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Abstract 

The HMCS IROQUOIS naval destroyer was decommissioned in 2015. Six ship hull 

sections have been sent to Memorial University of Newfoundland for detailed structural 

analyses. An investigation has been undertaken to determine if significant improvements 

could be made to the IROQUOIS grillage panels. If significant improvements were possible 

it was important to determine how the grillage could then be optimized. The study focused 

on grillage stiffener design. Numerous stiffener designs were tested by varying factors 

related to their geometric and parametrized dimensions. Both finite element analysis and 

experimental design techniques were implemented within the study. The statistical 

significance of the studied factors was analyzed to develop more detailed and specific, 

experiments. Control runs were tested which consisted of built-T and flat bar stiffened 

panels, as well as the IROQUOIS grillage panels. An optimized concept grillage was 

produced which demonstrated an ability to outperform the control runs. 
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List of Symbols, Nomenclature or Abbreviations 

Built-T ï a stiffener, similar to a formed Tee. However, it is built from two flat bars. Both 

the web and flange have rectangular cross-sectional shapes. 

Exp1 through Exp5 ï The five main experiments conducted within this thesis. 

First Yield Point ï for the purpose of this thesis, has been defined as the point where the 

material discontinues to behave linearly with respect to a force vs. displacement curve. The 

definition of first yield point used should not be confused with the general definition of first 

yield point as it pertains to stress/strain curves. Within the text, first yield point has been 

used interchangeably with first yield and yield point. 

Global Model ï A relatively large grillage model consisting of three components: stiffeners, 

frames, and side-shell plating. Effectively, the Global Model is formed by combining 

several Local Models and adding transverse frames to connect the stiffener ends. Two 

versions of the Global Model exist ï one found in Exp3 and another found in Exp5. The 

term becomes most relevant in discussions surrounding Exp5 where the Global Model is 

compared to a Local Model. 

Grillage ï for the purpose of this thesis, has been defined as a stiffened-panel side-shell 

section of a ship. The basic structure consists of a design of three stiffeners attached 

perpendicular to a side-shell plate. Within the text, grillage has been used interchangeably 

with stiffened panel and panel. 

IBS ï An impact, normal to the grillage side-shell, directly between two stiffeners at the 

middle of their span. 
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Internal Energy ï for the purpose of this thesis, has been used interchangeably with the 

energy absorption capability of the structure, as well as, simply, energy. 

IOS ï An impact, normal to the grillage side-shell, directly on a stiffener. 

IOSC ï An impact, normal to the grillage side-shell, directly on a stiffener at the centre of 

the stiffener span. 

IOSQ ï An impact, normal to the grillage side-shell, directly on a stiffener at a quarter-

span of the stiffener. 

L/10 or L/100 ï Length of the stiffener span divided by 10 or 100, respectively. 

Local Model ï A relatively small grillage model consisting of two components: stiffeners 

and side-shell plating. The Local Model consists of exactly three stiffeners connected to 

the side-shell plating. The Local Model was used in Exp4 and Exp5. The term becomes 

most relevant in discussions surrounding Exp5 where the Global Model is compared to a 

Local Model. 

Optimization ï for the purpose of this thesis has been defined as maintaining the grillage 

weight while maximizing the following properties of the structure: internal energy, first 

yield point, and overload capacity. Optimization is usually aided by delaying the onset of 

buckling. 

Overload Capacity ï for the purpose of this thesis, has been defined as the amount of 

internal energy a grillage can absorb after the first yield point. Within the text, overload 

capacity has been used interchangeably with plastic reserve capacity. Regarding 
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discussions involving internal energy within the elastic regime, sometimes the terms elastic 

internal energy capacity, elastic capacity, or elastic energy absorption capacity, were used. 

S Corrugation or óSô Corrugation ï A corrugation shape which forms a sine wave when 

viewed from a plan view. 

Test1 through Test6 ï The six main tests conducted within Exp2 of this thesis. 

Traditional Corrugation ï A corrugation shape consistent which most corrugated 

bulkheads. It is similar to S corrugation, except the corrugation consists of straight edges. 

Analysis of variance ï ANOVA 

Boundary Condition ï BC 

Circular Hollow Section ï CHS 

Design of Experiments ï DOE 

Finite Element ï FE 

Finite Element Analysis ï FEA 

Finite Element Model/Modelling ï FEM 

Large Pendulum Apparatus ï LPA 

Mesh Convergence Analysis ï MCA 

Polar Class ï PC 

Response Surface Methodology ï RSM  
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Chapter 1 Introduction  

Traditional stiffeners, such as built-T (a stiffener, similar to a formed Tee, built from two 

flat bars) and flat bar stiffeners, are largely designed to mitigate structural yielding. For ice-

class vessels, a small amount of yielding is acceptable (IACS 2019). However, for non-ice-

class vessels, structural yielding is unacceptable (Paik and Thayamballi 2003). Therefore, 

traditional stiffeners are designed to have high initial stiffness and elastic capacity. As a 

result, stiffeners oftentimes have a relatively low plastic reserve (the amount of internal 

energy a structure can absorb after the first yield point, also known as overload capacity). 

Inadvertently, maximizing a stiffenerôs elastic capacity could have the effect of diminishing 

the stiffenerôs overload capacity. 

Under dynamic loading scenarios, most of the structural strength can be lost after yielding 

occurs. The stiffener is then unable to provide adequate stiffness to the surrounding 

structure. In many cases, the stiffener would have to be replaced after sustaining even a 

relatively small amount of plasticity. 

A numerical investigation has been undertaken to maximize the stiffenerôs ability to 

provide significant plastic capacity in the event of a local collision. The optimized structure 

has been designed to have equal weight and elastic capacity as compared to industry-

standard side-shell stiffeners. Except for Exp1 (one of the five main experiments conducted 

within this thesis), a frictionless, smooth, rigid indenter has been used to impact the 

grillages (stiffened-panel side-shell sections of a ship). Further details concerning the rigid 

indenter can be seen in Section: 3.7 Rigid Indenter Design. The experimental simulations 

have been set up to be validated against testing results from the large pendulum apparatus 



2 

 

(LPA) to be completed at a later date. The LPA has been developed for experimental ship-

ice and ship-ship structural interactions (Gagnon, et al. 2015). The LPA is capable of 

representing impacts between a test subject, and an indenter. Further details concerning the 

LPA can be seen in Section: 3.6 Large Pendulum Apparatus. Within the LPA, the concept 

grillage will be tested and compared to a set of grillages from the HMCS IROQUOIS. The 

IROQUOIS is a decommissioned Canadian naval destroyer. More information regarding 

the IROQUOIS can be seen in Section: 1.2 Background. 

A concept stiffener design has been achieved and was compared to standard built-T and 

IROQUOIS grillage stiffeners, under dynamic impact loading conditions. The concept 

grillage is a variable web-height, flangeless, stiffener that is optimized for impact loading 

scenarios normal to the side-shell. Three impact scenarios were simulated which consisted 

of an impact on a stiffener at mid and quarter-span, as well as an impact directly between 

stiffeners. To deform as much as the standard built-T and flat bar control runs, the concept 

design was demonstrated to require 19.7 % more impact energy, for indentations as large 

as 100 mm. Concerning indentations less than 60 mm, the concept design outperformed the 

IROQUOIS grillages for all load cases studied. Concerning indentations less than 120 mm, 

the concept design outperformed the IROQUOIS grillages for five out of the six load cases 

studied. 

The conducted work is divided into nine chapters. The introduction chapter defines the 

background, problem statement, and the motivations for investigating this area of research. 

Chapter 2 details the literature review. Chapter 3 details the methodology and discusses 

how experimental simulations were conducted. Chapters 4 through 8 discuss the five major 
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sets of experimental simulations (one numerical investigation per chapter) along with their 

results and conclusions. Chapter 9 discusses the overall conclusions and significant insights 

into the study, as well as future work recommendations. 

1.1 Problem Statement 

Modern ship design is focused much more on the elastic capacity of ship structures rather 

than the plastic capacity. Therefore, existing side-shell stiffener arrangements are often 

optimized to have a high degree of elastic capacity. The conducted work investigates the 

behaviour of a variety of both conventional and conceptual side-shell grillage stiffeners in 

an attempt to increase the stiffenerôs overload capacity without compromising weight or 

elastic capacity. In elastic design, the structure is optimized for transverse loads by 

maximizing structural stiffness to lessen deformations. Maximizing structural stiffness also 

increases the amount of internal energy (energy absorption capability of the structure) 

required for the structure to yield. However, optimizing a structure for elastic capacity 

could compromise the plastic reserve capacity of the structure. The conducted work 

investigates how geometric stiffener alterations relate to significant plastic reserve 

improvements, without compromising initial stiffness or elastic capacity. All loads were 

applied transversely and dynamically in impact scenarios. 

1.2 Background 

The Royal Canadian Navy has recently begun the revitalization process of its fleet of ships. 

One of the vessels that has been decommissioned from this process was the destroyer 

known as the HMCS IROQUOIS (see Figure 1.1). After its decommissioning in 2015, from 

nearly 45 years of service life, six side-shell grillages (see Figure 1.2) were cut from the 
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vesselôs hull and sent to Memorial University of Newfoundland for detailed structural 

analyses. Each grillage contains three longitudinal Tee stiffeners and is approximately 7 ft 

by 7 ft in area. 

 

Figure 1.1: HMCS IROQUOIS (Shaw 2013). 

 

Figure 1.2: One of the six HMCS IROQUOIS side-shell grillages. 
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1.3 Investigation Motivation 

Built-T stiffeners are often used in shipbuilding due to their ability to resist mid-span 

deflection from a central load (bending) due to their cross-sectional properties. In turn, the 

stiffener has a tremendous amount of initial stiffness and elastic capacity. However, within 

many dynamic loading scenarios, once yield occurs much of the strength of the stiffener 

can be lost. Likely due to the inertia of the flange from the dynamic loading, the stiffener 

web is unable to displace within the direction of the load and buckles locally. 

Conversely, the flat bar stiffener (Built-T without a flange) solves the issue of local 

buckling due to the lack of a flange. However, instead of buckling locally, it trips. Also, 

without the extra support of the flange at the ends, the stiffener often experiences end-

buckling. See Figure 1.3 and Figure 1.4 for visual aids of this phenomenon. 

 

Figure 1.3: Local buckling within a built-T stiffener. 
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Figure 1.4: Tripping within a flat bar stiffener. 

In current shipbuilding, the post-yield behaviour of steel is of little concern since ship 

designs do not allow for structural yielding (Paik and Thayamballi 2003). More recently, 

concerning ice-class vessels, the discussion has been opened to explore the post-yield 

behaviour of materials as most of the structural strength may lay within the region. 

Therefore, the purpose of this investigation is to identify a more optimal stiffener that 

maximizes the plastic reserve capacity to make better use of the full range of potential 

stiffener deformations. An optimized stiffener should be capable of absorbing a significant 

amount of energy even after large deformations, caused by a dynamic impact loading 

scenario. The grillage structures from the IROQUOIS were compared to various 

conventional and conceptual grillage designs. The comparisons were made to better 

understand how the structure could be improved. 
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Chapter 2 Lit erature Review 

The following subsections include a review of available, relevant, topics that relate to the 

conducted work. The major topics for review include impact testing, finite element model 

(FEM) guidelines, corrugation techniques, overload capacity, buckling modes, and 

structural optimization (maintaining the grillage weight while maximizing the internal 

energy, first yield point, and overload capacity). A full -scale version of the finalized 

concept grillage is intended to be tested in the LPA as a validation for the FEM used 

throughout the analysis portion of this research. Therefore, it was important to study 

previous work related to impact scenarios to ensure proper setup and proper result 

extraction. To simulate the collisions, several indenters have been used in the form of rigid 

steel indenters as well as various ice shaped indenters. Also, guidelines have been 

produced, which detail proper FEM techniques involving highly nonlinear impact 

scenarios. Corrugation has been widely used in the shipbuilding industry in the form of 

corrugated bulkheads, but not a lot is known about its use in stiffener design. The literature 

review also details overload capacity, which describes the available capacity of a structural 

member, generally, within the plastic regime. The three distinct buckling modes related to 

grillage side-shell stiffeners are local buckling, tripping, and end-buckling. Each buckling 

mode is distinct from one another and often require different mitigation techniques. Lastly, 

the literature review discusses optimization ï a technique that has been employed in many 

fields as a tool to ensure that processes are highly efficient. Moreover, optimization has 

been explored specifically related to various types of steel structures. 
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2.1 Impact Load Testing 

An example of previous research involving the LPA involves an impact panel known as 

the NRC Impact Panel (Gagnon 2008). The NRC Impact Panel was used as the test subject, 

which was impacted by an ice cone. In his doctoral dissertation, (Quinton 2015) 

conveniently detailed the ice formation process utilized in modern ice-ship impact 

interactions. The goal of the experiment involving the NRC Impact Panel was to verify that 

the impact panel was capable of providing accurate data, which in turn validated the 

capabilities of the LPA. The study showed that the impact panel was fit for purpose within 

the constraints of the testing environment (Sopper, et al. 2015). More details concerning 

the Impact Module can be seen in (Gagnon 2008). 

The LPA has been designed to facilitate other full-scale impacts, like the one proposed in 

this research. Instead of an ice indenter, a steel indenter can be used to perform high-energy 

impact scenarios. Using a rigid steel indenter aids in the study of the grillage side of the 

pendulum by introducing a more controlled environment. The rigid indenter side of the 

pendulum does not deform plastically and deforms elastically only negligibly. 

2.1.1 Sliding Loads 

Though sliding loads (or moving loads) were not investigated explicitly within this 

research, recent studies have found it non-conservative to omit their contribution to certain 

structural impact scenarios. Therefore, the conclusions of such studies were considered for 

future work. 
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Sliding loads refer to impacts which do not occur normal to the test subject. (Quinton 2008) 

demonstrated that moving loads, on ship structures, can significantly decrease the structural 

capacity of a ship structure. It is often not conservative to ignore sliding load effects. As 

predicted by (Quinton 2008), éò the normal direction structural reaction of a steel plate 

subject to a moving object that incites a plastic plate response is considerably weaker than 

that exerted on a stationary object applying the same normal direction load.ò Extensive 

research has shown that plastic buckling is induced at a much lower load for sliding loads 

compared to stationary loads (Quinton 2015). Through the use of a frictionless/rigid 

indenter, the tests showed that structural capacity losses were a real consequence (Quinton, 

et al. 2017). Therefore, moving loads cannot be ignored whenever there is a possibility of 

plasticity. The two structural members that are often least conservatively predicted by 

moving loads are the hull plating and frames. Extensive research has shown that the 

induction of plastic buckling can be induced at a much lower load magnitude for sliding 

loads compared to stationary loads (Quinton 2015). 

In research involving IACS design ice loads, a sliding load scenario was applied to Polar 

Class 1-7 (PC1-7) vessels to determine the effect compared to ice-strengthened vessels 

(Quinton 2019). Both built-Ts and flat bar framed grillages were examined. It was found 

that there was no appreciable difference between sliding and stationary design loads for 

built-T frames with PC1-4. However, there was a noticeable difference for PC5-7 vessels 

ï the more extreme result for the moving load case. For flat bar PC1-7, the sliding load case 

was more significant than the stationary case. The residual deflections were more than 

twice as much compared to the built-Ts (Quinton 2019). This investigation has shown that 
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built-Ts offer higher strength than flat bar frames concerning the prevention of plastic 

deformation, under similar loading scenarios. 

2.2 Finite Element Model Guidelines 

In recent years, an extensive amount of research has been done in the area of FEM 

generation concerning ship collisions. Many of these include finite element (FE) validation 

models (Kim and Daley 2018). Two scholarly papers have been thoroughly examined 

throughout the following subsections regarding FEM creation of ship collisions (Quinton, 

et al. 2016; Ringsberg, et al. 2018). 

The stationary impact benchmark study was referenced for all modelling of geometric and 

parametrization space of the concept grillage (Ringsberg, et al. 2018). The benchmark study 

involved collision simulations organized by the MARSTRUCT Virtual Institute. Fifteen 

research groups participating in the study. The main point of the study was to determine 

acceptable practices for creating reasonable FEMs for ship-collision purposes. A case study 

was analyzed, which was analogous to a ship-ship (bulbous bow impacting side-shell) 

collision. The following information was used to control the experimental process to allow 

for cross-comparison of experimental data: 

¶ The geometry of the FEM 

¶ Parametrized geometric dimensions 

¶ True stress-strain data from tensile strength testing of the side-shell material 

¶ Boundary conditions (BCs) of the rigid frame 

¶ The contact point between the indenter and double hull 

¶ Rigid indenter material properties 
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¶ Experimental conditions such as termination time, load rate, and the displacement-

controlled conditions 

Each of the fifteen experimenters followed the above process and submitted a detailed 

report of their findings. The results were based on three outputs: the reaction force-indenter 

displacement curve, the internal energy-indenter displacement curve, and a list of the 

corresponding displacements at particular structural member failures. A reinforced frame 

was used to constrain the test grillage and simulate clamped BCs. The indenter was slowly 

(as not to induce plasticity) pushed against the grillage ten times to relax the residual 

stresses caused by welding the grillage to the support frames. In physical tests, the indenter 

experienced a displacement rate of 4 mm/s. However, within the FE space, a higher impact 

rate was used. The dynamic effects in the nodal forces were checked to ensure the 

mass/inertia did not affect the results. A nonlinear elastic-plastic constitutive material 

model, with isotropic hardening, was used. However, since the physical tests were carried 

out at relatively low speeds, strain-rate hardening was ignored. All mesh elements used 

were four-node shell elements with five through-thickness integration points. Contact was 

used to simulate the collision between the grillage and indenter. Within LS-DYNA, 

ñautomatic surface-to-surfaceò was used for contact between the indenter and grillage, 

while ñautomatic single surfaceô was implemented for all contact between other 

components. 

The results from all simulators showed low scatter and a general agreement between results 

ï despite model differences in element size, BCs, material model and material data used. 

Also, it was shown that no statistical difference was observed between the results in the 
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two FE software used for computation ï ABAQUS and LS-DYNA. The graphical results 

of internal energy vs. displacement and force vs. displacement showed no trend between 

the two methods. Based on the low scatter and relative agreeance of the data, it was shown 

that the results of the benchmark study could serve as a guideline for FEMs involving ship 

collisions. 

In addition to stationary testing, sliding load guidelines were also consulted for a complete, 

thorough, review. A recent paper provides guidelines for finite element analysis (FEA) of 

sliding loads on hull structures, causing plastic deformation (Quinton, et al. 2016). It was 

assumed that no tearing or puncture occurred. 

There are two basic forms of FEA code: implicit and explicit. While it is important to note 

that both codes are not mutually exclusive, they are, however, better suited for different 

situations. Ship impacts occur in a relatively short period. The need to view the FE 

behaviour on a short time-step to adequately capture the structural behaviour renders the 

implicit method inefficient. Therefore, explicit FE codes were primarily used. To conserve 

computational power for FE testing, linear elements were used wherever possible. 

Any region of the model that was expected to experience geometric and material 

nonlinearities was modelled using at least five through-thickness integration points to 

capture to modelôs behaviour adequately. Also, shell elements were primarily used due to 

the structural member aspect ratios of beams and plates. Beam elements near the impact 

area were not recommended as they do not model localized changes in cross-section shape, 

which can occur when considering large deformations. Once the element type was selected 

and a mesh was applied to the geometry, a detailed mesh convergence analysis (MCA) was 
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conducted. A new MCA should be employed whenever the stress gradient of a model 

changes. Particular attention should be given to areas near an impact (as these areas can 

experience significant geometric nonlinearities), as well as areas consisting of geometric 

discontinuities. The LS-DYNA default Belytschko-Tsay shell element, including warping 

stiffness considerations, was found to be sufficient at describing FEMs involving ship 

impacts (Quinton 2015). Element quality checks should always be performed, both before 

and after loading, to ensure the minimum quantity of elements in the model pass warpage, 

skew, Jacobian, and aspect ratio checks. Hourglassing, shear locking, and volumetric 

locking should each be considered where appropriate, depending on whether reduced or 

fully i ntegrated elements are employed. 

It has been shown that a bi-linear elastic-plastic model was capable of representing the 

nonlinear behaviour of steel hulls (Quinton, et al. 2016). However, when possible, a multi-

linear elastic-plastic material model should be used (Quinton 2015). In either case, 

particular attention should be placed on kinematic and isotropic hardening as either could 

dominate in sliding load scenarios. The Cowper-Symonds strain-rate hardening model may 

be consulted for strain-rate dependent plasticity when the appropriate constants are known. 

As fracture was outside of the scope of (Quinton, et al. 2016), there were no recommended 

practices for representing fracture strain. 

Recent laboratory experiments have proven that moving load capacities for ship grillage 

members were found to be inversely proportional to the stiffness of the BCs (Quinton 

2015). Therefore, simply applying clamped or fixed BCs would not necessarily represent 

the model accurately. It is necessary to move the extents of the model far enough away 



14 

 

from the impact that no plasticity occurs at the BCs, to ensure that the FEM results are not 

dependant on the BCs. 

FEA software packages, such as LS-DYNA, often contain many solution controls that 

affect the solution process. A potentially significant solution control to monitor would be 

the precision level used to solve the model. Generally, simulations involving more than 

200,000 time-steps should implement a double-precision solver to mitigate the 

accumulation of round-off error. Otherwise, a single-precision solver can be used. 

2.3 Corrugat ion 

Corrugated structures are commonly used in ship construction in the form of corrugated 

bulkheads. Corrugated bulkheads are useful because they eliminate the need for stiffening, 

lessen corrosion rates, and make for easier maintenance (Sang-Hoon and Dae-Eun 2018). 

Perhaps most importantly, they lower the mass of the structure which is vital for structural 

optimization. The most critical design variable for corrugated bulkheads is the depth of the 

waveform (Sang-Hoon and Dae-Eun 2018). Though corrugation is a common technique in 

bulkhead design, it is not generally used for stiffeners. However, corrugated stiffeners on a 

grillage may lessen the overall weight by eliminating the need for stiffener flanges. 

Unfortunately, detailed calculations to optimize the various geometric properties of 

corrugated ship plates only exist for bulkheads, not stiffeners. Since the loading conditions 

for bulkheads are not the same as for plate stiffeners, bulkhead corrugation practices are 

not necessarily helpful. 
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2.4 Plastic Reserve (Overload Capacity) of Stiffeners 

Generally, overload capacity refers to a structureôs capacity under a load higher than what 

is allowed by a set of rules (Kõrgesaar, et al. 2018). Current Polar Rules allow for only a 

marginal amount of plasticity in ship structures (IACS 2019). Considerations for structural 

plastic reserve capacity is being neglected due to a lack of understanding as to which 

geometric parameters are responsible for its increase, and because rules and regulations 

currently do not allow significant structural plasticity. However, it has been shown that a 

stiffenerôs overload capacity can be altered based on geometric alterations such as changes 

to the cross-sectional parameters such as web height, web thickness, flange width, and 

flange thickness. Also, bulb flat, as well as flat-bar, stiffeners have been shown to have 

significant plastic reserve compared to Built-Ts (Kujala 1994). 

Another study on overload response provides insight related to transversely stiffened 

grillage panels under varying sized patch loads (Kõrgesaar, et al. 2018). The objective of 

the study was to initiate the understanding of limit states, using an ice-strengthened ship, 

concerning buckling and fracture of ice. Two geometric options were explored as part of 

the analysis: grillage frames and isolated frames. Furthermore, both model configurations 

studied two frame types: flat bar and L-frames. 

The FEA within (Kõrgesaar, et al. 2018) demonstrated several key results related to 

overload capacity. The study found that there was a relationship between the patch load 

length and the deformation mode. Also, within the elastic regime, the frames carry a large 

portion of the load. However, once the structure yields more of the load is absorbed in 

membrane plate stretching. L-frames, compared to flat bars, tended to lessen overload 
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capacity due to local failure within the frame. Furthermore, it was discovered that the 

frames were much more susceptible to significant plastic strain compared to the shell. 

Therefore, the frames were more likely to fracture than the shell plating. 

The study shown in (Kõrgesaar, et al. 2018) conceded that much work was left to be done 

within the immediate research field. The article suggested that other frame designs should 

be tested to compare to the results found from flat bars and L-frames. Also, typical 

geometry was missing from the models such as brackets, lightening holes, and other 

reinforcements. Lastly, it was noted that the ice load was represented by a uniform pressure 

patch. In reality, the interaction between ice and ship structures is a much more complex 

phenomenon. The interaction should be considered for a more realistic scenario. 

Much of the structural strength may be found within its plastic reserve capacity. Therefore, 

the plastic response was monitored within all experimental simulations in an attempt to 

understand the factors that contribute to its maximization. 

2.5 Buckling Modes 

There are three general buckling modes of concern to stiffeners: local buckling, tripping, 

and end-buckling. Local buckling occurs within the stiffener web at the impact site where 

the web of the stiffener buckles. Tripping occurs, again, when the stiffener buckles near the 

impact site. However, when a stiffener trips, the buckling occurs at the top-edge of the 

stiffener, parallel to the side-shell. Also, tripping is not always localized. DNVGL defines 

tripping as a sideways buckling of a stiffener top (DNV-GL 2015). Tripping can occur in 

both the web and the flange of a stiffener. Lastly, end-buckling occurs near the ends of the 
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stiffener. Generally, if the stiffener ends are soft, the buckling is less pronounced. End-

buckling can occur in both the web and the flange of a stiffener. 

Buckling can be graphically represented in the form of force vs. displacement plots (Daley, 

et al. 2017). Areas of the curves where the slope becomes nonlinear are indicative of 

buckling within the structure, which is consistent with a loss in energy (Daley, et al. 2017). 

2.6 Structural Optimization  

Stiffened panels are commonly used in the marine industry. To lower the weight of these 

structures while maintaining stiffness and strength, optimization techniques can be 

employed. One of the first steps to any optimization application is to define a suitable 

investigation method (Ringsberg, et al. 2012). During the concept grillage design phase, it 

is essential to be able to identify at what point the structure is quantifiably optimized. Two 

tools that can be used to identify optimization are FEA and design of experiments (DOE). 

DOE can be used to formulate a concise set of experimental runs and analyze the results, 

while FEA is used to extract results from the FEMs. Once the data has been analyzed, a 

thorough benchmarking process must be applied through a series of full-scale LPA tests. 

DOE has been proven to be a fundamental tool in optimization and has been used to develop 

a regression equation involving the plastic response of ship structures due to ice loading 

(Abraham 2008). Once the various factors are chosen which may affect grillage 

optimization, DOE can be implemented (either through to use of a factorial analysis or 

response surface methodology (RSM)) to determine the statistical significance of the 

studied factors. 
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Generally, yield strength and buckling strength are among the top choices for the design 

criteria for stiffened panels (Zhongwei and Mayuresh 2017). However, the yield criterion 

does not consider any plastic reserve strength that the material may have. That is to say, the 

yield criterion is too conservative. The highest load a structure can withstand can be 

observed in its ultimate strength (Kim and Daley 2018). 
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Chapter 3 Methodology 

An optimal grillage was designed to be tested in an LPA in an attempt to discover a more 

efficient, optimized, grillage design. Five sets of experimental simulations were conducted 

utilizing FEA and oftentimes DOE (Exp1, Exp3, and Exp4). Each experiment was analyzed 

to determine significant insights and areas of improvement for subsequent experiments or 

future work. All experiments conducted utilized stiffened side-shell panels. The 

experiments focused heavily on the stiffener design more so than the side-shell design. All 

stiffener designs were compared against controls in the form of built-T and flat bar 

stiffeners. All experimental simulations were conducted dynamically in impact scenarios. 

3.1 Experiment Matrix  

Within Exp1, an experimental design was conducted on flangeless corrugated stiffeners. 

Corrugation was tested due to its ability, in bulkhead design, to eliminate the need for 

additional stiffening and lessen the overall weight of the structure (Sang-Hoon and Dae-

Eun 2018). Three corrugation parameters were varied through the implementation of an 

experimental design to determine if  a corrugated stiffener could improve the grillage 

performance. The plastic reserve capacity was not yet analyzed. A goal of Exp1 was to 

create a controlled experimental setup without complicating the FEMs. It is often useful in 

FEA to first start simple before complicating the design. With a complicated design, it is 

sometimes difficult to precisely conclude the cause of effects within the results. 

Exp2 was completed in the form of a more general exploratory experiment. Exp2 was 

performed as an investigation to determine how altering the shape of the stiffener would 
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result in a more optimal design. The tested stiffeners included flat bar, bulb, corrugation, 

Circular Hollow Section (CHS), web-bracket stiffeners, and variable web height stiffeners. 

In some cases, many alterations to the geometry were considered, such as web height, web 

thickness, flange width, and flange thickness. It was useful to test many common stiffener 

designs, in a controlled way, to determine which stiffeners performed more optimally, and 

why. 

The circular radius, variable web height, stiffener from Exp2 was further studied in Exp3. 

Exp3 utilized a relatively large FEM referred to as the Global Model (a relatively large 

grillage model, formed by combining several Local Models, consisting of three 

components: stiffeners, frames, and side-shell plating). Effectively, the Global Model 

included an array of Local Models (a relatively small grillage model consisting of exactly 

three stiffeners connected to the side-shell plating) with frames at the ends of the central 

stiffeners. The experimental simulations were completed to determine how altering the 

stiffener dimensions affected the optimality of the structure. A rigorous experimental 

design was built using DOE to accommodate a manageable number of experimental runs, 

while still being capable of determining statistical results. The web height and thickness, 

and flange width and thickness were varied throughout the experimental designs. 

Exp4 continued with the circular radius variable web height stiffener design. However, 

unlike Exp3, Exp4 utilized the Local Model. With the flange omitted, the web height and 

thickness were varied within the experimental design. As was the case with Exp3, a 

rigorous experimental design was built using DOE to analyze the statistical significance of 
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the studied design factors. Exp4 yielded an optimal design based on the dynamic load cases 

and geometry studied. 

Once the Concept Grillage was defined, it was compared to the IROQUOIS grillages in 

Exp5. Since the IROQUOIS grillage stiffener masses were slightly lower than the control 

run masses, the experimental design from Exp4 was consulted to determine an updated set 

of optimal factor levels based on the new stiffener weight. 

3.2 Optimization Definition  

Optimization has been defined as maintaining the weight of the grillage while improving 

the energy absorption capabilities of the structure. Also, the first yield point (the point 

where the material discontinues to behave linearly with respect to a force vs. displacement 

curve) of the optimized structure must be maintained or increased. Lastly, the overload 

capacity of the structure must be maximized, without interfering with the former 

constraints. It is important to note that the term optimization was used merely to describe 

the process of maximizing/maintaining the responses of the conducted work. 

Structures that were being tested for optimization were compared to a combination of 

control runs in the form of built-T, flat bar, and IROQUOIS stiffened panels, depending on 

the experiment. In general, optimization was achieved by delaying the onset of buckling as 

much as possible. 

The energy absorption capabilities, as they pertain to optimization, were obtained from two 

methods of calculating the internal energy of the stiffened panel, which were shown to be 

identical. The first method included integrating the BC force, or contact force, by the 
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maximum displacement of the model. The second method involved gathering the internal 

energy data directly from LS-DYNA. Within the text, energy absorption has been used 

interchangeably with either internal energy or, simply, energy. 

The first yield point, as it pertains to optimization, was determined from noting the first 

point at which the BC force, or contact force, vs. displacement plots became nonlinear. It 

was defined as the point where the force-displacement behaviour stopped behaving 

linearly. The description of the first yield point used for optimization should not be 

confused with the first yield point as it pertains to the material stress/strain curves. Within 

the text, first yield point has been used interchangeably with first yield or yield point. 

The overload capacity, as it pertains to optimization, was defined as the amount of internal 

energy the grillages were able to absorb, after the first yield point. Within the text, overload 

capacity has also been used interchangeably with plastic reserve capacity. Regarding 

discussions involving internal energy within the elastic regime, sometimes the terms elastic 

internal energy capacity, elastic capacity, or elastic energy absorption capacity, were used. 

It should be noted that the built-T control stiffener was not optimized. It should also be 

noted that the flat bar control stiffener was optimized as part of Exp4 since the factor levels 

included the flat bar shape. 

3.3 Control Stiffeners 

Two stiffeners were used for control FEMs throughout the experiments: a built-T and a flat 

bar. The built-T is a stiffener, based on the simplified panel stiffeners (see Section: 7.2.1 

Local Model), used for testing within the LPA. The flat bar is a stiffener designed to have 
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the same weight and web slenderness ratio as the built-T control run. The slenderness ratio 

was calculated by dividing the web height by the web thickness. Note that the slenderness 

ratio of the flange was ignored since the flat bar was flangeless. Both control stiffeners were 

meant to be comparable to one another for FEM comparisons within the experiments. 

See Table 3.1 for the scantlings of the built-T and flat bar control stiffeners. As can be seen 

in the table, to create the flat bar from the built-T, effectively, the weight of the flange was 

redistributed into the stiffener web. Therefore, compared to the built-T, the flat bar web 

was taller as well as thicker to equate the weights of the control stiffeners. Throughout the 

experiments, the number of stiffeners and the extents of the FEM change, but the scantlings 

of the control stiffeners remain constant. See Figure 3.1 and Figure 3.2 for the visuals of 

the control stiffeners. 

Table 3.1: Scantlings for the control stiffeners. 
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Figure 3.1: Built-T control stiffener. 

 

Figure 3.2: Flat bar control stiffener. 

Scantlings related to the various FEMs throughout Exp2, Exp3, and Exp4, can be found in 

Appendix C2, Appendix D2, and Appendix E2, respectively. Since the scantlings of the 

models within Exp1 and Exp5 did not change significantly between runs, they can simply 

be found within the text in Sections: 4.1 Model Parts and 8.2 Model Parts, respectively. 
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3.4 Finite Element Analysis 

FEA was the main tool used throughout the conducted work, which was utilized by each 

of the five sets of experimental simulations (Exp1 through Exp5). The FEMs within this 

thesis were constructed based on guidelines and a benchmark study within Section: 2.2 

Finite Element Model Guidelines, which outline best practices for modelling nonlinear ship 

structural accidental loading conditions. 

3.4.1 Numerical Model Inputs 

For conciseness, the FEM inputs have been outlined within the following subsections. Note 

that many of the FEMs within the conducted work consisted of similar model inputs and 

controls. 

With the exception of Exp1, all experimental simulations were completed utilizing an 

explicit time-integration FEA solver. The time-step, which is calculated based on the speed 

of sound through the material, will always be within range to capture nonlinear and unstable 

structural behaviour (Quinton, et al. 2016). The conducted work deals primarily with 

impact scenarios. 

An implicit solver was used for Exp1 which involved a static loading scenario with an 

elastic material model. The FEMs within Exp1 were solved in one time-step. Unlike 

explicit solvers, time-step size can be user-defined for implicit solvers. Therefore, implicit 

solvers are well suited for FEMs which can be solved in large time-steps (such as static and 

quasi-static analyses). 
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3.4.1.1 Boundary Conditions 

With the exception of Exp2, the BCs used for all FEMs were fixed-fixed at the extents of 

the models (see Figure 4.4). These fully restricted conditions mimic the experimental setup 

with the robust LPA grillage carriage. Within Exp2, symmetrical BCs were used, in 

addition to fixed-fixed BCs, to reduce model size. 

3.4.1.2 Loading Conditions 

For Exp2 through Exp5, the load was applied dynamically using the rigid indenter dome 

(see Section: 3.7 Rigid Indenter Design), in the normal direction (see Figure 3.4). For Exp2 

through Exp4, rigid body motion of the dome was used to apply the load. Firstly, the Dome 

was located 5 mm from the test subject as to ensure the parametrized thickness of the side-

shell did not interfere with the solid dome. Then, the dome was displaced according to the 

load curve shown in Figure 3.3. The velocity of the load corresponds to 3.67 m/s. The dome 

was translated from a displacement of 0 mm to 220 mm. At time 0.06 s, the dome retracted 

at a velocity of -3.67 m/s, until the termination time was reached. The velocity was chosen 

based on the testable impact velocity range of the LPA. The Dome was only permitted to 

translate in the z-axis (see Section: 3.9 Coordinate System), all other translations and 

rotations were constrained. 

For Exp1, a pressure was applied directly to the side-shell to simulate an applied load. For 

Exp5, the dome was given an initial velocity to simulate an impact scenario. For additional 

information concerning the load conditions related to Exp1 and Exp5, see Section: 4.2.2: 

Loading Conditions and 8.3.1: Loading Conditions, respectively. 



27 

 

 

Figure 3.3: Exp2, Load Curve. 

 

Figure 3.4: Exp2, Dome position relative to Grillage. 

3.4.1.3 Contact 

For Exp2 through Exp5, frictionless, automatic surface-to-surface penalty-based contact 

was used between the grillage side-shell and the dome. Within automatic surface-to-surface 

contact, a slave and master are arbitrarily defined. Since automatic surface-to-surface 

contact is a two-way contact algorithm, the distinction of slave and master does not affect 

the FEM. The dome was defined as the slave while the side-shell was defined as the master. 

However, surface-to-surface ensures that contact is detected between the slave through the 

master, as well as the master through the slave. Automatic surface-to-surface contact is 
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often used in dynamic impacts where it is not guaranteed which direction the contact will 

occur, due to the dynamics of the collision. 

Significant cases of tripping and local buckling sometimes resulted in unintended 

penetration between the stiffener web and side-shell. This issue could have been solved by 

defining contact between the stiffener web and side-shell. However, since the issue only 

occurred in FEMs with significant cases of tripping and local buckling, the affected FEMs 

were automatically determined to be suboptimal regardless. It should be noted that this 

issue did not occur for the optimal design, the built-T and flat bar control, or the IROQUOIS 

FEMs. 

3.4.1.4 Model Controls 

The only two significant controls that were altered from LS-DYNAôs default setup was the 

termination time and the time-step. The FEMs were set to terminate once the load was 

removed, and all residual stresses had sufficiently dissipated. 

Exp1 was solved in one time-step since it was a static elastic, analysis. Exp2 through Exp5 

were analyzed using an explicit solver which automatically generates a stable time-step. 

3.4.1.5 Material Models 

For Exp2 through Exp5, a bi-linear plastic kinematic material model was used to represent 

all deformable materials within the FEMs. For Exp1, a linear elastic material model was 

chosen. General steel properties were chosen simply to analyze the trends between the 

FEMs for statistical comparisons. For the rigid indenter dome material properties, see 
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Section: 3.7 Rigid Indenter Design. No failure criteria were implemented as only trends 

between the runs were being analyzed. 

3.4.1.6 Element Types 

Belytschko-Tsay shell elements were used exclusively for deformable elements throughout 

experimentation. The shell elements were given five through-thickness integration points 

to better capture any material or geometric nonlinearities. LS-DYNAôs recommended shear 

factor of 5/6 was applied. All FEMs were meshed primarily with quadrilateral elements. 

Some triangular elements were sometimes required to preserve element quality wherever 

significant curvature existed in the geometry. 

The default constant stress solid elements were used to create the rigid indenter dome for 

impact testing. 

3.4.1.7 Mesh Convergence 

An MCA was completed for each experiment to ensure that the results were independent 

of further refinements in the FE mesh. All controls and parameters within the FEMs 

remained constant except for the change in average element size. The data was plotted to 

determine the largest average element size which could accurately represent the model. The 

largest element size was preferable due to the decrease in the required computational 

power. 

3.4.1.8 Result Extraction 

Data was output in the form of d3plots and ASCII plots, which produced various elemental 

and nodal structural responses. Results from the d3plots were extracted from von Mises 
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stress vs. displacement plots, while results from the ASCII plots were extracted from BC 

force and contact force vs. displacement plots. Internal energy vs. displacement plots were 

also consulted which were compared to integrated force vs. displacement plots to ensure 

that the plots were equal, and that no energy was being lost to other forms. 

The von Mises stress of the highest stressed element in the model, at the end of the 

simulation, was plotted against the maximum displacement in the model. The goal was to 

produce low von Mises stress values throughout the prescribed displacement. A low von 

Mises stress is consistent with the model being able to deflect without failure occurring, 

which was a product of an optimized grillage. Care should be taken when considering the 

von Mises stress values since a bi-linear material model was implemented with no failure 

strain identified. For data collection purposes, only the trends between the von Mises data 

of FEMs were considered. It should be noted that the von Mises data was collected once 

the load was relaxed, and once the amplitude of dynamic vibrations within the von Mises 

stress data had dissipated considerably. In should be noted that, stress can be seen to build 

up in the side-shell, without propagating into the stiffener web, in several of the FEMs 

throughout the conducted work (for example, see Figure 4.8 and Figure 4.10). In thesis 

instances, the relative strength of the stiffener is much higher than the side-shell. Therefore, 

the side-shell will yield before the stiffener, resulting in large side-shell deformations and 

large stress values. 

The force vs. displacement data was plotted in two forms: BC force vs. displacement and 

contact force vs. displacement. For clarity, the BC force refers to the force at the BCs. Each 

data point of the BC force vs. displacement plots corresponds to the total reaction force at 
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the BCs of the whole model versus the maximum displacement in the model. It was 

confirmed that the total BC force matched the total contact force within each FEM. In later 

experiments, contact force was used exclusively since it experienced fewer dynamic effects 

that produced cleaner data. 

Since internal energy is the integral of force and displacement (see Equation [1]), the goal 

was to produce high force values throughout the prescribed displacement. Since the force 

vs. displacement values did not often have a constant slope, the function must be integrated 

to find its actual value. Internal energy was monitored since a relatively steep decline in the 

slope of a force vs. displacement curve can suggest that buckling has occurred, which was 

consistent with a loss in energy (Daley, et al. 2017). For Exp4 and Exp5, energy vs. 

displacement plots were analyzed by integrating the area under the force vs. displacement 

curves. 

The general form of the equation describing the relationship between energy, force, and 

displacement involves integrating the force with respect to the displacement (see Equation 

[1]). Since the integral of force and displacement is equal to energy, the goal was to 

determine which stiffener configuration provided the lowest amount of displacement per 

unit force. A low displacement per unit force would produce the largest slope and would, 

therefore, produce the highest energy absorption per unit force. Since, within the elastic 

regime, the force vs. displacement plot produced a constant slope, the equation did not have 

to be integrated, instead, Equation [2] could be used. 

                                                             Ὁ Ὂ᷿ὼὨὼ [1] 
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          Ὁ Ὂὼ     [2] 

Where: E = Energy (J) 

 F = Force (N) 

 x = Displacement (m) 

3.4.2 Benchmarking 

The FEMs were built based on considerations for best practices, as were outlined in 2.2 

Finite Element Model Guidelines. The FE method implemented within the guidelines and 

benchmark study was heavily incorporated for the FEM creation phase. Therefore, the 

conducted numerical investigation within this thesis is benchmarked based on the 

methodology of previously published benchmarked FEMs. 

Since the built-T and flat bar control FEMs were based on FEMs from the literature, there 

are limitations to the benchmarking efforts. Especially concerning the conceptual stiffener 

designs, it is assumed that these models which could not be benchmarked will yield 

accurate results since the models have all been created with highly similar FEA 

methodology. It is assumed that the relative differences between the FEMs will not 

invalidate the results. 

It should be noted that the built-T control stiffener utilized within Exp1 through Exp4 was 

designed to be a replica of the simplified panel stiffeners. A simplified panel (see Section: 

(see Section: 7.2.1 Local Model) has been tested within the LPA as part of a proof of 

concept test for the research project. The resultant panel deformations from the actual test 

were within an acceptable range as compared to the FEM deformations seen within this 
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thesis. However, the results of this actual test were insufficient to fully benchmark the 

conducted work. When possible, a more rigorous actual test of the optimal design will be 

completed within the LPA, as detailed in Section: 9.2.1.1 Validation Study Outline. The 

subsequent documented results of this test will be used to validate the optimal design 

detailed within this thesis. 

3.5 Design of Experiments 

DOE was the secondary main tool used throughout the conducted work. Three of the five 

conducted experiments utilized DOE (Exp1, Exp3, and Exp4). DOE is a technique used to 

correlate the relationship between experimental factors and responses by analyzing the 

variation of the studied factors. A factor is an experimental variable that is manipulated to 

determine its relationship with a response (Mason, et al. 2003). All factors studied in this 

thesis were continuous numerical. Analysis of variance (ANOVA) was the main tool 

implemented through the use of DOE. ANOVA compares differences in means of data sets 

by analyzing the variance within the data. 

DOE was used mainly to develop a robust, minimalistic, set of experimental runs that were 

capable of extracting the statistical significance of the studied factors. A run is a single set 

of factor-levels used to collect experimental results on a response (Mason, et al. 2003). A 

level refers to a factor value (Mason, et al. 2003). Factors can either contain a minimum 

and maximum level, or a range of levels. Concerning this research, runs were produced in 

the form of FEMs with all FEA controls and inputs remaining constant, except for the 

studied factors. 
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Each experimental design contained multiple runs to gather a sufficient amount of 

information regarding the statistical significance of each factor studied. An experimental 

design, or design, is a complete set of experimental runs used to determine statistical results 

(Mason, et al. 2003). 

RSM was used to accurately make predictions regarding the whole design space ï not just 

the maxima and minima. The design space, also known as the experimental region or the 

factor space, refers to all of the possible factor-level combinations which can be explored 

through experimentation (Mason, et al. 2003). RSM is necessary for optimizing factor 

levels (Montgomery 2017). An optimal design was implemented to minimalize the number 

of runs necessary to produce a robust design. Optimal designs are experimental designs that 

are often used to efficiently analyze a wide variety of designs as they are capable of 

analyzing irregular and nonstandard designs (Montgomery 2017). 

3.5.1 DOE Result Analysis 

Analyzing results from an experimental design follows a fairly linear methodology to 

ensure that the results from the design can be relied upon. First, the fit summary of the data 

must be analyzed. A fit summary determines whether the results fit a linear, two-factor-

interaction, or quadratic curve. Two-factor-interactions refer to joint factor effects where 

the effect of one factor depends on the effect of another (Mason, et al. 2003). The effects 

within the model represent the average response between two factor-level combinations 

(Mason, et al. 2003). Whichever fit summary curve fits the design more closely should 

often be used. 
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The ANOVA must then be assessed. Any p-values greater than 0.05 (based on a 95% 

confidence interval) must be rejected from the model. Next, the predicted R2 value must be 

compared to the adjusted R2 value of the model. The adjusted R2 value changes based on 

the number of predictors in the model. The difference between the predicted R2 and 

adjusted R2 value should not be greater than 0.2 (Stat-Ease, Inc. 2018). Also, the signal to 

noise ratio must be checked to ensure it is greater than 4 (Stat-Ease, Inc. 2018). The signal 

to noise ratio is a summary statistic that compares information related to the mean and 

variance (Montgomery 2017). 

There are three requirements for ANOVA, the data must: fit a normal distribution, have 

approximately equal variance, and be independent of the run order (randomization). Run 

replications were not necessary since there is no (or a negligible amount of) variance 

between finite element results with the same inputs. Replication refers to a repeat of a run 

within an experimental design (Mason, et al. 2003). Moreover, for similar reasoning, 

randomization of the run order was not necessary since there can be no bias between 

experimental results conducted using a computer simulation. If the data is determined to be 

unable to fit a normal distribution or have equal variance, a transformation must be applied 

to the factor levels and the DOE result analysis must be completed again, beginning with 

the fit summary. 

Once the data is determined to fit a normal distribution and have equal variance, a 

confirmation run must be completed to ensure that the design is capable of predicting 

accurate results within the design space. A confirmation run is completed using a set of 

factor levels not used within the runs of the design. The responses of the confirmation run 
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are analyzed to determine if they fall within the predicted responses, based on a confidence 

interval. A successful confirmation run indicates that the design space can be navigated to 

determine an optimal set of factor levels, whereas a failed confirmation run indicates that 

the design is incapable of predicting accurate results within the design space. 

3.5.2 Weight as a Response 

As seen in Section: 3.2: Optimization Definition, optimality has been defined to include 

the maintaining of weight for the optimal design. Initially, it was planned that each FEM 

test run would be the same weight ï however, there was an issue with this. A mixture 

experimental design would be required to ensure that each FEM total weight was equal for 

every experimental run, by manipulating the studied experimental factors. Within mixture 

designs, the factors are dependent upon one another. Ultimately, this cross-factor 

dependency results in a more complicated design requiring additional runs to ensure that 

the design power is sufficiently high (Montgomery 2017). 

To reduce the number of runs, and in turn reduce the required computational time, weight 

was treated as an experimental response for experiments including DOE. Treating weight 

as a response allowed for stiffeners of varying weights to be tested. Once results were 

obtained, the weight could then be constrained to match the control runs for direct 

comparisons. For clarity, weight remained constant for all runs within Exp2 and Exp5 since 

experimental designs were not implemented. 
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3.6 Large Pendulum Apparatus 

An apparatus has been designed and manufactured which can be used to study damage to 

structural specimens mounted within the device (Gagnon, et al. 2015). The device consists 

of two pendulums that can house various structures. Regarding Figure 3.5, the leftmost 

pendulum houses either an ice cone indenter or a rigid indenter mounted in front of three 

load cells. These indenters can be used to impact various structures, located on the 

rightmost pendulum, for scientific studies. The rightmost pendulum houses a carriage that 

can contain ship grillages such as simplified panels, IROQUOIS panels, and concept 

grillage panels. The associated impact energies can be calculated based on the known 

kinematic energies associated with the corresponding pendulum impact velocities (see 

Equation [14]). For example, if both pendulums were set at a drop angle of 55° (from 

horizontal) the impact energy and relative velocity would be approximately 31 kJ and 5.32 

m/s, respectively (Gagnon, et al. 2015). Each of the two pendulums of the structure consists 

of four parallel arms which make up one pendulum each. Bearings were attached to the 

upper extents of the arms to ensure a negligible-friction swing. Based on the design of the 

pendulum, the pendulum specimens do not rotate in any degree of freedom as the pendulum 

swings. The horizontal translation helps ensure that impact interactions between each 

pendulum of the apparatus occur parallel to one another. The apparatus consists of a toothed 

braking system that prevents multiple hits per swing. Mass can be added or taken away 

from either side of the LPA to alter the total mass (energy) of the system. 
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Figure 3.5 contains a profile view of the LPA. As can be seen, the leftmost side has been 

modified to accommodate a rigid indenter (see Section: 3.7 Rigid Indenter Design). More 

information regarding the LPA can be seen in (Gagnon, et al. 2015). 

 

Figure 3.5: Large pendulum apparatus, including rigid indenter ï left, and grillage panel 

within the carriage ï right. A modified version of the design is found in (Gagnon, et al. 

2015). 

3.7 Rigid Indenter Design 

The rigid indenter was designed for impact testing in the LPA. All modelling of the parts, 

assemblies, and fabrication drawings was completed in SOLIDWORKS. 

To ensure rigidity of the structure, all of the steel, excluding the shaft, was fabricated from 

HS-100 steel with a yield stress of 690 MPA. The shaft was cut from a pre-existing square 

hollow section. A cross-beam was added to the inside, which further strengthened the 

structure. 
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Since the impact interaction within the LPA occurs perpendicular to the indenter, there 

were two types of indenter failure modes of concern: compressional failure, and elastic 

column buckling. Since the length of the shaft was small compared to the shortest cross-

section dimension, elastic column buckling was not a concern. Due to compression, the 

maximum von Mises stress in the shaft occurred from simple compression and was a 

function of the applied force divided by the shaft cross-sectional area. Therefore, to ensure 

no plasticity in the shaft, it was critical to ensure that the ratio of the maximum applied load 

to the cross-sectional area did not exceed 235 MPa. 

As can be seen in Figure 3.8, the dome was located at the end of the indenter. For FEM 

purposes, since the whole structure was assumed to be rigid, the only part required to be 

modelled was the dome. The dome was modelled as a rigid material with the following 

steel material properties: 

¶ Youngôs modulus = 2.07e11 Pa 

¶ Poissonôs ratio = 0.3 

¶ Density = 2.742e6 kg/m3 

The density entered into LS-DYNA reflected the appropriate mass of the dome combined 

with the rest of the rigid indenter and assembly on the leftmost pendulum arm (see Figure 

3.5), a total of approximately 3141 kg. The density was calculated based on the known 

volume of the dome, as well as the known masses. 
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The modelled dome had an effective radius of 254 mm, a width of 304.8 mm, and a height 

of 50.8 mm (see Figure 3.6). Once imported into LS-PrePost, the dome was meshed with 

one layer of solid elements. 

 

Figure 3.6: Rigid Indenter Dome. 

The thickness of the solid element mesh was arbitrarily set it 15 mm (see Figure 3.7). Since 

the Dome was rigid, the thickness of the elements did not affect the results. The dome was 

meshed primarily with brick elements. The Dome was used for all test runs in Exp2 and 

subsequent testing. 
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Figure 3.7: Rigid Indenter Dome Meshed in LS-PrePost. 

3.7.1 Rigid Indenter Parts 

The rigid indenter was formed from multiple parts. See Figure 3.8 for an isometric view of 

the fully assembled rigid indenter. Figure 3.9 shows the labels for all parts discussed within 

the following subsections. Figure 3.10 is included to show that the cross-beam sits within 

the CHS beam. See Appendix A for more information regarding the rigid indenter 

fabrication drawings. 
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Figure 3.8: Rigid Indenter Full Assembly, Isometric View. 

 

Figure 3.9: Rigid Indenter Full Assembly with Descriptions. 
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Figure 3.10: Rigid Indenter Full Assembly with Descriptions, excluding Square Hollow 

Section Beam. 

3.7.1.1 Existing Mounting Plate 

An existing mounting plate, used for the ice cone holder, was modified by tapping eight 

holes for indenter mounting. The resultant plate could then be used in both ice cone and 

rigid indenter impact testing. 

3.7.1.2 Mounting Attachment Plate 

The mounting attachment plate served as a welding surface for the cross-beam. The 

mounting attachment plate was then bolted to the existing mounting plate. Fine thread bolts 

were utilized to ensure sufficient thread engagement in the threaded hole. 
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3.7.1.3 Square Hollow Section Beam 

A square hollow section beam was modified to be used as the shaft of the indenter. The 

shaftôs length was adjusted to ensure the overall length of the indenter, in its constructed 

configuration, matched the overall length of a 30° ice cone. Weld slots were cut on each of 

the four faces for cross-beam welding. 

3.7.1.4 Dome Attachment Plate 

The dome attachment plate served as the mounting surface for the detachable dome 

(indenter head). A male plug was used to hold the dome while it was bolted in place using 

four bolts. Fine thread bolts were utilized to ensure sufficient thread engagement in the 

threaded hole. The dome attachment plate was welded to the other end of the cross-beam. 

It was essential to ensure that the diameter of the dome attachment plate was less than or 

equal to the dome diameter, so no interference could occur between the dome attachment 

plate and the grillage during testing. 

3.7.1.5 Dome 

The spherical dome served as the indenter head. It was the contact point for 

experimentation. The spherical shape was chosen to induce both membrane stress and 

through-thickness shear within the test grillages. The dome had a 1 inch lip for ease of 

handling since it was a detachable component that required some amount of manual 

handling. A female plug was cut out which matched the male plug on the dome attachment 

plate. 
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3.7.1.6 Cross-Beam 

The cross-beam was fitted and welded inside the square hollow section beam for additional 

compressional support. One end was welded to the mounting attachment plate while the 

other end was welded to the dome attachment plate. Additional weld material was applied 

through the square hollow section beam weld slots. 

3.8 Software 

Rhino (Robert McNeel & Associates) was used for all modelling used for FE purposes. 

Once the geometric dimensions were assigned in Rhino, the model was imported into 

HyperMesh (ALTAIR)  for meshing. HyperMesh is a convenient software package that 

specializes in providing a quick and efficient mesh that is often free from element quality 

issues. However, element quality was still examined later in the process, when the mesh 

was in its post-analysis, deformed state. The meshed geometry was then imported into LS-

PrePost (Livermore Software Technology Corp.) for model preprocessing. LS-PrePost was 

used for all preprocessing and post-processing of all FEMs. Preprocessing of the models 

includes applying loads, BCs, parameters, and any controls necessary to analyze the 

models. LS-DYNA (Livermore Software Technology Corp.) was then used to process the 

model and acquire results for the model. Once results were obtained, LS-PrePost was used 

to observe the results. SOLIDWORKS (Dassault Systèmes) was used for creating the 

fabrication drawings for the rigid indenter and was occasionally used for generating 

geometric dimensioning diagrams. Design Expert (Stat-Ease, Inc.) was used for all DOEs 

within all applicable experiments. 
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3.9 Coordinate System 

All software utilized share the same coordinate system orientation shown in Figure 3.11. 

The axes were defined based on a typical stiffener local coordinate system: 

¶ X, refers to the perpendicular direction 

¶ Y, refers to the axial or longitudinal direction 

¶ Z, refers to the normal to the side-shell (transverse) direction 

The origin was located mid-plate with respect to the x and y-axes and was located where 

the stiffener meets the side-shell with respect to the z-axis. 

 

Figure 3.11: Typical stiffener-side-shell configuration with axes noting the coordinate 

system. 
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Chapter 4 Exp1 ï Corrugation 

Within Exp1, an experimental design was conducted utilizing corrugated stiffener webs. 

Corrugation was tested due to its ability, in bulkhead design, to eliminate the need for 

additional stiffening and lessen the overall weight of the structure (Sang-Hoon and Dae-

Eun 2018). In bulkhead design, the additional stiffening refers to bulkhead stiffeners. In the 

context of a side-shell stiffener, the concept of eliminating the need for stiffening was 

extrapolated to determine if the flange could be eliminated. Three corrugation parameters 

were varied through the implementation of an experimental design to determine if  a 

corrugated stiffener could aid in optimizing the grillage. 

Two different corrugation shapes were experimented with within this thesis ï traditional (a 

corrugation shape consistent which most corrugated bulkheads) and óSô shaped corrugation 

(a corrugation shape which forms a sine wave when viewed from a plan view, see Figure 

4.1 and Figure 4.2, respectively). However, all runs within this experimental simulation 

(i.e. Exp1) utilize traditional corrugation. The traditional corrugation type consisted of 

straight edges, whereas the óSô type was formed from sinusoidal waveforms. More 

information regarding the óSô type can be seen within Exp2. Waveform depth is the most 

significant parameter for corrugation (Sang-Hoon and Dae-Eun 2018). Therefore, the 

waveform depth was varied along with the two other parameters which define the shape of 

traditional corrugation. 
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Figure 4.1: Traditional corrugation type. 

 

Figure 4.2: 'S' corrugation type. 

4.1 Model Parts 

The FEM consisted of a grillage model (see Figure 4.3) which was created in Rhino. For 

simplicity, all model parts (side-shell, stiffener flanges, and stiffener webs) were given 

parametrized thicknesses of 7.9375 mm. The remaining constants related to the FEMs 

were: 

¶ Side-shell width, x-direction = 2032 mm. 

¶ Side-shell length, y-direction = 1360 mm. 

¶ Web height, z-direction = 170 mm. 

¶ The material properties and FEM controls. 
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Keeping constants between test subjects allowed for the direct comparison of responses by 

mitigating bias. 

 

Figure 4.3: Exp1 Grillage. 

4.2 LS-PrePost and LS-DYNA 

See the below subsections for information related to the construction of the FEMs within 

LS-DYNA. 

4.2.1 Boundary Conditions 

The BCs used in the model were fixed-fixed around the perimeter of the model, and at the 

stiffener ends, shown in Figure 4.4. 
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Figure 4.4: Exp1, BCs for Run1. Each BC node was annotated with a black ñxò. 

4.2.2 Loading Conditions 

For subsequent numerical experiments (Exp2 through Exp5) a rigid indenter was used to 

apply the load to the side-shell of the grillage. However, Exp1 instead utilized a 

parametrized applied pressure. The rigid indenter was not yet implemented in an attempt 

to simplify the model. 

A pressure of 700 kPa was applied to a circular load patch (see Figure 4.5), in the direction 

normal to the side-shell, in a single step. Since the analysis performed was static and 

explored only the elastic regime of the material, the magnitude of the force was 

inconsequential (as long as yield did not occur). 
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Figure 4.5: Exp1, Uniformly distributed load patch. 

The load patch was located directly in the middle of the side-shell, and directly in the 

middle of the slant length corrugation parameter, x3. The load patch area was 0.0314 m3. 

Converting the pressure-area into a force gives an applied load of 22 kN. 

4.2.3 Termination Time 

The models were set to terminate at 1 s. 

4.2.4 Data Output 

Data was output in the form displacement readings from d3plots which were taken at the 

centremost element of the plate ï at the impact site. 

4.2.5 Material Properties 

The grillages were modelled using an elastic material model with the following steel 

material properties: 
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¶ Youngôs modulus = 2.07e11 Pa 

¶ Poissonôs ratio = 0.3 

¶ Density = 7833 kg/m3 

The main concern at this stage was proving whether or not corrugated stiffeners could 

maintain high elastic energy absorption as compared to the built-T and flat bar control 

stiffeners. An elastic material model was implemented with no consideration for post-yield 

behaviour since the optimal grillage must at least perform as well as the control runs to be 

considered optimal. 

4.2.6 Mesh Convergence Study 

Several runs were prepared based on the geometry of Run8. Run 8 was chosen for the 

convergence study since it had the smallest corrugation parameters of all the runs. Based 

on Figure 4.6 and Table 4.1, four runs were prepared with varying average element sizes. 

Since the load was applied in the form of a pressure, the corresponding displacement was 

used for the analysis and then plotted against the number of elements in the model. The 

mesh is considered converged when the results are independent of further refinements in 

the FE mesh. As can be seen from Figure 4.6 and Table 4.1, the mesh was effectively 

converged with an average element size of 10 mm. Therefore, all experimental runs were 

prepared with an average element size of 10 mm. It should be noted that no geometry had 

a thickness greater than 10 mm. 
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Figure 4.6: Exp1, Mesh convergence plot of Max. Disp. vs. the number of elements. 

Table 4.1: Exp1, Mesh Convergence Data. 

 

4.2.7 LS-DYNA Cards 

Several cards were invoked within LS-DYNA to achieve the desired effects intended for 

the simulation: 

CONTROL_TERMINATION 

The simulation was set to terminate using ENDTIM = 1. 

CONTROL_IMPLICIT_GENERAL 
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The simulation was solved, implicitly, in one step using IMFLAG = 1 and DT0 = 1. 

DEFINE_CURVE 

To simulate a linear load curve, three points were used: (0, 0), (1.0, 1.0), and (1.1, 1.0). A 

scale factor was applied to achieve the desired load using SFO = 7e-5. 

MAT_ELASTIC 

An elastic material model was built using the following material properties: RO = 7833, E 

= 2.07e11, and PR = 0.3. 

SECTION_SHELL 

The shear factor was changed from 1 to 5/6 using SHRF = 0.8333. Also, five through-

thickness integration points were used by invoking NIP = 5. 

4.3 Experimental Design, Factors, and Responses 

An optimal, RSM, experimental design was implemented to determine if there existed a set 

of corrugation parameters which would result in a more optimal stiffener design, compared 

to the built-T and flat bar control runs. The experimental design consisted of 13 runs. Three 

factors define the shape of traditional corrugation (see Figure 4.7). A wide range of factor 

levels was tested to ensure that the design space was adequately explored: 

1. Waveform depth, x1, 20 ï 200 mm 

2. Waveform breadth, x2, 20 ï 200 mm 

3. Slant length, x3, 10 ï 200 mm 
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Figure 4.7: Corrugation parameters (Sang-Hoon and Dae-Eun 2018). 

For analysis purposes, two responses were of concern ï the weight of the grillage panels 

and the maximum displacement from the origin of the models. The weight of the grillages 

was monitored to determine the relationship between weight and displacement. The weight 

response was measured as a percent-difference compared to the built-T control run. It was 

a goal to minimize the weight difference compared to the Built-T as it was ideal to produce 

a lightweight grillage. Displacement was monitored as it directly relates to the internal 

energy required to deform the grillages under the applied load (see Equation [1]). 

Design Expert was used to produce a series of runs. See Table 4.2. 
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Table 4.2: Exp1 Run Order in Design Expert. 

 
Factor 1 Factor 2 Factor 3 

Run A: Depth of Waveform B: Breadth of Waveform C: Angle of Waveform 

Units mm mm deg 

1 194.286 194.286 57.6 

2 92.3286 92.3286 45.6 

3 23.4857 115.857 54 

4 189.929 92.3286 56.7 

5 194.286 194.286 45 

6 20 194.286 65 

7 20 20 45 

8 20 20 65 

9 194.286 85.3571 45 

10 115.857 22.6143 54 

11 86.2286 194.286 45 

12 115.857 115.857 64.5673 

13 194.286 20 65 

4.4 Results 

Due to the large quantity of FEM runs, FEM visuals have only been shown for three runs: 

the built-T control run, the flat bar control run, and Run8. Run8 was chosen since it was 

used for the MCA. The built-T control run visuals related to the von Mises stress and 

maximum displacement data can be seen in Figure 4.8 and Figure 4.9, respectively. 

Since the models remained visual undeformed, the von Mises stress and displacement 

visual figures within this Section also serve as visuals of the undeformed geometry. 
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Figure 4.8: Exp1, Control ï Built-T von Mise Stress. 

 

Figure 4.9: Exp1, Control ï Built-T Maximum Displacement. 

The flat bar control run visuals related to the von Mises stress and maximum displacement 

data can be seen in Figure 4.10 and Figure 4.11, respectively. 
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Figure 4.10: Exp1, Control ï Flat bar von Mise Stress. 

 

Figure 4.11: Exp1, Control ï Flat bar Maximum Displacement. 

The Run8 visuals related to the von Mises stress and maximum displacement data can be 

seen in Figure 4.12 and Figure 4.13, respectively. 
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Figure 4.12: Exp1 von Mise Stress. 

 

Figure 4.13: Exp1 Maximum Displacement. 

See Appendix B1 for visuals for all run geometry, von Mises stress results, and maximum 

displacement results. As can be seen in Table 4.3, all of the corrugated stiffeners provided 

a higher level of displacement compared to the built-T and flat bar stiffeners. 
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Table 4.3: Exp1, Displacement Results. 

 

Note that the maximum displacement values recorded in Table 4.3 were collected for the 

node at the origin of each of the models. Conversely, the maximum displacement values 

shown in Figure 4.9, Figure 4.11, Figure 4.13, and Appendix B1 refer to the maximum 

displacement within the whole model. Due to the corrugation shape, oftentimes, the 

maximum displaced node was not at the centre of the model, even though the load was 

applied to the centre of the model. 

4.4.1 Experimental Design Model Checking 

Both responses passed model checks related to the quality of the experimental design data. 

An inverse transformation was applied to the weight response data set to ensure the data fit 

a normal distribution and had equal variance. See Appendix B2 for the raw data from 

Design Expert related to the model checking. 
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4.4.2 Confirmation Run  

The confirmation run was selected based on the criteria shown in Table 4.4. The table 

shows the criteria by which the optimal design for assessed. Both weight and displacement 

were set to be maximized. 

Note: Regarding Table 4.4, the weight response has been shown in its transformed, inverse, 

scale. Therefore, it would appear that the response was being maximized when it was being 

minimized. 

Table 4.5 shows five possible solution factor levels consistent with optimization predicted 

by the experimental design. Generally, the lower the solution number, the more optimal the 

design factor levels should be. Therefore, solution 1 was chosen for the confirmation run. 

Table 4.4: Exp1, Experimental Design Confirmation Run Constraints. 

Name Goal Lower 

Limit  

Upper 

Limit  

Importance 

A: Depth of Waveform (mm) is in 

range 

20 194.286 1 

B: Breadth of Waveform 

(mm) 

is in 

range 

20 194.286 1 

C: Angle of Waveform (deg) is in 

range 

45 65 1 

Weight (%) maximize 0.00692 0.0158 5 

Disp. (mm) minimize 0 1.4 5 
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Table 4.5: Exp1, Experimental Design Solutions. 

Number Depth of 

Waveform 

(mm) 

Breadth of 

Waveform 

(mm) 

Angle of 

Waveform (deg) 

Weight 

(%)  

Disp. 

(mm) 

1 20.000 194.285 45.002 75.588 0.286 

2 20.000 194.286 45.201 75.413 0.293 

3 20.000 194.285 45.279 75.344 0.295 

4 20.000 194.285 45.566 75.093 0.304 

5 20.000 194.285 45.750 74.932 0.310 

Using the corrugation parameters outlined in Table 4.5 a confirmation test was built and 

run to determine whether the model was capable of predicting accurate results (see Figure 

4.14 and Figure 4.15). 

 

Figure 4.14: Exp1, Confirmation Run - von Mises stress. 
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Figure 4.15: Exp1, Confirmation Run ï z displacement. 

The weight and the measured maximum out-of-plane displacement of the plate were 64.4 

kg and 1.564 mm, respectively. 

Table 4.6 shows the results of the confirmation run. The predicted mean column refers to 

the average predicted value of the corresponding response based on the experimental design 

results. The 95% PI low and high columns refer to the 95% confidence interval that the 

measured response, within FEA, will fall within the predicted value range. The data mean 

column refers to the measured response. Therefore, if the data mean value falls within the 

95% PI low and high values, it can be said that the experimental design is capable of 

predicting accurate results within the design space. Based on the data mean values in the 

table, the model predicted the weight and displacement accurately. 
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Table 4.6: Exp1, Experimental Design Confirmation Run Results. 

Two-sided    Confidence = 95% 

Response Predicted 

Mean 

Predicted 

Median 

Std Dev 95% PI 

low 

Data 

Mean 

95% PI 

high 

Weight 

(%) 

76.17 75.5899 6.70115 61.6508 64.43 97.67 

Disp. 

(mm) 

0.286 0.286185 0.552828 -1.57463 1.564 2.147 

Based on the optimal design corrugation parameters suggested in Table 4.5, it was 

interesting to note that the parameters approach the shape of a flat bar. The optimal design 

suggested that a flat bar produced the optimal stiffener compared to the corrugation levels 

tested. It seems that even with a small amount of corrugation, the initial displacement 

values were much higher than the flat-webbed-stiffener. 

No elements failed element quality checks. See Appendix B3 for more information related 

to the element quality checks of the Confirmation Run. In Exp2, additional tests were 

conducted on corrugated stiffeners (on both traditional and óSô shaped corrugation) as well 

as on several other stiffener shapes. 

4.5 Discussion and Conclusions 

An experimental design was completed utilizing various traditional corrugated stiffener 

designs. Three experimental factors were manipulated within the experiment, each related 

to the shape of the corrugation: waveform depth, waveform breadth, and slant length. An 

optimal, RSM, experimental design was used to determine an optimal set of corrugation 

parameters within the factor levels tested. 13 experimental runs were prepared, along with 

two control runs in the form of a built-T and a flat bar stiffener. 
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Once the experiment was completed, a confirmation run confirmed that the design was 

capable of predicting accurate results. The experiment revealed that the optimal shape for 

corrugation converged on a flat bar profile web shape. It appeared that any introduction of 

corrugation made the stiffener too soft and dramatically decreased its ability to absorb 

energy within the elastic region. For optimality, a stiffener must be about to perform as well 

as, or better than, the control runs within the elastic regime. An additional experiment was 

prepared, in the form of Exp2, which both built off of the conclusions found within Exp1, 

and also more broadly explored different stiffener types. 
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Chapter 5 Exp2 ï Exploratory  

Exp2 was conducted to examine the effect that geometric alterations would have on energy 

absorption as well as the relationship between elemental stresses and displacement. In 

particular, post-yielding behaviour was considered. Even though the corrugated stiffener 

failed to produce an optimized structure, perhaps its post-yield behaviour would be 

substantially better. Also, many other geometric structural modifications were tested in the 

form of common and uncommon stiffener designs. 

Unlike Exp1, this Chapter (i.e. Exp2) did not follow a strict experimental design. Instead, 

a more explorative experimental method was followed. Here, it was not of interest to find 

the most optimal stiffener conditions. Instead, the goal was to identify some ideas which 

show promise for future rigorous experimental testing. 

The stiffener web and flange thicknesses, web heights, and flange widths were manipulated 

on a case-by-case basis to ensure the stiffener weight and web slenderness ratios remained 

constant. In cases where no flange was present, the thickness and height of the web had to 

be increased to ensure the FEMôs weight was being preserved, while simultaneously 

preserving the web slenderness ratio. 

Exp2 was broken down into six tests (the six main tests conducted within Exp2 of this 

thesis, Test1 ï Test6). Each test consisted of between four to seven runs. To make the 

overall analysis more manageable, each test was first analyzed separately. Later, all tests 

were analyzed together. 
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5.1 Model Parts 

The FEM consisted of two basic model parts, each was created in Rhino: the grillage (see 

Figure 5.1) and the rigid indenter. Refer to Section: 3.7 Rigid Indenter Design, for 

information regarding the Rigid Intender model. For simplicity, the side-shell was given a 

parameterized thickness of 7.9375 mm. The remaining constants related to the FEMs were: 

¶ Side-shell width, x-direction = 330.2 mm. 

¶ Side-shell and stiffener length, y-direction = 1360 mm. 

¶ The weight of each stiffener. 

¶ The slenderness ratio of each web as well as each flange. In the cases of CHS 

stiffeners, this rule did not apply since slenderness ratios between straight cross-

sections are not comparable to those of circular cross-sections. 

¶ The material properties and FEM controls. 

 

Figure 5.1: Exp2 Grillage. 
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5.2 LS-PrePost and LS-DYNA 

See the below subsections for information related to the construction of the FEMs within 

LS-DYNA. 

5.2.1 Boundary Conditions 

The BCs at the edges of the model perpendicular to the stiffener consisted of fixed-fixed 

BCs, shown in Figure 5.2. The four nodes at the side-shell vertices were also fixed-fixed. 

 

Figure 5.2: Exp2, Boundary Conditions of the built-T. Each fixed-fixed BC node was 

annotated with a black ñxò. 

Whereas the BCs at the edges of the model parallel to the stiffener consisted of symmetrical 

BCs, shown in Figure 5.3. Translations in the x-axis, as well as rotations about the y and z-

axes, were fixed. Other degrees of freedom were left free. The symmetrical BCs allowed 

for a smaller side-shell with less overall calculations and a shorter run time of the analyses. 

Using symmetrical BCs in the manner also reflected the load, as well as the stiffener. 
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However, the associated bias was blocked out since the bias was mimicked within every 

run. 

 

Figure 5.3: Exp2, Boundary Conditions of the built-T. Each symmetrical BC node was 

annotated with a black ñxò. 

It should be noted that a side-shell width of 330.2 mm (13 inches) was chosen to be large 

enough so that the indenter would never interfere with the BCs, as the rigid indenterôs width 

was 12 inches. The side-shell width was also minimized to conserve computation time. 

5.2.2 Loading Conditions 

The load was applied as per Section: 3.4.1.2 Loading Conditions. 

5.2.3 Termination Time 

The models were set to terminate at 0.075 s. 
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5.2.4 Contact 

Contact was applied as per Section: 3.4.1.3 Contact. 

5.2.5 Data Output 

Data was output in the form of d3plots and ASCII plots at a frequency of 1000 Hz. The 

force data consisted of the BC forces. 

5.2.6 Material  Properties 

The grillages were modelled using a bi-linear, plastic kinematic, material model with the 

following steel material properties: 

¶ Youngôs modulus = 2e11 Pa 

¶ Poissonôs ratio = 0.3 

¶ Density = 7850 kg/m3 

¶ Yield strength = 420.6 MPa 

¶ Etan = 308 MPa 

5.2.7 Mesh Convergence Study 

Several runs were prepared based on the geometry of the Circular Curve model from Test6. 

Based on Figure 5.4, five runs were prepared with varying average element sizes. Since the 

indenter was impacting the plate with a prescribed displacement, the corresponding contact 

force was used for the analysis and then plotted against time. As can be seen in the plot, 

there were no appreciable changes to the force vs. time plots for the different mesh sizes. 

Therefore, all experimental runs were prepared with an average element size of 20 mm. It 

should be noted that no geometry had a thickness greater than 20 mm. 



71 

 

 

Figure 5.4: Exp2, Mesh convergence plot of force vs. time. 

5.2.8 LS-DYNA Cards 

Several cards were invoked within LS-DYNA to achieve the desired effects intended for 

the simulation: 

BOUNDARY_PRESCRIBED_MOTION_RIGID 

Rigid body motion of the indenter was achieved using the following fields: DOF = 3 and 

VAD = 2. 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 

Contact was defined between the indenter and side-shell. To collect contact forces both 

SPR and MPR were set to 1. 
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CONTROL_TERMINATION 

The simulation was set to terminate using ENDTIM = 0.075. 

DATABASE_ASCII_option 

Nine ASCII options were turned on for high fidelity result extraction: BNDOUT, ELOUT, 

GLSTAT, MATSUM, NODOUT, RBDOUT, RCFORC, SLEOUT, SPCFORC. Each was 

given a DT of 0.001. 

DATABASE_BINARY_D3PLOT 

For visualizing the simulation, DT = 0.001 was used. 

DATABASE_BINARY_INTFOR 

The internal forces were collected using DT = 0.001. 

DATABASE_HISTORY_NODE_ID 

The appropriate node was selected for ASCII NODOUT. 

DEFINE_CURVE 

To simulate a linear load curve, four points were used: (0, 0), (0.06, 0.22), (0.12, 0), and 

(0.13, 0). 

MAT_PLASTIC_KINEMATIC 

A, bi-linear, plastic kinematic material model was built using the following material 

properties: RO = 7850, E = 2e11, PR = 0.3, SIGY = 4.206e8, ETAN = 3.08e8, SRC = 3200, 

and SRP = 5. 
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MAT_RIGID 

The properties used were: RO = 2.742e6, E = 2e11, and PR = 0.3. Also, CMO, CON1 and 

CON2 were invoked to properly restrict the rigid body from x and y translations, as well as 

x, y, and z rotations using 1, 4, and 7, respectively. 

SECTION_SHELL 

The shear factor was changed from 1 to 5/6 using SHRF = 0.8333. Also, five through-

thickness integration points were used by invoking NIP = 5. 

5.2.9 Strain-Rate Hardening 

Cowper-Symonds strain-rate hardening was implemented for the material model within 

Exp2. According to Equation [3], high tensile steel Cowper-Symonds parameters were 

used; 3200 and 5 (Paik and Thayamballi 2003) for C and p, respectively. It should be noted 

that strain-rate hardening accounts for the high von Mises stress values seen within the 

results of this Chapter. 

ɾ ρ              [3] 

Where: ɔ = Dynamic scale factor 

  = Strain-rate (1/s) 

 C = Cowper-Symonds parameter (1/s) 

 p = Cowper-Symonds parameter 
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5.3 Results 

Due to the large quantity of FEM runs, FEM visuals have only been shown for select runs 

within each Test. The built-T control run visuals related to the undeformed geometry and 

the maximum von Mises stress data can be seen in Figure 5.5 and Figure 5.6. 

 

Figure 5.5: Exp2, Control ï Built-T, Geometry: 

 

Figure 5.6: Exp2, Control ï Built-T, von Mise Stress. 
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The flat bar control run visuals related to the undeformed geometry and the maximum 

von Mises stress data can be seen in Figure 5.7 and Figure 5.8. 

 

Figure 5.7: Exp2, Control ï Flat Bar, Geometry. 

 

Figure 5.8: Exp2, Control ï Flat Bar, von Mise Stress. 
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See Appendix C1 for visuals for all run geometry and von Mises stress results. 

See Appendix C2 for information regarding the scantlings of the experimental runs found 

in Exp2. The following definitions relate to the column headings located in Appendix C2: 

Deflection (Web Height) ï Only used in Test5 and Test6 regarding deflection diagrams. 

The deflection of a beam from deflection diagram calculations. Converted to centre span 

web height. 

Impact Force ï Only used in Test5 and Test6 regarding deflection diagrams. The theoretical 

impact force that would deflect a fixed-fixed, uniform cross-section, beam a required 

amount. Not to be confused with impact forces within the results of this Chapter. 

Depth, x1, Breadth, x2, Slant, x3 ï The depth, breadth, and slant each respectively 

corresponds to corrugation parameters related to traditional corrugation. Refer to Figure 

4.7 for more detail. 

Angle ï The angle refers to the traditional corrugation angle between the slant and the depth 

of corrugation. See Equation [4] and Figure 4.7 for more detail. 

                   ÔÁÎ       [4] 

Longitudinal Length ï The longitudinal length refers to the linear length of the web that 

was connected to the stiffener. In straight webbed scenarios, such as with the flat bar and 

built-T cases, the length was constant at 1.36 m (the length of the side-shell). However, in 

cases involving corrugation, the effective length was larger than 1.36 m due to the weaving 

pattern of corrugation. 
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5.3.1 Test1 ï Traditional Corrugation  

To expand on the analysis of Exp1, traditional corrugated stiffeners were further examined 

well into the plastic regime. Since it was shown in Exp1 that as the corrugation was 

minimized the energy absorption of the grillage increased, four traditional corrugation runs 

(Trad. Corr. 1 through 4) were compiled with smaller corrugation than tested in Exp1. Each 

run consisted of a flangeless corrugated flat bar. For runs 1 through 4, the runs were built 

with corrugation parameters (x1, x2, and x3) each equal to 10 mm, 8 mm, 6 mm, and 4 mm, 

respectively. 

The Trad. Corr. 1 run visuals related to the undeformed geometry and the maximum von 

Mises stress data can be seen in Figure 5.9 and Figure 5.10, respectively. Trad. Corr. 1 was 

chosen for visual clarity since its corrugation parameters were the largest of the Test1 runs. 

 

Figure 5.9: Exp2, Trad. Corr. 1 Geometry. 
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Figure 5.10: Exp2, Trad. Corr. 1 von Mise Stress. 

Significant end-buckling was observed on the web of the stiffener of each run. However, 

there was no significant web tripping or local buckling at the indentation site. It seems that, 

due to the shape of the corrugation, the stiffener was able to ñspreadò apart at the top of the 

stiffener which stopped tripping and local buckling from being able to occur (or at least 

sufficiently delay the onset of buckling). However, corrugation was not able to eliminate 

end-buckling. 

Regarding Figure 5.11, for the four corrugation runs, within the overload region, there was 

a near-linear increase in stress as the models responded to the rigid body motion of the 

indenter. The models reached a maximum von Mises stress, of approximately 950 MPa, at 

the end of the indentation. The control runs produced a different shape compared to the 

corrugation runs. The built-T reached a maximum stress quickly in the analysis, which then 
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gradually decayed. Whereas the corrugated runs sloped positively to a maximum stress 

state. Also, the built-Tôs maximum stress state was ~1200 MPa, about 350 MPa higher than 

that of the corrugated runs. Therefore, it was likely that the built-T would have yielded 

before the corrugated stiffeners. The flat bar reached an overall lower maximum stress than 

any of the other runs, with a value of approximately 900 MPa. Also, the flat bar experienced 

a steep decrease in stress at a displacement of 125 mm. No other run experienced such a 

decrease. It should be noted that the relatively high von Mises data present was due to the 

strain-rate hardening implemented within the material model (see Section: 5.2.9 Strain-

Rate Hardening). 

Regarding Figure 5.12, for the corrugated runs, within the overload region, there was a 

near-linear increase in force as the model responded to the rigid body motion of the 

indenter. However, though the overall internal energy capacity of the built-T and flat bar 

runs was higher than the corrugated runs, the control runs experienced a steep decrease in 

force at 125 mm (exactly where the flat bar was observed to have a decrease in stress). The 

decrease phenomenon was consistent with, and therefore likely due to, the local buckling 

and tripping. Moreover, a series of dynamic slope declines were visible at the beginning of 

each test which was consistent with end-buckling. All things considered, even though the 

control runs buckled, their ability to absorb energy even in their buckled state still equalled 

that of the corrugated runs. Additionally, the elastic energy absorption of the control runs 

was much greater than the corrugated runs. 
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Figure 5.11: Exp2, von Mises vs. Disp. plot for Test1 runs and control runs. 

 

Figure 5.12: Exp2, Force vs. Disp. plot for Test1 runs and control runs. 
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5.3.2 Test2 ï óSô Corrugation 

Within Test2, the second type of corrugation was examined in the form of óSô corrugation. 

The óSô shape was similar in appearance to the traditional shape except it followed a 

sinusoidal shape with fewer possible areas for stress to concentrate. See Figure 4.1 and 

Figure 4.2 for more details. 

For S. Corr. 1 through 7, the runs were built with constant corrugation parameters: 

wavelength = 40 mm, and an amplitude of 5 mm. See Figure 5.13. The corrugation 

parameters were kept constant to better compare the behaviour of each óSô model with one 

another. 

 

Figure 5.13: S Corr. relevant dimensions. 

Below is a brief description of each model: 

¶ S Corr. 1 was a flat bar with corrugation (similar to runs Trad. Corr. 1-4). 

¶ S Corr. 2 was a built-T with corrugation. 

¶ S Corr. 3 was a built-T with a corrugated web and an un-corrugated flange. 
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¶ S Corr. 4 was an L stiffener with corrugation. 

¶ S Corr. 5 was a built-T with a corrugated web and an un-corrugated split-flange. 

¶ S Corr. 6 was a built-T with an un-corrugated web and a corrugated flange. 

¶ S Corr. 7 was a flat bar with diagonal corrugation. 

The S. Corr. 4 run visuals related to the undeformed geometry and the maximum von Mises 

stress data can be seen in Figure 5.14 and Figure 5.15, respectively. S. Corr. 4 was chosen 

since it best-represented geometries tested within Test2. 

 

Figure 5.14: Exp2, S Corr. 4 Geometry. 
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Figure 5.15: Exp2, S Corr. 4 von Mise Stress. 

Significant local buckling or tripping was present in each model, except for Run1. Each 

model also suffered from a large amount of end-buckling, except for S. Corr. 1. Therefore, 

visually, it seems that Run1 had less of an issue with buckling than the other models. 

Regarding Figure 5.16, for the seven S Corr. runs, within the overload region, there was a 

near-linear increase in stress as the models responded to the rigid body motion of the 

indenter. The models reached a maximum von Mises stress, of approximately 720 ï 1000 

MPa, at the end of the indentation. Also, the built-Tôs maximum stress state was about 200 

MPa higher than that of the highest stress S Corr. Case. The flat bar reached an overall 

maximum stress within the range of the S Corr. Runs., with a value of approximately 900 

MPa. Also, the flat bar experienced a steep decrease in stress at a displacement of 125 mm. 

The only other run to experience such a decrease was Run4, which had an L cross-sectional 

stiffener arrangement. It was interesting to note that while some of the other runs were also 
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built-Tôs, they did not experience steep decreases in stress like the built-T and S Corr. 4 

runs. 

Regarding Figure 5.17, for all runs, within the overload region, there was a near-linear 

increase in force as the model responded to the rigid body motion of the indenter. However, 

several runs experienced sharp decreases in force which was indicative of buckling. Both 

Run1 and 2 (which experienced the least amount of local buckling and tripping) also had 

the lowest elastic energy absorption capacity of all the runs. Moreover, a series of dynamic 

slope declines were visible at the beginning of each test which was consistent with end-

buckling. All things considered, even though the control runs buckled, their ability to 

absorb energy even in their buckled state still equalled that of the corrugated runs. 

Additionally, the elastic energy absorption of the control runs was much greater than the 

corrugated runs. 

 

Figure 5.16: Exp2, von Mises vs. Disp. plot for Test2 runs and control runs. 
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Figure 5.17: Exp2, Force vs. Disp. plot for Test2 runs and control runs. 

5.3.3 Test3 ï Bulb, Circular Hollow Section, and Non-Uniform Flange Built -Tôs 

After testing varying configurations of corrugated stiffeners without any success several 

other stiffener variations were tested which did not contain any corrugation. A bulb 

stiffener was designed according to the dimensions shown in Figure 5.19. A standard bulb 

design was chosen, then altered slightly to match the appropriate web slenderness ratio and 

overall weight. Due to their distinct cross-sectional shape, bulb stiffeners were difficult to 

model properly using shell elements. The alternative would be to use solid elements. 

However, to ensure accurate bending calculations relative to the adjacent elements, at least 

five solid elements must use used through its thickness. Therefore, meshing the bulb with 

solid elements would require much more computational power than with shells. Instead, 
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the bulb stiffener was meshed using shell elements by approximating the cross-sectional 

shape of the bulb. The dimensions of the bulb stiffener can be found in Figure 5.19. 

Concerning Figure 5.18, the two rectangles within the middle image represent the same 

area as the more complicated respective shapes of the leftmost image. The rightmost image 

was meshed with shell elements with thicknesses equal to the thickness of the middle 

image. 

Two CHS stiffeners were created to be tested. The first CHS had a thickness equal to that 

of the control runs, with an appropriate radius to ensure the weight was correct. The second 

CHS was a mixture of a built-T and a CHS. The slenderness ratio was not held since 

slenderness ratios between straight cross-sections were not comparable to those of circular 

cross-sections. Due to the added web cross-sectional material due to the added CHS, the 

slenderness ratios were adjusted proportionally to the difference in the cross-sectional area. 

Additionally, two non-uniform flanged built-T test runs were designed. For built-Ts, during 

a dynamic impact normal to the side-shell, the center of the web span tends to become 

compressed between the side-shell and the stiffener flange. This compression often leads 

to premature local buckling of the stiffener web (see Section: 1.3 Investigation Motivation). 

Therefore, both non-uniform flanged runs were created with a wide flange at the stiffener 

ends to decrease end-buckling. The wide flange tapered off to a narrow flange toward the 

centre of the span. 
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Figure 5.18: Creation of Bulb geometry. 

 

Figure 5.19: Bulb relevant dimensions. 

Below is a brief description of each model. 

¶ Bulb was a bulb stiffener. 

¶ CHS (Constant Thickness) was a CHS with a thickness equal to that of the built-T 

control run. 

¶ CHS with Flange was a CHS combined with a built-T. 
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¶ Non-Uniform Flange 1 was a built-T with a non-uniform cross-sectional area 

along its span. 

¶ Non-Uniform Flange 2 was a built-T with a non-uniform cross-sectional area 

along its span. 

The Bulb run visuals related to the undeformed geometry and the maximum von Mises 

stress data can be seen in Figure 5.20 and Figure 5.21, respectively. 

 

Figure 5.20: Exp2, Bulb Geometry. 
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Figure 5.21: Exp2, Bulb von Mise Stress. 

The CHS with Flange run visuals related to the undeformed geometry and the maximum 

von Mises stress data can be seen in Figure 5.22 and Figure 5.23, respectively. 

 

Figure 5.22: Exp2, CHS with Flange Geometry. 
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Figure 5.23: Exp2, CHS with Flange von Mise Stress. 

The Non-Uniform Flange 1 run visuals related to the undeformed geometry and the 

maximum von Mises stress data can be seen in Figure 5.24 and Figure 5.25, respectively. 

 

Figure 5.24: Exp2, Non-Uniform Flange 1 Geometry. 
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Figure 5.25: Exp2, Non-Uniform Flange 1 von Mise Stress. 

Significant local buckling or tripping was present in each model. The Bulb did not 

experience significant end-buckling, nor did the CHS models. Both Non-Uniform Flange 

models did experience severe end-buckling, even though the widened flange was intended 

to combat the end-buckling. 

Regarding Figure 5.26, the two Non-Uniform Flange runs, and the built-T run performed 

similarly. Throughout the impact, the built-T had an approximate 50 MPa higher stress than 

the other two runs. However, toward the end of the impact run Non-Uniform Flange 1 

ended with the highest stress at near 980 MPa. The most notable case was the Bulb which 

experienced a stress decrease of about 180 MPa at a displacement of 40 mm. The two CHS 

runs experienced the most steady-state behaviour with a gradual increase in stress 

throughout the test, with a stress range of 650 MPa to 750 MPa. 
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Regarding Figure 5.27, the two CHS runs experienced the most unique behaviour with 

steep, steady-state slopes. While all other runs ended with a force of about 1.6 MN, the two 

CHS runs ended with a much higher force, of just over 1.8 MN. The force increase was 

proportional to an increase in energy absorption. However, both CHS runs had the lowest 

elastic energy absorption capabilities of all other runs. The elastic energy absorption must 

be at least equal to the control runs to be considered for further optimal concept grillage 

testing. All runs, except for the CHS runs, performed similarly despite their dramatic 

differences in geometry. It should be noted that the buckling was not apparent on the force 

vs. displacement plot (Figure 5.27). It was likely that buckling started initially at the 

beginning of the impact, which explained why initial energy absorption was relatively low. 

In totality, there was no clear advantage of either of the test runs compared to the control 

runs. 

 

Figure 5.26: Exp2, von Mises vs. Disp. plot for Test3 runs and control runs. 
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Figure 5.27: Exp2, Force vs. Disp. plot for Test3 runs and control runs. 

5.3.4 Test4 ï Flat bars with Brackets 

In the shipbuilding industry, a common solution to stiffener buckling is to add brackets to 

the stiffener ends, as well as to the web of the stiffener. Tests were completed with five 

models which were very similar to the built-T control model, except the flange was 

removed and its material was repurposed into brackets to analyze how adding brackets 

would change the experimental responses. Therefore, the web height and thickness, and 

flange thickness, remained the same as the built-T (except for Run5 which had a portion of 

its web ends converted into brackets). Note that the width of the web brackets changed 

between runs, as well as the size and shape of the end brackets. 

Below is a brief description of each model. 



94 

 

¶ Flat Bar with Brackets 1, seven rectangular web brackets centred at the middle of 

the span, as well as two end brackets at each end. 

¶ Flat Bar with Brackets 2, nine rectangular web brackets centred at the middle of 

the span, as well as a triangular end bracket at each end. 

¶ Flat Bar with Brackets 3, seven rectangular web brackets centred at the middle of 

the span, as well as two square hollow section end brackets at each end. 

¶ Flat Bar with Brackets 4, seven rectangular web brackets centred at the middle of 

the span, as well as a triangular end bracket at each end. 

¶ Flat Bar with Brackets 5, seven rectangular web brackets centred at the middle of 

the span, as well as two end brackets at each end. Also, some of the material at the 

web ends were moved to end brackets. 

The Flat Bar with Brackets 1 run visuals related to the undeformed geometry and the 

maximum von Mises stress data can be seen in Figure 5.28 and Figure 5.29, respectively. 

Flat Bar with Brackets 1 was chosen since it best-represented geometries tested within 

Test4. 
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Figure 5.28: Exp2, Flat Bar with Brackets 1 Geometry. 

 

Figure 5.29: Exp2, Flat Bar with Brackets 1 von Mise Stress. 
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The brackets seemed to solve the buckling issues in several of the models. The only model 

to exhibit buckling at the mid-span (tripping in this case), was Run3. It was also the only 

model with the width of its mid-span brackets shortened. However, in many cases, the end 

brackets did very little to cease buckling at the ends. The only model to show little to no 

end-buckling was Run5, which shared the same geometry as Run1, except it had a reduced 

web height at the ends and an extra end bracket. 

Regarding Figure 5.30, all Flat Bar with Bracket runs (except for Run5) performed 

similarly to one another. Run1 had the highest stress at the end of the run with a von Mises 

stress of ~1175 MPa. Run2 had the highest stress near the beginning of the run with a stress 

~100 MPa higher than the other runs. Run5 followed a unique stress vs. displacement path 

compared to the other four runs. Run5ôs stress vs. displacement curve closely resembled 

the flat bar run instead and showed the overall lowest stress out of the other runs in this 

test. 

Regarding Figure 5.31, though Run5 showed significant promise concerning its stress vs. 

displacement curve, its energy absorption was rather low in its force vs. displacement 

curve. All runs ended at approximately the same force, just over 1.6 MN. However, the 

elastic force of each curve varied wildly. The control runs had the highest elastic force 

values, followed by Run3, 1, 4, 2, and 5 (in order). 
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Figure 5.30: Exp2, von Mises vs. Disp. plot for Test4 runs and control runs. 

 

Figure 5.31: Exp2, Force vs. Disp. plot for Test4 runs and control runs. 
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Despite its lack of energy absorption ability, the only model to show little to no end-

buckling was Run5, which was the only model with a non-uniform web height throughout 

its span. Also, non-uniform flange width has been tested with several models, but non-

uniform web height has not been looked into thoroughly. Therefore, varying the web height 

of the stiffener was examined further in Test5 and Test6. 

5.3.5 Test5 ï Web Height Flat Bars 

Within Test5, the goal was to produce a set of test runs with stiffener web profiles 

represented by deflection curves. The deflection curves were generated based on the built-

T control runs since it had a uniform cross-section. The resultant deflection diagram shapes 

were converting into stiffener web profiles. 

When a fixed-fixed beam is centrally loaded with what is effectively a point load, it assumes 

a shape which can be predicted by a deflection diagram. In reality, a point load must be 

represented by a distributed load since the load must act over some area. Therefore, an 

appropriate load case was identified in the form of Figure 5.32 which best approximates 

the impact present within the FEMs. In the case of the rigid indenter impacting the grillage, 

upon analyzing the residual indentations in the test runs, it was noted that the diameter of 

the impact zone, ñcò, was approximately 327 mm. Note that concerning the FEMs, ñdò will 

be equal to L/2. 
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Figure 5.32: Fixed-fixed partial uniformly distributed load (Boeing Design Manual, Rev 

G. 1994). 

The deflections calculated from the distributed load-deflection diagram calculations (see 

Appendix C3) were treated as if they were the central-span stiffener web heights. 

Calculations for the reaction forces and moments were completed according to Equations 

[5] through [8] (Boeing Design Manual, Rev G. 1994): 

       Ὑ ρςὨ ὧ    [5] 

     Ὑ ύὧ Ὑ     [6] 

   ὓ τὧ ςτὨ    [7] 

           ὓ ςὧ ςτὨ ςτὨὒ  [8] 

Referring to Table 5.1, it is important to note that the impact force column does not reflect 

actual applied loads on the grillage. Instead, the impact force simply refers to the required 

load necessary to deflect a uniform cross-section beam to the corresponding deflection. The 
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test runs were then constructed with profiles matching the shape of the deflection curves 

with central-span web heights equal to the deflections seen in the table. 

Table 5.1: Calculated web heights along with their corresponding applied force. 

 

Based on the input forces and resultant deflections shown in Table 5.1, Figure 5.33 shows 

the deflection plotted against the span of the stiffener, where ñXò refers to the axial distance 

along the span. The curves on the plot represent stiffener web profiles. 

 

Figure 5.33: Deflection Curves to be used for stiffener height. 
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To ensure the web contained an equal amount of material in each run, the stiffener end-

span height was appropriately adjusted to maintain the shape of the profile. Note that Run1 

had such a slight web height difference at the centre of its span compared to its ends (12 

mm), that it was effectively a flat bar. 

The Deflection Curve 4 run visuals related to the undeformed geometry and the maximum 

von Mises stress data can be seen in Figure 5.34 and Figure 5.35, respectively. Deflection 

Curve 4 was chosen since it performed most optimally of the runs within Test5. 

 

Figure 5.34: Exp2, Deflection Curve 4 Geometry. 
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Figure 5.35: Exp2, Deflection Curve 4 von Mise Stress. 

Regarding Figure 5.36, the maximum von Mises stress of the flat bar was the lowest of all 

runs (900 MPa). As usual, the built-T had the highest maximum von Mises stress at 1200 

MPa. Several models showed large decreases in stress over small changes in displacement. 

The flat bar, Run1, Run2, and Run 6 demonstrated a large stress-drop at ~120 mm. The 

highest stress reported by any of the non-control runs was 1150 MPa by Run4. 

Regarding Figure 5.37, each of the runs demonstrated an elastic capacity similar to both of 

the control runs, marking Test5 as the first simulation thus far to be able to do so. After 

first yield, a significant pattern began to emerge from Runs1-6. As the central span web 

height increased and the end web height decreased, trends can be seen in the overload 

capacity and the buckling point. By manipulating the web height, it was possible to both 

maximize the overload capacity and control at what displacement buckling occurred. 
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Regarding Figure 5.37, Run4 demonstrated the highest amount of overload capacity and 

showed no significant evidence of energy loss due to buckling throughout the whole 

displacement. However, one main concern with designing stiffeners based on deflection 

curves is that the produced stiffeners were likely only optimized for impacts that occurred 

at the centre of the span, based on the distinct profile shape. To be thorough, the next test 

explored the behaviour of inverse deflection curves, as well as circular web height curves. 

Circular web height curves may be better optimized for an impact anywhere along the 

stiffener since they have a smaller change in web height per unit distance along the length 

of the stiffener span. 

From observing Figure 5.37, buckling can be seen in the form of losses in force per 

displacement. By comparing Figure 5.37 to Figure 5.38, the losses in force can be seen 

through the extent of tripping in the stiffener webs. As can be seen, Deflection Curve 4 

buckled very little even after 220 mm of displacement from the indenter. See Appendix C1 

for enlarged images of those shown in Figure 5.38. 
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Figure 5.36: Exp2, von Mises vs. Disp. plot for Test5 runs and control runs. 

 

Figure 5.37: Exp2, Force vs. Disp. plot for Test5 runs and control runs. 
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Figure 5.38: Tripping comparisons between Deflection Curve runs. Top row ï Deflection 

Curves 1, 2 and 3. Bottom row ï Deflection Curves 4, 5, and 6. 

5.3.6 Test6 ï Web Height Flat Bars (cont.) 

A sixth a final test was completed for Exp2, the exploratory experiment. A model was 

tested which resembled a similar stiffener design to what was shown in Test5 with a more 

general circular profile shape instead of the profile shape of a fixed-fixed beam deflection 

diagram. The radius of curvature was based on the best performing deflection curve model. 

Another model was created with the same circular shape, except inverted. These tests were 

completed to be a more general solution to impact scenarios since the shape of deflection 

curves distinctly applies to mid-span stiffener impacts. 

Additionally, three other models were tested which consisted of inverse deflection curves 

(the inverse web height of what was tested in Test5). Therefore, Inv. Deflection Curves 1, 

2, and 3 had increased end stiffener height and reduced mid-span stiffener height. The shape 

was defined based on the same calculations shown in Figure 5.32, Figure 5.33, Table 5.1, 

Appendix C3, and Equations [5] through [8]. 










































































































































































































































































































































































































































































































































































































