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Abstract

The objective of this research is to simulate the response of an isolated
substructure such that the response of the substructure in isolation would be the same as
the substructure within the structure. Generally, the behaviour of an isolated subsystem
(substructure) subjected to dynamic loading is different than the behaviour of the same
substructure within a system (structure). This is primarily caused by the boundary
conditions that are imposed on the substructure from the surrounding subsystem in the
entire structure.

A new systematic approach (methodology) is developed for performing impact
analysis on the isolated substructure. The developed technique is fundamentally based on
enforcing the mode shapes around the boundary of the substructure in the full structure to
be similar to the mode shapes of the isolated substructure. This is achieved by providing a
consistent adjustment to the loading conditions (impact velocity and mass) to account for
the loss of restraint at the interface with the full structure. Another important aspect of
this research is experimental validation of proposed method. This method allows the
experimental testing of an isolated substructure since the testing is performed by
impacting the isolated substructure with an appropriate mass and velocity.

In the finite element analysis, the structure is analyzed, and then the isolated
substructure simulation is performed using the developed technique. The results obtained
from the numerical simulations, for both the substructure in sifu and the substructure in

isolation, are compared and found to be in good agreement. For instance, the effective
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plastic strains, kinetic and internal energies for the substructure within the structure and
the substructure in isolation range from 7% to 12% discrepancies between two analyses.
The numerical simulations of a full structure are verified by performing a series of
experimental impact tests on the full structure. Finally, the experimental applicability of
the technique is studied and its results are validated with FE simulation of substructure in
isolation. This problem of experimentally testing an isolated substructure had previously
not been addressed. The comparisons of FE simulation and experimental testing are made
based on the deformed geometries, out-of-plane deflections and accelerometer readings.
For example, the out-of-plane deformations from the FE analysis and the experimental
test were determined to be within 7% to 9%. The experimental validation and numerical
simulations indicates the technique is reliable, repeatable and can predict dynamic

response of the substructures when tested in isolation.
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Chapter 1

Statement of the Research and Objectives

1.1 Introduction

Crashworthiness design is of special interest to the automotive industry for
enhancing passenger safety and reducing manufacturing cost. An evaluation of any
design change involving vehicle structure requires simulation of the system, which is a
highly nonlinear transient dynamic problem. The redesign process can be quite tedious
and time-consuming when full-scale finite element models are used. In most cases of
design for crashworthiness, the subsystem behaviour is strongly coupled to that of the
overall system in such a way that even small changes to the subsystem can strongly affect
the interactions between the system and subsystem. Since it is too expensive to physically
fabricate and test all conceivable design alternatives early in the design stage, analysts
use numerical techniques to predict approximate crash characteristics of a proposed
design. Consequently, vehicle crash predictions are usually obtained by considering the
vehicle as a collection of subsystems that interact with one another and are expected to
influence the crash performance of the vehicle as a whole.

When performing a dynamic analysis of a structure, the primary interest is to
determine how the structure will respond over time to a given set of conditions (loads,

motion, impact with another structure, etc.). Typically, dynamic finite element (FE) codes
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compute the parameters of interest by looking at the structure at different points in time
and by providing an output that indicates how the structure changes as time progresses.

Numerical methods for simulation of automotive crash events have been
developed for the last twenty years and many FE programs are now commercially
available. These programs have greatly enhanced the art of simulation of various
automotive crash events, such as frontal crash, side impact, rear crash, and offset crash.

Generally, in FE applications of subcomponent simulation, the acceleration,
velocity and displacement as a function of time at the boundary of the subcomponent in
full-scale simulation is transferred onto the subcomponent in isolation. In doing so, the
physical boundary conditions are discarded and the velocity and displacement profile is
forced upon the subcomponent. These methods, even though they produce accurate
results, are only applicable within FE methods and do not lend themselves to physical
testing. In addition, the final approval of any design relies on experimental crash testing
of the designed components. In other words, the simulation of the crashworthiness of
structures should be followed by experimental verification.

If any modification is made to the subsystem of the FE model, the entire model
should be reanalyzed. In addition, any modification to a subsystem (substructure) of the
original design required series of experimental testing of the entire car. A new design has
to satisfy and meet government rules and regulations thus, warranting experimental
testing of the entire system. This process is very expensive and time consuming. It is
understood that various substructures within the entire system interact and impose

constraints on each other. These boundary conditions cannot be determined in advance
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when a system (structure) is subjected to impact loading. The objective of this work is to
develop a technique that allows for impact analysis of a substructure in isolation. The
existing experimental techniques in substructural testing only look at the energy
absorption and deformation of substructure as an independent component. Our proposed
technique looks at the energy absorption and deformation of substructure under study as a
unit that the surrounding substructures influence its energy absorption and deformation
modes. In other words, it includes the boundary conditions of the surrounding subsystems
in the entire structure.

In a particular application involving a substructure system, the main activity is to
modify the design of a vehicle in order to provide accessibility to wheelchair occupants.
The modifications include lowering the center portion of the floor from the rear door to
the rear of the front seat and installation of the access ramp. Figure 1.1 is presented only
for the purpose of illustrating the problem statement. In Figure 1.1, the full structure is
divided into the component and the subcomponent. The component represents the
remaining vehicle structure and the subcomponent represents modified substructure. In
this case, the modifications were made only to the subcomponent, and therefore the entire
assembly needs to be reanalyzed. Here, we are not only interested in obtaining the
dynamic response in terms of modifications, but also how to implement boundary
conditions consistently, such that the over all change corresponding to the dynamic

response would be minimal.
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(a) Full Structure (b) Component (c) Subcomponent

Figure 1.1: Schematic of the component and the subcomponent

In addition, in terms of the modifications to the subcomponent, the overall
dynamic response of the system is intended to remain unchanged. Therefore, the dynamic
response of the modified and unmodified subcomponents must be the same. In other
words, all the assessments can be evaluated at subcomponent level only, as long as the

overall dynamic response remains unchanged. This situation is shown in Figure 1.2.
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Figure 1.2: Schematic of the system and subsystem

Consider the structure that represents the approximate finite element model of the
mini-van (as shown in Figure 1.3) entire vehicle, and the substructure that represents
modified substructure. Here, the main objective is to determine the mass and velocity of
impact such that the dynamic response of the modified substructure in isolation is similar
to the impact response of the substructure within the mini-van. Figure 1.3 depicts rear
impact analysis, where the vehicle was rigidly fixed and a moving rigid wall with

prescribed velocity and mass impacts the vehicle.
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Moving wall . Moving wall

Substructure - . Substructure

Figure 1.3: Schematic of the structure and its substructure

¥

The subsystem response is influenced whenever the subsystem is subjected to
dynamic loadings by its surrounding component. In addition, the substructure response to
the dynamic loading would be different in isolation due to the influence of the free
boundary around the substructure.

Practically, actual loads on the isolated substructure cannot be applied directly,
since the dynamic loads on the interface are not known in advance. As a result dynamic
loading needs to be adjusted to account for free boundary whenever the substructure is
tested in isolation. Therefore, knowing the velocity and mass of the wall enables one to
perform impact analysis on the isolated substructures, such that the isolated response
would agree with in situ response when the entire structure is tested. Figure 1.4 depicts

the simple illustration of the structure and its substructure.
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Figure 1.4: Schematic of the structure and the substructure

In order to overcome difficulties associated with testing the subcomponents in
isolation, a systematic approach is developed. The technique is inspired partially by the
model order reduction technique, but is applied to subcomponent analysis in isolation.
The proposed technique not only can be applied to FE analysis but also can be applied to
experimental testing. It is important to mention that experimental testing is a requirement
of all crashworthiness application. The novelty of this method, in comparison to other
methods, is that the impact analysis on the substructure in isolation is performed, by
impacting the substructure in isolation with appropriate mass and velocity.

To perform substructure impact analysis in isolation, the baseline performance of
the substructure in full structure must first be determined. Thus, the full model must first
be analysed under the desired loading condition. The proposed method must achieve
similar deformation around the boundary of the substructure when tested in isolation as

that of the full model. It is well known that any changes to a subsystem of a system will
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change the impact characteristics of the system as a whole. In order to minimize the
changes caused by altering any subsystem in the full system, the deformations around the
boundary of the subsystem in isolation should agree with the corresponding deformations
in the full system. Therefore, the deformation around the substructure boundary in full
model testing should be mapped onto the substructure when tested in isolation. This
ensures the net effect of any changes made to the substructure will result in minimum
change to the overall dynamic response the full structure.

The similarity of the boundary deformation is achieved by considering transient
acceleration-time-history, mode shapes and internal energy of the substructure in the full
model. The main mode shapes determined from the spectrum of the full model response
can be matched with the relevant mode shapes for the isolated substructure. In addition,
from transient analysis, the acceleration responses of boundary nodes were extracted
under impact of the full model. This is particularly important since the most dominant
modes of vibration and their respective mode shapes need to be determined. It is
proposed here that if the substructure in isolation is excited at those determined dominant
frequencies, the mode shape of the selected nodes and thereby the deformation of the
selected nodes will be similar to those of the substructure in the full structure. Note that
the FE analysis of the full model is an integral part of the proposed method as the energy

transfer to the subcomponent was determined from FE analysis of the full model.
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Four main steps in achieving this goal are:
e Develop the methodology for performing impact analysis on isolated
substructures
e Apply the correct boundary conditions and developed parametric equations for
impacting wall properties
e Perform numerical dynamic simulations on substructures in isolation
e Verify the developed technique and its application in an experimental setting
As a first step, the FE application of the proposed technique of substructural
testing was studied. Consequently, to validate the proposed results, the experimental
verification of the structure was carried out. Finally, the experimental application of the
proposed methodology was examined. The proposed methodology reduces the cost both

in manufacturing and time for performing impact analysis on isolated substructures.



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

1.2 Organization of Thesis

The subsequent chapters are organized as follows:
Chapter 1 - Statement of the Research and Objectives
Chapter 2 - Literature Review
Chapter 3 - Finite Element Analysis of Structural Components
Chapter 4 - Proposed Methodology
Chapter 5 - Experimental Apparatus and Testing Procedures
Chapter 6 - Comparison of Results and Discussion

Chapter 7 - Conclusions and Contributions

10
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Chapter 2

Literature Review

2.1 Introduction

The term ‘“Crashworthiness”, first used in the aerospace industry in the early
1950’s, provided a measure of the ability of a structure and any of its components to
protect the occupants in survivable crashes. Similarly, in the automotive industry,
crashworthiness refers to a measure of the vehicle’s structural ability to plastically
deform and yet maintain a sufficient survival space for its occupants in crashes involving
reasonable deceleration loads. Crashworthiness is evaluated by a combination of tests and
analytical methods. This section provides an overview of the structural crashworthiness

and analytical techniques that have been used to perform crashworthiness analysis.

2.2 History of Crashworthiness Analysis

Analytical simulation of vehicle crashworthiness has evolved over the past 30
years. Three types of models are used to simulate vehicle structures: namely, Lumped
Parameter (LP) models, Hybrid models, and Finite Element (FE) models. The FE models
can also be divided into two groups: heuristic beam models, and continuum mechanics-
based models, which use beam, shell and solid elements. The progression of these models

over the years followed a pattern of increasing geometric detail since it was realized that
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a simple analytical model of the crash event does not ensure accurate prediction for all
possible impact conditions. The history of structural crashworthiness can be best
characterized by two periods of historical developments: an early period, which starts
from 1970 and ends about 1985, and a second period, which starts from mid 1980’s with

the introduction of supercomputers and vectorized explicit finite element codes.

2.2.1 Early Development of Analytical Techniques

The first period was essentially a period of trial; a time of attempting to develop
some understanding of an extremely complex structural mechanics problem. A variety of
numerical techniques were applied to simulate the deformations, including folding and
buckling of vehicle structures during the decisive first 50 to 100 ms of a crash test.
Approximate solutions were obtained by spring-mass modeling of the vehicle (Rapin,
1970; and Kamal, 1970), an approach originated in the aerospace industry. Alternative
solutions using beam element models in conjunction with nonlinear joint formulation
were obtained that proved to be very successful (Mclvor, 1973; Chang, 1977; Wang and
Merdith, 1983); however, this method requires a high degree of skill and experience from
the analyst.

There were also attempts to obtain solutions based on first principles by
modelling the car body as a continuum. This automated the task of attributing discretized
stiffness values to the structural components. Some of this work was based on quasi-static
beam element formulation (Mahmood and Paluzeny, 1986), implicit FE techniques

(Gamon, 1978; Pifko and Winter, 1981; Argyris et al., 1986), finite difference methods
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(Ni, 1981), implicit/explicit FE formulation (Haug et al., 1983), and explicit FE time
integration (Belytschko and Hsieh, 1974).

It appears that the first crash model (Winter et al., 1981) simulated a head-on
collision of a vehicle front structure with a rigid wall using the computer code DYCAST
with an implicit solver (Pifko and Winter, 1981). In this model, the left half of the vehicle
was represented by 504 membrane triangular, beam, bar, and spring elements. Haug et
al., (1983) discussed the development of implicit-explicit time integration FE PAM-
CRASH code and applied it to analyze the response of an A-pillar and to the right front
quarter of a unit-body passenger vehicle structure. The quasi-static analysis was
accomplished by an iterative incremental force/displacement analysis.

The theoretical background for implicit FE formulation and an associated code for
crash analysis were presented in 1986 (Argyris et al., 1986). The developed code was
applied to calculate the impact response of a vehicle front structure when it impacted a
rigid barrier from an initial velocity of 13.4 m/s. The solution accounted for material
strain hardening and rate effects, and provided structural deformations. Other than the
three examples mentioned above, the application of implicit FE solvers to crash analysis
did not proceed beyond that point. This was due to its inability to account for contact and
folding of thin sheet metal structures and due to excessive demands on computer
hardware storage and speed.

Some of these developments already contain the essential features that make up
the core of any crash analysis software today. They combine time integration with shell

elements, node-to-segment contact force transmissions, and plane stress elasto-plasticy.
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Since these are still the basic algorithms used in today’s analysis environment, it is not
surprising that, as early as 1973, good analytical results were obtained on vehicle
substructures.

The continuum approach, however, remained mainly limited to research since the
goal of full-vehicle simulation could not be achieved with sufficient accuracy due to the
limited number of shell elements that could be handeled by state-of-the-art computers
before the mid 1980’s. The resulting coarse meshes did not allow a representation of the
global buckling modes in a full-vehicle model. Due to the high degree of interaction
between different components of an automobile structure, it is necessary to consider the
full vehicle in a single model to predict the energy absorption of the individual parts
during a crash. The inability to fulfill this requirement brought the continuum approach,
and thus the finite element approach, to automotive crash simulations to a standstill in the

late 1970’s and early 1980’s.

2.2.2 Later Development of Analytical Techniques

The second period of development began in 1985 and continues to the present. It
can be characterized as a period of rapid growth in both explicit finite element technology
developments and application to progressively more complex vehicle structures. The
breakthrough of finite element methods in the structural crashworthiness field and their
consequent implementation in the design process of vehicles happened in the mid 1980’s

(Hieronimus and Nalepa, 1986; Gonard et al., 1986; DuBois and Chedmail, 1987).
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During these years, vectorized supercomputers were introduced to the industry,
allowing explicit finite element technology to establish itself as the leading numerical
technique for crashworthiness calculations of vehicle structures. During this period, the
analytical tools (FE) evolved out of being only a research tool and find its way into
becoming an essential part of the vehicle design process.

Similar developments occurred almost simultaneously in the United States
(Benson et al., 1986) and Europe (Nilsson, 1989). In 1985, ESI (Engineering System
International) Group (Haug et al., 1986) published the first paper about application of
explicit FE technology to crashworthiness of actual vehicle structures. The ESI Group
modeled the front vehicle structure of a VW-POLO’s impact into a rigid barrier from an
initial velocity of 13.4 m/s. The analysis provided vehicle kinematics and barrier force-
time pulse data. Subsequent to this simulation, automotive manufacturers have attempted
many crashworthiness calculations. Other European car companies also started working
along the same lines (Chedmail et al., 1986), contributing to the remarkable initial
success of this methodology.

In the early 1980’s, numerical simulation was almost exclusively a research
activity involving very few engineers, and hardly industrial in nature. Since 1986, the
development of simulation technology for crashworthiness has become more industrial
rather than technological in nature (Nalepa, 1990; Zaouk et al., 1998). Thus, it is
instructive to compare the role of numerical simulation of crashworthiness in automotive
industry today to what it was in the mid 1980’s. These simulations focused on frontal car-

to-barrier crashes.
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Today, vehicle manufacturers are faced with numerous restraints dictated by the
different governments, in-house safety criteria, and consumer-driven requirements that
must be met before a new car is introduced to the world market. Corresponding to a
variety of collision scenarios, 15 to 20 full-scale vehicle tests may be performed on a
specific prototype. In addition to frontal impact performance, the industry must consider
U.S. side impact, rear impact, and rollover protection requirements (Chirwa, 1996;
Kirkpatric et al., 1999).

With the availability of lower cost supercomputers based on symmetric multi-
processor (SMP) and massively parallel processor (MPP) technologies, simulations of the
aforementioned impact cases can be made more elaborate and efficient. As these
computational advancements continue, simulations of larger and more detailed models
could run in a comparable time to the smaller and less detailed models of the past. These
vehicle models become useful for a wider range of impact conditions. Additionally, they
must be sufficiently validated for the entire range of scenarios (Zaouk et al., 1996).

Numerical simulations have taken up a substantial part of the increased workload
of crashworthiness engineers. The potential of the simulations, due to the constant
development of hardware and software as well as the accumulated experience of a rapidly
growing number of analysts, has evolved quickly enabling analysis groups to become
fully integrated in the vehicle design cycle. These simulations complement a testing
facility by preventing unnecessary work (additional experimental testing) from being
performed. This in turn allows analysts to assess new designs and suggest modifications

for improvement (Xue and Schmid, 2004). The strength of simulations lies in being able
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to rapidly perform important parametric studies that allow for quick elimination of
prototype designs which have a high probability of not satisfying testing criteria (Thacker

et al., 1998; Kan et al., 1999).

2.2.3 Overview of FE Technology in Crashworthiness Analysis

The evolution of computational methods for crashworthiness and related fields are
linked with the a) decreasing cost of computational resources and b) with improvements
in computational methodologies. The latter include multi-time step integration
(subcycling), further improvements in elements, adaptive meshes, and the exploitation of
parallel computers (Belytschko, 1992).

Recent advances in computer software and hardware have made possible analysis
of complex nonlinear transient dynamic events that were nearly impossible just a few
years ago. In addition to the improvement in processing time, the cost of computer
hardware has decreased an order of magnitude in just the last few years (Fasanella, and
Jackson, 2002).

The increasingly rapid evolution of this field is a consequence of two factors:

a. The development of more powerful, theoretically sound algorithms for the
simulation of nonlinear structural dynamics problems with severe deformations
and other nonlinearities.

b. The rapid growth in the speed of computers and the consequent decrease in the

cost of computational resources.
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Computer programs for crashworthiness analysis were first developed in the late
1960’s. Generally, a vehicle was modeled with five to fifty nodes and very simple
elements were used. A noteworthy development in this direction was the development of
a hybrid experimental simulation technique (Kamal, 1970). The properties of the
elements were obtained using experimental testing of the components, and computer
models were used to predict the performance of the complete vehicle for various speeds
of impact. However, models of this type cannot be considered first-principles models,
and are only suitable for the specific crash environment for which they were designed.

The next generation of crashworthiness codes tended to be first-principles codes,
in that their elements embodied the mechanics of large deformation processes, though
these were usually limited to beams (Thompson, 1972; Shieh, 1972; Young, 1972; and
Melosh, 1972). One of their major shortcomings was their reliance on implicit time
integration, which they undoubtedly adopted because of the prevalence of these
techniques in general purpose finite element programs of the time. The use of implicit
time integration made these computer programs very time-consuming, even for
comparatively small models. Furthermore, these implicit techniques have a lack of
robustness for highly nonlinear processes; they might fail to converge to a solution during
a given time step.

In 1973, the National Highway Transportation and Safety Administration
(NHTSA) began a program for the development of computer methods for crash
simulation that would enable occupant safety to be established by means of simulation.

The effort focused mainly on the adoption of the program WHAMS, which had been
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developed for reactor safety studies (Belytschko and Marchertas, 1974). This computer
program had originated in the field of weapons effects, where severe nonlinearities and
large deformations are common place. Consequently, it used explicit time integration
methods. This entailed the use of very small time steps in order to maintain numerical
stability but provided a program with a robustness, which made the completion of
simulations a simple task. The program, which evolved from these efforts, was called
WRECKER (Belytschko et al., 1975; Welch et al., 1975) and its successors were used for
a long time at various car manufacturing companies.

A parallel effort was the development of DYCAST at Grumman Aerospace
Corporation. This program contained both implicit and explicit integrators; although the
emphasis was on the latter. The Grumman team developed considerable experience in the
simulation of frontal impact, and it simulated frontal crashes for a prototype of the de-
Lorean, the 1984 Chevrolet Corvette (Winter et al., 1984), and the Dodge Caravan
(Regan and Winter, 1986). Although these are not entirely first-principles models, in that
they could not replicate sheet metal crushing with fidelity, comparison with tests show
surprisingly good accuracy with errors in crush distances of only five percent (Regan and
Winter, 1986).

The principal development during this time was the development of a new four-
node quadrilateral element for thin shells, which required only one point quadrature per
element (Belytschko et al., 1984). At the same time, the DYNA-3D program was
developed which used explicit time integration and was completely vectorized to take

advantage of the Cray computer architecture (Hallquist, 1983). It included both the shell
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element (Hughes and Liu, 1981) and quadrilateral element (Belytschko et al., 1984); the
latter being significantly faster. Benson, et al., (1986) reported that DYNA-3D
calculations have been made with 20,000 shell elements and 120,000 degrees of freedom
and required only two hours of simulation; whereas, an implicit calculation with only
2000 elements required over eight hours of simulation. The refinement of models that can
be achieved with such tools, indicate that such models are much closer to the goal of
achieving first-principle simulations of a vehicle crash than the models of the 1970’s
(Hallquist and Benson, 1986). Yet, important factors such as the suspension, engine
block, and transmission were absent.

The analysis of interacting bodies, which includes the effects of both material
nonlinearity and large deformations, has also received considerable attention during these
years and has lead to the development of robust and efficient contact-impact algorithms
(Lee and Kwak, 1984; Oden and Pires, 1984; Hallquist et al., 1985). Many improvements
to this type of analysis have been made, and it is possible to effectively address a class of
nonlinear systems and develop stable and accurate methods, which may be applied to
general classes of problems.

Because of the lack of robustness of implicit time integration procedures for the
complex phenomena that occur in car crashes, most of the currently used programs for
car-crash simulation use explicit time integration. The drawback of this method is that a
small time step must be used in order to meet the conditional stability. Thus, the presence
of a few small elements in the mesh requires the entire mesh to be integrated with a very

small time step. This problem was addressed using multi-time step integration where
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different time steps can be used for different parts of the mesh (Belytschko, 1980; and
Belytschko et al., 1985). In these methods, only the subdomains that contain the smallest
elements are integrated with the smallest time step and a much larger time step can be
used for the remainder of the mesh. Procedures have also been developed for the
automatic selection of time steps so that the advantages of vectorization are not
compromised and the overall stability of the process is ensured.

In particular, a general stability study was conducted using energy methods
(Gravouil, and Combescure, 2001 and Combescure, and Gravouil, 2002). Actually, this
method can be interpreted as a multi-time-scale method at the interfaces between
subdomains (Gravouil, and Combescure, 2000). Furthermore, authors proposed an
algorithm for implicit dynamics coupled with a multi-space-scaled method for some of
the subdomains (Gravouil, and Combescure, 2003). In other terms, the goal was to arrive
at a general algorithm for structural dynamics, which would effectively take into account
the specific space and time-scale properties. These preliminary algorithmic choices were

made with the intention of extending the method to non-linear problems.

2.2.4 Crashworthiness Experimental Testing

In spite of the tremendous progress achieved in crashworthiness simulations of
vehicle structures from components to full-scale vehicles using the latest techniques in
computational mechanics and supercomputers, final assessment still relies on laboratory
tests. There are three categories of tests: component tests, sled tests, and full-scale barrier

impacts. It is well documented that the complexity of the test and associated variables

21



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

increase from component to full-scale tests. This may cause a decline in test repeatability;
this is a reality that may not become apparent from mathematical models.

Motor-vehicle structural models can be separated into three groups: generic
components such as S-rails and rectangular tubes, actual isolated components such as
upper rails, lower rails and hoods, etc., and subassemblies representing parts of the front
structure. These components are typically tested in both quasi-static and dynamic modes
to identify their crush performance. In dynamic testing, a drop-silo or sled is used. In
drop-silo testing, the component is fixed to the ground on a load cell and loading is
typically applied from the gravitational fall of a rigid mass onto the free end of the
components.

In sled testing of components, the component is mounted horizontally onto the
sled that is launched to impact a rigid or deformable surface with the component making
first contact. The component test determines the dynamic response to loading of an
isolated component. These component tests are crucial in identifying the crash mode and
energy absorption capacity. Understanding their performance is also essential to the
development of prototype substructures and mathematical models (Khalil and Vander
Lugt, 1989; Jones, 1989; Sheh and Khalil, 1991).

The primary objective of a sled test is the evaluation of the occupant restraint.
This is accomplished by high-speed photography of the dummy kinematics (Hoffman et
al., 1990; and Khalil et al., 1995). In a sled test, a vehicle buck, representing the
passenger compartment with all or some of its interior components, and restraint systems

is used. Mechanical surrogates of humans (dummies) or cadaver subjects are seated in the
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buck to simulate a driver and/or passenger and subjected to dynamic loads, similar to a
vehicle deceleration-time pulse, to evaluate the occupant response in a frontal impact.
The dummy’s kinematics-deformation, velocity, acceleration, and associated forces and
moments are measured to help determine the impact severity and the effectiveness of
restraint systems in reducing loads transferred to the occupant.

For more complicated analysis of occupant and vehicle structural responses,
mathematical models using either rigid-body-based program (MADYMO, 2004), or
deformable-body-based non-linear FE codes such as (LS-DYNA, 1998; PAM-CRASH,
2001) are currently used among auto manufacturers in design of advanced / smart
restraint systems for impact safety protection of occupants. In both the multi-body and FE
simulations, the restrained occupants can contact the vehicle interior. To capture the
motion of the occupant relative to the belt, FE seat belts are used. Contacts between the
dummy models and the vehicle interior are defined by using multi-body-multi-body
contacts and multi-body-FE contacts in MADYMO (Mathematic Dynamic Model)
environment. Parameters for the appropriate contacts between the vehicle interior and
dummy were extracted from MADYMO examples (Renfroe, and Partain, 2000).

Recently, a computer-based-simulation of the rollover crash using the MADYMO
simulation tool was developed (Jiang, and Sturgess, 2007). The study was focused on
investigating the vehicle dynamics and occupants kinematics during a front-crash-
induced during the rollover. Simulation results from both the FE model and the rigid
body model were validated and evaluated with a series of experimental testing, and good

agreements were obtained crash.
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To study the driver kinematics, an occupant compartment of a midsize sports
utility vehicle (SUV) using MADYMO was created (Bedewi, et al., 2003). In this study
the compartment model underwent a rollover motion, and it was concluded that the
occupant kinematics is greatly affected by vehicle pre-roll and roll kinematics and, in
driver-side leading rolls, the head velocity relative to the vehicle interior is significant.
Hu and co-workers (Hu, et al., 2007; Neal-Sturgess, et al., 2007) also conducted rollover
simulations with a variety of restraint methods, including seat-belts and/or an inflatable
tubular structure. The effect of seat belts on occupant kinematics in rollover events was
assessed, and the kinematics and injury risks of two kinds of occupant models were
compared and evaluated. The importance of restraints in reducing occupant injuries in
rollover was highlighted.

The typical full-scale barrier test involves collision of a guided vehicle, propelled
into a rigid flat barrier, at a predetermined initial velocity and angle. A fully instrumented
vehicle, with numerous load cells, accelerometers and instrumented dummy in the driver
and passenger seats, are typically utilized in the tests. The barrier face is instrumented
with several load cells to monitor the impact force-time history.

In addition to frontal crash tests, other tests have been developed to simulate side
impact with a deformable barrier (Cheng, et al., 2001), rear impact (Zaouk et al., 2000),
and roof crush models, respectively (Horstemeyer et al., 2007). Also car-to-car crash
models have been simulated (Thomson et al., 2007). Other frontal impact models include

oblique (+/- 30 degree) impacts with a rigid barrier, offset impact models with rigid or
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deformable barriers with 40 to 50 percent overlap, vehicle-to-vehicle impact with full or
partial overlap, and central or off-center impacts with a rigid pole (Cheng et al., 2001).

Such tests are not only time consuming, but also expensive, particularly at the
early stages in vehicle development, where only prototypes are available. Government
safety standards are set for passenger and commercial vehicles. Data available to the
government in determining safety, specifically vehicle crashworthiness is obtained from
physical crash tests. However, because the cost of a single crash test is approximately
$25,000 (excluding the cost of the vehicle), comprehensive crash testing for every car
manufactured would be extremely expensive (Zaouk, et al., 2000).

Typically, a barrier test uses a complete vehicle where safety engineers run this
barrier test to ensure vehicle structural integrity and compliance with government-
mandated regulations. In addition, full-scale tests are conducted on the vehicle’s rear
structure, either by a deformable barrier or by a bullet car to assess the integrity of the
fuel tanks (Sheh et al., 1992; Calso et al., 1993; Kohlhoff et al., 1994; and Lin et al.,

1995).

2.2.5 State of the Art in Crashworthiness Analysis

Today, explicit crash simulation codes are an essential part of virtual product
development in the automotive industry. Crashworthiness analysis with explicit FE
programs, such as LS-DYNA, has reached a very mature state. As a result, the number of
real physical tests, in the automotive industry has been reduced considerably. Though the

element formulation in the explicit programs has been mainly dictated by efficiency, the
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quality of the results of today’s standard crashworthiness analyses is very high and the
demands, for further enhancements to the programs concerning the range of applications,
are still increasing. The contribution (Schweizerhof, 2001) is focusing on element
formulation, contact algorithms and modeling aspects. Current models in crashworthiness
analysis contain well beyond 500,000 elements that may be a mix of shell elements, beam
elements, 3-D solid elements, and many connection elements such as springs and
dampers with nonlinear properties.

The element formulation was initially focused on reduced integrated elements
with hourglass control (Belytschko and Tsay, 1983) even though the limits concerning
kinematics have been known. However, the overall efficiency of these elements allowed
analysis of models with difficult, yet realistic geometries. An additional advantage is that
the Jacobian at the center (integration point) of the element almost never becomes
indefinite, even for very large element distortions, so large deformation analyses have
been possible even with fairly coarse meshes. After revisions of the original stiffness
hourglass control concerning rigid body rotations, the Belytschko-Tsay shell element is
still the tool for any larger analysis. The deformations in the so-called hourglass
kinematics are controlled by computing the hourglass energy for each element. As a
result, any undesired kinematics can be found easily. For such regions (hourglass
kinematics, or undesired kinematiés), fully integrated shell elements with assumed shear
strain distribution can produce reliable results (Schweizerhof et al., 1999). This is
contrary to the element formulation used by Bathe within implicit techniques for crash

and impact analysis, (Bathe, 1998).
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A large variety of material models covering elastic-plastic, viscoplastic,
viscoelastic, composite, damage, failure, and nonlinear elastic with many variations can
be chosen from the material library in LS-DYNA for the structural elements used in
present vehicles. New material models can be developed and incorporated with ease.

Contact is the second dominating aspect in crashworthiness analysis as it is very
important to capture the correct geometry during the structural collapse. These
developments were focused on the following:

e The search for nodes in local proximity of contact
e The determination of forces on nodes in contact

In general, contact algorithms have two distinguishable parts, namely, search part
and contact part respectively. Fully automatic searches, with fairly little computational
cost, are available such that unclear situations at corners and edges are almost never
encountered in fine models with the very small time steps used in explicit time
integration. Detailed local searches and the storage of some localization properties for
each contact segment also lead to accurate and fairly efficient algorithms concerning
computational overhead and memory requirements. The addition of alternative
algorithms, such as the Pinball algorithm (Belytschko and Yeh, 1993), further improves
the efficiency of the search and the robustness in some situations, in particular, in
combinations with the standard search algorithms.

The treatment of sliding and impact along interfaces has always been an important
capability in the DYNA3D codes. Three distinct methods for handling this, which have

been implemented, are referred to as the kinematic constraint method, the penalty method
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and the distributed parameter method. Contact options in LS-DYNA treat interaction
between different parts in a model. When different parts are interacting, forces appear in
the contact interface. There are numbers of different contact options in LS-DYNA and
the majority of them are based on the penalty method. The penalty method consists of
placing springs between all penetrating parts and the contact surface. In this method the
spring stiffness is determined by the size of the contact segment and its material
properties. On the other hand, soft-constraint-based approach calculates the stiffness of
the linear contact springs based on the nodal masses that come into contact and the global
time step size. The resulting contact stiffness is independent of the material constants and
is well suited for treating contact between bodies of dissimilar materials. The stiffness is
found by taking the nodal mass divided by the square of the time step size with a scale
factor to ensure stability (Bala, 2001).

Today, automatic contact definitions are commonly used. Accurate modeling of
contact interfaces between bodies is crucial to the prediction capability of the finite
element simulations. In this approach, the slave and master surfaces are generated
internally within LS-DYNA from the geometry of the associated part given for each
surface. For automotive crash models, it is quite common to include the entire vehicle in
one single surface contact definition where all nodes and elements within the interface
interact (Benson and Hallquist, 1990; Hallquist, 1990). Since, in crash analysis, the
deformations can be very large and predetermination of where and how contact will take

place may be difficult (Bala, 2001).
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Over the decades, enormous progress has been achieved in both, the crash
simulation methods and the CAE (computer aided engineering) programs used. Due to
the high efficiency levels of the current computers and the use of available hardware,
such methods are being applied on a widespread basis today (Schelkle et al., 2004). This
applies to the whole range of options from the coupled / parallel sequential simulation of
manufacturing processes to the cross-functional simulation, including efficient
management systems designed to handle the entire CAE process (Koko, 2002).

In the early phases of automotive engineering, the development activities are
mostly handled in a sequential manner (Schelkle, and Elsenhans, 2002). That is where the
newly conceived CAD/CAE methods come in quite handy: they allow component
geometries to be prepared on the basis of topologies and parameters and subsequent
modifications to be implemented quite rapidly. This approach allows the inherent design
potential to be fully opened up and thus the defined targets to be reached in the most
optimum way. However, this requires combining parametric concept geometry with
mathematical optimization method. Nevertheless, their wide-spread and consistent
introduction into conceptual design is yet to come.

Improving the accuracy of virtual prototypes helps to shorten product
development times and reduces the number of physical prototypes required. One way is
to include the effects of forming in the material properties. The process of forming the
component changes the properties of the material being used. This is generally ignored in
the design and validation process of automotive structures even though the changes in

material strength and thickness may be substantial. However, although the forming
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effects on the performance of individual components have been reported in the literature
(Fang et al., 1999; Hora et al., 2000; Dagson, 2001; Lanzerath et al., 2001), there are few
papers reporting the consequence of including formed properties in full vehicle models
(Dutton et al., 2001; Chen et al., 2002).

Including formed properties in vehicle body structure can have a considerable
influence on collapse modes of these components and, importantly, a significant
influence on the energy absorbed by surrounding components. Recently, the inclusion of
formed properties applied to the development of advanced high strength steels, which
leads to the development of the advanced material modeling techniques are used in
crashworthiness analysis (Cafolla et al., 2004).

Recent development in computer hardware technology and software advancement
has made it possible to develop large and detailed finite element models, which include
vehicle structures, interior, seats, airbags, and hybrid III dummies, for crashworthiness
evaluation. Today, computer simulation using finite element methods is a routine practice
for engineers in design analysis, vehicle structural crashworthiness, and occupant
protection assessments (Monclus-Gonzalez et al., 2000; Kan, et al., 2001; Pyttel et al.,

2007).

2.3 Model Order Reduction Techniques

In the analysis of large structures, the substructural analysis frequently arises due
to the repetition of identical assemblages (substructures) within a structure. A small

reduction in the problem size can have a large effect on the storage and time requirements
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of the problem. Traditional forms of substructuring, for static problems, employ static
condensation to remove the degrees of freedom on the interior of the substructure.
In 1965, Guyan and Irons first proposed the condensation technique or simply
static condensation for the elimination of unwanted degrees of freedom (Guyan, 1965;
and Iron, 1965). Since its initial proposal, this technique has been widely used in many
static and dynamic problems. However, because the inertia effects are ignored in this
condensation, the accuracy of the resulting reduced model is generally very low for
dynamic problems. To alleviate the limitations, the inertia effects could be partially or
fully included in the condensation matrix. The corresponding condensation approaches
are generally called dynamic condensation.
The performance of dynamic condensation is fully dependent upon the dynamic
condensation matrix. There are three types of dynamic condensations:
e Single-mode-dependent dynamic condensation
e  Multimode-dependent dynamic condensation
e Response-dependent dynamic condensation
Usually, the general eigenproblem of a full model, referred to as the full eigenproblem, is
given by
(K-AM)p =0 (2.1)
where Aand ¢ are the eigenvalue and corresponding eigenvector of the full model, and

K and M are stiffness and mass matrices respectively. The total degrees of freedom of

the full model are divided into two categories: a) the master degrees of freedom and b)
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the slave degrees of freedom. With this arrangement equation (2.1) may be rewritten in a

partitioned form as

Kmm K"IS M mm M ms ¢”l O
iy - _ (2.2)

KS”I KXS M sm M Ay ¢S 0
where the subscripts m and s indicate the parameters corresponding to the masters and
slaves respectively. A simple multiplication of the matrix on the left-hand side of

equation (2.2) expands this equation into two equations, namely

(K - wnll?1 )¢m + (K"L\' - AM"L\‘ )¢S = 0 (2'3)

(K =AM )9, + (K, =AM ), =0 (2.4)
The relation of the eigenvector between the masters and slaves can be obtained from
equation (2.4) as

@, =R(ADy, (2.5)
where R(A)e R is called the condensation matrix and is defined as

RA)=—(K,-AM ) (K, —AM ) (2.6)

Although the expression for the computation of the condensation matrix is given
explicitly in equation (2.6), it is a nonlinear function of the unknown eigenvalue A .

Letting 4 =0 in equation (2.6), leads to the Guyan condensation matrix.

2.3.1 Single-Mode-Dependent Dynamic Condensation

The single-mode-dependent dynamic condensation matrix is defined as the

relationship of an eigenvector between the master and the slave degrees of freedom.
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¢, =R(D)g, | (2.10)
where, ¢, and @, are the subvectors of the eigenvector at the master and slave degrees of

freedom, respectively and R is the dynamic condensation matrix (Guyan, 1965). The
dynamic condensation matrix, R , is given explicitly in equation (2.6). The eigenvector of

the full model can be expressed in terms of the eigenvector at the masters as
(0 = TG¢m (27)
where, T, is the coordinate transformation matrix or global mapping matrix, 7, € R .

T, relates the responses at all degrees of freedom to those at the masters and is defined as

T, {I } (2.8)
RG

where, [ is an mXxmidentity matrix, and R; € R™" is called the condensation matrix and
is defined as

R, =-K 'K, (2.9)
The dynamic condensation matrix depends on the mode. Different modes may have
different dynamic condensation matrix and, as a result, a different reduced model. The

reduced model is frequency-dependent and, as a result, a special eigenvalue solver is

generally required.
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2.3.2 Multi-Mode-Dependent Dynamic Condensation

The multimode-dependent dynamic condensation matrix, R , is defined to relate,

the multi-eigenvectors, p , between the master and slave degrees of freedom (Kammer,

1987; and O’Callahan et al., 1989), that is,

® =RD 2.11)

sp mp

where, R is the dynamic condensation matrix,(I)sp is the submatrix of the selected

eigenvectors at slave and @, is the submatrix of the selected eigenvectors at master,

mp
respectively. Using this definition, the dynamic condensation matrix can be directly

obtained if these eigenvectors of the full model are available, that is,

R=0 O (2.12)

mp

where, @,  is the generalized inverse of matrix @, and is defined as

(D+ =(¢T (I’ )_1<DT

mp mp = mp mp

(2.13)

2.3.3 Response-Dependent Dynamic Condensation

The response-dependent dynamic condensation matrix is used to define the
relationship of responses between the master and slave degrees of freedom (Qu, 1998),

that is,

X,(t)=RX, (1) (2.14)
where, X, and X are the response vectors at the master and slave degrees of freedom,

respectively. In this procedure, the system response is simulated using any accurate time
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integration scheme. The displacement response vector, at all degrees of freedom, is then
sampled at a series of different times during the simulation. The dynamic condensation
matrix is then computed from these sampled response vectors. Since the reduced model
has m degrees of freedom, the equation represents the relationship of responses
contributed by m modes. As a result, this relation is approximate even when the reduced
model is exact.
Based on the type of information required to compute the dynamic condensation

matrix, the dynamic condensation methods can be categorized as:

e Physical-type dynamic condensation

e Modal-type dynamic condensation

e Hybrid-type dynamic condensation

2.3.4 Physical-Type Dynamic Condensation

In the physical-type dynamic condensation methods, only the system matrices,
stiffness and mass matrices, for example, of the full model are directly required in
computation. If the modal parameters, particularly the mode shapes of full model, are
included in the dynamic condensation matrix, the method is called modal-type dynamic
condensation. In hybrid-type dynamic condensation approaches, both the physical
parameters and the mode shapes of the full model or slave model are used (Craig and
Bampton, 1968; Leung, 1978; and Paz, 1984).

A model reduction technique is usually introduced to reduce the size of the full

model and leads to a reduced order model. The dynamic equilibrium condition in
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structural dynamic analysis is generally written as a set of linear second-order differential
equations

MX (1) +CX (1) + KX (1) = F(1) (2.15)
where M,C and K € R™" are the mass, damping and stiffness matrices of the full order

model, respectively. In addition, X,X,and X € R" are the acceleration, velocity and

displacement response vectors, respectively, of the full model under the external loads. It
is assumed that the total degrees of freedom (n) of the full model are divided into the
masters (m ) and slaves (s ) degrees of freedom. With this division, equation (2.15) can

be rewritten in a partitioned form as

M mm M ms X Cmm C"l\' X Kmm Kms X m En (t)
TR N 2 = (2.16)
M sm M AR} X X me CXS X s KSM KSS X A FV (t)

where

mxm mxs sXm SX§
Mmm’C‘mm’I<mmGEK ’Mms’Cms’Kmsem ’Msm’Csm’K.rmeg( Mss’Css’szem
.V 7 mxm Ve 7 SXS
:X,.X,.X,, F,e R"™;andX ,X ,X ,F e R™.

In equation (2.16), M C,..and K,  are the mass, damping and stiffness matrices of

mm ? mm ? mm

the reduced model, respectively. Many model reduction schemes involve the form of
coordinate transformation in the following form:

X()=TZ(1) (2.17)

where, T € R is the coordinate transformation matrix and Z € R" is the reduced order
coordinates. The transformation matrix, 7', is generally time-invariant. As a result, the

differentiation of Eq. (2.17) with respect to time becomes
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X(@)=TZ®) (2.18)
X@)=TZ@®) (2.19)

Introducing Eq. (2.17) through (2.19) into Eq. (2.15) and premultiplying both sides by the

transpose of transformation matrix 7' leads to

M Z(t)+CZ(t)+ K Z(t) = F (1) (2.20)
where M,,C,and K, e R™" are the mass, damping and stiffness matrices,
respectively, of the reduced model, and F, is the equivalent force vector acting on the

reduced model. They are defined as:

M, =T"MT (2.20a)
¢, =T*Cr (2.20b)
K,=T"KT (2.20c)
FR = T% B (2.204)

Equations (2.20) are the reduced dynamic equations of equilibrium. Although the size of
the reduce model is much smaller than the full model, the dynamic characteristic of the
full model, within the interested frequency range, may be retained in the reduced model.
In the physical coordinate model reduction, the reduced model is obtained by
removing part of the physical coordinates of the full model. Thus, the coordinates of the
reduced model actually belong to a subset of a full model. This is the most
straightforward model reduction among the three categories. The physical coordinate
reduction is usually called dynamic condensation and its coordinate transformation

matrix takes the form
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T= ! (2.21)
=l :

where [ is an identity matrix of order m and, R, is the dynamic condensation matrix

(Ramsden and Stoker, 1969; Levy, 1971).

2.3.5 Modal-Type Dynamic Condensation

All the coordinates that are not physical coordinates are generally referred to as
generalized coordinates. The modal coordinate and the Ritz coordinate are two types of
frequently used generalized coordinates. Modal coordinate reduction is one of the
classical methods of the generalized coordinate reduction (Wilson et al., 1982; Nour-
Omid and Clough, 1984; Akgun, 1993; Qu, 2001;). The dynamic response of an n
degree-of-freedom model in the physical space X can be expressed in terms of the

modal coordinates in modal space ¢g,, such that
X=0,.9, (2:22)

In equation (2.22), ¢

m

e R™ is the eigenvector matrix corresponding to the full model.

Each column of the matrix is an eigenvector or mode shape. Depending on the frequency
spectral of exciting forces, the (7 ) modes maybe taken from the lowest frequency range
or any interested frequency range or any interested modes of the full model. Substituting
equation (2.22) into equation (2.15) and premultiplying it by the transpose of the
eigenvector matrix gives:

qu"l + erni + KI’QHI = F (2'23)

r
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where M,,C,and K, are the modal mass matrix, modal damping matrix, and modal

stiffness matrix respectively.

2.3.6 Hybrid-Type Dynamic Condensation

Component mode synthesis (CMS) is one of the most popular hybrid coordinate
reduction schemes in which the reduced model consists of some physical coordinates and

some modal coordinates. The coordinate transformation has the following form

R
Teys = |:¢ON IGi| (2.24)

CMS is a method of dynamic analysis for structures having a large number of degrees of
freedom. These structures often require lengthy computation times and large computer
memory resources. In CMS, a structure is divided into independent components in which
the degrees of freedom are defined by a set of generalized coordinates defined by
displacement shapes. The displacement shapes are used to transform the component
property matrices and any applied external loads to a reduced system of coordinates. Any
obtained results are back transformed to the original component coordinate systems.
Generally, component mode synthesis can be categorized into three methods:

e Fixed-Interface method

e Free-Interface method

e Hybrid method

Depending upon the mode shapes used to define substructure coordinates, they

are obtained with masters fixed, free or a combination thereof (Hurty, 1965; Goldman,
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1969; MacNeal, 1971; Dowel, 1972; Rubin, 1975; and Craig, 1981). The component
mode synthesis has the following advantages:
e The computational effort and computer storage can be saved significantly
e The CMS technique makes it possible that different components of a structural
system may be analyzed by different groups, at different places, and at different
times
e The structural dynamic modification and optimization become easier
e The technique allows a hybrid modelling scheme to be implemented
One feature of component mode synthesis is that partial modal coordinates are
used, in place of the physical coordinates, to represent the substructures. These modal
coordinates must be transformed to physical coordinates in order to assemble the
substructure matrices into global matrices by means of equilibrium and compatibility
conditions. The physical-type dynamic condensation is generally more computationally
efficient than the other two. This type of approach maybe implemented into the
eigenvalue analysis of a large-size model. However, the accuracy or convergence rate
depends on what and how many degrees of freedom are selected as the master degrees of
freedom. Although the accuracy of the reduced model obtained from iterative dynamic
condensation approaches is not dependent on the selection, the proper selection of master
degrees of freedom does accelerate the convergence (Friswell et al., 1995).
The reduced model resulting from the modal-type dynamic condensation
preserves all the modes. These modes may be at any frequency range of the full model or

totally arbitrary. Because this reduction is exact, the selection of master degrees of
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freedom does not affect the accuracy of the reduced model provided that the selected
modes are observable at the master degrees of freedom. Generally, the number of the
selected modes is smaller than that of the master degrees of freedom (Gu and Hulbert,
2000).
The disadvantages that limit the usage of this method are as follows:
e The eigenvectors of the full model should be available before the reduction is
performed. This is computationally expensive.

e When the number of selected modes ( p ) is equal to the number of master degrees

of freedom (m ) and these modes are all observable, the reduced system matrices

have good properties. However, this will be a very heavy burden to obtain that

number of modes of a full model because the number is generally large.

e  When the number of the selected modes is less than the number of master degrees
of freedom, the reduced system matrices defined by SEREP (system equivalent
reduction expansion process) are rank deficient and the order (m — p ) modes of
the reduced model are undetermined. This leads to difficulties in further dynamic
analysis since the reduced model usually contains m modes and the accuracy of
the (m — p ) higher modes are low (Berkkan and Dokainish, 1990).

The hybrid dynamic condensation technique is supposed to overcome some of the
shortcomings of physical-type and modal-type dynamic condensation. However, most
hybrid dynamic condensation approaches, available in the literature, do not have good
performance. For structural systems that have a large number of degrees of freedom or

have components designed by different groups or organizations, the Craig-Bampton
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(Craig and Bampton, 1968) method has been proven to be accurate, efficient, and
economical. However, in the modal testing, the accelerometers cannot be mounted on
these modal coordinates. Therefore, there is a need to develop a transformation matrix
that could convert the modal coordinates back to the physical coordinates (Yee, 1990).

As a result, the reduced model has only physical coordinates.

2.3.7 Application of Substructuring in Crashworthiness

Analysis

The design of automotive structure is generally driven by the use of best practices,
and the actual crash performance is known only after completing the detailed design.
Different modeling techniques with varying degree of details are available in the
literature for the analysis of automotive crash behaviour (Markiewicz et al., 2001;
Pipkorn, 2002). These modeling techniques were developed to drastically reduce the size
of FE model and the CPU computing time, while preserving a sufficient degree of
accuracy for an efficient selection between different designs. The reduced-order model is
computationally efficient due to the computational time and cost. However, the reduced
model no longer contains all the information due to the elimination of degrees of
freedom. Also, the dynamic response corresponding to the mechanical properties of the
reduced model is altered.

In addition to the above approaches, other techniques were also developed mostly
to guide designers in the early stages when a decision has to be made from fairly large

number of ideas (Kim, et al., 1997; Moumni, and Axisa, 2004; Deb, and Ali, 2004; Kim,
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et al., 2007; Marur, and Srinivas, 2008). These techniques were mainly used to improve
design modifications, although, each proposed technique has a different objective.
Design-oriented simulation techniques for predicting crash behaviour were also used for
complementing experimental testing. This is performed prior to the testing of the entire
vehicle structures. In preliminary design cycles, where design modifications often takes
place, the aforementioned methods could save cost and time, prior to the experimental
verification of the proposed design. However, these techniques lack experimental
application, when this component is tested in isolation. This is mainly due to the different
boundary conditions, loading conditions, and various interactions between different
structural component/s. In most cases, the model parameters are adjusted to match
corresponding experimental results. This contradicts the actual purpose of the simulation,

which is to predict the experimental results (Mkrtchyan et al., 2008).

2.4 Research Justification

In the automotive industry, the manufacturers have to comply with strict
regulations concerning crashworthiness of their vehicles. This motivates a large amount
of effort devoted to perform numerical simulations and laboratory crash tests that aim at
gathering knowledge for further improvements in vehicles. Due to the complexity of the
structures involved, a large number of degrees of freedom (DOF) are necessary for
developing the FE models used in crashworthiness applications. The dynamic equations

produced by such models are integrated using appropriate time stepping techniques.
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In general, computations are based on three-dimensional finite element models.
As a consequence, the time resolution of the simulation is not controlled by the physics of
the problem but by the size of the smallest element of the mesh. Therefore, it is generally
agreed that if such highly refined and costly models are of major interest to qualify an
advanced design, they still are inconvenient for performing the parametric studies needed
to guide the choice between various designs.

Inconvenience arises as the consequence of at least two major points, which are
briefly summarized as follows. First, a single simulation of a given model requires a
large computer and considerable CPU time, providing a large amount of data, which then
have to be further, processed in a selective way. Second, the finite element model cannot
be easily modified to allow changes in the design of some components, except if
substructuring techniques are used, which is scarcely the case in automotive industry
(Moumni, and Axisa, 2004). In addition, the current understanding of the impact
properties of systems that consist of energy-absorbing materials and structures, as well as
the influence of interactions between the constituent structures, is also limited
(Mkrtchyan et al., 2008).

Despite the great progress in substructuring using the finite element method, there
is still a need to develop the methodology that enables one to overcome some of the
issues that are inherent with the experimental testing of substructures in isolation. In this
work, a new technique is proposed a technique that not only can be implemented into the

FE method but also can be applied to experimental testing.
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Various types of experimental tests regarding component(s) can determine the
dynamic response to loading of an isolated subcomponent. However, the results obtained
in subcomponent testing are not indicative of their response when they are in full model
(see sections 2.2.4 and 2.3.7 for references). Therefore, there is a need to develop an
experimental technique to study the substructure response in isolation. This work aims to
address this issue and outlines the technique that allows for substructural testing
experimentally. This method will eliminate the need for full scale testing when the
mechanical behaviour of a substructure within the full system is of interest.

Finite element analysis and experimental testing as currently being performed can
only provide information on system and its subsystem in terms of energy absorption and
deformation modes. However, if any changes needed to be done, whether to improve the
existing design or to meet the mandatory requirements, the entire system has to go
through numerous testing (finite element analysis and experimental testing). In addition,
the existing literature surveys have not addressed this problem yet. The existing
techniques, which although have proven to be successful in many areas, have
shortcomings when dealing with modifications to the subsystems. This study was
motivated to perform (numerical and experimental) analyses on subsystems with the
inclusion of the influence of the surrounding subsystems to the subsystem of interest. In
other words, this new technique allows the numerical and experimental crash testing of
subsystem in isolation such that the subsystem of interest behaves as if it is testing in the

entire system.
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Chapter 3

Finite Element Analysis of Structural
Components

3.1 Introduction

In large complex engineering systems, often only a subsystem or a small part of
the system design needs to be modified to adapt or improve performance in some way.
For example, to improve frontal crash safety in an automobile, an engineer might focus
design changes on only the vehicle’s lower compartment rails and the bumper. In most
cases of design for crashworthiness, the subsystem behaviour is strongly coupled to that
of the overall system in such a way that even small changes to the subsystem can strongly
effect the interactions between the system and the subsystem.

This study was initiated by Freedom Motor LTD to perform analysis on
redesigned vehicle’s floor of minivans for wheelchair accessibility. In order to perform
the task, the original floor of minivan is removed and replaced by a wheelchair ramp and
accessories. These types of structural change warrant the need for dynamic testing of the
modified vehicle. This work involves a study of the subsystem’s dynamic response (in
this case modified floor), and its overall effects on the system (in this case vehicle)

response. Figure 3.1 depicts the mini-van (approximate FE model) of the Dodge Caravan.
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Figure 3.1: Approximate FE model of the mini-van (Dodge Caravan)

In this particular application, the main activity is to modify the design of a vehicle
in order to provide accessibility to wheelchair occupants. These modifications are
generally applied to two types of mini-vans (Dodge Grand Caravan and Ford Free Star
passenger minivan) from leading vehicle manufacturers. The modifications include
lowering the centre portion of the floor from the rear door to the rear of the front seat,
installation of an access ramp, and securing the wheelchair and its occupant to the
vehicle. Since relatively low volumes of production (mini-vans) involve this
modification, it is preferable to use stock materials and fittings wherever possible in the
design.

Because of the advances made in numerical techniques, analysts have turned to

numerical simulation to predict the approximate crash characteristics of a design.
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However, any changes to a subsystem warrant the simulation of the entire model all over
again. This is computationally and financially expensive. Consequently, vehicle crash
predictions are usually obtained by considering the vehicle as a collection or system of
interfacing components and subsystems that interact with one another. This involves
judgement in isolating regions where crush or energy absorption is anticipated to be
significant and is expected to influence the crash performance of the vehicle as a whole.

This chapter is divided into two main sections and each section introduces
different finite element models. The first finite element analysis was performed to
examine the crashworthiness of the wheelchair accessible floor. The FE results could not
be verified experimentally since the existing numerical technique (explicit code using
LS-DYNA) only applies to a subcomponent (one component of the entire structure). In
other words, the experimental application would have been only possible through
experimental testing of the entire car.

The second finite element analysis was performed on the simplified version of the
floor. This model was considered for experimental testing but the numerical techniques
for testing the isolated subcomponent (using explicit code LS-DYNA) is not applicable to
the physical world. In other words, the interface nodes and the corresponding constraints
on the single isolated component can not be determined, when single isolated component
is tested experimentally. Therefore, the experimental application of the single isolated
component can not be achieved. In addition to the aforementioned limitations, the single

isolated component needs to be altered using additional components to correspond to the

48



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

loss of constraints at attached locations. Thus, a third finite element component was
modeled in lieu of developing a technique that makes experimental application possible.
The finite element analysis for each FE model was performed in two stages: full-
model simulation and sub-model simulation. At each stage, the subcomponent response
was determined from a full-model analysis and then compared to the subcomponent
response in a sub-model analysis. In the first two sections, the LS-DYNA subcomponent
testing capability is used to determine the subcomponent performance in isolation. The
development of the new methodology for performing impact analyses on a structural

component that lends itself to experimental testing that is explained in Chapter 4.

3.2 Finite Element Analysis of the Wheelchair
Flooring Design

3.2.1 Subcomponent Model Construction

The objective of this finite element analysis was to determine the response e.g.,
(displacements, velocities and accelerations) around the boundary of the subcomponent
so that these boundary conditions could be applied to the subcomponent in isolation. In
other words, if a design change is required for the subcomponent (the wheelchair
accessible floor), the entire floor need not be tested and only the redesigned
subcomponent needs to be analyzed.

Generally, detailed information with respect to motor vehicles is not available in

the public domain since the design details of a particular car are proprietary information.
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As a result, reverse engineering was used to develop an FE model that would represent an
actual car. The model development required both vehicle tear-down and digitization and
model generation. The objective of the tear-down and digitization is to characterize the
geometry of the structural components that have a significant effect on the
crashworthiness of the vehicle (Kirkpatrick, 2000). In this work, the geometry of the
vehicle exterior and floor was digitized, using a portable 3D coordinate measurement
instrument. A large portion of the vehicle components was not accessible for digitization
in their original position, and this limited the digitization of the entire vehicle.

At first, the solid model of a Chrysler mini-van (2006 Dodge Grand Caravan) was
constructed from CAD data (an approximate model). The vehicle was modified to make
the car wheelchair accessible. The commercial finite element program HYPER-MESH (a
FE pre-processor) was used to construct a pre-analysis model of the redesigned floor
(hereafter referred to as a substructure). The model was meshed using 4-noded
Belytschko-Tsay shell elements, with three integration points through thickness
(Belytschko et al., 1984). The entire structure was comprised of 40 components and
31229 shell elements. The connections between various parts were made using rigid
elements, which constrained the displacements and rotations in all directions at the
connection nodes, to simulate the original fastening configuration.

In the rear impact analysis, the vehicle was initially at rest and a rigid wall
moving with a prescribed velocity was made to impact the vehicle. Figure 3.2 depicts the
mini-van and the redesigned floor. This figure is presented for illustrative purposes and

only shows the wheelchair accessible floor within the mini-van.
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Figure 3.2: Schematic of the car body and modified substructure

Because of limited information regarding CAD data, kinematics of the floor,
material properties, and lack of the data with respect to other components of the mini van
(as shown in Figure 3.2), analysis was performed only on the floor substructure. Initially,
the substructure (floor) was removed from the vehicle and analysis was performed on the
substructure in isolation. The substructure model was comprised of different components
that are connected to each other to achieve its functional form. That is, for the purpose of
exploring methods, the floor substructure is redefined to be the main structure, and
subcomponent of the floor (in this case the right side rail) is taken as substructure. In the
following, the analysis is focused on studying this structure (as shown in Figure 3.3) and

its subcomponents.
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In the preliminary work, the FE analysis was performed on the redesigned floor to
determine the response of the substructure in full impact analysis (as shown in Figure
3.2). The structure comprised of 11 components, namely, right-rail, left-rail, front-floor,
rear-floor, and seven square reinforcing bars. The right-rail (refer to Figure 3.2) for
subsequent analysis was arbitrarily selected as a subcomponent, which was considered to
be analyzed in isolation.

These analyses were performed in two stages as follows:
1) Full model simulation
2) Isolated model simulation

From full model analysis in stage 1, the nodal displacements corresponding to all
the nodes around the boundary of right-rail (subcomponent and the boundary nodes as
shown in Figure 3.3) were extracted. In stage 2, these nodal displacements as a function
of time were used as prescribed boundary values to perform analysis on the right-rail in
isolation. Note that the displacement as a function of time cannot be physically applied in
an experimental set up. This is the shortcoming that will be addressed by a technique that
is presented in Chapter four.

The entire structure was made from structural steel AISI 1010 and appropriate
material properties were incorporated into the finite element model. The elasto-plastic
behaviour was modeled using MAT-24 (Hallquist, 2003). This material model has the

following properties; mass density p = 7830 [kg/m’], Young’s modulus E= 207 [GPa],
Poisson’s ratio v = 0.3, and Yield stress o, = 173.28 [MPa]. The FE model was meshed

using 4-noded quad (Belytschko-Tsay shell element) with three integration points
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through thickness and 3-noded triangle shell elements, (Maker, and Zhu, 2000). The
element formulation # 2 was used with shear factor of 0.833. The hourglass option was
invoked to account for hourglass viscosity type in control energy option card.

Figure 3.3 depicts the FE model of the redesigned minivan floors (previously

named substructure as shown in Figure 3.2).

Rigid wall

Boundary
nodes

Subcomponent
Right-rail

b ¢

Figure 3.3: Schematic of the structure and boundary nodes around the substructure

3.2.2 FE Analysis of the Modified Floor

As indicated, previously these types of analyses are performed in two stages and
are regularly performed on subcomponent(s) in isolation; however, the rigid wall is not
taken into account when performing subcomponent analysis in isolation. The accuracy

can be greatly improved upon selecting sufficient number of nodes around the boundary
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of the isolated subcomponent. Here, all the nodes around the boundary of the isolated
subcomponent were taken into account.

In this analysis two contact types were used namely, Automatic Single Surface
and Automatic Surface to Surface. The Automatic Single Surface contact was used for
each component of the structure to avoid penetration of components into each other. This
contact definition requires the thickness of the shell elements to be taken into account.
The Automatic Surface-to-Surface contact option was used to define contact regions for
impact. The contact nodes on the slave side are first checked for penetration through the
master surface and then the master nodes are checked for penetration through the slave
surface. In this analysis the default contact parameters were used.

After performing impact analyses on the redesigned mini-van floor (Figure 3.3),
the right-rail was isolated to perform subsequent subcomponent analysis. The main
objective was to simulate the exact deformation for the isolated part (right-rail) using all
the nodes around the boundary of the right-rail such that the selected component
deformed in a similar fashion for both cases. To achieve this, around the boundary of the
right-rail, a set of nodes was defined that contained the time history of the nodal
displacements and nodal velocities. Since the boundary conditions on the isolated part
were exactly the same in terms of nodal displacements, all aspects of FE analysis were in
excellent agreement with each other.

As indicated before, these types of analyses are often performed in large finite
element applications where the response of isolated parts or subcomponents is of the

primary interest. The computational time of the full-model impact analysis was 6.48 min,
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and computational time of the sub-model analysis was 23 sec. As can be seen from these
results, the computational time was reduced significantly for the sub-model analysis
compared to the full model analysis. The total computational time relates to three main
factors as follows:

e Number of elements in the mesh

e Time step size

e Contact.

The number of elements in the full model FE analysis was 10701 and in the sub
model analysis was 826. This is one of the major factors that caused the run time to be
reduced by almost 17 times for the sub model analysis. Another factor was the size of the
shell element in both the full and sub model simulations that controlled the analysis time
step size. The time step size for the full model and sub model analyses were determined
to be 4.13e-07 sec., and 1.71e-06 sec., respectively. The third factor was the contact,
which reduced the computational time by almost 25%. However, the sub model
simulation was performed without using any surface contact, since the deformations
mapped from the full model onto the sub model.

All of the aforementioned factors collectively reduced the CPU time for the sub
model simulation. Also, the quick determination of the response led to faster decision-
making when design modifications were considered for evaluating the new design. In this
analysis, all the nodes were selected around the boundary of the isolated subcomponent,
and components of the nodal displacement and velocities were the same. This resulted in

identical resultant displacements and resultant velocities for both FE models.
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These types of analyses can be applied to subcomponents without any limitation
in terms of the shape of the geometry. In this method, much the same way as other
methods, the second stage of the analysis is completely dependent on the first stage
analysis. Although the geometry of this model corresponds to an actual application, the
physical size makes experimental comparison difficult and costly. Therefore detailed
quantitative results are not pursued any further for this model.

One major shortcoming of this method of subcomponent (right-rail in isolation)
analysis, however, is the fact that a subcomponent (right-rail) can be analyzed in isolation
and a collection of components that form a substructure cannot be analyzed. Additionally,
the wall effect is not considered in sub-model analysis. The second stage analysis is
totally depend on the nodal boundary values, which form the boundary of the isolated
subcomponent, and therefore limits itself only to the nodes that values are known in
advance. The applied technique is only valid within FE analysis, and cannot be
performed experimentally. As a result, experimental testing of an isolated subcomponent

needs a different approach.

3.3 Finite Element Analysis of Modified Design

3.3.1 Model Formulation

Because of manufacturing cost and time associated with preparing experimental

test specimens, the previous structure (as shown in Figure 3.3) was replaced with a

56



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

simplified version consisting of one floor, two rails, and three reinforcing bars. The
components of the modified structure were assembled and connected to each other using
plug-welds. The structure was made from mild structural steel (AISI 1010) and their
appropriate material properties were incorporated into the FE analysis. The structure
consists of three stiffening bar, two rails, and one floor and their corresponding
dimensions are 596.03 by 76.20 by 6.35 mm, and 1219.18 by 48.42 by 3.55 mm, and
1219.19 by 609.60 by 3.17 mm respectively. Figure 3.4 depicts the schematic of the new

design with its components.
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Figure 3.4: Schematic of the modified structure and its components

The finite element model was constructed from CAD data using the commercial
software pre-processor (HYPER-MESH) and the FE model was exported into processor

(non-linear explicit code LS-DYNA) to perform impact analysis. The elasto-plastic
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behaviour was modeled using (Material type 24 in LS-DYNA) from the material library.
This material model was used for the structural components, with the following nominal

values: mass density p = 7830 [kg/m3], Young’s modulus E= 207 [GPa], Poisson’s ratio
v =0.3, and Yield stress o, = 173.28 [MPa].

The data for the true-stress versus plastic-strain test were used for mild steel and
incorporated into the material models for structure. Figure 3.5 depicts the stress-strain
relationship for this material. These stress-strain points were obtained from available
material data, and used with material type MAT-24 (Sadagopan, 2003). These types of
simplification for material properties-and behaviour made the analysis computationally

efficient. The strain rate effect was not considered for this analysis (Sadagopan, 2003).
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Figure 3.5: Effective stress vs. plastic strain curve for structural components
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The model was meshed using 4-noded quad shell elements (Belytschko-Tsay shell
element), with three integration points through thickness. Element formulation option
was activated with the viscosity type hourglass control option. The element formulation
[ELFORM] was # 2, with shear factor [SHRF] 0.833. The hourglass modes were
determined by activation of [HGEN], in control energy command.

The FE model consists of 5758 nodes, and 5312 elements respectively. The
Element formulation [ELFORM], and shear factor [SHRF] were the same for all the
parts. The termination time was set to 0.1 sec., and the time step for performing analysis
was determined to be 1.22127E-06 sec. The time step is determined automatically by the
software based on the size of the smallest shell element in the mesh. The control time
step card was also activated, and default values for initial time step size [DTINIT], and
scale factor for computed time step [TSSFAC] were used. In this analysis, a total of 84
rigid elements were used to connect various components to each other to represent weld
connections; connections were made every 304.8 mm. Figure 3.6 depicts the finite

element model, its components, and the rigid wall.
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Figure 3.6: Schematic of the FE model and its components

The following units were used in the analysis: length [mm], time [s], mass [tonne
(=1000 kg)], force [N], stress [MPa], energy [N-mm], density [tonne/mm’], and Young’s

modulus [GPa].

3.3.2 Contact Surface Modelling

Rigid wall definitions have been divided into two separate sections, namely,
Planar, and Geometric. In this analysis, a Rigid Wall Planar Moving card was used that
represents the simplest contact problem. As shown in Figure 3.5, the boundary of the wall
is flat and is defined by an outward normal unit vector with its origin at a corner point on
the wall.

Since the outward normal vector defines the wall, the wall automatically takes the

role of master and the remaining structure becomes slave to the rigid wall. In other words
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the slave and master definitions for contact are different. Additionally, this wall can
possess mass and an initial velocity. The outward normal vector is defined by assigning
values to the x, y, and z component for the head and tail of the normal vector, which is
directed toward the structure. Also in this analysis a contact interface, the Automatic
Single Surface option was used. This contact option was selected to simulate a probable
self-contact between interacting parts within the structure. This contact option takes into
account the thickness of the shell elements and eliminates penetrations between the

various elements within the structure.

3.3.3 Interface Definitions

Interface definitions are used in this analysis to define surfaces, nodal lines, and
nodal points for which the displacement and velocity time histories are saved. This data
may then be used in a subsequent analysis as an interface ID in the Interface Linking
Edge as the master edge for a series of nodes. This capability is especially useful for
studying the detailed response of a small member in a large structure.

For the first analysis, the members of interest only need to be discretized such that
the displacements and velocities on its boundaries are reasonably accurate. After the first
analysis is complete, the member can be finely discretized in the region bounded by the
interfaces. Finally, the second analysis is performed to obtain highly detailed information
in the local region of interest. The first analysis starts with specifying the name for the

interface segment file in the (explicit finite element software LS-DYNA) execution line
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upon performing subsequent analysis on isolated subcomponent using additional

command line.

3.3.4 Comparison of Results

In the full model analysis, the structure was fixed at one end and then impacted on
by the rigid wall with a mass of 74 [kg] moving at a speed of 10.5 [m/s], which translates,
to 4.1 [kJ] of energy. The objective was to define the set of data that contains the
displacement time history for the user defined nodes that could simulate the response
such that the isolated component(s) behave in a similar manner. The subcomponent
analysis was performed, using isolated subcomponent with only end nodes being
constrained (geometric boundary conditions). The wall was not included into second
stage (subcomponent in isolation), and only the predefined binary file was copied from
first analysis in to the second analysis prior to performing the isolated FE model. This
predefined binary file controls the motion during second analysis.

As expected, the stress and plastic strain were very high at the impacting front and
reduce gradually along the structure. A set of interface nodes was defined along the
boundaries of each rail, which was used to perform subsequent analysis on the
subcomponent in isolation. Figures 3.7 and 3.8 depict the effective plastic strain and

resultant momentum for the purpose of comparing them for two stages of the analysis.
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Figure 3.7: Contour plots of the effective plastic-strain a) entire FE model b) isolated
right rail along with the locations of selected nodes and elements on the FE model
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Figure 3.8: Contour plots of the resultant momentum a) subcomponent in full model b)
subcomponent in isolation

It was noticed from these results that the maximum deformations are located at
the same places for both analyses. This indicates interface nodes result in a similar
response for both cases as a result, deformations on both model are in very good

agreement with each other. The detailed analysis between a full model and a sub model
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was performed on a nodal and an elemental basis to investigate various similarities and
differences between the two models.

In these analyses, only 47 nodes were selected from the boundary of isolated
subcomponent, unlike the previous analysis, where all the nodes around the isolated part
were taken for performing sub model analysis. The isolated subcomponent consists of
747 nodes and 656 elements respectively. This selection was based on obtaining accurate
results (full model versus sub model), since less number of nodes would not suffice, for
sub model analysis. Therefore, the criteria for selecting sufficient number of nodes must
be considered prior to the performing sub model analysis. In addition, these nodes were
selected where the constraints applied (rigid connections), due to connection with other
part, and also along the boundary of isolated subcomponent, so as to be able to capture
exact deformations during impact analysis.

The locations of these nodes and elements are shown in Figure 3.7. These detailed
analyses include a comparison of resultant displacements and resultant velocities for
preselected nodes, and a comparison of effective stresses and effective plastic strains for
preselected elements from the full model and sub model FE simulations. Figures 3.9,
3.10, 3.11, and 3.12 depict these comparisons for selected nodes and elements that were

shown in Figure 3.7.
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Figure 3.9: Plots of resultant displacement for node # 2776 for the a) the full model b)
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Figure 3.11: Contour plots of effective (v-m) stress [MPa] for element # 6974 a) the full
model b) the sub model
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Figure 3.12: Contour plot of effective plastic strain for element # 6972 a) the full model
b) the sub model

These Figures (3.9 through 3.12) show good agreement between the full model
and isolated model simulations. The discrepancy in this wbrk is defined as the percent
difference between full model results and sub model results using the following

expression: next section
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_ |FullModel — IsolatedModel| <10

% Error = 0
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In both analyses, the response in terms of resultant displacement and resultant
velocity were the same for selected nodes. Furthermore, the resultant plastic strain for
selected elements was also in excellent agreement. The results were obtained at the end
of the simulation time to allow the settlement (damping) of stresses. The results obtained

from these analyses are listed in Table 3.1.

Table 3.1: Comparison of FE results for a subcomponent in full model and isolated
model simulations

Subcomponent in full | Subcomponent in isolation
model
Plastic strain [mm/mm] 1.441e-01 1.435e+01
Resultant displacement 1.92e+01 1.92e+01
[mm]

Resultant velocity [mm/sec] 1.633e+02 4.795e+02
Internal energy [N-mm] 5.73e+05 5.85e+05
Kinetic energy [N-mm)] 2.58e+04 2.73e+04

Resultant Momentum [kg- 2.44e+05 2.38e+05
mm/sec]
Analysis time [min] 59 4

Given the fact that these analyses provided excellent agreement between
numerical results, the main question was analysis time. In both analyses, the termination
time was set to 0.1 seconds and run times were compared for each case. The

computational time of the full-model impact analysis was 59 min, and computational
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time of the sub-model analysis was 4 min. Therefore, the run time for the sub-model
analysis was almost 1/ 15™ of the run time for performing the full-model analysis.

As indicated previously, these analyses were performed in two stages namely,
stage 1, and stage 2 respectively. Using the predefined interface boundary set from stage
1, the analysis was performed on this isolated part and the results were compared to each
other. The objective was to define a set of boundary nodes such that the selected nodes
within the defined set could produce the same response in terms of deformation for the
isolated part in the sub-model analysis.

Particular attention was paid to defining the nodes around the periphery of the
weld sections where different parts were connected to each other. These analyses as
indicated previously were performed, using 47 nodes, since less number of nodes would
not be sufficient to accurately obtain the subcomponent (right-rail) response. This
selection was evaluated based on the nodal displacement time histories obtained from full
model simulation from the right-rail. The time displacement histories were then used in
isolated right-rail to perform second stage analysis. Therefore, the criteria for selecting
sufficient number of nodes are vital and must be carefully considered prior to the
performing sub model analysis.

The major difference between this analysis and the previous one was defining the
nodes, mostly, around the connecting spot welds, which was later used for subsequent
analysis on the subcomponent in isolation. Figure 3.13 depicts the FE model and the

location of the interface nodes.
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Component

Figure 3.13: FE model of the modified design and locations of interface nodes

In this analysis, a database was created in the first run (stage 1) that recorded the
motion of the interfaces. In later calculations, the isolated component was reanalyzed
with the motion of their boundaries specified by the database created in stage 1. In stage
2, the interface linking edge option card was used to perform impact analysis on the
isolated subcomponent.

Subsequent analyses can also be performed upon additional refinement to the FE
mesh (right-rail) for locations of particular interest. Therefore, with only reanalyzing the
isolated subcomponent with arbitrarily mesh sizes, the additional design modifications
can also be performed if needed. The results were obtained at the end of the simulation

time (0.1 sec), to allow the stresses to get settled due to the oscillation.
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The reduction in computational time was almost 92%; this is a significant
reduction in CPU time as well as cost for performing such analyses. The value
corresponding to the resultant displacement was the same for both FE models. Also, the
location of the maximum effective plastic strain was the same for both FE models.

The total energy, which is the combination of the internal energy and kinetic
energy, were also in very good agreement with each other. Further analyses on the nodal
and element base were also performed for the purpose of comparing similarities and
differences between the two stages of these analyses. These comparisons included,
determining the effective stresses, effective plastic strains, and resultant displacements on
the isolated left-rail and comparing these parameters for the subcomponent in a full-
model and the subcomponent in a sub-model. Additional figures are provided in
Appendix D (see figures D.28 through D32), comparing other instances of time between

full model and sub model responses. Figures 3.14, and 3.15 depict these results.
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Figure 3.14: Contour plots of effective plastic strain on the left-rail and the location of
the maximum plastic strain a) full model b) sub model
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Figure 3.15: Contour plot of resultant displacements [mm] on the left-rail and the
location of the maximum resultant displacement a) full model b) sub model

As can be seen from these figures, the maximum effective plastic strain
corresponded to the same element, 7621, on both models. The maximum value of the
resultant displacement, also, corresponded to the same node, 2942, on both models. The
values corresponding to the effective stress changed from an element point of view, and
corresponded to element 7623 on the full model and element 6986 on the sub-model.
However, the distribution of the von-Mises stresses was in very good agreement for both
stages.

The discrepancies can be related to the number of selected nodes, which did not
include all of the nodes around the boundary, which corresponded to the FE model of the
left-rail. In order to obtain comparable results, one should make a dataset from all the

nodes around the boundary of a subcomponent.
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However, the objective was to obtain reasonable accuracy between two FE
models with the minimum number of predefined nodes. The selection of these nodes
would provide excellent agreement with respect to various parameters that were
considered for these analyses. The deviations in two variables, namely effective stress,
and resultant velocities, can be related to the interaction of other subcomponents with the
isolated rail, and localization of stress concentration at the weld connections. The
resultant displacements were in excellent agreements, however the resultant velocities
deviated by the large amount. This can be related to the differentiation of the time history
of the nodal displacement values that in return causes the large amount of deviation in
resultant velocities. Once again, this method can only be applied to a subcomponent, and
not to a substructure, with appreciable accuracy. The results from the two analyses and

the errors are listed in Table 3.2.

Table 3.2: Error analyses on the left-rail of the modified design determined by full model
and sub model FE simulations

Full model vs. Isolated model Percentage of discrepancies%
Effective Plastic Strain 0.42%
Material Internal Energy 1.98%
Material Total Energy 2.17%
Resultant Momentum 2.46%

The discrepancies (errors) corresponding to the resultant velocity were very large

when considering the entire isolated component. However, on some nodes, these
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discrepancies were small and varied only from 1 to 6 percent between two analyses.
These discrepancies can be related to the two main factors, stress wave propagations and
prescribed boundary nodes conditions, respectively. The full model deformations caused
by stress waves propagations, whereas in isolated simulation only prescribed nodal
displacements causes the deformations. In addition, performing the derivatives on the
time history causes the velocity profile to deviate. Therefore, the time velocity history
would be different, due to the numerical errors that are inherent upon taking derivatives.
The resultant displacements from two models were the same since the time
history of the nodal displacements were used as nodal boundary values for the
predetermined nodes. In the second stage, the rigid wall did not exist and therefore results
were obtained on the basis of the nodal boundary values that corresponded to the values
of the predetermined interface nodes. Although these types of analyses are often
performed in large engineering systems, their objective is to study the response of a
particular component within the entire system and compare their response in terms of
modifications to the design. As a result, these analyses on isolated subcomponents lack
experimental application that is a mandatory requirement for crashworthiness of a design.
Performing experimental testing on a single component is a challenging task and the

results are often not indicative of the response of the component in situ.
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Chapter 4

Proposed Methodology and its
Application

4.1 Introduction

This section reports on the development of the methodology for performing
impact analysis on a substructure in isolation. The purpose of this work is to establish test
procedures to perform dynamic testing on a substructure in isolation.

It is well known that the mechanical behaviour of a substructure subjected to
impact loading is different in isolation than the same substructure in situ (Goodman et al.,
2007). The objective of this research is to perform substructural testing in isolation that
results in similar mechanical performance of the substructural testing in situ. This is
achieved by imposing appropriate deformations from the full-model analysis onto the
sub-model, and determining the energy transferred to the substructure using the FE
results. Furthermore, a parametric equation is defined to determine the velocity required
for impact testing on subcomponent in isolation.

Performing dynamic analyses on the entire vehicle is very costly and time
consuming and requires a lot of detailed information (CAD data, and mechanical
properties) related to the various parts and components. These informations are not
available to the public domain. In section 3.2, the car and modified assembly were named

structure (mini-van), substructure (floor) and subcomponent (right-rail). Here, for
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simplicity, the simple structural components are named structure, which represents the
car, and substructure, which represents the floor in the car.

The main objective of this work is, therefore, to apply correct boundary
conditions on substructures in isolation under impact loadings. This work is performed in
two steps: analytical and experimental. Each of these steps is an integral part of the
proposed scheme. The analytical part of the methodology is used to perform FE analyses
on the structure and the substructure in isolation and the results are compared to each
other. The experimental impact testing is also performed on the structure and the
substructure in isolation and results from impact testing are compared with numerical

results.

4.2 Sequence of Methodology

It was explained that model order reduction does not lend itself to substructural
analysis of complex structures and explicit FE techniques can only be applied to single
components. Thus, development of a new technique for substructural testing is warranted.
The proposed technique adopted the participation factor concept from model order
reduction methods and energy transfer in the explicit method used by LS-DYNA. It is
argued that one should excite the substructure in isolation such that the mode shape is
similar to the mode shape of the substructure in situ. Therefore, the velocity of impact
that produces a similar mode shape for each node can be determined from the

fundamental frequencies of excitation from each selected node. This technique enables
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one to perform evaluation of the substructures in isolation in both a FE simulation and an
experimental setting.

A methodology was developed to perform FEA on a substructure in isolation. The
proposed methodology takes into account the effect of boundary conditions around the
substructure imposed by surrounding systems of the entire structure. Therefore, the
subsystem under study will behave as if it was studied in siru. The developed
methodology is obtained using the following steps:

e Performing FE analysis on the entire structure

e Determining the energy transferred to the substructure from full-model analysis

e Performing modal analyses on the full structure and determining the participation
factors and modal displacements from preselected nodes

e Determining fundamental frequencies using FFT for preselected nodes in full-
model] analysis

e Performing modal analysis on the substructure in isolation

e Determining frequencies corresponding to these nodal displacements from modal
analysis for substructure in isolation

e Mapping deformations from full-model analysis onto sub-model analysis using
similar nodal displacements

e Using proposed parametric equation for determining required speed

e Performing FE impact analysis on a substructure in isolation using appropriate
mass and velocity

These steps are pictorially represented in the flowchart shown in Figure 4.1.
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Figure 4.1: Flowchart of the methodology
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In the Figure 4.1, each block is numbered for simplicity and arrows connecting
the blocks indicate the sequence of the proposed method. The first block represents the
FE model of the structure and impacting wall for performing dynamic analysis. After
impact simulation, the results from the full model FE analysis are carefully studied (block
I). The energy (internal) transferred to the substructure, is determined from full model
analysis, block II. In addition, the time history of the pre-defined nodes corresponding to
the displacements, velocities, and accelerations are determined. The internal energy
transferred to the substructure (from block II), is then equated to the wall energy required

for isolated analysis, block VIIL

4.3 Application of the Methodology

In this work the technique is applied to determine the dynamic response of a
substructure when analyzed in isolation. To do so, a relatively simple structure with a
segment of the structure defined as the substructure is modeled. A total of 66 nodes are
selected on the boundary of substructure from full model analysis, prior to the performing
substructure analysis in isolation. These nodes were distanced every 4 elements around
the boundary, and away from the welded locations. After performing FFT on 66
preselected nodes, it was noticed that many of the nodes’ fundamental frequencies were
similar. As a result, the number of nodes was reduced from 66 to 15.

The most dominant frequencies corresponding to 15 nodes, were calculated by
performing FFT on FE data, block III. The participation factors for 15 nodes were

calculated using modal analysis block IV. These participation factors were also used in
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block VI. Furthermore, similar modes (displacement vectors) in block IV were matched
with similar modes (displacement vectors) in block VI. The fundamental frequencies
determined in block II along with participation factors calculated in block IV were
transferred to the block VII. These information were used in the left hand side of the
parametric equation in block VIL

The Modal analysis was performed on the isolated substructure (partial geometry)
and nodal displacements were extracted. Similar nodal displacements (modal vectors)
were matched (substructure in full model vs. substructure in isolation) and corresponding
fundamental frequencies were determined for the isolated substructure, block VI.

The same participation factor of each fundamental frequency determined in full
structure analysis was used for the corresponding nodes and its frequency on
subcomponent, from block IV to block VI. This information was then transferred to the
right hand side of the parametric equation, block VII. Therefore, using proposed
parametric equation, the only unknown that is the velocity for isolated test was
determined. Finally, knowing the energy transferred to substructure, block VIII, and
impacting velocity of subcomponent, block VII, the mass required for the impacting wall
was calculated. The substructure in isolation was then impacted with calculated mass and

adjusted velocity in block IX.

4.3.1 Mesh Sensitivity Analysis

In any FE analysis, to obtain a reliable result, the finite element results should be

independent of the mesh size (keeping element formulation type, contact type, material
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properties, and boundary conditions constant). Therefore, the FE models of a structure
suitable for impact testing (Figure 4.2) were descritized with various mesh sizes. Figure

4.2 depicts the simple structural component.
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Figure 4.2: Schematic diagram of the simplified structure and its components

The structural components are made from structural steel (AISI 1010 and AISI
1020) and their appropriate material properties were incorporated into the FE model. The
corresponding dimensions for the structure, and for the substructure are shown in Figure
3.20. The L-angles are made from AISI 1020, and their corresponding dimensions are
25.4 by 254 by 3.17 mm. All the remaining structural components are made from

structural steel (AISI 1010).
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The analysis started with the coarse mesh, which, consisted of 1891 nodes and
1468 elements. Subsequently, eight additional analyses were performed with progressive
refinement of the first model. Note that the locations of constrained corresponding to the
physical weld connections were kept the same for all analyses. Figure 4.3 depicts the
effective plastic strain result obtained from FE convergence analysis. The maximum
plastic strain at the termination time for this analysis was determined to be 2.086e-02

[mm/mm].

Time = 05 Fringe Levels
ﬁ:r:1:rv|:sgenlw Plastic Strain 2.0060 02
min=0, at elem# 281283 1.981e 02
max=0.0208569, at elem# 285351
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1.460e 02 _
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1.043e 03
0.000e+00

Figure 4.3: The effective plastic strain resulted from 1*' sensitivity analysis

The next analysis was performed on yet another geometrically identical model
with finer mesh compared to the second mesh. The result from this analysis is shown in

Figure 4.4. The second analysis was performed with model that consists of 2448 nodes
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and 1916 elements. The maximum plastic strain stabilizes for this analysis at 1.999¢e-02

[mm/mm].
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min=0, at elem# 285521
max=0.0199909, at elem# 285356

Fringe Levels
1.999e 02
1.899e 02
1.799e 02
1.699e 02

Figure 4.4: The effective plastic strain resulted from 2" sensitivity analysis

One more FE simulations were performed on model, which consisted of 3508

nodes and 2736 elements respectively. The result from the last convergence analysis is

shown in Figure 4.5. The maximum plastic strain stabilizes for this analysis to be 1.971e-

02 [mm/mm] respectively.
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Figure 4.5: The effective plastic strain resulted from 3™ sensitivity analysis

It was determined from these analyses that value of the maximum effective plastic
strains does not change with additional mesh refinement significantly. Upon additional
mesh refinement, it was revealed that the differences between maximum values of
effective plastic strain are less than 0.6%. The maximum effective plastic strains are

listed in Table 4.1.

Table 4.1: Comparison of effective plastic strains for sensitivity analyses

Sensitivity analysis # Nodes/elements Effective plastic strain
1*' FE analysis 1891/1468 2.086e-02
2"V FE analysis 2448/1916 1.999e-02
3" FE analysis 3058/2500 1.971e-02
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Figure 4.6 depicts the nodal locations around the boundary of the substructure.
This was performed for identical nodes on each of the aforementioned nine models with
refined mesh. In addition, 5 nodes were selected from predetermine nodes on the full-
scale model and dominant frequency of these nodes were calculated using FFT performed

on the acceleration/time data.

Figure 4.6: Locations of the selected nodes for sensitivity analyses

The resultant dominant frequencies of each FE model are listed in Table 4.2 (the
nodal locations are shown in Figure 4.6). The aforementioned sensitivity analyses were
performed on these nodes (as shown in Figure 4.6) with the same physical locations on

each FE models. These two criteria (effective plastic strain and the dominant frequencies)
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were used to determine the optimum mesh size, Based on these analyses the model with

2717 nodes and 2100 elements was chosen for this study.

Table 4.2: Comparison of dominant frequencies for sensitivity analyses

Mesh sensitivity Nodes Frequency (Hz)
1" FE analysis | A,B,D,F,M 604, 786, 1176,
1798, 2246
2"'FE analysis | A, B,D,F,M 633, 841, 1237,
1864, 2330
3" FE analysis | A,B,D,F,M | 639, 857, 1263,
1879, 2344
Final FE model | A,B,D,F, M 636, 851, 1259,
1871, 2338

As Figures 4.7, 4.8, and 4.9 indicate, the fundamental mode shapes do not change
significantly after the characteristic mesh size of 12 mm. This shows that further
refinement of the mesh does not add significant accuracy to the results. Thus, the added
accuracy after the characteristic mesh size of 12 mm does not justify the computational
time and expense. Therefore, this is considered as mesh independent model (refer to the
FE analysis that was used in this study). This mesh size (2717 nodes and 2100 elements)

is used from this point forward for all FE analyses.
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Figure 4.7: X- component of selected nodes resulted from convergence analyses
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Figure 4.8: Y- component of selected nodes resulted from convergence analyses
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Figure 4.9: Z- component of selected nodes resulted from convergence analyses

4.3.2 Time Domain Analyses

At first, a simple structural component (referred to as the structure) was designed
and manufactured. Then the FE model of this structure was constructed from CAD data
and FE analyses were performed on this model. The commercial FE program HYPER-
MESH (an FE pre-processor) was used to construct a pre-analysis model (as shown in
Figure 4.2). The model was meshed using 4-noded Belytschko-Tsay shell elements, with
three integration points through thickness. Element formulation #16 was used with
activating option (ELFORM) for the shell elements, which corresponds to the fully

integrated element formulation with four quadrature points (no hourglass modes). Using
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fully integrated elements is computationally expensive compared to the one quadrature
point, but there is no hourglass effect to influence the solution.

The entire structure comprised of 2717 nodes, and 2100 shell elements. The
connections between various parts were made using 128 rigid elements, which
constrained the displacements and rotations in all directions at the connection nodes, to
simulate the original fastening configuration. Once the discretized model of the simple
structure was constructed, the FE model was exported into the non-linear explicit code
(LS-DYNA) to perform impact analysis.

Quad elements (4-noded Belytschko-Tsay shell) were used for the entire FE
model. Figure 4.10 depicts the FE model. Welds were represented using rigid-elements
connecting the opposing elements’ corner nodes. This technique eliminated relative
motion (translation and rotation) between connected nodes.

On the physical model, the weld points corresponded to the square areas that
represented weld connections. Therefore, the FE mesh was refined around the boundary
of the weld on the FE model, such that the refined mesh represented weld areas. The
location of the weld points and the spacing between the weld connections on both FE
models were chosen to replicate the physical models. In the full model analysis, the
structure was fixed at one end and then impacted by the rigid wall with an arbitrarily

chosen mass of 72 [kg] moving at a speed of 10.5 [m/s] on the opposite end.
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Figure 4.10: Finite Element models of the structure, substructure and rigid-wall

4.3.3 Contact Surface Modelling

To simulate the impact analysis accurately, the contact between the rigid wall and
the component becomes of great importance. Various contact configurations exist in LS-
DYNA (For example, automatic single surface). However, much like automatic single
surface contact, these contact surfaces failed in the analyses due to edge-to-edge
penetration that caused elements along the sharp edges to penetrate into each other. Most
contact types do not check for edge-to-edge penetrations as the search entails only nodal
penetration through the segment. This may be adequate in many cases; however, in some
unique shell contact conditions such as this analysis, the treatment of edge-to-edge
contact becomes very important.

Generally, edge-to-edge contact is divided into two main categories that exclude
or include interior edges. An exterior edge is defined as belonging to only a single

element or segment. An interior edge is shared by two or more elements, or segments.
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The first type by default, considers only exterior edges in its edge-to-edge treatment. The
entire length of each exterior edge, as opposed to only the nodes along the edge, is
checked for contact. The option card Contact Automatic General Interior was used in
these analyses, which is associated with a penalty cost that includes interior edges for
edge-to-edge contact and works for both solid and shell elements. This is a single surface
contact, which only the slave side defines as the contact. This contact checks for nodal
penetration through the three closest segments.

The three-segment check is more expensive but may be more robust for contact in
corners. Another important way in which this contact differs from single surface is the
way in which the shell edge contact is handled. These contacts check for penetration
along the entire length of the free (unshared) shell edges. By adding the interior option,
edges of the interior shells are also taken into account. In this analysis, the contact
between the structure and wall was defined using a rigid wall planar finite moving option
card.

The control contact option was activated using these cards with their default
values:

e Scale factor for sliding interface penalty [SLSFAC]
e Scale factor for rigid wall penalties [RWPNAL]

o Initial penetration check [ISLCHK]

e Shell thickness consideration [SHLTHK]

e Penalty stiffness value option [PENOPT]

e Shell thickness change consideration [THKCHG]
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e Reorientation of contact interface segment [ORIEN]

e Mass treatment of eroded nodes [ENMASS]

e Maximum penetration check multiplier [ XPENE]

e Initial penetration by tracking the initial penetration [[GNORE]
e Time step size for eroding contact [ECDT]

e Projection of slave nodes to master surface [TIEDPRJ].

In addition, coefficients of friction for static [SFRIC] and dynamic [DFRIC],
along with exponential decay coefficient [DC], and coefficient for viscous friction [VC]
were included into the analysis. For this purpose, additional cards using optional card #
4, were added to the contact option. These parameters are defined by their default values,
and are listed as follows: [IGNORE], [FRCENG], [SKIPRWG], [OUTSEG],
[SPOTSTP], and [SPOTDEL]. The aforementioned options were used in Control Contact
option card to perform analyses in this study. The termination time was set to 0.5 sec.,
and the time step for performing analysis was determined to be 1.35732E-06 [sec.]. The
control time step card was also activated, and default values for initial time step size
[DTINIT], and scale factor for computed time step [TSSFAC] were used.

The total energy dissipated was found by taking the difference between the total
kinetic energy of all the nodal points slaved to the rigid wall, before and after impact with
the wall. The coefficient of the coulomb friction was set to 0.125, for this analysis. This
value is typically in sheet metal forming problems and chosen by the analyst. Generally,

sheet steel on sheet steel is anywhere from 0.1 to 0.15, (for most metal to metal contact,

91



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

Dutton, 2005; Du et al., 2007) to give frictional resistance to the tangential motion of any
boundary node while it is in contact with the rigid boundary.
For structural components made from mild steel 1010, the material model MAT-

24 was used with a Yield stress o, = 272.5 [MPa], and the values for the true stress and

the corresponding plastic strain were updated locally at every time step and used for the
next time step (as shown in Figure 4.11). For structural components made from mild steel
1020, the material model MAT-24 is used with a yield strength of 350 [MPa]. In this
material model, the plastic region was modeled using eight points, which corresponds to
the values of true stress vs. plastic strain (Douthit, and Van Tyne, 2005; Dietenberger et
al., 2005).

This material properties used for the structural components, had nominal values
of mass density p = 7830 [kg/m3 ], Young’s modulus E= 200 [GPa], and Poisson’s ratio
v = 0.3. The strain rate effect was also included in this material model using piecewise-
linear plasticity with Cowper-Symonds. The corresponding Cowper-Symonds parameters
(c =40, p =5) for mild steel were included in the MAT-24 material model (Simunovic et
al., 2003; Dietenberger et al., 42005; Wierzbicki and Akerstrom, 1997; Douthit, and Van

Tyne, 2005).
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Figure 4.11: Plot of true-stress vs. plastic-strain corresponding to structural steel 1010,
and 1020

4.3.4 Frequency Domain Analyses

After performing FE analysis on the entire structure, 66 nodes were selected
around the boundary of the substructure. These nodes were distanced every 4 elements,
and away from weld locations. The time history of the z-component of acceleration
corresponding to these 66 nodes was extracted from the full-model FE analysis, and then
converted to the frequency data using Fast Fourier Transform (FFT) analysis. The
objective was to determine the dominant frequency of the selected nodes, and determine
the contribution of these frequencies and modes of deformation with respect to the

excitation of the system (refer to Appendix D, Figure D.1 for node locations)
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Matlab software (Matlab version 7, 2005) was used to perform FFT analysis
based on the time history of acceleration data for selected nodes. The FFT analysis
revealed that physically close nodes had very close fundamental frequencies. Therefore,
one participation factor was considered for the nodes with similar fundamental
frequencies. This indicated that 66 nodes were not needed and a reduced number of nodes
could suffice. In other words, the objective was to determine the most dominant
frequency and the corresponding dominant mode, which had the most significant effect
and therefore controlled the response of that particular node.

Generally, the contribution of the most dominant mode is between 80% and 85%;
whereas, the contributions of other nodes are between 10% and 15% at the most (Humar,
1990; Craig, 1995; Bhatt, 2002; Chopra, 2007). A complete list of selected nodes
resulting from transient analyses of acceleration data and their corresponding frequencies
are given in Appendix A. Figures 4.12 and 4.13 depict the typical time history and their

corresponding frequency response data.
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Figure 4.13: A typical plot of corresponding frequency vs. time determined by
performing FFT analysis
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The displacement history from the FE analysis was also extracted for selected
nodes. The displacements for selected nodes and their resultants were calculated using
the X, y, and z components of displacement from the FE analysis results. From modal
analysis, nodal displacements for the same selected nodes were extracted and compared
to those obtained from the FE results. From these comparisons, it was then decided that
only 15 nodes were needed (refer to Appendix A). Figure 4.14 depicts the locations of the
selected nodes on the FE model. After FFT analysis, it was found that nodes physically
close to each other have approximately same fundamental frequencies. Thus, it was
concluded that 15 nodes were sufficient for the purpose of this investigation. Generally if
more accurate results are needed, a larger number of nodes can be used to extract

fundamental frequencies.

Figure 4.14: Locations of preselected nodes on the FE model
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Tables 4.3 and 4.4 list the typical nodal displacement vectors and their resultants
obtained from the full model and sub model modal analyses, respectively. Nodal
displacement vectors were obtained from the full model modal analysis, and modal
analysis was performed on an isolated substructure. The unknowns in modal analysis
become the weights (amplitudes) of each mode. If a complete set of modes is used, i.e.
the number of modes is equal to the number of degrees of freedom in the model, the
method is exact and can be considered as a transformation into a set of generalized
coordinates. Typically however, only a small number on modes are used, so the method
becomes approximate and substantial computational savings can be realized (Craig and
Bampton, 1968; Leung, 1978; Paz, 1984; and Qu, 2001).

The objective of modal analysis was to determine the similar displacement
vectors between full model and sub model. This is done by activating Control Implicit
General, Control Implicit Eigenvalue, Control Implicit Modes, and Control Implicit
Solver cards, and defining the nodes for which their mode shapes needs to be determined.
The complete lists of the nodal displacements are given in Appendix B. These similar

vectors are listed in the following Table 4.3 and Table 4.4.
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Table 4.3: Nodal displacement values and their respective resultant magnitude
determined by full model analysis

Nodes | X-displacement | Y-displacement | Z-displacement | Magnitude
[mm] [mm] [mm] [mm]
A 3.58 -0.87 0.38 3.70
B 0.99 0.60 -0.71 1.36
C 1.30 0.47 -0.62 1.31
D 220 0.43 3.35 4.03
E 0.02 -0.12 -0.20 0.23

Table 4.4: Corresponding nodal displacement values and their resultant magnitude
determined by sub model analysis

Nodes X-displacement | Y-displacement | Z-displacement | Magnitude
[mm] [mm] [mm] [mm]
A 3.94 -0.96 0.42 4.08
B 1.11 0.66 -0.78 1.51
C 1.42 0.57 -0.70 1.68
D 2.45 0.50 3.67 4.44
E 0.02 -0.13 -0.22 0.26
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The displacement vectors were matched using the following equation:

cos=—2_ (3.1)

bl
In equation 3.1, the angle @ is the angle between two equivalent vectors, namely,
uand v. The components of the vectoru in Cartesian coordinate systems are u,,u,,u,,
and the components of the vector v in Cartesian coordinate system are v,,v,,v;. Their
resultant magnitudes are calculated using equations (3.2), and (3.3).
||u||=(u,2 +u22 +u§)”2 (3.2)
o= 0 +v3 +v5)" (3.3)
The dot product of the two vectors is given by:
(u.v) = (u, v, +u,v, +u;v;) (3.4)
For the equivalent vectors, the angle € has to be zero or at least very small. In
this work, small angles were considered (O to 0.008 radian) for the similar displacement
magnitudes using equations (3.1) through (3.4). Table 4.5 tabulates the typical resultant

displacement magnitudes. The complete list of resultant magnitudes are given in

Appendix B.
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Table 4.5: Comparison of the typical resultant displacement magnitudes determined by
full model and sub model modal analyses

Nodes Full model analysis Sub model analysis
A 3.70 4.08
B 1.36 1.51
< 1.51 1.68
D 4.03 4.44
E 0.23 0.26

4.3.5 Determination of Participation Factors

Participation factors provide a method for judging the significance of the
vibration modes that are used for performing these analyses (Humar, 1990; Bhatt, 2002).
The diagonal mass matrix was formulated using the connectivity table from the full
model analysis. The corresponding mode shapes were determined from the full model
Eigen analysis for the preselected 15 nodes, and the participation factors corresponding to
these preselected nodes were calculated. The modal participation factor was calculated

using the following equation:
J

Fj
r,=—L (3.5)
mjj

In equation (3.5), T'; is defined as the modal participation factor corresponding to

the jth mode. Also in equation (3.5), fi and m are defined as excitation factor and
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generalized mass corresponding to the i™ mode, respectively. The system’s excitation

factor and generalized mass matrix are defined as:

T _ 4T

[, =¢;MI (3.6)
m; =9, Mg, (3.7)
In equations (3.6) and (3.7), ¢}.T is the transpose of the j™ mode, M is the diagonal mass

matrix, @, is the corresponding jth mode and / is the unit vector.

After determining the displacement of selected nodes from the full model Eigen
analysis, the magnitudes for these displacement components were calculated to form the
modal vectors for selected nodes. Once these vibrating modes were determined, equation
(3.5) was used and the participation factors for each node were determined.

After determination of the participation factors, the resultant displacements for the
selected nodes from the substructure in the full model were enforced onto the
corresponding nodes of the substructure in isolation. This is called mapping the
deformations. Here, it is argued that each selected node should deform in a similar
fashion as that of the full model. In order to achieve this objective, the participation factor
for each dominant frequency for each selected node was considered to be the same for
both the substructure in sifu and the substructure in isolation. The participation factors
were determined from the full model modal analysis. Table 4.6 lists typical results for the
structure and the substructure in isolation. The lists of complete participation factors, and

corresponding frequencies are given in Appendix B.
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Table 4.6: Normalized participation factors and their respective frequencies determined
by full model FE simulation and sub model modal analyses

Nodes Participation Frequencies of Frequencies of
factors system (Hz.) subsystem (Hz.)
A 0.072 636 881
B 0.068 704 1084
c 0.093 851 1302
D 0.095 966 1462
E 0.054 1032 1588

In the following a parametric equation is proposed that gives the velocity required
to perform analysis on a substructure in isolation. The equation uses the same
participation factors but with different frequencies. One frequency corresponds to the
substructure in the full model analysis and the other to the substructure in isolation. The
required velocity to perform sub model analysis is determined using the following

parametric equation:

n
VComp —impact Z Fifcump =f = Vsub —comp Z Iﬂifsub —comp —i (38)
i=1

1=1
where I, is the participation factor, f is the corresponding frequency for substructure,
and i is the number of nodes around the boundary of substructure.

The number of terms in equations (3.8) depends on the number of selected nodes.
The participation factor for the selected nodes in the full model and in isolation is taken

to be the same. Thus, the required impact velocity for the subcomponent testing can be
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determined. Note that the FE analysis of the full model is an integral part of the proposed
method as the energy transfer to the subcomponent is determined from the FE analysis of
the full model. Therefore, knowing the impact energy and velocity, the impactor mass
can easily be calculated using kinetic energy equation

i .
E=—mV~ 39
> (3.9)

Upon balancing the energy transferred from the full model analysis, the internal
energy was extracted and its value was equated to the value of the kinetic energy of the
moving wall. From equation (3.8), the velocity is determined to be 7.1 m/s. Knowing the
kinetic energy of the wall from equation (3.9) and its velocity from equation (3.8), the
mass of the wall is determined to be 27.5 [kg].

In these analyses, the existence of the rigid wall is crucial for performing
experimental impact testing on the substructure in isolation. For example, if one needs to
analyze a subsystem of a system, one no longer needs to analyze the entire system as long
as one knows how to implement the correct boundary conditions around the subsystem in
isolation. These boundary conditions include nodal displacement (mode shapes), internal
energy (energy causing permanent deformation), participation factor and the fundamental
frequencies of excitation. Figures 4.15 through 4.22 depict these results. These
comparisons included, determining the effective stress, effective plastic strain, internal
energy, and resultant displacement for the substructure in a full model and the

substructure in isolation.
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Figure 4.15: Contour plot of effective plastic strain determined by the full model FE
simulation
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Figure 4.17: Contour plot of effective stress [MPa] determined by the full model FE
simulation
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Figure 4.18: Contour plot of effective stress [MPa] determined by the isolated model FE
simulation
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Figure 4.19: Plot of material internal energy determined by the full model FE simulation
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Figure 4.20: Plot of material internal energy determined by the isolated model FE

simulation
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Figure 4.21: Contour plot of x-displacement [mm] determined by the full model FE
simulation
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Figure 4.22: Contour plot of x-displacement [mm] determined by the isolated model FE
simulation
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Table 4.7 compares the various results obtained from these analyses and lists the

results. All the comparisons are based on the entire substructure and are global.

Table 4.7: Comparison of the results for a substructure

Substructure in full model Substructure in isolation
Effective plastic strain 1.207e-02 1.186e-02
[mm/mm)]

Internal energy [N-mm)] 6.96e+05 6.10e+05

Resultant displacement 5.12e+00 5.88e+00
[mm]

Kinetic energy [N-mm] 2.94e+03 2.62e+03

Resultant momentum [kg- 6.13e+05 5.87e+05
mm/s]

Computational time 10.12 hr. 4.27 hr.

The full model consisted of 2717 nodes and 2100 elements, and the sub model
consisted of 1411 nodes and 1024 elements. The run time was reduced from 10 hours for
the full model to 4.5 hours for the sub model. In other words, the computational time
reduced by almost 57.8%. The time step for performing the analyses was controlled by
shell elements # 289911 and # 285646 for the full model and sub model respectively,
which are the smallest sized elements. The time steps for the full model and the sub
model simulations were determined to be 1.36e-06 sec., and 1.46e-06 sec., respectively.
The maximum effective plastic strain for both models was determined to be 0.01207
[mm/mm] and 0.01186 [mm/mm], which corresponds to the same element in both FE

models.

108



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

For the purpose of substructural analysis, an identical FE model of the
substructure was created. For consistency and to reduce error introduced by the FE
analysis, identical mesh size and material properties were used for the substructure.
Additionally, the same boundary conditions and contact conditions between the rigid-
wall and the isolated substructure were used. Subsequent to the above comparisons,
detailed analyses were performed on the node and element basis. Figure 4.23 depicts the
locations of certain selected nodes and elements. These detailed analyses were performed

on a few randomly selected nodes and elements along the boundary of the substructure.

Time = 0

Locations of nodes
# 295443, # 294338, and
# 294355

\

Locations of elements
# 287205, # 287039, and
Y # 285568

Figure 4.23: Locations of randomly selected nodes and elements for detailed analyses,
along the boundary of substructure

These detailed analyses include the comparison of resultant displacements,

resultant velocities, and effective plastic strains for preselected elements between the full
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model and the sub model. Figures 4.24 through 4.29 depict some of these results. The
results from these analyses were compared for the substructure in a full model and the

substructure in isolation (additional comparisons are shown in Appendix D).
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Figure 4.24: Plot of resultant displacements for node # 295443 determined by the full
model FE simulation

Resultant displacement sub model

resultant displacement (mm)

0.E+00 = T T T i 1
0.E+00 1.E-01 2.E-01 3.E-01 4.E-01 5.E-01

time (sec)

Figure 4.25: Plot of resultant displacements for node # 295443 determined by the
isolated model FE simulation
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Figure 4.26: Plot of effective plastic strain for element # 285568 determined by the full
model FE simulation
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Figure 4.27: Plot of effective plastic strain for element # 285568 determined by the full
model FE simulation
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Figure 4.28: Plot of resultant velocity for node 294338 determined by the full model FE
simulation
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Figure 4.29: Plot of resultant velocity for node 294338 determined by the isolated model
FE simulation
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The termination time for both analyses was set to 0.5 second for stresses to be
settled and then results were compared to each other. The results obtained from these
analyses using the proposed methodology were compared at the end of termination time

for both the full model and sub model analyses.

4.3.6 Further Comparisons of Structural Component

The FE analyses were performed in two stages. In stage one, the structure was
impacted by the rigid wall moving at a prescribed mass and velocity. In stage two, by
using the developed methodology, the FE analysis was performed on the substructure in
isolation. The main objective was to simulate an isolated substructure such that it
behaved in a similar manner as a substructure within a full model. The r{gid wall was
used for both stages of these analyses and results were compared between a substructure
in a full model and a substructure in isolation.

In addition, the deformed configurations obtained from these two analyses were
compared with each other. Figures 4.30 and 4.31 depict the deformed configuration of the
substructure determined by full model and sub model simulations. In these figures, the x-
axis was in the direction of the impact, and the z-axis corresponded to the out-of-plane
deformations. The out-of-plane deformations in the middle and front sections were more
than rear sections. The front section was the impacting end and the rear section was the
fixed end. In addition, the out-of-plane deformations of the right and left sides of the rear

section were similar for both numerical models.
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Time = 0.5
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%z impact direction

Figure 4.30: Deformed configuration of the substructure determined by the full model
FE simulation
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Figure 4.31: Deformed configuration of the substructure determined by the isolated
model FE simulation
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A series of measurements were also taken along the x-axis that measured the
reduction in length along the impact direction (refer to Figure 4.30). Measurements were
taken at different sections, namely, the front, middle, and rear sections (as shown in
Figure 4.30), of the substructure from both FE simulations. These measurements were
taken along the inner-side components on both the left and right sides, which
corresponded to the reduction in length along the x-axis (as shown in Figure 5.15). The

results obtained from these measurements are listed in Table 4.8.

Table 4.8: Comparison of the measurements along the x-axis determined by the full
model and sub model simulations

Dimensions of Dimensions of
substructure in substructure in
full model [mm] isolation [mm)]
Front Original Length | 241.4 241.4
Section | Left side 241.045 240.789
Right side 241.080 240.811
Middle | Original Length | 482.8 482.8
Section | Left side 482.256 482.268
Right side 482.249 482.230
Rear Original Length | 241.4 241.4
Section | Left side 240.697 241.119
Right side 240.699 241.130

For the front section on the left and the right side of the structure, the error
between the two analyses was determined to be approximately 0.11%. In addition, for the
middle section on the left and the right sides, the error between the two analyses was
determined to be approximately 0.004%. For the rear section, on both the left and right

side, the errors were determined to be 0.17% and 0.18%, respectively. Table 4.9 lists
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typical measurement data corresponding to the out-of-plane deformations. Complete lists

of measurement data are given in Appendix C.

Table 4.9: Comparisons of the out-of-plane deformations determined by the full model
and sub model FE simulations

Substructure in full model, Numerical Substructure in isolation, Numerical
dimensions in [mm] dimensions in [mm]
Front Middle Rear Front Middle Rear
9.22 6.49 545 9.96 6.85 519
10.10 6.10 5.92 10.88 6.95 5.42
10.27 6.23 6.13 11.24 721 5.66
10.39 5.94 6.23 11.84 6.81 5.77
10.65 6.91 6.31 12.33 T34 5.90

The measurements tabulated above were taken from the front section, middle
section and rear section along the z-axis, and compare the out-of-plane deformations
between a substructure in a full model and a substructure in a sub model. Figure 4.32
depicts a graphic comparison corresponding to out-of-plane measurements. At each
section, namely, front, middle and rear, a total of 8 nodes were selected and the
corresponding out-of-plane displacements were measured for both substructure. The
minimum and maximum discrepancies were determined to be 4.81% and 13.67%,

respectively.
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Figure 4.32: Out-of-plane deformations along the z-axis corresponding to the front,
middle, and rear sections determined by full model and sub model simulations

The average errors were determined to be 9.18% for front section, 10.41% for the
middle section and 7.74% for the rear section (refer to Figures 4.30 and 4.31). The
locations of these measurements are provided in Appendix C.

It was observed that out-of-plane displacements corresponding to the isolated
substructure, in the front and middle sections, were more than the out-of-plane
displacements, corresponding to the same sections, in a substructure in a full model. The
out-of-plane displacement of the geometric mid point in the front section of the isolated
substructure was measured to be 12.25 mm; and for the same node in the full model, the
middle node displacement was measured to be 10.91 mm, which translates to an 11.01%

difference. In the geometric mid point of the middle section, the maximum out-of-plane
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displacement in full model and sub model analyses were determined to be 10.03 mm and
8.94 mm, respectively, which translates to a 10.84% difference.

The discrepancies in measurements can be related to the excitation frequencies
and the free boundaries. However, the deformed configurations were very similar. In the
rear section, where the boundary was fixed, the amount of out-of-plane displacements
was minimal as compared to the front and middle sections. The same observation was
made in the rear section for both FE models. In the rear section, the out-of-plane
displacement for the geometric mid point was measured to be 6.74 mm and 6.25 mm in
full model and sub model, respectively. That translates to a 7.33% difference. The out-of-
plane displacements for the rear section were higher in the full model as compared to the
sub model. However, the overall deformed configurations were very similar in both FE
models.

Also, a series of additional comparisons were made on the nodal and elemental
basis for a few randomly selected nodes and the results were compared between the two
FE models (as shown in Figure 4.23). A detailed analysis between the structure and
substructure was performed on the nodal and elemental basis to investigate various
similarities and differences between the two models. Figures 4.33 — 4.38 depict these

comparisons.
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Figure 4.33: Contour plot of the effective plastic strain and the location of the maximum
plastic strain determined by full model FE simulation
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Figure 4.34: Contour plot of the effective plastic strain and the location of the maximum
plastic strain determined by isolated model FE simulation
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Figure 4.35: Plot of the resultant displacement [mm] for node # 294355 determined by
full model FE simulation
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Figure 4.36: Plot of the resultant displacement [mm] for node # 294355 determined by
isolated model FE simulation
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Figure 4.37: Plot of the effective stress (v-Mises) [MPa] for element # 287205
determined by full model FE simulation
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Figure 4.38: Plot of the effective stress (v-Mises) [MPa] for element # 287205
determined by isolated model FE simulation
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Table 4.10 compares the calculated errors for stresses, strain, internal energies,
and resultant displacements and velocities at the termination time (0.5 sec.) for both

stages of the analyses.

Table 4.10: Comparisons of the errors determined by full model and sub model FE

simulations
Substructure, Full vs. Isolated | Percentage of Error%
Effective plastic strain 1.74%
Internal energy 12.48%
Kinetic energy 10.61%
Resultant momentum T 4.24%
Resultant displacement 12.87%

The discrepancies between the results shown in Table 4.10 can be related to two
main factors: 1) energy absorption and 2) matched displacements. The energy transferred
from the full model transient analysis was based on the amount of internal energy
transferred to the substructure in the full model analysis. Since the internal energy was
the main source that caused permanent deformation, the internal energy was used in the
calculation of the speed and mass for the substructural testing simulation. Other energy
sources, such as stonewall energy, system damping energy, and sliding interface energy
were considered to be the source of the variations that caused internal energies to deviate

from the full model compared to the sub model. These energies contributed to the slight
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deviation of the deformed configuration and the mechanical response of the substructure
in isolation.

Table 4.11 lists resultant displacements with their associated discrepancies
obtained from comparing these values from the full model onto the sub model. The nodes

used for these comparisons are shown in Figure 4.14.
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Table 4.11: Error analysis of the resultant displacements determined by full model and
sub model modal analyses

Nodes Resultant Resultant Error%
displacements displacements percentage
full model [mm] sub model [mm]
A 3.70 4.08 9.35%
B 1.36 1.51 10.04%
C 1.51 1.68 10.14%
D 4.03 4.44 9.29%
E 0.23 0.26 10.50%
F 231 2.55 9.47%
G 1.14 1.27 9.63%
H 3.50 3.92 10.58%
I 0.35 0.39 10.34%
J 2.48 2,73 9.87%
K 5.86 6.53 10.27%
L 0.95 1.05 9.74%
M 6.85 239 9.22%
N 0.90 1.01 10.69%
O 1.33 1.69 9.59%

The other source of error was due to the nodal displacements, corresponding to

the mode shapes. The mode shapes were approximated (not exact values) and, have also

125



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

contributed to the slight deviation in results as listed in Table 4.11. These nodal
displacements were matched to within 9% to 11% error from the full model onto the sub-
model. However, in this analysis, unlike the previous FE analyses, the substructure was
impacted by the rigid wall, which allowed one to perform impact analysis on an isolated
substructure.

It was extremely important to determine the validity of the results in full system
FE analysis, as it was the basis for substructural simulation. To validate the FE results, a
test article was fabricated and experimentally tested using a component testing apparatus.
It is extremely important, as experimental testing is vital for validating the structural
component as required by crashworthiness analysis.

In all, the analysis was performed using three different FE models and the results
were compared for the full model analysis and the sub model analysis. The latest analyses
were performed using a rigid wall for the structure and the substructure in isolation. The
introduction of the developed technique in substructural testing was presented using the

FE method.
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Chapter 5
Experimental Apparatus, Testing

Procedures and Results

5.1 Introduction

In general, Experimental testing is performed to validate the results of numerical
simulation. Thus, the purpose of the experimental testing was two-fold:

e To provide a benchmark for the validation of the FE results for the full structure
testing prior to the application of the developed method
e To study the applicability of the introduced method in experimental settings

To achieve these goals, a component impact testing apparatus was designed and
built at Ryerson University. The apparatus was designed and commissioned by Dr.
Behdinan (supervisor) and Dr. Ghaemi. A brief overview of the apparatus’ functionality
and limitations are provided. Please note that detailed information such as the pneumatic
circuit, fail-safe circuitry, etc, are proprietary and cannot be disclosed here.

To achieve these goals, a component impact testing apparatus was designed and
built. The component testing apparatus can be used to perform dynamic testing on small
to medium size components. This chapter is divided into two main sections, namely, a) a
description of the experimental apparatus and b) procedures for the experiment to

perform impact analyses and experimental results.
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5.2 Experimental Apparatus

The testing apparatus was comprised of the following:
e Pressure vessel
e High speed ball valve assembly and pneumatic actuator
e Holding frame for the actuator assembly
e Holding frame for components and test article
e Railing frame and damper
e Impactor
e Series of pressure gauges and limit switches.
The experimental apparatus and its components are explained in detail in

Appendix E.

5.2.1 Design Limitations

The largest test article that can be examined by this apparatus is 2.2 m in length
and the smallest test article is 1.0 m in length. However, the smallest test article size was
not considered to be a limitation as the holding fixture could have provided the means of
testing smaller test articles. There were two specific limitations associated with this
apparatus, namely, speed and accelerating mass. The supply pressure from the vessel and
the impacting properties of the railing system determines the maximum speed. The
minimum speed is determined by the break out pressure of the cylinder, which, was

determined to be 344 kPa after initial calibration and proof testing of the apparatus.
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This apparatus was manufactured such that the maximum speed of 15 m/s was
permissible. The pressure capability of the tank and the pneumatic actuator can be used to
achieve higher speed, but the system was designed to withstand impact energy achieved
by 15 m/s and mass of 100 kg. During the testing and calibration of the apparatus this
speed was never achieved, as the main supply pressure was not sufficient to achieve the
maximum speed. This was taken into account during the design process and a pressure
switch and a valve were incorporated into the intake manifold of the pressure vessel.

The operator could switch the supply pressure from the main line to a nitrogen
tank if a higher pressure was desired. The minimum speed was determined to be 5 m/s.
This speed corresponded to the minimum pressure required to move the cylinder, which
was 345 kPa.

The accelerating mechanism mass is the combined mass of the cylinder ram
(extension arm) and the stopping end plate. In the existing design, the mass of the
actuator ram and stopping end plate was measured to be 60 kg in total. The accelerating
mechanism comes to a complete stop when it contacts the rubber dampers of the railing
assembly. Thus, the bounce back energy of the damper that reflects back onto the
accelerating mechanism should not exceed its critical energy absorption capacity. It is to

be noted that the accelerating mass is not the impacting mass.

5.2.2 High-Speed Camera

To accurately measure the impacting speed just prior to impact, a high-speed

camera was incorporated into the system (Troubleshooter HR, High speed Imaging Inc,
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Markham, Ontario, Canada). The camera had a maximum capture speed of 16000 frames
per second at a resolution of 1280 by 32 pixels. However, the speed and resolution could
be changed according to the field of view desired for a specific impact testing. For this
experiment, 1000 frames per second at 640 by 480 frame resolution was chosen which
resulted in 4.4 seconds of recording time and 4368 frames. The main purpose of the
inclusion of the camera was to measure the speed as well as allow for visual inspection of
the experiment. In addition, a high-speed, a capture card and software MIDAS 4.0

Express was incorporated.

5.2.3 Pressure-Velocity Correlation

Once the apparatus was completed, a series of tests were performed to determine
the velocity at a given pressure. This provided the operator with an excellent estimation
of the velocity achieved by the impacting head for a given pressure in the storage tank.
High-speed camera described earlier was used to measure the velocity of the impact just
before the impact took place. Figure 5.1 depicts the pressure-velocity profile. The

pressure-velocity profile was used to determine the required pressure for a desired

velocity.
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B Expérimental Procedures

This section introduces procedures for performing the experimental analyses. The
experimental impact testing was performed on two different structural components. The
numerical analyses for both structures were discussed in detail in the previous chapter.
The impact energy and boundary conditions in the experimental work were identical to
those used in the numerical work. Much like the numerical study, the experimental work

consisted of two stages: 1) testing the entire component and 2) testing the subcomponent.

5.3.1. Experimental Testing of Modified Design

This section describes the impact testing of the modified design that was
mentioned in the previous chapter. The structure Was made from structural steel and its
components were connected to each other using plug-welds. The structure consisted of
one floor, two rails, and three stiffening bars. In order to compare the experimental and
numerical results, two accelerometers were connected to the floor and accelerometer data
was collected during the experiment. The accelerometers were connected to the floor by
means of dental glue on the left rail at two locations sufficiently away from the impact
point to avoid damage. The accelerometers had 100 G capacity with 50% over load
protection. Therefore, if the impact acceleration exceeded the limits by 50%, the
accelerometer would not have been damaged. The accelerometer was capable of reading
980 m/s with 0.01% accuracy. The comparison of acceleration data between the

numerical model and experimental test are given in Chapter 6. Figures 5.2 and 5.3 depict
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the deformed configuration of the test article (full model) and the subcomponent (left-

rail).

Figure 5.2: Deformed configuration of the test article (modified design)
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Figure 5.3: Deformation of the left-rail determined by experimental testing

5.3.2. Experimental Testing of Structural Component

This section introduces the experimental work corresponding to the third FE
model (as shown in Figure 4.8). The experimental work was performed based on the
developed methodology presented in Chapter 4. In this experimental work,
accelerometers of + 1000 G with 1 Hz to 10 kHz of broadband resolution were used to
ensure the accelerometers captured the entire history of the impact (Dalimar Instrument,
Vaudreuil-Dorion Quebec, Canada). The impact energy and boundary conditions in the

experimental work were identical to the numerical work.
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5.3.2.1. Experimental Testing

A specialized fixture was designed and manufactured for holding the structure
and also for connecting the fixture to the holding frames. The boundary conditions at the
end location where the fixture connects the structure to the impact testing apparatus was
fixed. As a result, there was no translational and rotational motion at the end where the
structure connected to the holding frames. Four accelerometers were used for performing
impact analysis on the entire structure.

In order to correlate the experimental results with the analytical results, four
nodes from the numerical model were picked that had the same physical location as the
accelerometer. In these analyses, 1-D accelerometers were used that measured the
acceleration only in the impact direction. Therefore, the z-component of accelerations
were used in the FE analyses. Figure 5.4 depicts the location of the accelerometers in the

FE model.
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Figure 5.4: Locations of the accelerometers on the full finite element model

In this experimental testing, the structure was fixed and impacted on by the rigid
impactor that was moving with a speed of 10.5 m/s and a mass of 72 kg. Figures 5.5 and
5.6 depict the deformation of the structure and substructure within the structure,
respectively. As can be seen from (Figures 5.5 and 5.6), the out-of-plane deformations
were larger in front and middle sections as compared to the rear sections, which is the
fixed end. For clarity, the out-of-plane deformation in the middle, rear and the front
section of the structure is shown on Figure 5.5. Similarly, the same locations for out-of-

plane deformation for substructure are shown in Figure 5.6.
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Figure 5.5: Deformed configuration of the entire structure determined by experimental
testing
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Figure 5.6: Deformed configuration of the substructure in the full model determined by
experimental testing
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In order to validate the experimental results with the numerical FE results, the
acceleration data obtained during testing was converted to frequency data by performing
FFT on the time history of accelerometers. The objective was to compare the dominant
modes resulting from impact through data collected from accelerometer to see whether
these readings corresponded to the same fundamental modes that excite the modeled
system. Figures 5.7, 5.8, 5.9 and 5.10 depict accelerometer readings and the dominant
frequencies. The dominant frequencies are within 10-12% of those obtained through FE

analyses.
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Figure 5.7: Corresponding dominant mode resulting from 1* accelerometer determined
by full experimental testing
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Figure 5.8: Corresponding dominant mode resulting from 2" accelerometer determined
by full experimental testing
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Figure 5.9: Corresponding dominant mode resulting from 3" accelerometer determined
by full experimental testing
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Figure 5.10: Corresponding dominant mode resulting from 4™ accelerometer determined
by full experimental testing

140



Ph.D. Thesis R. Amid McMaster University, Mechanical Engineering

5.3.2.2. Experimental Testing of the Substructure

The substructure was then mounted to the holding frames using a fixture and
experimental testing was performed on this substructure. The properties associated with
the impactor were determined frém developed methodology. Two accelerometers were
used for performing this impact testing. The accelerometers were connected at the top by
means of dental glue at two different locations away from the impact location to avoid
damage. In these analyses, 1-D accelerometers were used that measure the acceleration in
the impact direction only. The locations of the accelerometers on the substructure are
shown in Figure 5.11. Similarly, two different nodes were selected on the FE model,

which corresponds to the location of these accelerometers.

Location of Accelerometers
Substructure

Figure 5.11: Substructure and location of the two accelerometers
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In this analysis, the substructure was struck by the rigid impactor of mass 27.5 kg
that was moving with a speed of 7.1 m/s. Figure 5.12 depicts the deformed configuration
of the isolated substructure resulting from impact testing. As can be seen from Figure
5.12, the out-of-plane deformations were higher in the front and middle sections

compared to the rear sections.

S

Front section out-of-plane
deformations

Substructure in isolation

Middle section out-of-plane
deformations

Figure 5.12: Deformed configuration of isolated substructure determined by
experimental impact testing

In this experimental testing, the data was recorded during the experimental
analysis from accelerometers readings. The data was converted to the frequency domain

by performing FFT. Figures 5.13 and 5.14 depict the dominant modes resulting from the
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accelerometer readings. The dominant modes resulted from the FFT analyses were

compared to the same dominant modes in the FE model of the substructure in isolation.
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Figure 5.13: Corresponding dominant mode resulting from 1* accelerometer determined
by isolated experimental testing
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Figure 5.14: Corresponding dominant mode resulting from 2" accelerometer determined
by isolated experimental testing
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Fast Fourier Transform analyses (FFT) were performed on the acceleration data
corresponding to the full test component and corresponding to the isolated test
component. The most dominant frequencies were determined to be higher in the isolated
substructure as compared to in the in situ substructure. This implies that the frequencies
required for excitation of the isolated model are higher than that of the in situ test
component. Higher frequencies can be related to the overall stiffness of the isolated
substructure. Since the stiffness is different for the substructure in isolation than on the
substructure in full test article, the dominant frequencies required for excitations are
higher in the isolated substructure. In addition, the mechanical properties, associated with
stiffness and free boundaries, also caused the isolated test component to excite at higher
frequencies compared to the full model test component.

Figure 5.15 depicts the deformed configuration for a substructure in full model
and in isolation. In the FE analyses of the structure and the isolated substructure, the
rigid-wall impacted the FE models squarely. However, in the experimental tests, this was
not the case. Even though the impacting head (rigid-wall) was guided by a railing system,
it had a small amount of room to move laterally and impacted the test article obliquely at

small angle of + 3°. This caused a certain level of asymmetric deformation.
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Figure 5.15: Comparison of deformed configurations determined by full and isolated
experimental testing

In addition, a series of measurements were obtained which correspond to the out-
of-plane deformations at different locations around the boundary of the substructure.
These measurements compare the out-of-plane deformations at different points on the

experimental specimens.

5.3.2.3 Additional Comparison of Experimental Results

This section compares the experimental findings and discusses the similarities and
differences between the full-model test component and the sub-model test component.
The comparisons were made based on the measured out-of-plane deformations obtained

form experimental testing. The measurements were obtained at various locations
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corresponding to the different sections, namely, front, middle and rear, for both isolated
and in situ test articles.

After performing full impact testing on the structure, weld connections were
ground off and the substructure was removed from the rest of the structure. To determine
the out-of-plane deformations, a standard digital micrometer was used and measurements
were taken from various locations along the periphery of the substructure. The same
locations were used for obtaining out-of-plane deformations on both test articles and
results were compared to each other. These locations were identical in both the full and
isolated models.

The measurements were obtained at five different locations along each section (as
shown in Appendix C), and the corresponding discrepancies were calculated for each
measurement. The maximum error was determined to be 10.3% and the minimum error
was determined to be 7.2% for both stages of the experimental testing. The average errors
corresponding to these measurements for the front, middle, and rear sections were
determined to be 8.7%, 9.7%, and 7.6%, respectively. This indicates that the imposed
technique could be implemented in an experimental setting with a great degree of
confidence and that the results of the isolated test were similar to the full model test.
Figure 5.16 depicts a graphic comparison of the experimental measurements (the location

of these measurements are shown in Appendix C).
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Figure 5.16: Comparison of the out-of-plane measurements [mm], corresponding to the
front, middle, and rear sections, determined by full and sub model experimental testing

The measurements show that the out-of-plane deformations of the isolated test
article, corresponding to the front and middle sections, were slightly larger than those of
the in situ test article. These discrepancies can be related to the free boundary around the
periphery of isolated substructure. However, the deformed configurations were very
similar for both test articles. At the rear sections, where the boundaries were clamped, the
out-of-plane deformations were minimal compared to the other sections. Still, the overall
deformation patterns corresponding to the deformed configurations were very similar on
both test articles.

Up to this point, the experimental impact testing was performed on the full model
and the sub model. The substructure out-of-plane deformation in the full model test was

11.27 mm on the left side and 10.62 mm on the right side. This translates to 5.77%
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difference in deformation from one side to the other. Equally, in the substructural testing
in isolation, the out-of-plane deflection on the right side was measured to be 11.68 mm
and a 10.84 mm out-of-plane deformation was measured on the left side. This translates
to 7.19% difference in deformation from one side to the other side in the isolated model.
It is extremely important to note that these types of discrepancies are encountered in any
full scale crash test and cannot be fully eliminated. Nonetheless, the measured out-off-

plane deformation was higher in the isolated model than in the in sifu model.
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Chapter 6

Comparison and Discussion of results

6.1 Introduction

It is well known that the response of a subcomponent (substructure) subjected to
impact loading in isolation is different than the response of the same subcomponent
(substructure) in situ. This is primarily caused by the differences in the boundary
conditions of a subcomponent (substructure) in isolation and a subcomponent
(substructure) in situ. This research introduces a novel approach to substructural testing
that produces similar results for a substructure in isolation and a substructure in situ
within FEA. This approach lends itself to experimental testing of substructures.

This work was conducted in two parts: finite element analysis and experimental
testing. The purpose of the experimental testing was two folds: to provide a benchmark
for the validation of the FE results of full structure testing and to study the application of
the proposed method. Generally, when testing impact characteristics of a structure,
accelerometers and high-speed cameras are used to obtain the data. Conventional
transducers, such as strain gauge, are not suitable for impact data collection. In this work,
a conventional technique is followed that uses accelerometers and high-speed cameras to

obtain the necessary information.
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For the purpose of the substructural analysis, identical physical models and FE
models of the substructure were created. In the FE analysis, identical mesh sizes and
material properties were used for the substructure in sifu and in isolation. Additionally,
the same boundary conditions and contact conditions were used for the model of the
impactor and test article.

This chapter is divided into two main sections, which explain the results in terms
of similarities and differences between the two stages of analysis, namely, the full-model
and sub-model analyses. The purpose of these comparisons is to assess the response for
both the full-model and sub-model analyses, and to be able to produce similar results for
isolated substructures. The chapter includes:

e A comparison of the FE results and experimental findings (as shown in Figure
3.4) for the modified design.

e A comparison of the FE results and the experimental testing data (as shown in
Figure 4.2), which includes determining the similarities and differences based on
proposed methodology between the substructure in full model and substructure in
isolation.

In the first section, the FE model of the modified floor is compared with full scale
experimental testing of the test component. The first part of this section discusses the
similarities and differences between these two full-model analyses. The second section
introduces results and comparisons between the FE models and test components for both
substructure in full model and substructure in isolation. At the end of each section, the

shortcomings are addressed in terms of limitations for performing further analyses.
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6.2 Comparison of FE and Experimental Results

This section compares the FE results with experimental findings. The first part of
this section discusses the similarities and differences between the two full-model
analyses. The second part compares and evaluates the responses from both FE analyses

and experimental findings.

6.2.1 Comparison of the Results for the Simplified Structure

In order to compare the experimental and numerical results, two accelerometers
were connected to the floor and data was collected during the experiment. The
experimental results were correlated with the analytical results by picking two nodes on
the numerical model with the same physical location of the accelerometer on the physical
model. Figure 6.1 compares typical acceleration data from the numerical analysis and
experimental testing. From Figure 6.1, the experimental measurements of acceleration
using the accelerometer are in excellent agreement with the numerical findings. In other
words, at the onset of impact, the acceleration data recorded in experimental testing is
within 10% of the numerical data. This indicates that the numerical results accurately
simulate the experimental testing when the entire structure is compared. Figure 6.1,
corresponds to the simplified floor (full model testing) indicated in Chapter 3 (refer to

Figure 3.4).
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Figure 6.1: Comparison of acceleration data determined by a full model FE simulation
and experimental impact testing

Figures 6.2 and 6.3 depict the deformed geometry and compare them to each
other. The deformed configurations, obtained from the FE analysis and experimental
testing, are in good agreement with each other. The maximum deformation corresponds
to the left rail on both the numerical model and the experimental test component.
However, when performing experimental testing on a single isolated subcomponent (right
rail), this is no longer valid since the free boundary on an isolated single subcomponent
(right rail) is different from that of a subcomponent within a full component (modified
floor, as shown in Figure 3.4). Also, experimental testing of a single subcomponent can

not be achieved without using additional members such as a bar or link.
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Figure 6.2: Deformation configuration of the modified design determined by
experimental impact testing
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Figure 6.3: Deformation of the modified design determined by numerical FE simulation
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6.2.2 Comparison of Results for Structure and Substructure

In this section, the results obtained from the full-model and the sub-model FE
analyses are compared with the experimental findings. The measurements corresponding
to the out-of-plane deformations on both FE models are compared to the measurements
from experimental testing. Also, the corresponding dominant frequencies obtained from
the accelerometer readings are compared with the corresponding dominant frequencies in
the finite element models. This section is divided into two parts: The first part discusses
the similarities and differences between experimental and FE results when using a of full
model. The second part discusses the similarities and differences between experimental

and FE results when using a sub model.

6.2.2.1 Full Model Comparisons

After performing FE analysis on the full model, the sub-model (substructure) was
removed from the full model and measurements were obtained at various nodes,
corresponding to the front, middle, and rear section of the substructure, within the
structure (refer to Appendix C). Similar procedures were followed in the experimental
testing, where the substructure was removed from the structure after impact and
measurements were obtained. The locations of the selected nodes on the FE model
corresponded to physical locations in the experimental setup. At each section, four nodes
were selected and errors were determined for each measurement. The errors resulting

from these readings were averaged over a number of measurements and average
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discrepancies were determined for each section. Figure 6.4 compares the out-of-plane

measurements.
7
L full model measurments
144 ———FE front
= 12 Test front
é 10 - ———FE middle
() — - —Test middle
c 8-
g P = — - |
o ©7 B Test rear
%)
S 4 -
Q.
(/2]
B 2
O T  — 1
0 3 4 5
nodal locations

Figure 6.4: Comparison of the out-of-plane measurements for a substructure in a full
model determined by numerical simulation and experimental testing

The average errors corresponding to these measurements were calculated and

determined to be 8.48%, 9.12%, and 7.41% for the front, middle and rear sections,

respectively. After comparing the deformations resulting from these measurements, it

was concluded that the deformation corresponding to the experimental impact was higher

in the front and middle sections as compared to the deformations in the FE model.

Although, the out-of-plane deformation resulting from the experimental testing was

higher in the front and middle sections as compared to the numerical model, deformation
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patterns were very similar on both the FE model and the test article. This indicates that
the FE simulation predicts the physical response of the test component fairly well.

In the experimental impact testing, four accelerometers were used. The location of
accelerometers on the test article in the experiment closely matched the position of the
nodes in the FE model (as shown in Figure 5.4). 1-D accelerometers were used in this
test, which measured acceleration only in the impact direction. The acceleration data was
recorded during the experimental work and the dominant modes were determined by
performing FFT analysis on the experimental data. The dominant frequencies in the full
test article obtained from accelerometer readings were determined to be 953 [Hz], 1187
[Hz], 1922 [Hz], and 1536 [Hz], respectively. Table 6.1 shows a comparison between the

experimental and numerical work for full model testing.

Table 6.1: Comparison of fundamental frequencies, corresponding to the full model,
determined by FE simulation and experimental testing

Structure Numerical Structure Experimental Error percentage%
849 Hz. 953 Hz. 10.91%
1039 Hz. 1187 Hz. 12.47%
1680 Hz. 1922 Hz. 12.59%
1395 Hz. 1536 Hz. 9.18%

The fundamental frequencies resulting from the accelerometer readings are higher

than the frequencies determined from FE transient analysis. The discrepancies in
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fundamental frequencies can be related to a number of factors including the accuracy and
location of the accelerometers, the inexactness of manufacturing, and damping.

The accelerometers used in this experiment had a deviation of less than 2.5% at
each frequency tested, i.e. -2% at 1000 [Hz] or -20 [Hz]. In addition, the locations of the
nodes on the FE structure were the exact locations; whereas, in the experimental testing
the accelerometers correspond to a location in the vicinity of that particular node. The
accelerometers used in this study have a 4.5 mm base diameter. Therefore, the physical
locations of the accelerometers are slightly different than the corresponding selected
nodes of the numerical simulation. Through paying extra attention in the experimental set
up, this location discrepancy can only be reduced. The manufacturing of the component
was not as precise as the FE model, which would result in a deviation of the simulated
and experimental results. Finally, there is a difference in the real damping in the physical
structure and that of the damping used in the numerical model. As a result, these factors
could cause the differences in the determined dominant frequencies between the
experiments and the simulations.

Figures 6.5 through 6.12 show the comparison of numerical and experimental
frequency spectrum. The dominant modes measured experimentally and numerically are
within 10% to 12% at each location. This signifies the close agreements between

experimental and numerical testing.
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Figure 6.5: Dominant frequency resulting from the 1*' accelerometer reading determined
by experimental testing

AW
< T T T —
PY-] P L — S - S—— -
Rt EEEEET B T S -~
Dominant frequency
o 849 Hz.
§ s o Rt —— .
1 .............
05 f--------
%I? 1000 1500 2000 2500
, ' frequency (Hz) ‘ .

Figure 6.6: Dominant frequency at node # 294239, corresponding to the 1%
accelerometer reading, determined by full model numerical simulation
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Figure 6.7: Dominant frequency resulting from the 2" accelerometer reading determined
by experimental testing
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Figure 6.8: Dominant frequency at node # 294106, corresponding to the 2™
accelerometer reading, determined by full model numerical simulation
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Figure 6.9: Dominant frequency resulting from the 3" accelerometer reading determined
by experimental testing
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Figure 6.10: Dominant frequency at node # 294232, corresponding to the 3™
accelerometer reading, determined by full model numerical simulation
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Figure 6.11: Dominant frequency resulting from the 4™ accelerometer reading
determined by experimental testing
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Figure 6.12: Dominant frequency at node # 294113, corresponding to the 4t
accelerometer reading, determined by full model numerical simulation
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Figures 6.13 and 6.14 depict the deformed configuration of the full structure after
performing impact. As can be seen from Figures 6.13 and 6.14, the deformed
configuration on both the numerical model and the full test article closely match each
other. The out-of-plane displacement of the geometric mid point in the front section of
the 1solated substructure was measured to be 12.25 mm; and for the same node in the full
model, the middle node displacement was measured to be 10.91 mm, which translates to
a 11.01% difference. In the geometric mid point of the middle section, the maximum out-
of-plane displacement in full model and sub model analyses were determined to be 10.03

mm and 8.94 mm, respectively, which translates to a 10.84% difference.
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Figure 6.13: Deformed configuration of the full test article determined by experimental
testing
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Figure 6.14: Deformed configuration of the full model determined by numerical
simulation
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Additionally, the deformed configurations were compared, for substructures in a
full model, for both finite element analysis and experimental work. As can be seen from
Figure 6.15, the out-of-plane deformation on left side, corresponding to the front section,
was more than right side; the same also can be seen in the numerical analysis (see Figure
6.16). The difference corresponding to the maximum deformation for the front section
was determined to be 9.65%.

From Figure 6.15, the out-of-plane deformation on the right side, corresponding
to the middle section, was more than the left side in the experimental test article. The
same can also be seen in the numerical model. Figures 6.15 and 6.16 depict the deformed
geometry for the test component and the FE model. Although the out-of-plane
deformations resulting from experimental testing were higher in the front and middle
sections, the deformation patterns corresponding to the out-of-plane measurements were

very similar.
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Figure 6.15: Deformed configuration of the substructure within a full structure
determined by experimental impact testing
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Figure 6.16: Deformed configuration of the substructure within the full structure
determined by full model FE simulation
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6.2.2.2 Comparison of the results of substructure in Isolation of FE and

experimental test

This section compares the sub model results of the experimental work, and the FE
simulation. Similar comparisons are made for the isolated substructure between the
experiment and numerical simulation as for the full model. The results are compared
between the FE simulation and experimental test based on the out-of-plane deformations
resulting from the measurements and fundamental frequencies.

A total of two accelerometers were used in the experimental testing of a
substructure in isolation. In the FE model, two nodes were selected that corresponded to
the physical location of the accelerometers on the test article. After performing FFT on
the acceleration data, the most dominant modes were determined from the transient
analysis and compared with the most dominant frequencies resulting from experimental

findings. The results are listed in Table 6.2.

Table 6.2: Corresponding dominant frequencies for the isolated substructure determined
by FE simulation and experimental testing

Substructure, Experimental | Substructure, Numerical | Error Percentage%

2237 Hz. 1949 Hz. 12.87%

2372 Hz. 2119 Hz. 10.67%
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The locations of the two selected nodes were given earlier in Figure 5.4, and the
physical locations of the accelerometers were given in Figure 5.11. Figures 6.17, 6.18,

6.19 and 6.20 depict these fundamental frequencies and compare them with each other.
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Figure 6.17: Dominant frequency, corresponding to the 1* accelerometer reading,
determined by sub scale experimental impact testing
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Figure 6.18: Dominant frequency at node # 296386, corresponding to the 1
accelerometer reading, determined by isolated model simulation
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Figure 6.19: Dominant frequency, corresponding to the 2" accelerometer reading,
determined by sub scale experimental impact testing
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Figure 6.20: Dominant frequency at node # 296606, corresponding to the 2™
accelerometer reading, determined by isolated model simulation
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The out-of-plane deformations obtained from the experimental testing of the test
component were more than the out-of-plane displacements predicted from the FE
simulation. The discrepancies in displacements could be related to the differences in
excitation frequencies that were higher in the experimental test component. In other
words, the experimental test component excited at higher frequencies. The discrepancies
in fundamental frequencies can be related to a number of factors including the accuracy
and location of the accelerometers, the inexactness of manufacturing, and damping.

The results obtained from these measurements indicated that the out-of-plane
deformations were higher in the front and middle sections on the experimental test article
as compared to the FE model. In addition, the fixed boundaries at the end section caused
less out-of-plane deformations at the rear sections. The results indicated that the out-of-
plane deformations were higher in the test article compared to the numerical model.

Figure 6.21 compares the out-of-plane measurements.
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Figure 6.21: Comparison of the out-of-plane measurements for a substructure in a sub
model determined by numerical simulation and experimental testing

The average errors corresponding to the measurements in the front section, middle
section, and rear section were calculated and determined to be 8.61%, 9.63%, and 7.68%,
respectively. The maximum and minimum errors corresponding to these measurements
varied between 7.30% and 10.12%. The maximum deflections in the test article and the
FE model at the front section were measured to be 12.68 mm and 11.59 mm,
respectively. This indicates a difference of 8.62% between numerical and experimental
results. Also, in the middle section, the maximum deflections in both the test article and
the FE model were determined to be 12.43 mm and 11.28 mm, respectively, which results
in a 9.23% difference. In the rear section, the maximum deflections were measured to be
7.21 mm and 6.62 mm that translate to 8.28% difference. Figures 6.22 and 6.23 depict the

deformed configurations.
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Figure 6.22: Deformed geometry of the isolated substructure determined by
experimental testing
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Figure 6.23: Deformed configuration of the isolated substructure determined by
numerical simulation
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As illustrated in Figures 6.22 and 6.23, the out-of-plane deformations on the right
side, corresponding to the front section of both the experiment<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>