and ribs.  A mid-rib was incorporated which created two bays in the fuel tank 

to present a more realistic geometry. The model used a coarse mesh of 0.25 in mesh size to 

permit failure prediction in a larger article like the fuel tank with reasonable run times. 

Both CZM and ALE FSI techniques require fine mesh for accurate analysis. Modifications 

were made to ensure that the coarse mesh used in the tank model would be adequate. 

Tracer nodes were incorporated into the models to record pressure within the tank. Four 

distinct models were created based on the four joint configurations that were tested in the 

RamGun: thin base, thick base and extended joint area for both.  
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The models were checked for accuracy by studying the various pressure pulses and 

evolution of the cavity, which proved to match the observed HRAM hydrodynamics. For 

consistency of comparing the various models a projectile velocity of 4,000 ft/s was used in 

conjunction with a projectile-to-spar distance of 13 in. The resulting pressure distribution 

recorded a max pressure of about 333 psi close to the spar. The thin base models showed 

excessive damage. The spar–to-skin joint closest to the projectile impact location exhibited 

a complete disbond of both bays and other spar joints were also compromised. The thick 

base model, on the other hand, exhibited much less damage under the same modeling 

parameters. The primary bay exhibited disbond, but that was the extent of the damage. All 

the other spar-to-skin joints remained intact. This result reinforces the notion that a thicker 

base tends to make the overall joint stronger in terms of HRAM resistance. A similar trend 

was exhibited at the RamGun joint testing level.  

Parametric studies were performed on the thick base model. The first was a study of the 

effect of changing the projectile velocity while maintaining the same projectile-to-spar 

distance. The velocity was increased from 4,000 ft/s to 5,000ft/s. This resulted in many 

changes, most notably a general increase in pressure resulting in a maximum pressure of 

460 psi close to the spar. The cavity created in the cavitation stage was also much larger 

due to the higher kinetic energy introduced. The damage increased from being contained 

only in one bay, as in the 4,000 ft/s model, to include joint disbonding in both primary and 

secondary bays. The other skin-to-spar joint interfaces remained intact and 

uncompromised. The second parameter that was studied was the effect of projectile impact 

distance from the spar. This study was also performed using the thick base model. The 
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original velocity of 4,000 ft/s was maintained but the projectile spar distance was altered 

from 13 in to 3 in, moving it closer to the spar. This change resulted in a higher pressure 

distribution near the spar since the pressure is higher close to the projectile. The recorded 

maximum spar pressure went up to 500 psi and the cavity growth and collapse occurred 

right next to the spar. The closest spar-to-skin joint experienced a compete disbond in both 

the primary and secondary bays. The joint at the opposite skin also showed some damage 

in the primary bay. The other skin to spar joints remained intact. 

Finally two other configurations of increased joint area for both the thick and thin base 

models were analyzed to assess their resistance to HRAM. The same projectile velocity of 

4,000 ft/s and spar distance of 13 in were maintained for these models. The RamGun test 

predicted increased strength for the models with increased bond area. For the thin base 

model the prediction was reduced from catastrophic damages to disbond within the 

primary bay only. The same trend was realized for the thick base model with the increased 

joint area. The modified thick base model showed no damage compared to the baseline line 

model, which experience a disbond in the primary bay. In line with the RamGun results, 

increasing the total bonded area greatly improves HRAM joint resistance and can be used 

as an HRAM mitigating technique.  

Using a combination of empirical data and analytical techniques, we have been able to 

predict overall joint failure in bonded composite fuel tanks as well as investigate a very 

promising HRAM mitigation technique. The effect of projectile velocity and impact 

location on HRAM were also ascertained. The technique that employed a coarse mesh in 
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the numerical model makes it computationally viable to study HRAM in large items like 

fuel tanks and beyond.  

5.1 Recommendations for Future Studies 

This study forms the basis for assessing HRAM damage in fuel tanks using a coarse mesh 

model which combines Arbitrary Lagrangian Euler Fluid-Structure Interaction and 

Cohesive Zone Modeling techniques. This capability can be expanded and improved based 

on the various discoveries in this study. It can be expanded to include other critical damage 

modes and also to create a more comprehensive model.  

Additional study of the difference in failure pressure between the RamGun and the actual 

fuel tank would be beneficial. The recorded pressure that causes damage in the tank models 

tends to be less than the failure pressure recorded in the RamGun. This could be due to the 

fact that the RamGun mostly applies a pull-off load.  In an actual HRAM event there is a 

combination of pull-of and shear loads during failure. The resultant load created by the 

combination of shear and pull-off creates a stress state that is comparable to the calibrated 

model created from the RamGun, hence the predicted failure at slightly lower pressure. 

This is why a few researchers test joints at an angle using a universal testing machine, 

thereby introducing a controlled combination of shear and pull-off loads. Using a universal 

testing machine, however, has limitations. A future study will be to study these difference 

and effects and how to improve the correlation. 

Another potential study to expand the understanding of HRAM effects will be to assess 

spar blowout damage, which is excessive damage that can occur to a spar when it is 
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impacted instead of a skin of a fuel tank. This has a lower probability of occurring but if it 

does it has the potential of producing critical damage resulting in complete loss of structure 

in the spar. To account for this spar damage a failure criteria for the composite material 

will have to be created that takes the strain rate sensitivity of the material into account. 

This can be coupled with a cohesive zone model to create a broader failure spectrum for 

the model. 

In the present research, empirical knock down parameters were used to adjust the projectile 

initial velocity to account for the energy loss upon initial impact that is not accounted for 

due to the use of shell elements for the skin.  Not all studies will have empirical projectile 

slow down data available for various laminate configurations. Therefore having a 

numerical model that is able to account for projectile slowdown in the model will improve 

the usefulness of the models. A study could investigate the use of different element types. 

Maybe TSHELLS or other novel techniques could be able to account directly for the 

slowdown without a drastic penalty in total time needed to solve the model.  

This study has made it possible to study HRAM damage in fuel tanks and serves as a 

benchmark for future HRAM study at a large scale. Finding methods to further reduce the 

computation time would be a great improvement. This can result from studying different 

mesh sizes and their implications or possibly employing symmetries and the use of rigid 

bodies. A faster model would enable expansion of this technique to even larger articles, 

possibly including analysis of complete aircraft wings. 
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Appendix A 

RamGun Instrument Data 

Pressure and strain were the main output from the RamGun test. There were two pressure 

transducers on either side of the T-Joint in the test chamber making a total of four pressure 

transducers near the test item. Each side had a head on and side on pressure transducer. 

Strain gauges were also placed on the test coupon. Figure A.1 bellows shows the 

placement of the various sensors. Some sensor data was occasionally omitted since a few 

of the sensors were lost due to the high pressure nature of the test.  

 

Figure A.1 — Sensor placement in the Ramgun 



132 

 

 

Figure A.2 — Left side raw pressure data (179 ft/s puck velocity). 

 

Figure A.3 — Right side raw pressure data (179 ft/s puck velocity). 

Thin Base 

Thin Base 
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Figure A.4 — Strain data (179 ft/s puck velocity). 

 

Figure A.5 — Left side raw pressure data (199 ft/s puck velocity). 

Thin Base 

Thin Base 
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Figure A.6 — Right side raw pressure data (199 ft/s puck velocity). 

 

Figure A.7 — Strain data (199 ft/s puck velocity). 

Thin Base 

Thin Base 
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Figure A.8 — Left side raw pressure data (273 ft/s puck velocity). 

 

Figure A.9 — Right side raw pressure data (273 ft/s puck velocity). 

 

Thin Base 

Thin Base 
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Figure A.10 — Strain data (273 ft/s puck velocity). 

 

Figure A.11 — Left side raw pressure data (223 ft/s puck velocity). 

Thin Base 

Thin Base 
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Figure A.12 — Left side raw pressure data (223 ft/s puck velocity). 

 

Figure A.13 — Strain data (223 ft/s puck velocity). 

Thin Base 

Thin Base 
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Figure A.14 — Left side raw pressure data (233 ft/s puck velocity). 

 

Figure A.15 — Left side raw pressure data (233 ft/s puck velocity). 

 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.16 — Strain data (233 ft/s puck velocity). 

 

Figure A.17 — Left side raw pressure data (253 ft/s puck velocity). 

 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.18 — Left side raw pressure data (253 ft/s puck velocity). 

 

Figure A.19 — Strain data (253 ft/s puck velocity). 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.20 — Left side raw pressure data (314 ft/s puck velocity). 

 

Figure A.21 — Left side raw pressure data (314 ft/s puck velocity). 

 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.22 — Strain data (314 ft/s puck velocity). 

 

Figure A.23 — Left side raw pressure data (256 ft/s puck velocity). 

 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.24 — Left side raw pressure data (256 ft/s puck velocity). 

 

Figure A.25 — Strain data (256 ft/s puck velocity). 

 

Thin Base Increased Area 

Thin Base Increased Area 
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Figure A.26 — Left side raw pressure data (213 ft/s puck velocity). 

 

Figure A.27 — Left side raw pressure data (213 ft/s puck velocity). 

Thick Base 

Thick Base 
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Figure A.28 — Strain data (213 ft/s puck velocity). 

 

Figure A.29 — Left side raw pressure data (256 ft/s puck velocity). 

Thick Base 

Thick Base 
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Figure A.30 — Left side raw pressure data (256 ft/s puck velocity). 

 

Figure A.31 — Strain data (256 ft/s puck velocity). 

Thick Base 

Thick Base 
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Figure A.32 — Left side raw pressure data (346 ft/s puck velocity). 

 

Figure A.33 — Left side raw pressure data (346 ft/s puck velocity). 

 

Thick Base 

Thick Base 
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Figure A.34 — Strain data (346 ft/s puck velocity). 

 

Figure A.35 — Left side raw pressure data (272 ft/s puck velocity). 

Thick Base 

Thick Base 
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Figure A.36 — Left side raw pressure data (272 ft/s puck velocity). 

 

Figure A.37 — Strain data (272 ft/s puck velocity). 

Thick Base 

Thick Base 
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Figure A.38 — Left side raw pressure data (303 ft/s puck velocity). 

 

Figure A.39 — Left side raw pressure data (303 ft/s puck velocity). 

 

Thick Base Increased Area 

Thick Base Increased Area 
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Figure A.40 — Strain data (303 ft/s puck velocity). 

 

 

Figure A.41 — Left side raw pressure data (354 ft/s puck velocity). 

Thick Base Increased Area 

Thick Base Increased Area 
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Figure A.42 — Left side raw pressure data (354 ft/s puck velocity). 

 

Figure A.43 — Strain data (354 ft/s puck velocity). 

 

Thick Base Increased Area 

Thick Base Increased Area 
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Figure A.44 — Left side raw pressure data (372 ft/s puck velocity). 

 

Figure A.45 — Left side raw pressure data (372 ft/s puck velocity). 

 

Thick Base Increased Area 

Thick Base Increased Area 
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Figure A.46 — Strain data (372 ft/s puck velocity). 

 

Figure A.47 — Left side raw pressure data (358 ft/s puck velocity). 

 

Thick Base Increased Area 

Thick Base Increased Area 
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Figure A.48 — Left side raw pressure data (358 ft/s puck velocity). 

 

Figure A.49 — Strain data (358 ft/s puck velocity). 

 

Thick Base Increased Area 

Thick Base Increased Area 
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Appendix B 

Projectile Velocity and Pressure Implications 

Projectile velocity decay for different velocities is presented in this appendix as well as 

pressure in the tank structure and pressure recorded by the tracers at different velocities and 

configurations.  

 

Figure B.1 — Velocity decay of 4,000 ft/s projectile. 
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Figure B.2 — Velocity decay of 5,000 ft/s projectile. 

 

Figure B.3 — Tank structure pressure at 0.1 ms. 
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Figure B.4 — Tank structure pressure at 0.33 ms. 

 

Figure B.5 — Tank structure pressure at 0.44 ms. 
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Figure B.6 — Perifery tracers for 4,000 ft/s projectile at 3 in spar distance. 

 

Figure B.7 — Perifery tracers for 4000 ft/s projectile at 3 in spar distance. 
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Figure B.8 — Middle tracers for 4,000 ft/s projectile at 3 in spar distance. 

 

Figure B.9 — Middle tracers for 4,000 ft/s projectile at 3 in spar distance. 
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Figure B.10 — Perifery tracers for 4,000 ft/s projectile at 13 in spar distance. 

 

Figure B.11 — Perifery tracers for 4,000 ft/s projectile at 13 in spar distance. 
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Figure B.12 — Middle tracers for 4,000 ft/s projectile at 13 in spar distance. 

 

Figure B.13 — Middle tracers for 4,000 ft/s projectile at 13 in spar distance. 
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Figure B.14 — Perifery tracers for 5,000 ft/s projectile at 13 in spar distance. 

 

Figure B.15 — Perifery tracers for 5,000 ft/s projectile at 13 in spar distance. 
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Figure B.16 — Middle tracers for 5,000 ft/s projectile at 13 in spar distance. 

 

Figure B.17 — Middle tracers for 5,000 ft/s projectile at 13 in spar distance. 
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Appendix C 

Tank Mechanics from HRAM 

Displacement of the bottom skin and skin velocity for the various configurations are 

presented in this appendix.  

.  

Figure C.1 — Maximum bottom skin displacement_Thick base, 4,000 ft/s, 13 in. 
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Figure C.2 — Dynamic bottom skin displacement_Thick base, 4,000 ft/s, 13 in. 

 

Figure C.3 — Bottom skin velocity_Thick base, 4,000 ft/s, 13 in. 
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Figure C.4 — Maximum bottom skin displacement_Thick base, 5,000 ft/s, 13 in. 

 

Figure C.5 — Dynamic bottom skin displacement_Thick base, 5,000 ft/s, 13 in. 
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Figure C.6 — Bottom skin velocity_Thick base, 5,000 ft/s, 13 in. 

 

Figure C.7 — Maximum bottom skin displacement_Thick base, 4,000 ft/s, 3 in. 
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Figure C.8 — Dynamic bottom skin displacement_Thick base, 4,000 ft/s, 3 in. 

 

Figure C.9 — Bottom skin velocity_Thick base, 4,000 ft/s, 3 in. 
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Figure C.10 — Maximum bottom skin displacement_Thick base increased area, 4,000 ft/s, 13 

in. 

 

Figure C.11 — Dynamic bottom skin displacement_Thick base increased area, 4,000 ft/s, 13 

in. 
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Figure C.12 — Bottom skin velocity_Thick base increased area, 4,000 ft/s, 13 in. 

 

Figure C.13 — Maximum bottom skin displacement_Thin base, 4,000 ft/s, 13 in. 
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Figure C.14 — Dynamic bottom skin displacement_Thin base, 4,000 ft/s, 13 in. 

 

Figure C.15 — Bottom skin velocity_Thin base, 4,000 ft/s, 13 in. 
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Figure C.16 — Maximum bottom skin displacement_Thin base increased area, 4,000 ft/s, 13 

in. 
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Figure C.17 — Dynamic bottom skin displacement_Thin base increased area, 4,000 ft/s, 13 in. 

 

Figure C.18 — Bottom skin velocity_Thin base increased area, 4,000 ft/s, 13 in. 

 

 

 

 

 

 

 

 


