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Abstract
Transport Canada and the National Highway Traffic Safety Administration constantly work
on enhancing the crash safety regulations for motorcoaches in North America, promoting further
research on the factors affecting passenger safety in severe collisions. The thesis presents the
results of a comprehensive study on the effect of the acceleration load experienced by a coach
passenger compartment during a frontal collision on passenger safety. As a large variation in
seating posture is found among the coach passengers and owing to its high influence on
passenger kinematics during a crash, a special methodology is developed to account for posture
uncertainty. The research is performed numerically based on a validated finite element model of
a motorcoach sled test. Two unbelted Anthropomorphic Test Devices (ATDs), 5th percentile
female and 95th percentile male, are placed unbelted in the rear seats mounted on a moving
platform while front seats are occupied by the belted 50Th percentile male ATDs.
First, the influence of the shape of the acceleration time history on passenger safety is
studied for a standard seating posture. The results indicate the values of the injury criteria are
affected not only by the severity of the pulse but also by its shape. With the increase in time of
the peak acceleration, Head Injury Criterion (HIC) values decrease, while the Femur Load
increase.
The effect of the comfortable seating posture on injury risk is then investigated. The
posture of the unbelted occupants is varied in a stochastic manner according to the data from an
available ergonomic study. The results show the variation in the posture parameters within 30%
ranges can lead to up to a 113% increase in Head Injury Criterion (HIC) and a 97% increase in
Femur Loads compared to the reference posture typically used in a physical regulation test. A
conclusion is made that passing a regulation test for a reference posture might not guarantee
passenger safety in a real-world crash owing to their non-standard posture, among other factors.
Next, the influence of the shape of the acceleration pulse on injury criteria values is
analyzed under an uncertainty of a posture. The peak time of an idealized acceleration pulse is
varied and, for each considered pulse’s shape, several random postures are analyzed. The results
reveal that the dependence of HIC values on peak time is insignificant, as the total change in HIC
value from minimum to maximum peak time (about 11%) is comparable to its stochastic
variations due to posture alternations (Coefficient of Variation (CV) of about 14%). Only the
Femur Force for the 5th percentile occupant shows a significant dependence on peak time, with
a total increase of 28% against the maximum CV of 10%.
The amount of dispersion in the injury criteria values introduced by the posture variations
is found to be consistent for different input accelerations. This suggests, that by using the
proposed methodology, a parametric study can be carried out independently from a posture
variation analysis for a single posture only, enabling considerable computational time savings
while still accounting for the dispersion of the results. Overall, the obtained results emphasize
the importance of accounting for posture variations in both regulation testing and numerical
parametric studies. A preparatory numerical posture variation study is recommended before the
physical test to identify dangerous seating postures for a given impact scenario and ensure the
worst case scenario is reproduced in a regulation test.
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Chapter 1: Introduction
1.1 Introduction to Motorcoach Passenger Safety
Motorcoaches are one of the safest modes of ground transportation. In Europe, the bus
and motorcoach travel is estimated to be about ten times safer than passenger car travel, and
with only rail travel being safer (Table 1-1). In North America, motorcoach passengers account
for only 0.3% of all road fatalities and 0.6% of all injuries (Transport Canada, 2002). In Europe,
the percentage of fatalities in motorcoaches is reported in the range from 0.1% to 1.0% (TU Graz,
2003), (Figure 1-1).

Table 1-1 – Fatalities per distance and time traveled
(TU Graz, 2003)
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Figure 1-1 – Motorcoach Fatalities in Europe
(TU Graz, 2003)

Frontal collisions are the most common type of the motorcoach accidents accounting for
about a half of all crashes (Thomas, et al., 1985), (Botto, et al., 1994), (Figure 1-2). In terms of the
causalities, rollovers are considered as the most severe ones followed by frontal collisions,
(Transport Canada, 2002), (NHTSA, 2010), (Figure 1-3).

Figure 1-2 – Number of Crashes with Fatalities by Collision Type
(NHTSA, 2005)
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Figure 1-3 – Fatal Events for Motorcoach Passengers by Collision Type
(Transport Canada, 2002), (NHTSA, 2010)

Due to the low number of motorcoach crashes and comparatively low number of injuries
and fatalities, until recently motorcoaches were excluded from most of the crash safety
regulations. However, when motorcoach accidents do happen, they usually involve many
causalities and receive a high attention from the mass media and public. Since the 1980’s, severe
motorcoach crashes started to raise a public concern about passenger safety, what resulted in
the introduction of crash safety regulations for motorcoaches.
Introduction of the safety regulations for motorcoaches started with rollover impact
conditions, being the most dangerous ones. As will be discussed later, the applicability of the
safety standards to frontal collisions is limited to the requirement of the seatbelt installation in
all coaches and verification of passenger safety in so-called sled tests. Unlike passenger cars,
frontal crash tests are not obligatory for motorcoaches yet. However, as the severe frontal
collisions continue to happen, further enhancement of the safety standards is expected.
The amount of information about the factors affecting the safety of motorcoach
passengers in frontal crashes and crashworthiness design of coach’s structure for longitudinal
collisions is fairly limited, compared to the passenger cars.
In 2003, a large collaborative research project on the safety of motorcoach passengers
was initiated in Europe under the 5th European Framework. The project called Enhanced Coach
and Bus Occupant Safety (ECBOS) (TU Graz, 2003) was completed in the course of three years
and included analysis of real-world data from coach and bus crashes as well as a large number of
numerical simulations. The injury mechanisms for the coach passengers were identified and
3
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some factors affecting the safety were investigated. However, not all important parameters are
studied in details. For example, several acceleration histories were analyzed for minibusses
crashes, but no clear evidence of the influence of the pulse shape on the passenger safety is
provided, as the results are found to be contradictive.
In 2010, National Highway Traffic Safety Administration published a report (NHTSA, 2010)
of a large experimental research effort aimed to support the development of safety regulations
for motorcoaches in North America. A full-scale frontal crash test was performed for a coach, and
20 sled tests were conducted to determine the influence of seat model, occupant posture and
crash pulse on passenger safety in a frontal collision. Due to the limited scope of physical tests,
no clear conclusion could be made on the influence of crash pulse.
From the point of view of the crashworthiness design of a motorcoach structure, the
acceleration pulse applied to the passenger compartment is one of the most important factors
to be considered. Since it defines the load applied to the passengers, it has a direct impact on
passenger safety. The acceleration pulse is generated during the gradual deformation of the
coach structure involved in the collision, so the shape of the pulse to some extent can be
controlled by varying the distribution of crush stiffness in the coach frame. Thus, the preferred
acceleration pulse at the passenger compartment is seen as an important objective in
crashworthiness design of a motorcoach.
Another important aspect of a motorcoach passenger safety was discussed in (Transport
Canada, 2002) and (NHTSA, 2016). In contrast to passenger cars, motorcoaches are currently
experiencing a very low seatbelt usage rate. Although the amount of information on the belt
usage in motorcoaches is limited, the typical value is reported to be below 10% (NHTSA, 2016).
Under these conditions, it can be assumed, that in a real-life accident most of the coach
passengers will not be wearing seatbelts, even if the regulations require its installation.
Together with comprising the passenger safety, low seatbelt usage rate increases the
range of variation in seating posture, since the movements of a passenger are not restraint by
the belt (Martínez , et al., 2009). For passenger cars, the seating posture is identified as one of
the major sources of uncertainty in the outcome of real-world crashes (Bose, et al., 2010), (Hault-
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Dubrulle, et al., 2011), (Watson & Cronin, 2011). No information is currently available on the
influence of a seating posture of passenger safety in motorcoaches.
The limited number of dedicated parametric studies for motorcoach passenger’s safety,
unclear preferable acceleration pulse for crashworthiness design, and substantial differences
between the real world crash environment and existing safety standard testing procedures
provide the motivation for the current research.

1.2 Problem Statement
1.2.1

Motivation
Based on the analysis conducted above and literature review presented later in Chapter

2, the following conclusions, forming the motivation for the research, can be made.


Due to the recent focus of a regulation development on the rollover crash conditions, the
information on the safety of motorcoach passengers in a frontal collision is limited. The
experimental studies and analysis of the real-world crashes, although being extremely
important, cannot provide the clear indication of the effect of some particular parameters
on passenger safety due to a small number of cases considered.



The deceleration pulse to which the passenger compartment is subjected during the crash
is one of the most important factors to be considered in crashworthiness design of
motorcoach frame. Its shape is shown to have a significant influence on the crash
outcome, however, no exact recommendations can be drawn based on the data available
for motorcoaches.



Unlike modern passenger cars, a quite low seatbelt usage rate is found today in
motorcoaches. According to the statistics, in a real-world motorcoach collision, about 90%
of the passengers won’t be wearing seatbelts. Additionally, due to the nature of
motorcoach travel, a large variability in the seating posture can be expected among
passengers.
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Injury criteria values are shown to be highly sensitive to the posture variations for the case
of passenger cars. Since the comfortable seating posture of the occupants in the real
world crashes is unknown beforehand, it introduces a large uncertainty in the outcome of
a collision. Due to the large variations of posture which can be expected for motorcoach
passengers, this uncertainty should be evaluated and taken into account while drawing
the conclusions on the results of a standard regulation testing.



The uncertainties in the occupant posture which could potentially result in a large
dispersion in the injury criteria values for given test conditions raise a question for the
analysis of the results in parametric studies. If the change in the injury criteria values due
to variation in a certain parameter (e.g. seat stiffness, input acceleration pulse) is less than
the variation in the values due to the uncertain posture, it requires addressing the
question of how the results of the parametric study can be applied to the real-world
impact scenario.

1.2.2

Problem Definition
The influence of the shape of the acceleration pulse on the safety of the motorcoach

passengers should be studied. A clear evidence of the effect of the acceleration shape parameters
on the injury risk should be provided. It will allow defining the objective for the crashworthiness
design of a motorcoach frame for a frontal collision.
Injury risk should be evaluated for unbelted occupants, due to the low actual seatbelt
usage rate found today in motorcoaches.
A large variation in seating posture can be expected for unbelted motorcoach passengers;
its influence on the probability of an injury in a frontal collision is unclear. Since the posture of
an occupant is unknown beforehand, a methodology is needed to be developed, which will allow
evaluating a possible worst-case outcome of a collision in terms of passenger safety.
If a large influence of a posture on a probability of an injury is found, a way to account for
a posture variations during the parametric study should be developed. The validity of the results
obtained in a parametric study should be evaluated under the uncertainty in the occupant
posture.
6
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1.2.3

Proposed Solution
To address the problems outlined above, a framework is developed for the parametric

studies on motorcoach passenger safety. Due to the high cost of the physical experiments,
especially for the parametric studies, a numerical simulation is employed in the research, based
on a finite element model validated against experimental data. The analysis is performed using
sled tests with unbelted passengers.
Firstly, the influence of the input acceleration pulse on the safety of the passengers is
investigated in a detailed parametric study employing both real world and idealized pulses with
the parametrically varied shape.
Secondly, a methodology is developed to account for the random variation of passenger
seating postures. The posture of the occupants is stochastically varied according to the ranges,
identified in the available ergonomic study for coach passengers. The amount of dispersion in the
injury criteria values is evaluated as well as a possible increase in the injury criteria values in
comparison to the values obtained for a posture set by a regulation.
The methodology is applied to the parametric study for a pulse shape. For the each given
pulse, the posture is stochastically varied, and the dependence of the pulse parameters on
passenger safety is evaluated based on the mean of the values obtained from different postures.
Conclusions about the influence of the pulse shape on passenger safety under uncertainty of
their seating posture are made.

1.3 Thesis Formulation
1.3.1

Aim and Objectives of the Research
The aim of the research is to enhance the safety of the motorcoach passengers by

studying the factors affecting the probability of an injury, taking into account the uncertainty of
the real world crash conditions.
The following objectives are formulated for the research:
1. Investigate the influence of the shape of the deceleration pulse applied to the passenger
compartment on the safety of motorcoach passengers.
7
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2. Evaluate the effect of posture variations on the safety of unbelted motorcoach
passengers; estimate the amount of scatter introduced into the injury criteria values by
posture variations.
3. Compare the dispersion in the injury criteria values from a posture variations with the
results of a parametric study on the pulse shape. Evaluate the effect of the pulse shape
on the safety of motorcoach passengers under uncertainty of the occupant posture. Make
conclusions about the applicability of the finding of the pulse variation study to real-world
conditions.
1.3.2

Thesis Statements
The thesis demonstrates the following.

1. Kinematics and, consequently, the injury criteria values for unbelted occupants are highly
sensitive to the variations in the sled test parameters namely, the stiffness of the seat
structure and its padding and, more importantly, the posture of the ATDs in the seats prior
to the test.
2. Values of injury criteria are highly sensitive to the shape of the acceleration pulse. By
applying the real world pulses normalized by a magnitude and a total velocity change to
a sled test with unbelted passengers, it is demonstrated that injury criteria values, namely
Head Injury Criterion and Femur Forces, can vary by up to 30%.
3. Head Injury Criterion and Femur Forces of the unbelted occupants show a slight
dependence on peak time t1 in the acceleration time history. HIC values decrease by
about 11% with an increase in t1 from 5 ms to 85 ms. The value of the femur force
increases with increase in t1 by about 27%.
4. Seating posture significantly affects the probability of an injury for an occupant. For the
5th percentile female ATD the variation of posture within comfortable range can result in
increase of HIC by 23%, chest acceleration by 17%, neck axial tension force by 66%, and
femur loads by 12% For the 95th percentile ATD, the HIC can be increased by as much as
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113%, neck tension force by 20%, and femur loads by 97% compared to the reference
posture, used in regulations.
5. Variations in injury criteria values due to posture alternations have a stochastic nature.
No correlation can be found between the posture parameters, ATD position in the seat
and injury criteria values.
6. Due to the uncertainty of ATD posture, and its large influence on the collision outcome,
the results of the parametric studies should be interpreted taking into consideration the
stochastic variations in injury criteria values resulting from a posture variation. The
dependence of a particular injury criterion values on a particular parameter cannot be
considered significant if the total change in the criterion’s value is comparable to the
standard deviation of the values due to posture alternations.
7. The analysis of the dispersion in injury criteria values due to uncertain posture and
parametric studies can be carried out independently. The results of the current research
demonstrate, that the mean values of injury criteria across random postures follow the
same trends, as the values calculated for a reference posture. The dispersion in injury
criteria values is consistent across the results from the sled test with different input
parameters.
1.3.3

Scope
The research in the thesis is limited to the frontal collisions of motorcoaches at zero

impact angle. No side, oblique, or rollover conditions are considered. The research is performed
using a sled test setup, so the results are not applicable to the passengers seating in the first rows
of a motorcoach, nor to its driver. Only one seat model and a single seating layout are used. The
parametric study on the influence of the pulse shape is limited to the pulses within ECE R80
specifications.
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1.3.4

Dissemination
The results obtained during the research have been disseminated in the following papers:
Journal Papers

1. Kuznetcov, A., Telichev, I., Wu, C., Q., 2017. Numerical parametric study on factors
affecting passenger safety in motorcoach frontal collision. International Journal of
Crashworthiness, 22(2), pp. 214-226
2. Giahi, H., Kuznetcov, A., Telichev, I., 2017. An Investigation on Coach Occupant Safety in
Rollover and Sensitivity Analysis to Restraint Properties. International Journal of
Crashworthiness, [Under Review]
3. Kuznetcov, A., Telichev, I., 2017. Influence of Comfortable Seating Posture on Safety of
Motorcoach Passengers in Frontal Collisions: a Numerical Study. Safety Science, [Under
Review]
Conference Papers
1. Kuznetcov, A., Telichev, I., Wu, C., Q., 2016. Effect of Thin-walled Tube Geometry on Its
Crashworthiness Performance. Proceedings of the 14th International LS-DYNA Users
Conference, Dearborn, MI
1.3.5

Thesis Organisation
The Thesis is divided into several chapters, beyond this Introduction.
Chapter 2 provides a necessary background on the problem of passenger safety

evaluation in a frontal collision, current crash safety regulations for motorcoaches, as well as the
literature review on the factors affecting the safety of motorcoach passengers. Chapter 3
describes the development of the finite element models used throughout the research and
outlines the results of the models’ detailed verification and validation analysis. The analysis of
the pulse shape generated in a frontal collision and its relationship to the vehicle deformation
and distribution of a crush stiffness is carried out in Chapter 4, to provide a physical basis for the
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pulse shape variations. Chapter 5 presents the results of the parametric studies on the influence
of the pulse shape on the safety of motorcoach passengers for a standard occupant posture. In
Chapter 6 a methodology for the evaluation of occupant safety under uncertainty of the seating
posture is developed. The methodology is used to evaluate the amount of dispersion in injury
criteria values for a posture variations within comfortable limits for given test conditions. In
Chapter 7 the methodology is applied to the parametric study on the effect of pulse shape
variations on the safety of the coach passengers, similar to that described in Chapter 5, but
performed for the uncertain occupant posture. Finally, Chapter 8 presents the summary of the
obtained results and outlines the thesis contributions.

11

Chapter 2: Background and Literature Review
2.1 Experimental Evaluation of Passenger Safety in Frontal Collisions

Chapter 2: Background and Literature Review
The chapter presents the background information needed to support the concepts
discussed in the thesis, as well as the literature review on factors affecting the safety of
motorcoach passengers, forming the motivation for the research.

2.1 Experimental Evaluation of Passenger Safety in Frontal Collisions
2.1.1

Crash Tests
The compliance of a vehicle with the safety standards is usually demonstrated in crash

tests. To evaluate passenger safety the Anthropomorphic Test Devices (ATDs or dummies) are
used in the crash tests in place of the occupants. The ADTs are instrumented with the
accelerometers and load cells to extract the data, which is later used to calculate the values of
injury criteria. These values are then compared to the thresholds to make a conclusion on the
probability of a serious injury.
The crash tests can be divided into two major types: full-scale crash tests and sled tests.
The full-scale crash tests involve an unmanned vehicle equipped with ATDs which is
subjected to an impact condition by means of either accelerating it and impacting against a rigid
or deformable barrier; or by a direct collision with another moving object such as a vehicle or
specially designed barrier. According to the direction of the impact, the crash tests are classified
into four major categories: frontal, rear, side, and rollover tests.
The sled test is a simplified test procedure in which only the seats and surrounding
structure are mounted on a moving platform (Figure 2-1). The ATDs are placed in the seats and
restrained if required, and an acceleration pulse extracted from a full-scale crash test is applied
to the platform (sled).
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Figure 2-1 – Sled Test Setup
(Mitsuishi, et al., 2001)

2.1.2

ATDs and Injury Criteria
The ATD is a specialized testing device which mimics the behavior of the human body

under dynamic loading. The ATD models are typically standardized on national and/or
international levels. Different models are developed of different complexity and for different
impact scenarios. The ATD model currently widely accepted for frontal collision testing is the
Hybrid III ATD developed in the 1970s. More advanced ATDs are available, however, none of
them are currently approved for regulation testing.
The Hybrid III family is formed from 3 basic ATD models representing three different
statures of the adult occupants (Figure 2-2):


Baseline 50th percentile male;



5th percentile female;



95th percentile male.
The term “percentile” is a statistical measure indicating the value below which a given

percentage of observations in a population falls. For example, the term “5th percentile ATD”
means that only 5% of the population will have a stature smaller than represented by that ATD.
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Thus, the “50th percentile” refers to the average stature of the population and 95th percentile –
to the largest.

Figure 2-2 – Hybrid III ATD Family
from left to right: 95th, 50th percentile male, 5th percentile female
Image courtesy: Andre J. Jackson/Detroit Free Press/MCT

Based on the instruments located in ATDs, the dynamic responses of different parts of
the body can be recorded and used for injury criteria estimation. The following Injury criteria are
typically used for Hybrid III ATDs in a frontal collision:


Head Injury Criterion (HIC) – calculated on the basis of data from the accelerometer
located in the ATD’s head using the following equation:
2.5

𝑡2
1
𝐻𝐼𝐶 = {[
∫ 𝑎(𝑡)𝑑𝑡]
𝑡2 − 𝑡1 𝑡1

(𝑡2 − 𝑡1 )}

,
𝑚𝑎𝑥

where 𝑡2 − 𝑡1 – is the time interval for which HIC is evaluated, 𝑎(𝑡) – is the acceleration
time history.
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Typically, the HIC is calculated for two-time intervals: 36 ms and 15 ms, which are
designated as HIC36 and HIC15 respectfully. Currently, the HIC15 criterion is more widely
accepted than HIC36.


Chest Acceleration Clip – maximum of the acceleration experienced by the ATD chest
clipped to exclude the peaks with duration less than 3 ms.



Chest Severity Index
𝐶𝑆𝐼 = ∫ 𝑎2.5 𝑑𝑡,
where 𝑎 – is chest acceleration.



Chest Deflection – deflection of the ATD ribs measured by a pendulum potentiometer in
ATD’s chest.



Upper Neck Forces & Moment – calculated on the basis of data from the load cell located
at the head-to-neck connection.



Neck Injury Index (Nij) – calculated on the basis of upper neck axial force & bending
moment using the following equation:
𝐹

𝑁𝑖𝑗 = 𝐹 𝑧 +
𝑧𝑐

𝑀𝑜𝑐𝑦
𝑀𝑦𝑐

,

Where 𝐹𝑧 and 𝐹𝑧𝑐 – are the neck axial force and failure criteria; 𝑀𝑜𝑐𝑦 and 𝑀𝑦𝑐 – are the
neck bending moment and failure criteria. The failure criteria are set differently for
compression/tension and flexion/extension:
𝐹𝑧𝑐 𝑡𝑒𝑛 = 6806 𝑁; 𝐹𝑧𝑐 𝑐𝑜𝑚𝑝 = 6160 𝑁; 𝑀𝑦𝑐 𝑓𝑙𝑒𝑥 = 135 𝑁𝑚; 𝑀𝑦𝑐 𝑒𝑥𝑡 = 310 𝑁𝑚.


Femur Forces – maximum force measured at load cells located in the ATD femur tubes
(right and left).

For each injury criterion, the Injury Assessment Reference Value (IARV) is specified by the
national regulations. The IARVs are defined in a way that if the value of the criterion does not
exceed IARV, the life-threatening injury is unlikely to happen, with unlikely corresponding to 5%
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probability. Currently, NHTSA’s FMVSS 208 standard only adopts the 50th percentile male Hybrid
III ATDs for frontal collision testing. The corresponding IARV are shown in Table 2-1. The IARVs
for other ATDs from Hybrid III family can be found in (Mertz, et al., 2003). Selected values for
adult ATDs are summarized in Table 2-2.

Table 2-1 – FMVSS 208 Injury Assessment Reference Values for Hybrid III 50th percentile ATD

IARV
negative positive
1000
700
60
-63
76
-4000
4170
1
1000

Ijury Criteria
HIC36
HCI15
Chest Clip, g
Chest Deflection, mm
Neck Axial Force, N
Nij
Femur Load, N

Table 2-2 – Injury Assessment Reference Values for Hybrid III adult ATDs
(Mertz, et al., 2003)
Injury Criteria
HIC15
Chest Compression, mm
Shoulder Belt
No shoulder Belt
Chest Acceleration, g
Femur Compression, N
for duration of
Lower Axial Force, N
Tension
Compression
Nij

2.1.3

IARV for Hybrid III ATDs
5th p. Female
50th p. Male
95th p. Male
779
700
670
41
39.0
73
6160
0 - 9ms

50
47.7
60

5130
> 9ms

55
52.8
54
9070
7560
11500
9590
0 - 10ms > 10ms 0 - 11ms > 11ms

2620
2520
1

4170
4000
1

5030
4830
1

ATD Positioning & Repeatability of the Results
To ensure the repeatability of the crash tests, the test setup is described in details in the

regulations, and all the test conditions are strictly controlled during the test. One of the major
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sources of the uncertainty of the test results comes from ATDs. Due to extensive articulation, the
kinematics of ATDs are highly sensitive to the test setup, and especially to ATD initial posture.
Instead of prescribing the ATD position in the seat, all safety regulations describe the ATD
positioning procedure, as ATD posture will vary depending on the seat model and other
parameters.
For a fixed posture, regulation-approved ATDs demonstrate a high repeatability of the
sled test results. Yaguchi et al. (Yaguchi, et al., 2007) compared the results of the frontal sled test
for different positioning procedures and found that majority of the injury criteria have a
coefficient of variation (CV) less than 10%. For a given posture, the ATDs used in the testing show
the high repeatability of the results. In (Ishii, et al., 2006) the repeatability of the results for
BioRID-II and Hybrid-III ATDs with the same posture was evaluated, and coefficient of variation
for the injury criteria was reported to be from 4% to 6.5%.

2.2 Safety Regulations for Motorcoaches
The process of introduction of safety regulations for motorcoaches was initiated in
Australia in the 1980s after several severe accidents. This process then was followed by European
Union, United States, Canada, and recently Japan. Currently, the regulations are homogenized to
some extent and dictate the mandatory seatbelt installation for all newly manufactured
motorcoaches, as well as set the specific requirements for the strength of the seatbelts and its
mountings, seat structure as well as for the injury criteria limits for passengers. Additionally, the
specific requirements are developed for structural integrity of the coach in case of a rollover.
In North America, up until as late as 2014, there were no safety regulations applicable to
motorcoaches in terms of passenger safety. In 2002 Transport Canada initiated the analysis of
the motorcoach passenger safety (Transport Canada, 2002). In 2007 US Department of
Transportation (DOT) and National Highway Traffic Safety Administration (NHTSA) released the
“NHTSA's Approach to Motorcoach Safety” (NHTSA, 2007) pointing out the necessity of the
introduction of Federal Motor Vehicle Safety Standards (FMVSS) for motorcoaches. The proposed
regulations included the testing of the roof crush strength and a mandatory installation of
17
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seatbelts for coach passengers. The conclusions were summarized in the “Motorcoach Safety
Action Plan” (NHTSA, 2009). Later an important experimental effort was carried out by NHTSA
(NHTSA, 2010) to evaluate the effectiveness of the seatbelts during a frontal collision of the
motorcoach and to provide the grounds for the FMVSS regulations. A Notice of Proposed Rule
Making (NPRM) regarding the mandatory seatbelt installation in motorcoaches was issued in
2010 (NHTSA, 2010) with the federal regulations taking force in 2014. In the same 2014, NHTSA
issued another NPRM regarding the motorcoach structural integrity during rollover accidents
(NHTSA, 2014). As for 2017, the rule is still not finalized.
The following paragraphs summarize some of the current regulations for motorcoaches
which directly apply to the passenger safety.
2.2.1

Europe

ECE 14 – Safety-Belt Anchorage & ECE 16 – Safety-Belts for Occupants of Power-Driven Vehicles
The standards (UNECE, 2006), (UNECE, 2014) describe the requirements for the strength
and operation of the seatbelts and their anchorages. The regulation describes the quasi-static
testing procedure for the verification of the seatbelt anchorage’s strength.
ECE R66 – Approval of Large Passenger Vehicles with regard to the Strength of their
Superstructure
The regulation (UNECE, 2006) sets the requirements for the strength of the bus structure
under rollover conditions. The procedure is based on a full vehicle crash test in which the coach
is placed on the tilting platform 800 mm above the ground, tilted to the equilibrium position and
then allowed to free fall on a rigid surface. The following requirements should be met: the
survival space defined in the passenger compartment should not be intruded by any part of the
vehicle; anchorage of seats and parcel racks should not separate from its mountings.
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ECE R80 – Approval of Seats of Large Passenger Vehicles with regard to the Strength of the Seats
and their Anchorages
The regulation (UNECE, 2012) sets the requirements for the strength of the seatbelt
assembly, seat structure, and its mountings as well as the requirements for the level of restraint
and injury criteria for the passengers in frontal collision conditions. The requirements are
evaluated using a sled test. For the regulation testing, the Hybrid III ATDs are instrumented to
extract the injury criteria levels. The ECE R80 sets the following limits for the injury criteria values:


Head Injury Criterion (HIC) is less than 500;



Thorax Acceptability Criterion (ThAC) (Chest Clip) is less than 30 g, except for periods
totaling less than 3 ms;



Femur Acceptability Criterion (FAC) (Femur Loads) is less than 10 kN and the value of 8 kN
is not exceeded for periods totaling more than 20 ms.
Additionally, the occupant should be restrained by the seat in the front, so the forward

movement of any part of the trunk and the head of the ATD does not pass beyond the transversal
vertical plane situated at 1.6 m from the reference point of the seat in the front.
The regulation also sets the requirements for the acceleration pulse applied to the sled
test. Except for intervals totaling less than 3 ms, the curve of the trolley’s deceleration shall
remain between the limits shown in Figure 2-3. The limits represent the range in real-world pulse
shape variations most likely to occur in a crash event.
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Figure 2-3 – ECE R80 Acceleration Corridor

The ECE R80 together with Australian ADR 68 discussed later are the regulations which
most directly address the motorcoach passenger safety in a frontal collision. However, since the
regulations are based on a sled test, passing the regulation does not guarantee the safety of all
coach occupants including the driver in event of a frontal collision. For instance, the concept of
survival space is not enforced in motorcoaches, and, consequently, in real-world crashes drivers
and passengers sitting in the first rows are often sustain fatal injuries. In order to further enhance
the motorcoach passenger safety, the regulation with the frontal crash test, similar to the one
used for passenger force might be enforced.
2.2.2

Australia
In Australia, motorcoaches must comply with the Australian Design Rules (ADRs) in

addition to the ECE requirements.
ADR 3 – Seats and Seat Anchorages
Each forward-facing seat should withstand the load twenty times its weight in both
forward and rearward longitudinal directions (DoT, 2006). Also, the seat should withstand the
370 Nm moment about the Seating Reference Point applied to the upper cross member in
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’Rearward’ longitudinal direction. Additionally, the regulation sets the requirements for the
operation of the recliner and retractor mechanisms
ADR 4 – Seat Belts
The design Rule (DoT, 2006) requires that the seatbelt assemblies should be fitted to each
seating position (which require the seatbelt anchorages according to ADR 5). The standard also
sets the requirements for the seatbelt assembly’s strength, corrosion resistance, etc.
ADR 5 – Anchorages for Seat Belts and Child Restraints
The standard (DoT, 2006) states that the motorcoaches should be fitted with the seatbelts
anchorages, which in turn should comply with the ECE R14.
ADR 68 –Occupant Protection in Buses
The regulation (DoT, 2006) sets the requirements for the strength of the seatbelt’s
anchorages, seats and its mounting points and protection of the bus occupants from impact to
the seatback in the front. When tested using a sled test, the seat should provide the safety level
according to the following injury criteria limits:


the head injury criterion must be less than 1000;



the thorax injury criterion must be less than 590 m/s2;



the femur injury criterion must be less than 10 kN;



the compression deflection of the sternum relative to the spine must not exceed 76 mm;



headform deceleration determined by dedicated impact tests must not exceed 785 m/s2
continuously for more than 3 milliseconds
No part of the trunk or the head of the dummy is allowed to pass beyond the transverse

vertical plane situated at 1.6 m from the reference point of the seat in the front. The regulation
also specifies that no failure should occur in the seat structure and the maximum deformation in
the horizontal direction at each load application point should not exceed 150 mm. The seatbelts
anchorages must withstand the forces resulting from the dynamic sled tests.
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The following requirements are set for the deceleration pulse applied to the sled: velocity
change should not be less than 49 km/h, the deceleration of at least 196 m/s2 must be achieved
within 30 milliseconds, and must be maintained, except for periods of less than one millisecond,
for not less than 20 milliseconds.
2.2.3

The United States and Canada

FMVSS/ CMVSS 208 – Occupant Crash Protection
According to the latest update in the regulations (NHTSA, 2013), the busses with Gross
Vehicle Weight Rating (GVWR) of 11793 kg or more should be equipped with Type 2 Seatbelt
Assembly (lap and shoulder belts) and should comply with the requirements of FMVSS/ CMVSS
209 Standard. In contrast to the passenger cars, the frontal crash test is not required for
motorcoaches, and no requirements are set for passenger safety.
FMVSS/ CMVSS 209 – Seat belt assemblies
The standard (NHTSA, 2013) sets the requirements for the seat belt assembly in various
aspects including the degree of fitting and adjustments, the strength of the webbing and
assembly components, the performance of the retractors, etc.
FMVSS/ CMVSS 210 – Seat belt assembly anchorages
The standard (NHTSA, 2013) applies to every designated seating position fitted with a seat
belt assembly, thus, since 2014 it applies to the motorcoaches. The standard sets the
requirements for the seatbelt anchorage strength and specifies the testing procedure. To
demonstrate the compliance, the seat with the mounted seatbelts should be installed on a
supporting structure, and a load should be applied to seatbelt using specialized lap and shoulder
blocks connected to the loading device using chains inclined at 10° to the horizon. The structure
should withstand the load of 13745 N applied in 30 s and held constant for another 10 s without
complete separation of any of the anchorages.
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NPRM – Bus Rollover Structural Integrity
A new FMVSS regulation is proposed by NHTSA in 2014 (NHTSA, 2014) to enhance the
rollover structural integrity of the motorcoaches. The regulation is closely based on European
ECE R66, except that the motorcoach should be equipped with the mass ballasts on all seat
potions, and the regulation cannot be passed based on computer simulation or testing of vehicle
sections.
Summary
The motorcoach passenger safety under the most dangerous type of accident – rollover1
– is now enforced by safety regulations in Europe, Australia, and will be enforced in North
America and Japan in the nearest future.
For the second most dangerous accident and the most frequent one – frontal collision1 –
the regulations require the seatbelt installation in motorcoaches. In European regulation 80 and
Australian Design Rule 5, the requirements for the injury criteria for the passengers are specified,
but only for the sled test environment. No requirements exist to ensure the preservation of the
survival space for the coach occupants in full frontal crash test.

1

(Transport Canada, 2002), (NHTSA, 2010), Figure 1-3
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2.3 Motorcoach Passenger Safety in Frontal Collisions
In the following sections, the main factors affecting the motorcoach passenger safety are
discussed based on a literature review.
2.3.1

Factors Affecting Safety of Motorcoach Passengers
Injury Sources
Based on the analysis of statistics gathered across Europe for the ECBOS project (TU Graz,

2003), the body regions experiencing the most severe injuries were identified (Figure 2-4).

Figure 2-4 – Injury Severity by Body Region
(TU Graz, 2003)

Sukegawa et al. (Sukegawa, et al., 1999) analyzed the relationships between the body
regions most frequently experiencing the injuries and the cause of such injuries based on the
accident analysis and experimental studies (Figure 2-5).
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Figure 2-5 – The Injury Region vs. Cause of the Injury for Frontal Motorcoach Crashes
(Sukegawa, et al., 1999)

Results from both studies correlate well with each other and indicate that the head, face,
chest, legs, and arms are the body regions under the highest risk in motorcoach frontal collisions.
Most of the injuries come from the collision with the seatback of the seat in the front.
Seatbelts
Analysis of the real-world collision data reveals that the significant portion of the fatalities
in motorcoach crashes happens due to occupant ejection from the seats (NHTSA, 2007),
(Transport Canada, 2002), (Figure 2-6).
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Figure 2-6 – Ejection Fatalities for Motorcoach Accidents
(NHTSA, 2007)

For both rollovers and frontal collisions, seatbelts, namely the 3-point lap and shoulder
belts, are now considered as the efficient way to restrain the passengers in the seats, and, thus,
to enhance the safety of the motorcoach passengers (NHTSA, 2010). An analysis of the real world
accidents (Langwieder, et al., 1985), (Botto, et al., 1994), (Chu, 2014), (Páez, et al., 2014),
experimental studies, (Mitsuishi, et al., 2001), and numerical simulations (Rasenack, et al., 1996),
(Ferrer & Miguel, 2001) have demonstrated its positive effect.
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Seatbelt Usage
Even though according to the regulations the seatbelts might be installed in all newly
manufactured coaches, its effect on the outcome of the severe real-world accidents can be low
due to the low seatbelt usage rates. An analysis of 31 severe coach crashes in Europe showed the
seatbelt usage rate as low as 3% (TU Graz, 2003), (Albertsson, et al., 2006). In some of the realworld crashes, none of the passengers were wearing a seatbelt. In Australia, where the threepoint seatbelts are mandatory in motorcoaches since 1994, the seatbelt usage rate is estimated
to be less than 20% (Griffiths, et al., 2005). In Sweden, the seatbelt usage rate for motorcoaches
is reported at 6-8% (Albertsson, 2005). In Japan, the usage rate in large busses is anticipated at
around 10% (Mitsuishi, et al., 2003).
Under these conditions, it can be assumed, that in a real-life accident most of the coach
passengers will not be wearing seatbelts. The seats installed in coaches should provide the
acceptable level of restraint and injury criteria for the unbelted passengers, even if the seat was
designed to be equipped with a seatbelt.
Occupant Size
Based on the ECBOS results for minibusses, for the 95th percentile male ATD the injury
values were reduced from the baseline values for 50th percentile ATD, except for femur loads.
For 5th percentile female ATD, all the injury levels increased from the baseline values.
Occupant Interaction
Both the ECBOS project (TU Graz, 2003) and NHTSA experimental program (NHTSA, 2010)
demonstrated the negative effect on passenger safety introduced by the rear impact of the
occupant seating behind.
Seating Posture
Another major factor affecting the safety of the passengers in the real-world accidents is
a seating posture. The topic of the influence of the initial posture on the safety of the occupants
is studied in details for passenger cars.
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The real-life comfort seating postures were determined for the car occupants using
volunteers (Schneide, et al., 1968), as well as on-road screening (Zhang, et al., 2004). Recently an
interest in the topic has increased due to the development of smart restraint systems, which
could adapt to the occupant’s posture (Schoeneburg & Breitling, 2005). Bose et al. (Bose, et al.,
2010) analyzed the behavior of the belted car passenger in a frontal collision for different
occupant stature, mass, and posture. The eight non-standard postures considered were based
on the real-world data of preferred occupant driving positions from (Zhang, et al., 2004). Posture
was reported as the factor contributing to the highest dispersion of the results. For the WholeBody Injury Metric, the coefficient of variation was found to be 36% with the actual value
variation from -33% to +88% compared to the standard position. In (Untaroiu & Adam, 2013) 196
numerical simulations of the occupant response in the frontal collision were performed with
different non-standard postures, and a large variation in the injury risk was found. Compared to
the nominal posture, the variation in lumbar flexion from -5° to +40° and sideways flexion from 15° to +15° resulted in the injury risk variation from -13% to +40%.
As can be seen, for the passenger cars the effect of the posture variations is quite severe.
For the unbelted motorcoach passengers, the degree of uncertainty introduced by the
posture is expected to increase, compared to that of the belted occupants of the passenger cars,
presented in the literature. Thus, it cannot be neglected. However, the information on the effect
of the posture on the safety of the coach passengers is highly limited.
Kraus (Kraus, 2003) reported a comfortable posture for the coach drivers. However, since
the driver uses a different kind of seat and his legs are resting on the pedals, the findings can be
hardly applied to the coach passengers. In the experiments by Mitsuishi et al. (Mitsuishi, et al.,
2003) one of the ATDs was placed in the seat according to the so-called ‘safety posture’ with its
head touching the seatback in the front. The injury criteria values in that posture are reported to
be significantly lower compared to the standard posture.
One of the few studies on real-life seating postures of coach passengers can be found in
the paper by Martínez et al. (Martínez , et al., 2009). The ergonomic study was performed in the
lab environment on 9 volunteers with 3 volunteers in each percentile group (5 th, 50th, and 95th).
The measurements of the main angles defining the postures were done after each volunteer
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obtained a comfortable position. Although the seating postures were obtained, no analysis was
carried out on influence on these non-standard postures on passenger safety in a frontal collision.
Seat Pitch
By performing the physical sled tests with two different seat pitches, Mitsuishi et al.
(Mitsuishi, et al., 2001) showed that increase in the seat distance can lead to the decrease in the
most of the injury criteria, except for the neck bending moments and neck axial force.
Seat Stiffness
In the analysis of the NHTSA’s experimental results (NHTSA, 2010), it was noted that the
stiffness of seat may have the influence on the injury criteria, but no correlation can be drawn
based on experimental results due to a limited number of seat models considered.
In the ECBOS project for motorcoaches, it was concluded that for the upper part of the
body the recliner stiffness has the most influence on injury values (TU Graz, 2003). If the
passenger is unbelted, the stiffness of the upper part of the seatback back surface has a large
influence on injury probability. For the lower part of the body, the stiffness of the lower part of
the seatback is the most critical factor.
Additionally, for minibusses, it was demonstrated that the increase in the seatback
padding stiffness can result in significant increase in injury probability (53% increase in HIC and
57% increase in Pelvis Load due to 50% in padding stiffness). It is also shown that decrease in
seatback break-over stiffness can lead to the slight decrease in the injury values. The 40%
reduction in break-over stiffness led to 12% reduction in HIC values. Larger stiffness reduction
(90%) resulted in significant head and chest injury reductions. However, under these conditions,
the seat back had experienced a high deformation leading to the ejection of the passengers.
Seatback Inclination
In the experiments by Mitsuishi et al. (Mitsuishi, et al., 2001) the inclination of the
seatbacks to the rearmost position is shown to reduce the injury severity. However, the results
seem to be a very case specific.
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Acceleration Pulse
A numerical analysis performed as a part of ECBOS project for minibusses showed that
the decreased crash pulse magnitude led to the lower values for all the injury criteria. Due to the
specific occupant kinematics, the increased crash pulse resulted in lower HIC values, but higher
probability of injury for other body regions.
Two different pulses were considered in the NHTSA’s experimental program (NHTSA,
2010). The pulse with a shorter duration and a higher maximum acceleration value was found to
produce higher HIC values.
While the information about the influence of the pulse shape on the injury risk is limited
for motorcoaches, the subject is well studied for passenger cars. Due to the importance of the
topic for the current research, it is considered in a separate section.
2.3.2

Pulse Shape in Frontal Collision of Passenger Car
Before the influence of the acceleration profile on passenger safety can be investigated,

its physical nature should be understood.
As with any physical object colliding with another, the acceleration profile generated in a
vehicle during a frontal crash depends on its deformation characteristics. The connection
between pulse shape, vehicle deformations, and its structural layout is well studied for passenger
cars based on the extensive physical crash tests and simulations (Du Bois, et al., 2004). The pulse
features, such as the timing of the main peaks, are dictated by the crush resistance and
longitudinal positions of the main structural members such as frontal rails, radiator grille, engine,
firewall, and passenger compartment. A typical acceleration profile for a frontal collision of a
sedan passenger car has two distinct acceleration levels, with the time of the transition between
them controlled by the longitudinal location of the engine. Thus, by adjusting the location and
stiffness of the members, the shape of the pulse can be altered in favor of decreasing the risk of
an injury for the passengers (Wågström, et al., 2005), (Wågström, et al., 2013).
For the case of passenger cars, the pulse shape has been optimized for a passenger safety
in the literature (Ito et al., 2015), (Shi et al., 2003). Wu et al. (Wu et al., 2002) has shown that the
theoretically optimal acceleration profile minimizing the injury risk for belted occupant consists
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of a high initial impulse followed by a square pulse. Mark (Mark, 2003) demonstrated that for a
two-step pulse the increase in the amplitude of the initial peak and decrease in the amplitude of
the second peak leads to lower values of Head Injury Criterion and Chest Acceleration.
Most of the work on the analysis and optimization of the acceleration pulse’s shape in a
passenger car is performed for the belted passengers. In contrast to the passenger car,
motorcoaches in addition to the different occupant posture and low seatbelt usage rate, feature
a completely different structural layout. Thus, the analysis of the relationship between the
deformation of the main structural members and the resulting acceleration pulse in the
passenger compartment should be carried out separately for motorcoaches.

2.4 Summary
The safety regulations for motorcoaches regarding the crashworthiness of its structure
are now developed worldwide for the rollover impact conditions. As a next step, the
crashworthiness requirements for motorcoaches in next most dangerous scenario, frontal
collision, are expected to be established in near future.
From the point of view of the crashworthiness design of a motorcoach structure for a
frontal collision, the acceleration pulse applied to the passenger compartment is one of the most
important factors to be considered, since it has a major effect on passenger safety, and, to some
extent its shape can be controlled by varying the distribution of crush stiffness in the coach frame.
The methodology for the crashworthiness design for a prescribed pulse is well developed for
passenger cars. However, due to the different size of the vehicle, its structural layout and
occupant posture and restraints, this expertise cannot be directly applied to motorcoaches and
a dedicated research is needed.
Although some information on the influence of the crash pulse shape on passenger safety
for motorcoaches is available, it is limited to the discrete results obtained using a number of crash
pulses extracted from real-world crashes. It lacks the clear indication of the pulse shape features
influencing the passenger safety. Dedicated parametric studies are required for that purpose.
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Additionally, the literature review indicates that the influence of the real-world factors,
such as comfortable seating posture of the coach occupants, is still unclear.
Due to the high potential effect of these factors on passenger safety and lack of relevant
information, the current research focuses on the effect of the shape of the acceleration time
history and occupant posture on passenger safety in a frontal collision.
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Chapter 3: Numerical Simulation of a Motorcoach Sled Test
The research presented in the thesis is performed numerically. The chapter describes the
process of the development of the finite element models utilized in later sections and the results
of their verification and validation.

3.1 Approach
As a first step, the type of the numerical model for the research should be selected. Since
the sled test involves free body motion of the ATDs and seatbelts, large deformations and
complex contact interactions, the traditional implicit finite element method is not applicable to
the problem. The explicit FEM formulation is used instead, which is based on the direct
integration of the momentum conservation equation using central-difference scheme. The
particular implementation of the explicit FEM used throughout the research is LSTC LS-DYNA®.
Due to the high computational intensity of explicit simulation and a large number of
required model runs, the analysis is performed using two models with increasing level of
complexity. Firstly, the broad range of parameters is investigated using simplified rigid-body
dynamics model. More than 300 runs are performed, each taking about 4 hours on a desktop
computer. Based on the observations from the results of the rigid body model, a fully deformable
FEM is developed to provide more reliable results, and about 150 runs are executed, taking 24
hours each, running on 12 CPU cores in a computational grid.
Since the research entirely relies on numerical simulation, the verification and validation
of the model are of foremost importance. The procedure for the model verification and validation
follows the recommendations of National Cooperative Highway Research Program (Ray , et al.,
2010) and European Framework Project IMVITER (Cordero, et al., 2012).
In application to the explicit finite element analysis, the verification of the simulation
results is performed according to the criteria outlined in Table 3-1. The criteria shown in the table
can be divided into three groups: mesh quality verification, visual checks, and verification based
on energy conservation plot.
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The validation of the results is done by comparison of the simulation results’ time history
plots to those obtained in a physical test. The quantitative assessment of the curve similarity is
carried out with the curve comparison metrics recommended for crashworthiness applications
in (Ray , et al., 2010). Here the validation metrics are limited to Sprague-Gears and ANOVA for
residuals, however, it should be mentioned that other validation criteria have been developed
recently. One such criterion is CORA (Correlation and Analysis) set of metrics (Gehre, et al., 2009)
selected by the IMVITER project and now approved as a standard tool for validation in road
vehicle and ATD applications by the latest ISO 16250 standard. The selection of the validation
criteria here is mainly based on the software availability, however, the selected tools are proven
to provide an adequate assessment of curve similarity for crashworthiness applications (Ray , et
al., 2010), (Cordero, et al., 2012). Table 3-2 outlines the utilized metrics together with acceptance
criteria. In the table 𝑚𝑖 and 𝑐𝑖 denote the measured and computed quantities, respectively, 𝑖
indicates an instance in time, and 𝑛 indicates the total number of data samples. The metrics
values are calculated using RSVVP software (Mongiardini & Ray, 2009).

Table 3-1 – Criteria for Crash Model Verification
(Cordero, et al., 2012)
Feature

Criteria
• minimum required geometry feature is resolved
Geometrical accuracy
• 5 elements across edge of the crosss section for critical areas
Element Size
• element size & natural time step reports
Spatial Discretization
Mesh Quality
• mesh quality report
• no visible hourglass modes
Element Formulation
• houglass-to-total energy ratio < 10%
• no observed instabilities
Time Step
Temporal Discretization
• max total energy deviation from initial value < 10%
Mass Scaling
• mass increase < 5%
Contact Gap
• no penetration / hooking
Contact Interactions
Contact Stability • no contact force oscilations
Contact Stiffness • contact-to-total energy ratio < 10%
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Table 3-2 – Validation Metrics

3.2 Automation
More than 500 numerical simulations are performed in the course of the research, of
which 150 are for the deformable model. Each model run requires modification of the input
parameters such as applied acceleration pulse and, for some simulations, modification of the
occupant posture. For the deformable model, modification of the posture requires a separate
pre-simulation to be executed to obtain a deformed shape of the seat cushions. Each run of the
deformable FEM produces about 8 Gb of result files, which require thoughtful analysis. The
obligatory results analysis procedure includes checking of the ATD kinematics, most of the ATD
outputs, and deformations of seats prior to calculation of injury criteria values. This ensures that
the model is not used beyond its limitations. The estimation of the full range of the Hybrid III ATD
injury criteria is an involved process by itself requiring extraction of a particular ATD output, it's
filtering and processing according to the criterion’s definition.
Therefore, the research would not be possible, or its scope would be significantly limited
without an intensive automation. The most of the automation procedures are implemented using
a combination of custom developed Matlab® scripts and batch calls to the LSTC LS-PrePost®
program. The scope of the tasks covered by automation includes modification of the acceleration
pulses, ATD postures, preparation of the pre-simulation model, extraction of the deformed shape
of the cushions, job submission to the computational grid, batch processing of the results,
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including injury criteria extraction, and results interpretation in the form of various plots and
diagrams.
Around 50 Matlab scripts were developed for the research totaling in more than 5000
lines of code.

3.3 Rigid-Body Seat Model
To provide an initial insight into the factors affecting the safety of motorcoach passengers,
as well as to the specifics of the numerical modeling of a sled test, a rigid body model is developed
first. The focus is made on biomedical responses of the occupants rather than on the seat
structural integrity. The seat model is, therefore, simplified to provide a compromise between
the accuracy of the representation of occupant kinematics and computational cost.
The model is built based on the rigid-dynamic principles with deformable finite-stiffness
joints and is coupled with the ‘FAST’ family of the finite-element models for ATDs. Being
computationally effective, the rigid seat model is well suited for broad parametric studies. The
rigid-body dynamics model with finite-stiffness joints is a typical approach for the numerical
modeling of the structure’s dynamic behavior in the automotive safety applications (Du Bois, et
al., 2004). Despite all the limitations, this modeling approach has proven its effectiveness for the
analysis of the occupant-to-seat interactions in both passenger cars (Kang & Chun, 2000), (Luo &
Qing, 2010), (Gavelin, et al., 2010) and buses (Belingardi, et al., 2005).
3.3.1

Model description
Geometry and Mesh
Only one line of seats is modeled (Figure 3-1). No interactions between passengers sitting

next to each other are observed in the physical test, and the kinematics of the right and left side
passenger differs only due to a different stiffness of the seat frame at right and left sides.
The sled model is composed of three seats with belt attachment points and a floor pan
(Figure 3-1). All bodies in the sled model are rigid. Each seat is represented by three bodies: a
cushion, a seatback, and a headrest. The headrest is rigidly attached to the seatback, and the seat
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attachment

points

are

attached

to

the

corresponding

seat

parts

using

*CONSTRAINED_EXTRA_NODES feature in LS-DYNA. In the current setup, the material properties
do not affect any of the simulation aspects2, and, thus, they are arbitrarily selected to represent
a structural steel with Young’s modulus of 200 GPa, and Poisson’s ratio of 0.3. Mass properties
of the seat parts are assigned through the *PART_INERTIA keyword. The mass of the cushion is
12 kg, the seatback is 7 kg, and the headrest is 2 kg. The inertia tensor for each body is calculated
based on the mass and geometry of the part.
Since all the bodies in the sled model are rigid, the mesh size affects only the contact
behavior. The size of the elements for the seats and a floor is selected to be 25 mm to match the
element size of the ATD models.

Figure 3-1 – Sled Sub-model

2

In explicit FEM, the material properties of a rigid body are used only for calculation of contact stiffness
and mass. However, in the current setup, the contacts are modelled using custom force-penetration curves and the
inertia properties are assigned directly. Thus, material properties have no influence on the simulation process.
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Joints
For the rigid-body model, the selection of type and locations of the joints is of critical
importance, since it will pre-determine the possible deformation modes. From the analysis of the
physical test results, two types of the deformations can be distinguished: global deformation of
the seat frame, and local deformations of the foam and seatback parts. Two modes of global
deformation are found in the physical test: translation and rotation of the seat frame relative to
the floor (Figure 3-2a) and rotation and bending of the seatback relative to the seat frame (Figure
3-2b).

Figure 3-2 – Seat Frame Deformation Modes

These two global deformation modes are reproduced in the model using two revolute
joints with a rotational axis parallel to the Y-direction of the global coordinate system (Figure
3-1). From the experimental results, it can be observed that the deformation of the seatback is
fully recoverable, while the seat frame experiences a permanent deformation. Consequently, the
seatback is attached to the cushion using a joint with linear angle-moment relation (Figure 3-3a),
while the cushion is fixed on the floor by a joint with an elastic-perfectly plastic behavior (Figure
3-3b). The type, location, and parameters of the joints used in the model comply with the
parameters of the analogous models used in other studies (Luo & Qing, 2010), (Gavelin, et al.,
2010).
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Figure 3-3 – Moment-Angle Curves for Revolute Joints
a) – seatback-to-cushion, b) – cushion-to-floor

Contacts
The local deformation of the seat foam and seatback membranes is modeled using seatto-ATD contacts with custom force penetration curves. Two separate contacts are used – one for
the frontal surfaces of the seats, interacting with ATD sitting in that seat, and one for the back
surface of the seats, impacted by the rear ATD.
The low-density foams used in automotive seating are highly-nonlinear materials. The
thickness of the foam for the cushion and frontal faces of the seat back is quite high, resulting in
the nonlinear ATD-to-seat interaction. Consequently, for the frontal faces, a nonlinear forcepenetration curve is used (Figure 3-4a). In contrast, the rear faces of the seat back feature an
only small layer of foam, playing almost no role in the ATD-to-seatback interaction. Thus, for
these faces a linear force-penetration curve is used (Figure 3-4b), representing the elastic
deformation of the seat back inner parts.
The parameters of the curves are selected to match the seat foam deformations observed
in the experiment. The friction coefficient for the ATD-to-seat contact is 0.4; for ATD-to-seatbelt
is 0.8; and for ATD-to-floor is 0.4 (Guha, 2010).
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Figure 3-4 – Force-Penetration Curves for ATD-to-Seat Contact
a) – seat front faces, b) – back faces

ATD Models
The Hybrid III ATDs are represented by the standard LSTC® models from a ‘FAST’ family.
Most of the skeleton parts are modeled as rigid bodies, constituting 40% of the total mass. Other
parts are built using elastic, viscoelastic, and low-density foam material models. Models are
validated against FMVSS 49 standard (Guha, et al., 2011).
Seatbelt
The seatbelt is routed from the retractor located under the cushion, through the shoulder
slip ring, to the buckle and then to the anchor point (Figure 3-5). The belt model consists of two
shell segments which come into contact with an ATD and one-dimensional elements interacting
with slip rings and retractor. Friction coefficient in the slip rings is 0.15 (Guha, 2010). The slip
rings are attached to the anchor points using load cells modeled as discrete beams with zero
length. This allows easy extraction of the reaction forces for the model verification and validation.
The retractor produces the initial tension in the belt of 2.8 N and locks after the force in the belt
reaches 3.1 N (Guha, 2010). In the locked state, the behavior of the retractor is controlled by the
force-pullout curve shown in Figure 3-6. The belt is made from the orthotropic uncompressible
fabric material (Material model #34 in the LS-DYNA library). Material properties are extracted
from the literature: The Young’s modulus for the lateral direction is 1.83 GPa, for the transverse
– 0.92 GPa, and Poisson’s ratio is 0.3 (Guha, 2010).
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Figure 3-5 – Seatbelt Configuration

Figure 3-6– Force-Pullout Curve for Retractor

Boundary Conditions and Loads
The floor of the sled is fully constrained in space and deceleration pulse and gravity loads
are applied to all other parts.
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Calibration & Sensitivity Analysis
Since the model is built using a number of artificial parameters, such as contact and joint
stiffness, a sensitivity study is performed to verify their values. The results have shown that ATD
kinematics and, consequently, the injury criteria values are insensible to most of the artificial
parameters, such as seatbelt material type, retractor pretension force and stiffness in a locked
state. The parameters which have the greatest influence on the results are the stiffness used for
ATD-to-seat contact and stiffness of the joints connecting seatback to cushion and cushion to the
floor. These parameters are selected to match the experimental results, as mentioned earlier.
3.3.2

Model Verification & Validation
Verification
Since the model utilizes the rigid body dynamic principles, the spatial discretization has a

minimal effect on the simulation results, thus, its verification is omitted.
To verify the temporal discretization and energy balance, an energy conservation plot is
used (Figure 3-7). The external or input energy in the figure is calculated as an inversion of the
work done by the applied acceleration. As can be seen, the external energy is converted to the
kinetic energy of the ATDs, internal energy, and frictional energy in contacts. Artificial hourglass
energy is negligible, and the total energy is conserved throughout the simulation.
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Figure 3-7 – Energy Conservation for Sled Test Simulation

Validation
The model is validated against experimental data available from NHTSA (NHTSA, 2010).
The particular test selected for model validation is the sled test number S-080722-1. The
experimental setup consists of a sled with six seats mounted in three-row configuration. The first
row of seats is empty. The second and third rows of seats are occupied by the 50th percentile
Hybrid III ATDs. The second row’s passengers are restrained by three-point seatbelts. All ATDs
are instrumented in order to obtain injury criteria values. Additionally, the force in the seatbelt
is monitored during the test using load cells at belt attachment points. The sled is subjected to
the deceleration pulse shown in Figure 3-8. The pulse represents the frontal crash test of a
motorcoach into a rigid wall at 11.4 m/s.
The simulation model is assembled to replicate the left half of the sled (Figure 3-9). The
comparison of ATD kinematics between physical test and simulation is shown in Figure 3-10.
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Figure 3-8 – Deceleration Pulse from the Physical Test

Figure 3-9 – Seating Layout for Validation
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Figure 3-10 – Comparison of model kinematics with experimental results
(NHTSA, 2010)

From a qualitative point of view, a good level of agreement in passenger kinematics can
be seen in Figure 3-10. For quantitative comparison, the time-histories of head acceleration for
the belted ATD and belt tension force are compared (Figure 3-11, Figure 3-12). In the figures 3-11
and 3-12, the green ticks next to the metrics indicate the value passing the acceptance criteria,
while red cross marks indicate a failure to pass the criteria.
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Figure 3-11 – Comparison of the head acceleration time-history
(2nd Row Belted Occupant)

Figure 3-12 – Comparison of Belt Tension Force

The ATD head acceleration time history (Figure 3-11) generally has a similar shape to the
experimental curve, except from artificial peak appearing at 130 ms. The difference in the
maximum values is 25%, and the difference in the peak time is about 3%. The same shift in time
between experimental and simulated curves can be seen throughout the time-history, and, thus,

46

Chapter 3: Numerical Simulation of a Motorcoach Sled Test
3.3 Rigid-Body Seat Model

it should not have an effect on the injury criteria. With the time shift corrected the simulation
curve passes the NCHRP validation criteria.
The simulated belt force time-history shown in Figure 3-12 closely reassembles the
experimental curve, indicating the correct representation of the occupant kinematic in the
simulation. The difference in force values between first peaks is 9%. The higher second peak in
the simulation results contributes to the high value of the ANOVA average residual error (Figure
3-12).
Finally, ATD injury data is compared in Table 3-3. The chest acceleration values in Table
3-3 are given relative to the gravity acceleration. The results of the simulation are similar to the
experimental results, although actual percentage difference is quite large. The simulation tends
to under-predict the HIC value for the unbelted occupant.
Overall, since the model is mainly aimed at preliminary analysis, the results of the
validation are considered acceptable.

Table 3-3 – Comparison of ATD Injury Criteria

3.3.3

Limitations

1. The seat deformation mode is limited to the rotation of the seatback and rotation of the
seat frame. The relationship between the rotational angle and a resisting moment for the
corresponding joints is linear.
2. The calibrated properties of the rotational joints and contacts are valid only for the range
of deformations observed in the validation simulation. The applicability of these
properties to other loading conditions is limited and should be treated as an assumption.
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3. The properties of the seatback-to-ATD contact are constant throughout the entire surface
of the seat faces. In the real seat, the contact stiffness of the seat dependents on the
impact location due to the differences in the foam thickness and stiffness of the
underlying frame.
3.3.4

Summary
A rigid body model of a sled test is developed to provide an efficient tool for broad

parametric studies. The model is calibrated to the experiment and is able to provide an estimate
of the Head Injury Criterion and belt tension force for the rear belted occupant. It is used to
perform an initial parametric study on factors affecting the safety of the motorcoach passengers
(Section 5.2 ). Although the results provide a useful insight into the kinematics of the occupants
and influence of different parameters on injury criteria values, they should be treated as a
numerical exercise. Due to the mentioned limitations, the findings of the parametric study cannot
be expected to be fully applicable to the real-world crash environment.

3.4 Deformable Sled Test Model
3.4.1

Model Description
Based on the observations obtained using rigid-body model, a fully deformable detailed

finite element model is developed to provide a more reliable and accurate simulation framework
for parametric studies. The detailed geometry of the real motorcoach seats is used to build the
deformable finite element model.
The sled model consists of floor and side panels, floor and sidewall rails and two onepedestal seats mounted on the rails – the front one is equipped with the seatbelts, while the rear
one is unbelted. Figure 3-13 shows the geometry of the seat structure without foams and frames
for the cushions.
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Figure 3-13 – Geometry of the Sled Structure

The geometry of the seat parts is based on the CAD model provided by the manufacturer.
After intensive preprocessing of the geometry to prepare it for the efficient meshing, the model
is composed of 142 parts in total, 32 of which are solid bodies, 108 are surfaces and 2 incliner
cylinders are modeled using one-dimensional lines. The model is meshed with 409 834 constantstress tetrahedron solids, 129 400 Belytschko-Tsay shells, and 2 Hughes-Liu beam elements. For
both seats, the cushion and seatback foams are modeled using solid tetrahedron elements and
specialized nonlinear material model (*MAT_057 in LS-DYNA specification).
The seat mounting rails and structure of the frontal seat are modeled as fully deformable
with isotropic piecewise linear plasticity material model (*MAT_024 in LS-DYNA). No strain
effects or failure is considered. The material properties including the hardening curves are
extracted from the literature based on manufacturer’s specification. Plastic frames attaching the
cushion foam to the structure are modeled using linear elastic material and are attached to seat
frames using tied contacts. Welded connections in the frame of the frontal seat are modeled
using tied contacts and nodal rigid bodies, except for the seatback membranes, which are
attached to the seatback tube using rigid spotwelds with failure criteria. The bolt connections
between the seat frame and a leg, and between the seat and attachment rails are modeled with
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solids bolts and frictional contacts connecting them to the surrounding structure. The seatback
is attached to the frame using frictionless revolute joints. The seatback inclination is constrained
using a beam element connecting the seatback to the frame and representing the incliner
mechanism of a real seat.
The frame of the rear seat and hand rests are modeled as rigid bodies, as they experience
only inertial loads, and its deformations are unlikely to affect the kinematics of the occupants.
The interactions of the ATDs between each other and with the sled are controlled by a
frictional contact with a friction coefficient of 0.4.
The ATD and seatbelt models are similar to the one used in the rigid-body model, except
for the additional 2D seatbelt segment interacting with the seat cushion (Figure 3-14).

Figure 3-14 – Seatbelt Model

The sidewall rail and the floor beam are constrained in space to provide the boundary
conditions for the simulation. For both parts, the symmetry conditions are applied at the ends to
represent the interaction with the cut parts. The whole lower surface of the floor beam is
constrained in three translational degrees of freedom (DOF). The sidewall rail is constrained in
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three translational DOFs at two points near the ends and at two points in the middle, where it is
attached to the sidewall structure of the coach. All the rigid parts, including the floor panel, are
constrained in all six DOF. Acceleration pulse and gravity loads are applied to all other bodies.
Each simulation of the sled test with 0.5 s duration requires about 40 hours of calculations
at 12 CPU cores. The number of cores is selected based on a dedicated scalability analysis in which
the number of cores is parametrically increased until the simulation time stops to increase (Figure
3-15). In the scalability analysis, the duration of the sled test is reduced to 0.2 s.

Figure 3-15 – Results of a Scalability Analysis for the Deformable Model

3.4.2

ATD Positioning
In real life, before the test, the ATDs are placed into the seats and their posture is adjusted

according to the procedure described in the regulation. During this process, a static equilibrium
will be achieved between the ATD parts, and between ATD, floor panel and seat foams. The seat
foams will be deformed and pre-stressed to balance the ATD weight.
For the simulation, both seat foams and ATDs are supplied in the unreformed states. It
implies that the exact ATD posture can be not be reproduced in the model without penetration
of ATD parts into the initially unreformed foams, as in the experiment the ATD will be seating
slightly lower due to the deformed cushion. The deformed shape of the foams can hardly be
measured in the normal test environment, and, thus, it cannot be reproduced in the model from
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the beginning. If the ATDs will be placed above the unreformed seats to avoid penetrations,
during the sled test simulation their interaction with the cushion foam will not be reproduced
correctly. The ATD’s hip and femurs will not be “sunk” into the foam, what will reduce the friction
between the ATD and the cushion, as well as it will affect the vertical position of ATD prior to the
impact to the seat in the front.
To increase the accuracy of the model, prior to any sled test simulations, a pre-simulation
to obtain the deformed shape of the foam cushions and equilibrium positions of ATDs is
executed. The ATDs are placed slightly above the seats, and explicit simulation is run with only
gravity load applied. After ATDs compress the foams and find an equilibrium position, they are
saved together with the deformed and stressed state of the foams and used as an initial state in
the subsequent sled test simulation.
Test simulations with only gravity load applied starting from the obtained initial state
have confirmed that the system is in static equilibrium as it supposed to be prior to the actual
sled test. For the obtained ATD position, the seatbelts are routed and its equilibrium shape,
respecting the contact with ATD parts, is obtained using the automated procedure in the preprocessing software.
The effect of the ATDs “sunk” into the seats is illustrated in Figure 3-16, where the foam
deformations during the sled tests are plotted with the ATD hidden from the view.
The described procedure for pre-simulation and foam stress and shape initiation is
repeated for each variation in the ATD posture.
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Figure 3-16 – Deformation of the cushion foam
starting from the deformed equilibrium position

3.4.3

Sensitivity Analysis and Calibration
In contrast to the rigid-body model, the detailed finite element model, in theory, should

not require any major calibration. However, the input data available for the model development
lacked some of the information about parts’ geometry and material properties, and more
importantly, the initial positions of the ATD used in the physical test. These uncertainties led to
the extensive sensitivity study, followed by the calibration of the unknown parameters to match
the experimental results. Some interesting results were obtained in the sensitivity analysis, and,
therefore, they are presented below.
The process of model development was spanned over 2 years, with about 170 test
simulations taking around 20 core-years of calculations. The results of the test simulations used
in the sensitivity study (excluding the work-in-progress results) are outlined in Figure 3-17. In this
and following figures of the same type, each plot shows the variation in a given injury criteria
values for a given occupant across several simulations. In each plot, a vertical bar represents a
result of a single simulation. The green horizontal line represents a value obtained in the physical
test. The coefficient of variation (CV) across all values is indicated in each plot. Below each plot,
the minimum and maximum variation in the values relative to the reference value are shown.
For Figure 3-17 the variations are calculated relative to the experimental value. In the figure, the
first bar in each plot indicates the results of the first run of the un-calibrated model with arbitrary
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values of the unknown parameters, and the last bar corresponds to the results obtained using
final model, used for verification and validation.

Figure 3-17 – Variation in Injury Criteria Values in Sensitivity Analysis

A large variation in the injury criteria values can be observed in the plot, indicating a high
sensitivity of the ATD kinematics, and, consequently, injury criteria values to the physical
parameters used in the analysis.
The parameters included in the sensitivity study and missing from the input data provided
by the seat manufacturer included:


ATD posture measurements in the sled test seats prior to the test;



Material properties of the seat foams;



Material properties of the plastic cushion frames;



Retractor force-pullout characteristics in a locked state.
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Additionally, the sensitivity analysis included some artificial parameters, such as contact
definitions, damping and hourglass controls and time step options. In the following subsections,
a sensitivity of the model to a particular group of parameters is discussed in more details. Most
of the parameters have a discrete nature, and thus the sensitivity of the results cannot be directly
correlated to the ranges of parameter’s variation.
Artificial Parameters
The model is shown to be insensitive to most of the artificial parameters, within the
reasonable ranges of its variations considered in the analysis. As an example, the sensitivity of
the model to the contact definitions, foam pre-stress, and boundary conditions is shown in Figure
3-18. Each bar in the figure represents the percentage of variation in injury criteria value
compared to the results from a previous model.

Figure 3-18 –Sensitivity to Artificial Parameters

As can be seen, most of the injury criteria values are relatively insensitive to the contact
definitions and foam pre-stress. Similarly, the results are shown to be independent of the
boundary conditions used in the simulations. The results for the model with simplified boundary
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conditions on the seat attachment rails are compared to the results of the model with partially
modeled coach frame, and little differences in the injury criteria values are found.
Cushion Frame Material and Retractor Properties
Cushion frames are parts of the seat assembly attaching the cushion foams to the seat
frame. It also the parts experiencing the impact of the occupant’s lower limbs. The stiffness of
the cushion frames affects the kinematics of occupant’s knee impact with a consequent effect on
the kinematics of the whole body, and as a result, a relatively large sensitivity of the injury values
to the cushion frame material can be observed in Figure 3-19. The unknown cushion frame
material is selected from the meaningful options (Linear Elastic Nylon with Young’s Modulus
E = 2930 MPa and Polyethylene with E = 1100 MPa) to provide the best match to occupant
kinematics observed in the experiment.

Figure 3-19 –Sensitivity to Cushion Frame Material

Seat Foam Stiffness
Stiffness characteristics of the seat foam material were unavailable from the seat
manufacturer, and characteristics of the foam typically used in the passenger cars were utilized
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in the original model. However, sensitivity analysis revealed a large influence of the foam stiffness
on injury criteria values (Figure 3-20). In the sensitivity analysis, the foam stiffness was
parametrically increased from the base value. The dependence of the injury criteria values on
foam stiffness is shown as a comparison to the values observed in the physical experiment in
Figure 3-21.

Figure 3-20 –Sensitivity to Foam Stiffness

Figure 3-21 – Effect of Seat Foam Stiffness on Injury Criteria Values
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Close inspection of the occupant kinematics shows that the differences in the injury
criteria values are caused by the differences in the occupant posture prior to the impact to the
seat in the front. Stiffer foam results in occupant impacting higher and stiffer part of the seatback.
As a result of the calibration, seat stiffness is selected to match the impact location on the
seatback to one, observed in the experiment.
The result of the sensitivity analysis for the foam stiffness highlight the pronounced effect
of the occupant initial posture on injury criteria values discussed in the next section.
Occupant Posture
The exact occupant postures in the seats were not measured during the physical
experiment available for the model validation, and thus, the postures for the ATDs in the model
were assigned approximately based on the visual comparison (Figure 3-22).

Figure 3-22 – Overlap of the ATD Postures between Experiment and Simulation

The best visual match between for postures is used in the final model. To investigate the
sensitivity of the results to this uncertain parameter, the posture of the ATDs was changed within
the tolerances of the visual comparison. The resulting changes of the limb angles stayed within
±5° range, while the position of the H-point was changed within ±50 mm range. The comparison
of the results is shown in Figure 3-23.
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Figure 3-23 –Sensitivity to ATD Posture

The model demonstrated a rather high sensitivity of the results to variations in the initial
posture. One posture showed a difference of more than 100% in several injury criteria values
compared to the previous model. Other postures also changed the results quite significantly,
given the small range of posture parameters’ variation.
Conclusions for the Sensitivity Study


The model demonstrated the low sensitivity of the results to the artificial parameters,
such as contact definitions, foam pre-stress, and others within the reasonable ranges of
variations considered in the analysis. It, therefore, can be considered as robust from a
numerical point of view.



However, injury criteria values showed quite high sensitivity to some physical parameters.
Thus, a large amount of scatter can be expected in the parametric studies involving ATDs,
due to the high and almost stochastic sensitivity of the occupant kinematics to the
physical parameters of the model. The similar effect can be expected in physical sled tests.
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Two most significant uncertain parameters affecting the simulation results are found to
be seat foam stiffness and ATD posture. Analysis of the ATDs kinematics suggested that
effect of the foam stiffness is also related to the posture of the ATD before the impact to
the seat in the front.



Unknown ATD posture in the physical test introduces a large amount of uncertainty in the
simulation results, with variations in injury criteria values exceeding 100% for the posture
variations within the accuracy of the visual posture comparison. This greatly increases the
difficulty of the model validation.



Overall, results of the sensitivity analysis confirm the pronounced effect of the posture
variations on the injury criteria values discussed in the literature for passenger cars and
highlights the importance of accounting for the posture variations in the evaluation of
occupant safety for given impact conditions.
Implications of the Sensitivity Analysis Results to Model Validation
The sensitivity analysis revealed a large dispersion in the simulation results under a small

variation in the physical parameters of the sled test. Even if all the required input data was
available for the model development, a large sensitivity of the model to certain parameters still
poses the difficulties for the model validation. Under the assumption, the model’s robustness
and validity, a similarly high sensitivity of the results to the input parameters can be expected in
a physical test, especially, if it involves ATDs. Under these conditions, the question can be asked,
if it is valid to simply compare the results of one simulation to the results of one physical test?
Ray (Ray, 1996) studied the repeatability of the physical full-scale crash tests in order to
establish the criteria for the crash model validation. The test setup was selected to provide a
maximum repeatability of the results with the minimum amount of uncertain parameters, and
the same crash test was repeated six times. Then the results from a single simulation were
compared to the average curve from the six tests and to the 90th percentile confidence envelope
plotted around it. A conclusion is made that the simulation results do not need to reproduce the
results of the experiment exactly, but rather provide the results that lie within the uncertainty
interval, which can be expected from the physical test results.
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The ideas expressed in the paper were further developed in the National Cooperative
Highway Research Program (Ray , et al., 2010) and European Framework Project IMVITER
(Cordero, et al., 2012) mentioned earlier.
In the IMVITER project, a large number of the repetitive physical tests were performed,
including impact and quasi-static conditions, as well as a large number of corresponding
simulations using different hardware, codes, and artificial variations in material properties and
boundary conditions. The sources of the scatter in the experimental results are identified as
material and manufacturing tolerances, measuring methods and boundary conditions. Although
the sources of experimental and simulation scatter do not correlate to each other for most of the
tests considered in the project, the amount of scatter is shown to be comparable between
experimental and simulation results. An important conclusion is made that the simulation
uncertainties should not be larger than the testing uncertainties. However, no such boundaries
should be established, if the testing uncertainty is not known (if results of only one physical test
are available). A comparison of the statistical histograms of the results’ variation between
simulation and series of physical tests is suggested as a tool for the objective comparison of the
results. Based on the obtained results, the model verification and validation procedures are
established for crash safety applications.
It should be noted that above analysis did not include ATDs in any of the tests, which are
proved to introduce a large amount of uncertainty in the results of the physical experiments. The
sensitivity analysis presented in section 3.4 can be treated as an initial estimation of the
simulation results scatter in the presence of the ATDs, however, no results for the repeated
physical tests for a given sled test setup are available to complete the scatter analysis.
From a certain perspective, the research in the thesis follows the ideas developed in the
IMVITER project, when the artificial variations are introduced to the uncertain parameters to
evaluate its effect on the results.
3.4.4

Model Verification and Validation
Despite the limitations mentioned above, the comparison between a single simulation

result and the single test result is performed. After uncertain parameters were individually
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calibrated, the final model was subjected to the verification and validation procedure described
in section 3.1 .
For the purpose of verification and validation, the model is run to simulate 0.5 s of the
sled test. The simulation results are then verified and compared to the results of the physical
test, available from a seat manufacturer. The seating layout employed for validation is the same
as used in the physical test: two rows of seats are used with the first row occupied by two belted
50th percentile Hybrid III ATDs, and 5th percentile female and 95th percentile male unbelted ATDs
sitting on the right and left seats of the second row respectively. The acceleration profile
measured in the physical test and applied to the model is shown in Figure 3-24.

Figure 3-24 – Sled Acceleration Profile

Spatial Discretization
The verification of the special discretization for the sled model (including seats, floor and
wall panels and rails and excluding ATDs and belts) is performed by checking the mesh quality
criteria (Table 3-4). The average shell element size in the model is 7 mm with about 85% of the
elements having a side length between 3 mm and 10 mm. The shell mesh is built to ensure a
minimum of 5 elements across an edge of the cross sections in the areas of expected high
deformations. Less than 80% of the shell elements violate the imperial threshold for the time
step of 1e-6 s. All the major mesh quality criteria are satisfied, with less than 2% of the shell
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elements violating the threshold values. The quality of the mesh for the solid elements forming
the seat foams is checked using Aspect Ratio criterion. The values in the model range from 1.02
to 6.26, with 0.03% of the elements violating the threshold of 5.

Table 3-4 – Element Quality Report for Shell Elements of the Sled Model
Criterion

min

max

Threshold

Min side length
0.427
25.3
Max side length
1.94
26.4
Time Step
1.51E-07 7.96E-06
Aspect Ratio
1
41.8
Warpage
0
79.5
Min Quad Angle
18.6
90
Max Quad Angle
90
169
Min Tria Angle
2.6
59.9
Max Tria Angle
60.2
175
Taper
0
1.97
Skew
0
66.5
Jacobian
0.062
1

3
10
1.00E-06
5
5
45
135
30
120
0.7
45
0.6

Number of Violating
Elements, %
10.10%
5.85%
22.90%
0.10%
1.28%
0.98%
1.46%
0.29%
0.10%
0.10%
0.45%
1.66%

Temporal Discretization & Energy Balance
The results of the model verification in terms of energy conservation are shown in Figure
3-25. All the verification criteria are satisfied and thus the model is considered verified.
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Figure 3-25 – Verification of Energy Conservation for Sled Test Simulation

Validation
For validation purposes, the kinematics and injury data are extracted from the simulation
results and compared to the experimental values (Figure 3-26, Figure 3-27, Table 3-5, Table 3-6).
Only the results for the right rear ATD are presented here, as they are shown to have a larger
deviation from the experimental data. The results of the model validation for Left Rear ATD can
be found in Appendix A. All simulated ATD’s outputs shown below are filtered based on SAE J211
standard with channel frequency class (CFC) of 108 Hz as per recommendations for the ATD
models (Guha, et al., 2011).
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Figure 3-26 – Kinematics of Right Rear ATD

65

Chapter 3: Numerical Simulation of a Motorcoach Sled Test
3.4 Deformable Sled Test Model

Figure 3-27 – Comparison of the Result’s Time-Histories for Right Rear ATD
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Table 3-5 –Validation Metric’s Values for Right Rear ATD
Right Rear

S-G Magn. S-G Phase S-G Comp. ANOVA Res. ANOVA SD

Threshold

40%

40%

40%

5%

20%

Head Resultant
Acceleration, g

1%

19%

19%

1%

11%

Upper Neck Axial
Force, N

-53%

23%

58%

56%

112%

Chest Resultant
Acceleration, g

5%

12%

13%

4%

13%

Left Femur Force, N

24%

26%

35%

49%

461%

Upper Neck
Moment, N·mm

-41%

11%

43%

6%

14%

Chest
Displacement, mm

78%

48%

91%

46%

78%

Table 3-6 – Injury Criteria Values for Right Rear ATD
Right Rear ATD
Injury criterion

Experiment Simulation

HIC36
HIC36 t1, ms
HIC36 t2, ms
HIC15
HIC15 t1, ms
HIC15 t2, ms
Nte
Ntf
Nce
Ncf
Neck Tension, N
Neck Compression, N
Chest Acceleration (3ms Clip), g
Chest Deflection - Tension, mm
Chest Deflection - Compression, mm
Femur Load Left, N
Femur Load Right, N

121
160
170
121
160
170
0.2
0.6
0
2
427
-2435
30.2
0.3
-6517
-5792
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138
155
191
86
156
171
0.2
0.3
0.0
0.6
555
-1029
28.1
5.2
-15.6
-7911
-7910

Difference,
%
14
-3
13
-29
-3
0
-22.4
-46.6
-70.2
30
-58
-7.1
1649.9
21
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The simulation is able to closely reproduce the sequence of the major events, such as
impacts of ATD’s knee, head, and chest into the seat in the front. On the qualitative level, it is
confirmed by the comparison of the kinematics (Figure 3-26) and time-histories of ATDs outputs
(Figure 3-27). Most of the output time-histories, except chest deflection for both ATDs and neck
axial force and bending moment for right rear ATD, match those obtained in the experiment. On
the quantitative level, it is reflected by the validation metrics values (Table 3-5). Four Injury
Criteria are considered validated for the further use in the research: HIC, Chest Acceleration, Neck
Axial Tension, and Femur Forces.

3.5 Summary
1. Due to the parametric nature of the research, and, consequently, the large number of the
required sled test, the decision is made to utilize a numerical simulation, namely the
explicit finite element method. A number of the available experimental results for the
motorcoach sled tests are used to thoughtfully validate the models. The procedure of the
model’s verification and validation is built according to the state-of-art recommendations
available for crash simulations.
2. Two finite element models are developed with increasing level of complexity. The first
one is based on the principles of rigid body dynamics and is aimed to be used for
preliminary parametric studies with broad ranges of parameter variations. After the
number of required sled tests is reduced, a deformable finite element model is utilized to
provide more reliable results under various test conditions.
3. The artificial parameters in the rigid body model are calibrated to match the experimental
results. Although an acceptable level of agreement is achieved between the simulation
and experimental results for Head Injury Criterion of a belted occupant and Belt Tension
Force, the applicability of the model is limited to the conditions close to those used for
calibration.
4. The deformable finite element model is built based on the detailed geometry of the real
motorcoach seats and features a nonlinear material model for most of the parts in the
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belted seat. The number of parameters requiring calibration is limited to a few physical
properties unavailable from the input data. In contrast to the rigid body model, the
deformable model is able to reproduce the variety of the deformation modes under
different loading conditions.
5. The sensitivity analysis performed for the deformable model reveals a high sensitivity of
the occupant’s injury criteria values to the variation of some of the physical parameters
of the model, with the most prominent being the ATD’s seating posture. That implies
some difficulties for the model’s validation to the results of a single physical test, without
documented posture parameters. The high sensitivity of the injury criteria values to the
posture variations also highlights the importance of accounting for the unknown posture
in parametric studies and regulation tests.
6. With the limited amount of calibration for unknown parameters, the deformable finite
element model is verified and validated against experimental results. The validation is
performed for two rear ATDs (5th percentile female and 95th percentile male) for a range
of injury criteria including Head Injury Criterion, Chest Acceleration, Neck Axial Force and
Femur Load. The quantitative assessment of the results shows an acceptable level of
agreement.
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Chapter 4: Analysis of the Acceleration Time History
in Motorcoach Frontal Collision
4.1 Introduction
Before the pulse shape will be varied to investigate its influence on the passenger safety,
the physical nature of the pulse’s features and its connection to the vehicle’s stiffness and
deformation pattern should be understood. As it was mentioned in section 2.3.2, this connection
is well studied for passenger cars. In this chapter, the analysis is carried out for a motorcoach
based on the results of the physical testing and numerical simulation for a particular full frontal
collision.
After that, a simple example is considered to demonstrate how the acceleration profile`s
shape can be adjusted by modifying a stiffness distribution in the structure.

4.2 Load Transfer Analysis
4.2.1

Physical Test & Numerical Model
As a physical reference in the pulse shape analysis, the data from a frontal crash test of a

real motorcoach is used (TRC, 2008). The test was performed for a 45-seater coach with an empty
mass of 17 700 kg, and 22 ATDs placed in the seats, resulting in a total vehicle test mass of
19 400 kg. The coach was crashed into a rigid barrier at 30 mph (48.3 kph, 13.4 m/s). Five
accelerometers were installed in a driver and passenger compartments of the coach (Figure 4-1).
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Figure 4-1 – Accelerometer Locations

The accelerometers marked A and B located in the crush zone were over scaled during
the test, deeming the data unusable. The accelerometers C, D, and E located in the passenger
compartment away from the crush zone produced a very similar data (Figure 4-2). The profiles
shown in the figure are filtered according to SAE J211 Standard with CFC of 60 Hz. The similarity
in the acceleration pulses at different sections of the passenger compartment suggests that this
portion of the frame experiences little deformation, which is confirmed by the test photographs
(Figure 4-3).

Figure 4-2 – Acceleration in the Passenger Compartment
from physical test
(TRC, 2008)
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Figure 4-3 – Deformed Shape of the Coach
(TRC, 2008)

The pulse from any of three accelerometers features three distinctive peaks with the
amplitude of around 11 g at 25 ms, 100 ms, and 125 ms. Most of the acceleration is acting in the
negative x-direction, except for a short positive peak at 230 ms.
To better understand the physical sources of the pulse features, a numerical simulation
of the test is performed. The model of the complete coach is built within the research group with
close participation of the author. The model is validated for the frontal impact conditions by the
author against the results of the physical test described above. The details about the model and
the results of its verification and validation can be found in Appendix B.
4.2.2

Results
The numerical model is used to investigate the connection between the structure’s

deformation and acceleration pulse in the passenger compartment through the analysis of the
time-histories of the forces acting in different sections of the coach. For this analysis, the model
is modified by excluding the parcel rack from the simulation. Then, four vertical transverse
sections are defined in the frontal part of the coach with the longitudinal distances from the
coach’s front of 1400 mm, 2250 mm, 3500 mm, and 4800 mm (Figure 4-4). Note that the
direction of the X-axis is reversed. The locations for the sections are defined in a way, so the main
longitudinal structural members are intersected by the sections. The first section is located in the
crush zone, the second section – in the suspension bay, and the third and fourth sections are
72

Chapter 4: Analysis of the Acceleration Time History
in Motorcoach Frontal Collision
4.2 Load Transfer Analysis

passing through the regular portion of the passenger compartment. Since third and fourth
sections are located in the same bay ( a portion of the bus structure between two vertical pillars),
they are expected to produce the similar results. Thus, the fourth section is included for
verification purposes.
The acceleration at location D in the passenger compartment for the modified model
(without a parcel rack and with reversed X-axis direction) is shown in Figure 4-5.

Figure 4-4 – Sections Defined for Load Transfer Analysis

Figure 4-5 – Acceleration at location D
for the full coach model without parcel rack
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The acceleration pulse features an initial peak of 6 g at 50 ms, followed by a second peak
with a maximum acceleration of 9.2 g at 120 ms, after which the acceleration level drops to
around 4 g until the bus stops at about 0.5 s. It is important to note, that the differences in the
acceleration profiles shown in Figure 4-2 and Figure 4-5 do not limit the applicability of the results
presented below.
The shape of the acceleration pulse is dictated by the deformation of the main structural
members. This deformation is reflected in the time-histories of the internal forces acting in the
bus frame. Figure 4-6 shows the time histories of the total forces passing through each of the
considered sections.

Figure 4-6 – Time Histories of Total X Force
passing through each section
As can be expected, three out of four sections show almost exact same total force history
for the first half of the impact. The first section x = 1400 mm located in the crush zone becomes
fully compacted at 150 ms losing its load carrying capacity. Thus, the transmitted force rapidly
decreases to that moment. The negative force in the first section after 150 ms and a rapid
decrease in the force for the second section after 250 ms is caused by the change in the
orientation of the members due to the mentioned wrapping of the front structure. The other two
sections continue to carry the load until the end of the impact.
The peak in the total internal force for the last three sections happens at 120 ms. That
corresponds exactly to the peak in the acceleration at the passenger compartment (Figure 4-5).
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This similarity clearly shows the direct relationship between the acceleration and force defined
by the second Newton’s law.
The plots in Figure 4-6 are obtained by the summation of the internal forces of main
structural members in each cross section. Thus, by analyzing the time histories of the forces
passing through each individual member within the section, it is possible to track the contribution
of each member to the total force and, thus, to the acceleration.
Figure 4-7 shows the time-histories for four longitudinal members with maximum peak
force in the first section x = 1400 mm. As can be seen, the maximum force is reached in the
frontal beams, which have the maximum stiffness in the longitudinal direction in that section and
which receive the impact among the first. It is interesting to note, that the upper beams
experience the maximum force, not the lower ones. It can be explained by the fact that lower
beams are not supported strongly in the longitudinal direction from the side opposite to the
impact, as no other longitudinal structural members are directly connected to them there. The
upper beams, in contrast, are supported by the suspension mounting beams (Figure 4-7), and
thus can take a higher force.
To illustrate the relationship between force time history and deformation history, they
are synchronized in time in Figure 4-8 for the upper left front beam taken as an example.

Figure 4-7 – Force Time-Histories for Longitudinal Members
in Section x = 1400 mm
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Figure 4-8 – Force Time-History and Deformation History for Upper Left Front Beam
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For the particular beam considered in Figure 4-8, the force increases during the initial
time of the impact before the supporting vertical member buckles at around 20 ms. That moment
corresponds to the first peak in the force time history, after which the force starts to decrease
due to lack of the rigid support for the beam. After the cross-section of supporting member is
fully collapsed at 27 ms, the stiffness is restored, and the force starts to increase until the beam
locally buckles with the formation of the first lobe at the end opposite to the impact side at 33 ms.
That significantly decreases the load carrying capacity of the beam, and the force drops rapidly.
After the formation of the first buckling lobe is completed at 43 ms, the load slightly increases,
until the second lobe initiates at around 45 ms. After formation of two lobes, the beam continues
to carry some force, around 50 kN until global bending buckling happens at 100 ms. After that,
the beam is gradually excluded from the transmission of the force in the global X direction due
to small remaining axial and bending stiffness and change of the orientation.
For the rest of the frontal beams, the deformation modes are similar to one described
above.
In the second section x =2250 mm, the main longitudinal members are the beams
supporting the suspension (Figure 4-9). Two of them, located in the middle, is almost directly
connected to the upper front beams from the first section, and so the magnitude of the maximum
force and peak time for them are identical to those of the front beams. Although these beams
do not buckle, the force is decreasing after the frontal beams lose their load carrying capacity.
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Figure 4-9 – Force Time-Histories for Suspension Beams
in Section x = 2250 mm

Based on the analysis of the forces in the frontal beams of the first section and suspension
beams in the second section, the source of the initial peak in the acceleration at 50 ms (Figure
4-5) can be explained. The forces from the frontal impact are initially transmitted through frontal
beams in the first section to the suspension beams in the second section. Due to the structural
design of the coach frame, other structural members are not engaged in the impact load transfer
to a large extent at this moment. The force in the frontal beams continues to increase until local
buckling (progressive collapse) is initiated first, and then the global bending collapse mode is
developed. After that, the beams can no longer carry the load. The sum of the peak forces in the
four considered frontal beams equals to approximately 550 kN, which forms a major part of the
total force transmitted through the section (around 600 kN, Figure 4-6). Thus, it can be concluded
that the initial peak in the acceleration profile is formed then the front longitudinal beams reach
its maximum load carrying capacity. In the following moment, they collapse, and the force
transfer switches to other structural members.
To illustrate the load transfer in these structural members after the collapse of the frontal
beams, the kinematics of the frame deformations is shown in Figure 4-10.
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Figure 4-10 – Vehicle Frame Deformations
79

Chapter 4: Analysis of the Acceleration Time History
in Motorcoach Frontal Collision
4.2 Load Transfer Analysis

By analysing the overall structure of the frontal part of the coach, it can be concluded that
the first bay of the bus from A to B pillars (driver compartment) lacks many longitudinal
components present in the rest of the superstructure, namely longitudinal roof members, side
and waist rails (Figure 4-10 a).
After the frontal part of the coach collapses, these stiff longitudinal members hit the rigid
wall at around 100 ms (Figure 4-10 b). At this point, the overall crush resistance of the frame
increases sharply, and these members see the increase in the internal force. At around 120 ms
many of them reach their maximum loading capacity and buckle, leading to the rapid decrease
in the force (Figure 4-10 c). That is the main cause of the global peak in the acceleration history
happening at 120 ms (Figure 4-5).
To illustrate it further, the force time histories for two main groups of longitudinal
members, roof beams, and waist rails are shown in Figure 4-11 and Figure 4-12. The outer roof
beams (marked in Figure 4-11 as “beam side top roof”) start receiving the load a little bit earlier
compared to other roof members since they are connected directly to the A-pillars (Figure 4-10
a). The first drop in the force corresponds to the collapse of the A-pillar. Later at about 120 ms,
these beams come into direct contact with the rigid wall, similar to the inner roof members, and
the force starts to increase until initial buckling happens. After that moment, the force suddenly
drops.
The waist rails (Figure 4-12) are gradually loaded from the beginning of the impact from
the frontal beams through the A-pillars. At about 120 ms they come into the direct contact with
the rigid wall, and buckling is initiated in these members leading to the drop in the transmitted
force.
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Figure 4-11 –Force Time-Histories for Roof Beams
in Section x = 2250 mm

Figure 4-12– Force Time-Histories for Waist Rails
in Section x = 2250 mm
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4.2.3

Conclusions
The acceleration pulse from a particular frontal collision considered in the section

features an initial acceleration of about 6 g followed by the sharp peak with 9 g amplitude and a
relatively stable acceleration level with 4 g amplitude.
The analysis of the time history of the structure`s deformation and time histories of the
forces transmitted through the main structural members allowed to understand the nature of
the pulse`s features. The initial peak in the acceleration is formed by the deformation of the
frontal beams, which are among the first to experience the impact. The beams collapse at around
50 ms by local progressive buckling, gradually losing their load carrying capacity. Except for the
frontal beams, the driver compartment contains no major longitudinal members, and, thus, it
cannot provide a high crush resistance. The overall acceleration level is rather low at this
moment. After the compartment is fully compacted at around 100 ms, a number of stiff
longitudinal members of the frame engage with the rigid wall, causing a sudden increase in crush
resistance and leading to the formation of the global acceleration peak at around 120 ms. After
the peak, the acceleration drops suddenly, as the main members start to buckle and lose their
stiffness. The acceleration drops to nearly zero at around 0.5 s, when most of the impact energy
is absorbed, and the coach stops its forward movement.
This analysis helps to understand the nature of the acceleration profile and its connection
to the stiffness and crush resistance of the vehicle structure. Although here the conclusions are
limited to a particular pulse, a similar analysis can be carried for other motorcoach vehicles. The
absence of the heavy and stiff engine in the frontal part of the motorcoach results in the pulse
shapes which are close to the triangular (Figure 5-5), in contrast to a passenger car, which
typically features a two-level acceleration profile, as discussed in section 2.3.2.
In the next section, the effect of modification of stiffness distribution on acceleration
pulse will be demonstrated on a simple example.
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4.3 Effect of Stiffness Distribution on Shape of the Acceleration Pulse
The thesis aims to investigate the effect of the acceleration pulse on the safety of the
coach passengers. This information should allow establishing the preferable acceleration pulse
as an objective for the crashworthiness design of the vehicle`s frame. In this section, a simple
example is shown on how the stiffness distribution in the structure can be alternated to change
the shape of the acceleration profile.
The analysis of the vehicle deformation patterns in the previous sections shows that the
high peaks in the acceleration profile are produced by a sudden engagement of the members
with high crush resistance and their consequent collapse. Logically, the low crush stiffness results
in low acceleration level.
To illustrate that, a problem of the crashworthiness design of a crashbox is considered
here. In its simplest form, a crashbox is a hollow metallic tube designed to absorb the impact
energy by an axial progressive collapse in the form of local plastic buckling of its walls. Here, the
impact of a crashbox into a rigid wall is simulated numerically for three different stiffness
distributions along its length, to evaluate its effect on the shape of the acceleration pulse.
4.3.1

Problem Setup & Numerical Model
The aluminum thin-walled tube with a square cross-section of 80 x 80 mm and a free

length of 310 mm is attached to a rigid mass and impacted against a rigid wall at an initial velocity
of 15.6 m/s (Figure 4-13). The acceleration time history is monitored at the center of gravity of
the rigid mass.
The details on the numerical model used to simulate the impact and the results of its
validation can be found in Appendix C.
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Figure 4-13 – Problem Setup for Crashbox Example
Three thickness distributions along the length are considered for the crashbox: the
uniform thickness of 2.5 mm, the thickness linearly varied from 0.5 mm at the impact end to
4.5 mm at the far end, and the thickness linearly varied from 0.5 mm at the impact end to
3.17 mm at the middle of the crashbox and then held constant at 3.17 mm till the end of the
crashbox. The thickness is constant throughout the cross section and varies along the length only
(Figure 4-14). The mass of all three crashboxes is the same and together with the attached mass
equals to 50 kg.

84

Chapter 4: Analysis of the Acceleration Time History
in Motorcoach Frontal Collision
4.3 Effect of Stiffness Distribution on Shape of the Acceleration Pulse

Figure 4-14 – Three Considered Thickness Distributions
4.3.2

Results
For each crashbox, the explicit numerical simulation is performed, and the acceleration

of the attached mass is extracted. The output acceleration time histories at the rigid mass are
shown in Figure 4-15.

Figure 4-15 – Acceleration time histories for thickness variation
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A clear dependence of the acceleration profile on thickness distribution can be seen. The
high initial crush stiffness of the original crashbox with constant thickness (Figure 4-14 a, blue
line in Figure 4-15) results in the high initial peak with gradual decay in the magnitude with time.
For the first modified design with linear thickness variation (Figure 4-14 b, the red line in Figure
4-15), low initial crush strength at the impact end leads to a low initial acceleration peak with a
gradual increase, as the stiffer sections of the tube start to collapse. For the second modified
design (Figure 4-14 c, yellow line in Figure 4-15) the initial behavior is similar, but after the section
with constant thickness begins to collapse, the rate in the acceleration increase decreases.
4.3.3

Conclusions
This simple example illustrates that the shape of the output acceleration pulse can be

controlled to some extent by varying the stiffness distribution in a structure. Lowering the crush
resistance of the structure at the impact end helps to lower the initial peak, while the graduate
increase in stiffness will result in the increase in the acceleration. Since the primary mode of
deformation for this example is the progressive buckling, the acceleration profile features
characteristic oscillation pattern formed by the development of the buckling lobes.
The crashworthiness design of the entire vehicle frame for the prescribed acceleration
pulse at the passenger compartment is a challenging problem. However, the methodology of the
crashworthiness design is well developed for the passenger cars (Du Bois, et al., 2004), and it
allows to achieve a preferable acceleration pulse for the passengers under certain impact
conditions. It is mainly based on the extensive experience and physical testing, although some
advanced approaches are proposed, like sizing optimization (Fang, et al., 2005), (Fang, et al.,
2013), (Yang, et al., 2005) and topology optimization (Hunkeler, et al., 2013), (Mozumder, 2010).
The crashworthiness design of the motorcoach frame is new and emerging area (de Coo
, et al., 2001), (Cerit, et al., 2010). The modification of the coach frame is well beyond the scope
of the current research, and, thus, here, the demonstration is limited to a simple cashbox
example, aimed to give a general idea how the structure can be modified to achieve a prescribed
acceleration pulse.
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4.4 Summary
1. A physical nature of the acceleration pulse’s shape formed during motorcoach frontal
collision is investigated based on the analysis of the results of a physical crash test and a
numerical simulation. The analysis is performed by relating the dynamic force transfer in
the main structural members in the coach frame to their deformation modes.
2. It is shown that the maximum peak in the acceleration time history is formed by the
sudden engagement and consequent collapse of the stiff longitudinal members located
in the passenger compartment, namely waist rails, and roof beams. The absence of the
stiff members in the driver’s compartment, except for the frontal floor beams, leads to
the low acceleration level at the begging of impact and a sudden peak afterward.
3. Based on the results of the completed analysis and by comparison of other pulses from
motorcoach frontal collisions to a typical pulse from a passenger car frontal impact, a
conclusion is made, that for motorcoaches, the shape of the pulse in a frontal collision
will be close to triangular, due to the absence of the heavy and stiff engine in the front.
4. The ability to control the shape of the output acceleration profile by varying a stiffness
distribution in the structure is demonstrated using a simple example of the progressive
collapse of a thin-walled tube. It is shown that while the uniform thickness produces high
initial acceleration pulse, by using a small thickness at the impact end of the tube and
gradually increasing it along the tube’s length, the acceleration profile can be changed to
have a small initial acceleration, gradually increasing to a maximum at the end of the
impact.
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Chapter 5: Pulse Shape Variation for Standard Seating Posture
As it was mentioned in the introduction, the acceleration pulse experienced by the
passenger compartment is an important parameter to be considered during the crashworthiness
design of a coach frame. However, no particular dedicated information on the influence of the
pulse shape on the safety of motorcoach passengers is available in the literature. Thus, the
numerical parametric study is conducted.

5.1 Approach
The analysis is performed in two stages (Figure 5-1). Firstly, the pulse shape is varied for
the standard sled test conditions, with the standard 50 th percentile ATD belted in the front seat,
followed by the 50th percentile unbelted ATD (Figure 5-1 a)), the setup is similar to the one used
in (NHTSA, 2010). The shape of the idealized trapezoidal pulse is varied parametrically by
changing 3 parameters: peak acceleration, peak time and peak duration. The first study, due to
a broad range of parameter variations is performed using a rigid body model. Given the
limitations of the rigid model, the results are intended to provide a general understanding of the
effect of pulse shape variations on passenger safety.
At the second stage, a deformable finite element model is used to obtain more reliable
results (Figure 5-1 b)). Also, a different sled test setup is used, and additional real-world
conditions are taken into the account. Prior to the parametric study of the pulse shape variations,
the effect of four real-world crash pulses on occupant safety is evaluated. Then, the shape of the
idealized pulse is varied in a fashion, similar to the one used for the rigid body model, but for a
constant acceleration magnitude.
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Figure 5-1 – Approach to Parametric Studies on Pulse Shape

As it was shown in the conducted sensitivity analysis, the presence of the ATDs with its
complex kinematics introduces a large amount of scatter into the results. Smooth variation of
input parameters can result in the sudden changes in the test outcome, i.e. injury criteria values,
as reported in many sources (Ma & Zhang, 2006), (Beeman, et al., 2013). That implies some
difficulties for the application of the traditional approaches for parametric studies, which
typically rely on approximations techniques such as regressions, response surfaces, and
surrogate models. These approximations allow utilization of the fractional factorial design of
experiments (DOE) plans, which avoid the consideration of all of the possible combinations of the
input parameters, reducing the computational costs. The regression techniques can also aid in
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the result analysis. Due to the high amount of the dispersion in the results of the simulations
involving ATDs, the parametric studies for crash safety applications usually require so-called fullfactorial design-of-experiment (DOE) plans, in which all possible combinations of varied
parameters are considered (Gavelin, et al., 2007), (Luo & Qing, 2010). For the same reason of the
high amount of dispersion in the results, the utilization of the regression models is also restricted
in such applications, as a good quality of the fit can be hardly achieved.
In the current study, full factorial DOE plans are employed in all studies involving multiple
input parameters. Application of the regression models is limited to the full quadratic response
surface, used to visualize the dependence of the Head Injury Criterion on pulse shape parameters
obtained using a rigid body model. Even for a large number of samples available from the
simplified model, quality of the approximation is relatively low. For the results obtained using
deformable model, no regression fitting is performed due to the small number of available
samples and s a large amount of stochastic deviations present in the results.

5.2 Preliminary Analysis using Rigid Body Model
5.2.1

Design of Experiment
To provide an initial understanding of the influence of the input acceleration pulse on the

motorcoach passenger safety, a preliminary parametric study is performed using simplified rigid
body model. To provide a constraint for the shape variation, the ECE R80 regulation is used, which
restricts the shape of acceleration profile to be used in the sled tests. The shape of the idealized
trapezoidal pulse is varied to stay close to the ECER R80 corridor by changing three parameters:
peak acceleration 𝑎, peak time 𝑡1 (time of maximum acceleration), and peak duration ∆𝑡. The
parameters are illustrated in Figure 5-2.
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Figure 5-2 – Parameters Controlling the Pulse Shape

The parameter values are varied based on the following discrete sets:
𝑎 = [−12, −10, −8] 𝑔;
𝑡1 = [5, 15 ,25 ,35 ,45] ms;
∆𝑡 = [0, 10, 20, 30, 40] ms.
Parameter 𝑡3 , controlling the total duration of the pulse is not considered as independent
parameter, but rather is calculated for each pulse shape to maintain a constant area under the
acceleration curve (total velocity change), to assure the comparability of the results. The full
factorial plan for three parameters with the mentioned discrete values consists of 75 pulses
(3 x 5 x 5 = 75).
5.2.2

Results
Each individual pulse is applied to the sled model described in section 3.3, sled test

simulation Is performed, and HIC15 value is extracted from the results for the belted passenger
in the second-row seat. The results are summarized in Figure 5-3, which shows the dependence
of HIC value for the belted passenger on peak time and peak duration for three peak
accelerations.
For visualization purposes, the dependence of the HIC value on peak time and duration is
fitted with the full quadratic polynomial and plotted as a continuous surface for each maximum
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acceleration level (Figure 5-3). The fitting is done using the least-square algorithm, and values of
the coefficient of determination (R²) for each fit are indicated in the plot. The coefficient of
determination shows the proportion of the variation in the dependent variable (HIC15 in this
case) that is predictable from the independent variables (𝑡1 and ∆𝑡). Typically, for the parametric
studies with a smooth variation in the input parameters, the values of the R² larger than 0.95 are
considered as acceptable (Mathworks, 2017). In the obtained results a large amount of scatter
can be observed as indicated by the low values of the R² criterion. Only for the acceleration level
of -10 g, the quadratic model is able to describe the dependence of the HIC values on pulse’s
shape with an acceptable accuracy. That highlights the difficulties associated with the parametric
studies involving the ATDs and importance of the full-factorial DOE plans.
As it can be seen, the pulses with a peak acceleration of -8 and -10 g pose no severe
danger to the occupants. The maximum value of HIC for -10 g pulse is only 36% of the IARV. For
the two smallest peak accelerations, the HIC shows almost no dependence on the peak time and
duration.
However, clear dependence can be seen for the 12 g pulses. The HIC value increases with
increase in both peak time and peak duration, with the maximum value of HIC = 722 exceeding
the IARV of 700. Thus, it can be concluded that the probability of a head injury is increasing with
the increase in peak time and peak duration. Short pulses appearing earlier in time history result
in much smaller HIC values. The HIC values close to the IARV are found only for the late and long
pulses, laying on the lower limit of ECE R80 corridor.
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Figure 5-3 – Dependence of Head Injury Criterion on pulse shape’s parameters
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5.3 Effect of Real-World Pulses on Passenger Safety
5.3.1

Sled Test Setup
In the analysis described in the previous section, the standard test conditions were used

with the average 50th male ATD sitting in the front seat and belted by a three-point seatbelt. In
this section, a different setup is used to provide more realistic conditions for the sled test (Figure
5-4).
Two instrumented ATDs, for which the injury criteria are evaluated, are placed in the rear
seat, unbelted, according to the low seatbelt usage rate found in motorcoaches. The sizes of the
rear passengers are selected to reflect two extreme standard statures – 5th percentile female in
the right seat and 95th percentile male in the left seat. To provide a realistic deformation of the
seatback in front, two 50th percentile male ATDs are placed there and fastened by three-point
seatbelts. The additional deformation of the seatback in front of the rear passengers increases
the distance they travel before the impact, and, thus, increase the probability of an injury. The
described seating layout is often considered as a worst-case scenario for motorcoaches (NHTSA,
2010), (Mitsuishi, et al., 2003).

Figure 5-4 – Modified Sled Test Setup
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5.3.2

Design of Experiment
Prior to the parametric pulse shape variation, effect of real-world pulses extracted from

the full-scale frontal coach crash test is evaluated. Four pulses are considered, code-named as
“ECE R80”, “Walber”, ‘VRTC”, and “Sled”. The “ECE R80” and ‘VRTC” pulses come from the NHTSA
report on Motorcoach Passenger Safety (NHTSA, 2010). The “ECE R80” is the sled pulse used in
European motorcoach sled tests, compliant with the ECE R80 regulation. “VRTC” pulse is
extracted from the full-scale crash test of a coach into a rigid barrier at 15.65 m/s, and it is the
same pulse which was used for validation of rigid body model and shown in Figure 3-8. The
“Walber” pulse is found in (Walber, et al., 2014) and comes from a numerical simulation of the
frontal crash of a coach into a rigid barrier at 8.89 m/s. Finally, the “Sled” pulse is used for the
sled tests by the seat manufacturer, and this is the pulse previously used for the deformable
model validation and shown in Figure 3-24. The pulses are compared in Figure 5-5 a), and the
quantitative characteristics of the pulses are given under the plot, namely the total velocity
change ΔV (area under the acceleration curve), peak acceleration a, and peak time t1. The pulses
are sorted in the order of increasing t1.
Since the original real pulses have quite different shapes with different peak acceleration,
peak time, and different velocity change, the influence of these individual parameters of
passenger safety will be difficult to evaluate. For that reason, additional four pulses are
considered with both the velocity change and the peak acceleration normalized to their average
values across four original pulses. The normalization is performed according to the following
equations:
𝐴

𝑡𝑖𝑛 = 𝑡𝑖 ∙ 𝐴′ ∙

∆𝑉 ′
∆𝑉

,

𝐴′

𝑎𝑖𝑛 = 𝑎𝑖 ∙ ,
𝐴

where 𝑡𝑖 and 𝑡𝑖𝑛 – are the original and normalized abscissa values (time) respectively, 𝑎𝑖
and 𝑎𝑖𝑛 – are the original and normalized ordinate values (acceleration), 𝐴 – is the peak
acceleration of a given pulse, 𝐴′ – is the target peak acceleration (mean of peak accelerations
among four considered pulses), ∆𝑉 – is the total velocity change of a given pulse, and ∆𝑉 ′ – is
the target (mean) total velocity change.
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The formulation of the normalization method is purely empirical, and it serves the sole
purpose of making the peak acceleration and total velocity change of four pulses equal to their
respective mean values.
The normalized pulses are designated as “ECE R80 norm”, “Walber norm”, ‘VRTC norm”,
and “Sled norm” and are shown in Figure 5-5 b) with values of peak acceleration and total velocity
change presented to verify the applied normalization method.
Thus, eight pulses in total are used in the analysis.

Figure 5-5 – Considered Real Pulses
a) Original Pulses; b) Pulses Normalized by velocity Change and Magnitude

The original “VRTC” pulse is the most severe one in terms of the velocity change, and
consequently, the energy transferred to the occupants. The “ECE R80” pulse features maximum
value of peak acceleration appearing early in time. It also has a slightly different shape with a
pronounced horizontal area following the peak value, while the rest of the pulses have almost
triangular shape.
For the normalized pulses, “ECE R80 norm” still has the earliest peak time of 19 ms, while
“Walber norm” and “VRTC norm” have the value of peak time pretty close to each other at
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around 50 ms. The “Sled norm” pulse has the peak acceleration appearing much later, at around
90 ms.
5.3.3

Results
The pulses were successively applied to the deformable sled test model for the setup

described above. Each numerical sled test was run for the duration of 0.5 s and the results are
extracted for the rear passengers. The injury criteria analyzed in the results include HIC15, Chest
Acceleration, Neck Axial Tension Force and Femur Load. Only Left Femur Load is shown, as the
Right one has similar values.
The results for the original pulses are shown in Figure 5-6.

Figure 5-6 – Injury Criteria Values for the Original Real-World Pulses

All considered injury criteria values showed a relatively high sensitivity to the pulse
variations. The “ECE R80” pulse resulted in the highest values for the Head Injury Criterion for
both occupants. The HIC15 values are decreasing among pulses in the order of increasing peak
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time t1, however, no distinct conclusions about the dependence of the injury criteria values on
pulse shape can be made for non-normalized pulses.
The results of the simulation for normalized pulses are shown in Figure 5-7. The “ECE R80
norm” pulse having the earliest peak time has resulted in the highest values for most of the injury
criteria for both passengers. Also, a clear dependence of HIC15 values for both occupants on peak
time t1 can be seen. The HIC15 values reduce with the increase in t1. No such conclusion can be
drawn for the other injury criteria. Overall, the results are similar to one obtained for the original
pulses.
To provide additional aid for the comparison of the results, the time histories of the ATDs’
outputs, used to calculate the injury criteria values for the normalized pulses, are shown in Figure
5-8 and Figure 5-9. Figure 5-10 compares the kinematics of the head impact for both occupants
for four normalized pulses.

Figure 5-7 – Injury Criteria Values for the Normalized Pulses
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Figure 5-8 – ATD Output Time Histories for Right Rear Occupant

Figure 5-9 – ATD Output Time Histories for Left Rear Occupant
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Figure 5-10 – Comparison of Head Impact Kinematics for Normalized Real Pulses

From the comparison of ATD outputs and kinematics, it can be concluded that the results
for “ECE R80 norm” pulse distinguish itself from the rest of the results, which are pretty
consistent with each other. Based on that, it can be assumed, that the differences are caused not
only by the peak time but also by peak duration, since the “ECE R80 norm” pulse has a
pronounced horizontal stage, following the peak.
To provide a more clear evidence on the influence of peak time on injury values, the shape
of the idealized pulse is parametrically varied in the next section.
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5.4 Parametric Study on the Pulse Shape for Unbelted Occupants
5.4.1

Design of Experiment
Based on the results of the preliminary analysis performed using rigid body model and

the results obtained for the real pulses, a new parametric study on the pulse shape is conducted.
The shape of the idealized pulse is kept triangular for all pulses, corresponding to the zero peak
duration. The peak acceleration is set to -12 g, to be at the lower bound of ECE R80 corridor, and
the total velocity change (area under the curve) is kept constant for all pulses and equal to that
of “ECE R80” pulse from the previous section. The peak time t1 is varied from 5 ms to 85 ms
within the boundaries of the ECE R80” corridor. Nine pulses are considered in total, with 10 ms
change in t1 between them. The pulses are shown in Figure 5-11.

Figure 5-11 – Pulse Shape Variations
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5.4.2

Results
The variation in the injury criteria values with the increase in the peak time t1 is shown in

Figure 5-12.

Figure 5-12 – Dependence of Injury Criteria Values on t1

As can be seen, the Head Injury Criterion values for both ATDs are decreasing with the
increase in peak time t1, although the trend is not pronounced for the right rear 5 th female
occupant. The femur forces are increasing with the increase in peak time t1 for both ATDs. The
dependence of Head Injury Criterion and Femur Force on t1 is more clearly illustrated in Figure
5-13.
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Figure 5-13 – Dependence of HIC15 and Left Femur Load on t1

The results for Chest Acceleration and Neck Axial Force do not demonstrate the
consistency among the two ATDs. The Chest Acceleration for the right rear ATD is insensitive to
the peak time t1, while it increases with increase in t1 for the left rear occupant. No distinct
conclusions can be made for the Neck Axial Force.
Comparing the results between considered idealized triangular pulses with the results
obtained for “ECE 80” pulse, it can be seen that the “ECE R80” pulse yields higher values for many
injury criteria, indicating the possible effect of the peak duration.

5.5 Conclusions
1. Both the results obtained for the real world pulses and the results obtained for parametric
pulse shape variations indicate that the values of the Head Injury Criterion for both
occupants decrease with the increase in the peak time. Thus, the pulses with the peak
appearing later in time are preferable to decrease the chance of the head injury for the
occupant.
2. The results obtained for parametric pulse shape variations suggest that the Femur Forces
increase with the increase in the peak time. However, no such conclusion can be made
for the real pulses.
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3. The influence of the peak time on Chest Acceleration and Neck Axial Force is unclear. The
Chest Acceleration demonstrates low sensitivity to the t1 changes.
4. Although the clear trends in the change of the injury criteria values can be seen from the
results of above analysis, the relative change in the values of injury criteria with the
increase in peak time t1 is quite small. Given the high sensitivity of the injury criteria
values to the sled test setup, namely the ATD posture, the question arise, how the
changes in the injury criteria values correlate to the changes due to posture variations,
and whether the trend in the injury criteria values will be still visible under the uncertainty
of the occupant posture.

The next section will introduce the methodology for the stochastic variation of ATD
postures in the sled test. This methodology will be used later to investigate the influence of the
pulse shape on the injury criteria values under the uncertainty of the occupant posture.
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Chapter 6: Effect of Comfortable Seating Posture
In all the simulations performed above, the standard test conditions specified in the
regulations are used: the pulse is applied along the centerline of the sled to simulate the zero
impact angle, and the ATDs are positioned in the standard postures. Some researchers have
shown, that the results of the regulation tests sometimes can be hardly correlated with the
outcome of the real-world crashes (Segui-Gomez, et al., 2007). The real-life crash environment
involves a number of uncertainties contributing to the higher injury levels compared to the
laboratory tests.
As it was already mentioned, the posture of the occupant is identified as one of the major
factors of uncertainty on the outcome of a collision for passenger cars.
The present chapter aims to investigate the effect of real life non-standard seating
postures on the safety of unbelted motorcoach passengers and the amount of dispersion in injury
criteria values introduced by posture variation.

6.1 Approach
To investigate the effect of different non-standard postures on passenger safety, series
of numerical simulations are set up (Figure 6-1). For each simulation, the sled test setup and the
deformable finite element model described earlier are used. The postures of the rear occupants
are varied stochastically to represent different postures that can be encountered in the real-life
coach environment. The ranges of the posture variations are based on the ergonomic study by
Martínez (Martínez , et al., 2009).
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Figure 6-1 – Approach for Investigation of Effect of Comfortable Postures

6.2 Design of Experiment
For each ATD, the posture is controlled by three parameters: the angle of the back to the
vertical direction (E), the angle of the tibia to the femur (B), and the angle of the neck to the back
(D) (Figure 6-2).

Figure 6-2 – Parameters Controlling ATD posture
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For both ATDs, feet are placed parallel to the floor and arms are placed on the seat
cushion. For the 5th percentile ATD, the angle of the femur to the back stays constant in all
posture variations, while for the 95th percentile ATD, it is selected to maintain feet at the floor
level.
As a reference posture, the posture of the respective ATDs from a physical regulation test
is used. The physical experiment used as a reference is described in the Model Validation section.
The “Sled” pulse used for the validation is applied to the model. From the reference posture, the
three angles mentioned (E, B, and D) are varied in the predefined ranges. The ranges are based
on the variations in comfortable seating postures for coach passengers from (Martínez , et al.,
2009). For 50th and 95th percentile volunteers, similar ranges of the three angles are observed in
the reference, with Back-to-Vertical (E) ranging from 18° to 25°, Tibia-to-Femur (B) – from 85° to
127°, and Neck-to-Back – from 149° to 170°. For the 5th percentile occupant, the postures
described in the paper cannot be reproduced in the model due to the different height of the seat.
For that reason, the standard ranges for 50th and 95th percentile volunteers are adopted for Backto-Vertical (E) and Neck-to-Back (D) angles of the 5th percentile ATD. Since the legs of the 5th
percentile ATD do not touch the floor, the tibia can be expected to be in a position close to the
vertical. Consequently, for the 5th percentile ATD, the range for the Tibia-to-Femur (B) angle is
reduced to 77°… 97°. The back of all the volunteers is observed to be resting on a seatback.
Accordingly, the horizontal position of the H-point of the ATD models is adjusted for each
posture, to ensure that the back of the ATD touches the seatback.

Table 6-1 – Ranges of Parameter’s Values for Posture Variation
ATD
Angle, °

5th Percentile Female (Right Rear)
Reference min
Δ, %
max
Δ, %
Back-to-Vertical (E)
26
18
-31%
25
-4%
Tibia-to-Femur (B)
87
77
-11%
97
11%
Neck-to-Back (D)
141
149
6%
170
21%
*Δ - Difference to the Reference
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95th Percentile Male (Left Rear)
Reference min
Δ, %
max
22
18
-18%
25
87
85
-2%
127
143
149
4%
170

Δ, %
14%
46%
19%
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The stochastic variation of the ATD’s postures within given ranges is performed using
Latin Hyper Cube (LHC) sampling. As a first step, five samples are generated representing five
different seating postures for each ATD. The distribution of samples is illustrated in Figure 6-3,
with the vertical axis representing the relative value of the variable within the range, and the
horizontal axis showing the design variables. Figure 6-4 shows the range of the posture variation
in comparison to the reference posture.
The number of samples for posture variation is later increased to evaluate the effect of
the population size on the dispersion in the results.

Figure 6-3 – LHC Samples for ATD’s postures
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Figure 6-4 – Comparison of Rear ATDs’ Postures

6.3 Results
6.3.1

Five Stochastic Postures
The simulation of the sled test is performed for five different postures of the rear ATDs.
As a first step, the differences in the kinematics of the ATDs and the level of restraint

provided by the seat in the front are analyzed. Figure 6-5 shows the overlap of the kinematics of
the ATDs for six considered postures at the moment of 0.3 s, when the maximum deformation of
the frontal seatback is achieved. After that moment, both rear ATDs begin backward movement.
In all the subsequent simulations the injury criteria values are calculated for the first
500 ms of impact and do not account for the ATD impact to the floor of the motorcoach.
Additionally, the model does not include the parcel rack panels, and thus the impact of the ATD
head to the parcel rack cannot be evaluated. However, the analysis of the ATD kinematics
performed for most of the simulations presented in the thesis suggests that the impact to the
parcel either unlikely or will result in the low HIC values compared to the initial impact to the
seatback.
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a) Right Rear ATD (5th percentile Female)

b) Left Rear ATD (95th Male)
Figure 6-5 – Kinematics of ATDs for Different Postures

In Figure 6-5, no considerable differences in kinematics can be seen for the right rear 5 th
percentile ATD. The left rear 95th percentile ATD shows a little higher dispersion in the kinematics.
However, for all six postures both ATDs return to the seat at the end of the test.
For all six simulations, the values of the injury criteria are calculated for rear ATDs and
analyzed in terms of mean value, standard deviation (SD), and coefficient of variation (CV). Based
on the results of the model validation, the chest deflection and neck moment are excluded from
consideration. The variation in injury criteria is shown in Figure 6-6. For each injury criterion, the
vertical bars represent the criterion’s value for a given posture, with the first bar corresponding
to the reference posture. The bold horizontal line shows the mean value of the criterion, and the
110

Chapter 6: Effect of Comfortable Seating Posture
6.3 Results

shaded area reflects the standard deviation of the criterion across six samples. The minimum and
maximum variation in the criterion’s values are shown directly under each plot.

Figure 6-6 – Variation in ATD Injury Data for Different Postures

For the right rear 5th percentile ATD, the largest variation is found in the neck axial force.
The maximum variation from the reference posture is 41%, and the CV is 21%. The rest of the
considered injury criteria for the right rear ATD show smaller deviations, with a maximum
variation of +13% and a CV of 9% for the Left Femur Load.
The left rear 95th percentile ATD experiences the largest variation in the HIC. The variation
from the reference posture is from -11% to +86% and the CV is 33%. The last two considered
postures demonstrate much higher HIC values than the rest of the postures. In Figure 6-7, the
time-histories of the head resultant accelerations for all considered postures are compared. As
can be seen, the last two postures result in the acceleration profile which is slightly higher in
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magnitude and longer in duration than that of the rest of the postures. Investigation of the
posture parameters reveals the last two postures are characterized by a larger head-to-seatback
distance. The HIC values are correlated to the head-to-seatback distance in Figure 6-8.

Figure 6-7 – Head Acceleration Comparison

As with the 5th percentile ATD, the chest acceleration for 95th percentile ATD shows the
relatively low level of dispersion. The neck tension force varies more considerably, with a
maximum difference to the reference posture of -21% and a CV of 11%. In contrast to the 5th
percentile ATD, for which the reduced range of Tibia-to-Femur angles is used, the variation of the
same angle for the 95th percentile ATD is quite large (Figure 6-4). That results in a higher variation
of the femur forces of the left rear ATD than that for the right one. The CV is 20%, with the
differences to the reference posture from -18% to +48%.
6.3.2

Increased number of samples
To evaluate the effect of the number of postures considered in the analysis on the

variation in injury criteria, the number of LHC samples was increased to 10 and then to 20 for the
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same ranges of design variables. A simulation of the sled test with 0.3 s duration was run, and
the results for the rear ATDs were extracted in the same manner as for five samples.

Table 6-2 – Summary of Statistical Data for Injury Criteria

Number of
Samples
5
10
20

Number of
Samples
5
10
20

Right Rear ATD
Chest
Acceleration, g

HIC15

Neck
Tension, N

Femur Load
Left, N

Max var., % CV, % Max var., % CV, % Max var., % CV, % Max var., % CV, %

-9 +4
-13 +22
-15 +23

5
10
9

HIC15

-3
-8
-7

+12
+16
+17

6
8
6

Left Rear ATD
Chest
Acceleration, g

-41 +0
-50 +5
-49 +66

21
25
34

Neck
Tension, N

-12 +13
-14 +11
-14 +12

8
7
8

Femur Load
Left, N

Max var., % CV, % Max var., % CV, % Max var., % CV, % Max var., % CV, %

-11 +86 32
-14 +104 34
-8 +113 28

-13
-50
-18

+0
+3
+5

5
17
7

-21 +9
-37 +20
-27 +15

10
22
15

-18 +48
-24 +58
-21 +97

19
21
30

The Increase in the number of samples from 5 to 10 resulted in the increase in the CV for
the most of the injury criteria, while 20 samples demonstrated the results comparable to those
obtained using 10 samples. The largest CV across three sets of results is found for the neck axial
tension force for the right rear ATD, with a CV value of 34% and variation from the reference
posture from -49% to +66%. The largest variation in the value of an injury criterion compared to
the reference posture is still observed for the HIC of the left rear ATD. For 20 samples, the value
is increased to +113%.
The conclusion can be made that 10 samples of ATD posture should be sufficient to
provide enough information to evaluate the variation in injury criteria values for the expected
range of posture variations.
Based on the data for 36 considered postures, an attempt is made to correlate the injury
criteria values to the posture parameters, such as posture angles and distances from ATDs to the
seat in front. The results of the analysis showed no direct correlation between the injury criteria
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and posture parameters with one exception. The clear dependence of the HIC values on the
distance from the ATD’s head to the seatback in the front can be seen for the left rear 95th
percentile ATD (Figure 6-8). However, no such correlation can be found for the right rear 5th
percentile ATD.
As can be seen from Figure 6-8 b), the differences in the head-to-seatback distances
resulting from posture alternations are quite small, and the large variation of HIC cannot be
attributed to the differences in the impact velocity. Investigation of the kinematics reveals that
the differences in the HIC values are caused by the differences in the impact location. For the
postures with the head located further away from the seatback in front, the head impact happens
to a more rigid part of the seat, as illustrated in Figure 6-9. For the reference posture, the impact
of the lower part of the face happens to the thin specially designed energy-absorbing membrane
inside the seat back. For the posture with the increased head-to-setback distance, the ATD’s face
impacts the stiff tube, forming the seatback’s frame.

Figure 6-8 – Correlation between HIC and Head-to-Seatback Distance
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Figure 6-9 – Comparison of Kinematics of Left Rear ATD

Thus, the increase in the HIC is only remotely correlated to the head-to-seatback distance.
It should be noted that the results are specific to the particular seat model used in the analysis.
The absence of a correlation between posture parameters for the majority of injury
criteria values indicates the highly perturbed nature of the ATD kinematics. Overall, the variations
in injury criteria values under different postures can be considered as stochastic.

6.4 Conclusions
1. The analysis has been performed to evaluate the dispersion introduced by the occupant
posture variations into the injury criteria values experienced by motorcoach passengers
during frontal collisions. For two unbelted ATDs considered in the analysis, the Back-toVertical and Neck-to-Back angles are varied in the ranges of about 35% and 25%
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respectively, compared to the reference posture used in the physical regulation test. The
ranges for the Tibia-to-Femur angles are different for two ATDs because of the different
positions of the legs: for the 95th percentile ATD, whose feet are resting on the floor, the
range is 48%, according to the volunteer study; for the 5th percentile ATD with feet
elevated from the floor, the range is reduced to 22%.
2. It is found that for the 5th percentile female ATD, the comfortable seating posture can
increase HIC by 23%, chest acceleration by 17%, neck axial tension force by 66%, and
femur loads by 12% compared to the reference posture from the physical regulation test.
For the 95th percentile male ATD and the specific seat used in the analysis, HIC can be
increased by 113%, due to the head missing the energy-absorbing membrane in the
seatback and impacting a stiff tube. This hard impact is experienced only by a 95 th
percentile ATD for the postures, with maximum head-to-seatback distance. Neck axial
tension force for the 95th percentile occupant is increased by 15%, and Femur Forces by
97%. The chest acceleration is found not to be affected significantly by a posture for both
occupants. For all the considered postures, both rear ATDs are effectively restrained by
the seat in the front.
3. The reference posture specified in the regulations can hardly be expected for the
passengers during the real world crashes. Then, it can be concluded that if a particular
seat model passes a physical test to comply with the regulations with the values of the
injury criteria close to the critical ones in the reference posture, the serious or fatal
injuries can still occur in the real world crashes due to the non-standard occupant posture.
4. No correlation is found between posture parameters and injury criteria values. Thus the
variation in the injury criteria values can be considered as stochastic. Under these
conditions, that no “worst-case-scenario” posture can be selected to be used for
regulation testing a priori. It can be suggested, that a numerical simulation is performed
for a given sled test under uncertainty of the posture, according to the developed
methodology. After that, the physical sled test can be conducted for the worst case
scenario identified based on the simulation results.
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In Chapter 3 the dependence of injury criteria values on pulse shape has been investigated
for the standard ATD posture, close to the one used in the regulation testing. It was found, that
the HIC15 values for both rear occupants decrease with the increase in peak time t1. The
decrease in HIC15 value from the pulse with the earliest peak to the pulse with the latest peak
(within the ECE R80 corridor) is about 13% for the right rear occupant and 28% for the left rear
occupant. The increase in Femur Load with an increase in t1 is about 19% for both occupants.
At the same time, by varying the posture of the occupants within comfortable limits, a
much larger variation in injury criteria values is achieved. The HIC15 values for the right rear
occupant vary in the range from -13% to +22%, for the left rear occupant – from -14% to +104%
relative to the value obtained for the reference posture. The left femur force varies from -14% to
+11% for the right rear ATD and from -24% to +58% for the left rear ATD.
Thus, the variation in the injury criteria values due to stochastic seating posture exceeds
these caused by the change in the pulse shape. That means, that under some conditions, the
possibility of an injury for the occupant subjected to the preferable acceleration pulse can exceed
that for the passenger subjected to a more dangerous pulse, but sitting in a slightly different
posture.
That raises the question of the applicability of the findings of Chapter 2, or, for instance,
any other parametric study, to the real-world conditions. To answer that question, the effect of
the pulse shape is studied under the uncertainty of the occupant posture. For each considered
pulse shape, several virtual sled tests are performed with stochastic variation in the occupant
posture. Then, the dependence of the injury criteria values on pulse shape parameters is
evaluated, based on the mean values of corresponding criteria and standard deviations from
these values. The variations in the injury criteria values caused by pulse shape variations are
compared to these, caused by the stochastic variations in posture. Additionally, the variations
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caused by the posture are compared for different pulse shapes to drawn a conclusion on their
universal applicability.

Figure 7-1 – Approach to Parametric Study on Pulse Shape
under uncertainty of a Posture

7.2 Design of Experiment
For the consistency of the results, the same DOE plan as one used in section 5.4 is
employed here. The triangular pulse is considered with the peak acceleration of -12 g and peak
time t1 varying from 5 to 85 ms with 10 ms intervals. For each given pulse shape, ten sled models
are generated with different postures of the rear occupants. The number of samples is based on
the conclusions made in section 6.3. For each of two occupants, the posture is stochastically
generated using Latin Hyper Cube sampling as described in section 6.2 . Thus, the postures used
for each pulse are not repeated. The posture of the front occupants stays unchanged. The total
DOE plan consists of 90 sled tests.
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7.3 Results
Each sled test is simulated for 0.5 s and the results are extracted for the rear ATDs.
Below, the values of the injury criteria are analyzed for their dependence on peak time
t1. For each value of t1, eleven results are available for each occupant and for each injury criteria:
one – for the reference posture and ten – for the random postures.
Results are summarized in Figure 7-2. In this figure, each plot represents the dependence
of a given injury criterion for a given occupant on peak time t1. The black line represents the
results obtained for the reference posture earlier in section 5.4 and presented in Figure 5-12.
The blue line shows the average values obtained for each t1 across 10 random postures. The red
lines indicate the minimum and maximum values of injury criteria found among 10 postures for
each t1.

Figure 7-2 – Influence of t1 on Injury Criteria Values under Posture Uncertainty
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Similar to the results obtained earlier, the Chest Acceleration and Neck Tension Force for
both ATD demonstrate low sensitivity to peak time t1.
With the exception of HIC for the 95th percentile ATD, for all four injury criteria presented
here, the line representing values obtained for a reference posture closely follows the mean
value line. That yields an important conclusion that the trends observed in a parametric study
performed using the reference posture, will still be valid under random posture variations.
However, the significance of these trends should be considered on the scale of the stochastic
variations in the injury criteria values.
As an example, the HIC15 dependence on peak time t1 for both occupants under posture
variations is shown in more details in Figure 7-3.

Figure 7-3 – Dependence of HIC15 on t1 under Posture Variations

The results for the reference posture suggest, that the HIC15 values for both occupants
decrease with the increase in t1. However, then the change in HIC values from minimum to
maximum t1 is compared to the range of variations of the HIC15 values due to posture
alternations, the effect of t1 on the probability of a head injury can be considered almost
negligible since the total change in HIC is comparable to the standard deviation.
For the right rear occupant, the total change in HIC15 from t1=5 ms to t1=85 ms is -13%
for the reference posture and -11% for the mean value from 10 random postures, while the
coefficient of variation in HIC values across 10 postures considered for each t1 is 11…13%. Thus,
the dependence of HIC15 on t1 cannot be considered as significant.
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For the left rear occupant, the results are even more interesting, as the total change in
HIC15 calculated based on mean values (-11%) is much lower than the total change for the
reference posture (-28%). The change in maximum and minimum values also shows a low
sensitivity of HIC to the t1. The coefficient of variation for the HIC15 of the left rear occupant
varies in the range of 23% … 34% for different t1. Therefore, the total change in HIC15 for the left
rear occupant is also comparable to the standard deviation, and, thus, cannot be considered as
significant.
The left Femur Force for the right rear occupant demonstrates a different kind of behavior
(Figure 7-4 a). The trend of increasing in Femur Force with an increase in t1 found for the
reference posture still holds true under posture variations. The total change in the force values
under posture variations is even larger than that for the reference posture at about 27% versus
18%. This change is considerably larger than the coefficient of variation for this criterion, which
is found to be in the range from 5% to 10%.
For the left rear ATD, the change in mean values of left Femur Force is only +8% (Figure
7-4 b)) compared to the coefficient of variation values of 14%...20%.

Figure 7-4 – Dependence of Femur Force on t1 under Posture Variations

To summarize, only left Femur Force for the right rear occupant shows a dependence on
peak time t1, considerable on the scale of stochastic variations in values due to posture
alternations. Although the HIC15 and left Femur Force for both occupants have shown a slight
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dependence on t1 for the reference posture, the total change in the corresponding values is less
than the standard deviation.
Table 2-1 shows the change in variation of the injury criteria values with the increase in
t1. As can be seen, for most of the results, the statistics of the injury criteria variation are pretty
consistent under increasing t1. The maximum variation in injury criteria values and coefficient of
variation found across different t1 is pretty close to the values obtained for a single “Sled” pulse
in Chapter 6 .The largest variation is still found for the HIC15 of the left rear ATD. The CV values
show no direct dependence on t1, with values ranging from 23% to 34% (versus 33% for the
“Sled” pulse). The second largest variation is seen for the left Femur Force of the left rear
occupant with a CV of 14%…20% (vs. 20% for the “Sled” pulse). The Neck Tension Force for the
Right Rear occupant shows CV from 13% to 18%. The rest of the injury criteria demonstrate
smaller CV values around or below 10%.
Based on these observations, it can be concluded that the variations in the injury criteria
values obtained in Chapter 6 are more or less universally applicable, and the same amount of
dispersion can be expected for the same range of posture variations for different sled test setups.
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Table 7-1 – Change in Variation of the Injury Criteria Values for Different Pulses

t1, ms

Idealized Triangular

Pulse:
"Sled"
5
15
25
35
45
55
65
75
85

t1, ms

Idealized Triangular

Pulse:
"Sled"
5
15
25
35
45
55
65
75
85

min
-13%
-20%
-19%
-16%
-6%
-3%
-5%
-10%
-11%
-9%

HIC15
max
+22%
+17%
+13%
+17%
+33%
+38%
+33%
+29%
+18%
+12%

min
-14%
-16%
-23%
-22%
-24%
-22%
-13%
-3%
0%
0%

HIC15
max
+104%
+68%
+87%
+100%
+80%
+103%
+109%
+102%
+131%
+150%

CV
10%
11%
11%
13%
14%
12%
13%
11%
9%
8%

CV
34%
23%
31%
34%
31%
32%
32%
27%
28%
30%

min
-8%
-5%
-1%
0%
0%
0%
0%
0%
-2%
-0%

Chest
max
+16%
+18%
+19%
+26%
+26%
+28%
+22%
+26%
+22%
+22%

Right Rear ATD
Neck Tension, N Femur Load Left, N
CV min max CV min max CV
8% -50% +5% 25% -14% +11% 7%
6% -19% +34% 16% -19% +9% 8%
6% -26% +18% 13% -13% +8% 6%
7% -25% +24% 15% -11% +9% 6%
6% -18% +24% 13% -1% +17% 5%
7% -19% +38% 18% -4% +20% 7%
7% -25% +23% 15% -1% +25% 8%
7% -33% +21% 16% -4% +20% 8%
7% -33% +21% 17% -10% +15% 8%
7% -35% +15% 18% -12% +17% 10%

min
-50%
-4%
-10%
-12%
-11%
-10%
-12%
-18%
-16%
-19%

Chest
max
+3%
+13%
+17%
+15%
+25%
+14%
+21%
+14%
0%
+7%

Left Rear ATD
Neck Tension, N Femur Load Left, N
CV min max CV min max CV
17% -37% +20% 22% -24% +58% 21%
6% -23% +6% 10% -26% +35% 20%
9% -13% +23% 11% -24% +41% 19%
9% -18% +9% 10% -27% +32% 18%
10% -9% +24% 11% -30% +32% 18%
7% -23% +6% 9% -25% +27% 14%
9% -26% +26% 16% -27% +29% 16%
10% -16% +19% 9% -22% +17% 14%
7% -2% +22% 8% -26% +14% 14%
8% -14% +25% 12% -33% +26% 16%

min - maximum decrease in injury criteria value compared to the reference posture
min - maximum increase in injury criteria value compared to the reference posture
CV- coefficient of variation

7.4 Conclusions
1. Most of the injury criteria values demonstrate no significant dependence on peak time
t1. The total change in values of HIC15 for both occupants and Femur Force for the left
rear ATD is comparable to the standard deviation of these values due to stochastic
posture alternations, and, thus, cannot be considered as significant. The Femur Force of
the right rear ATD increases with the increase in t1. Mean, minimum, and maximum
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values across 10 random postures show an increase by approximately 27% with the t1
increasing from 5 ms to 85 ms.
2. The mean values of all injury criteria calculated across 10 random postures for each value
of t1 follow the same trend obtained for the reference posture. For example, the mean
values of HIC15 for both occupants decrease with increase in t1, while mean values of the
Femur Forces increase. However, for some of the criteria, a considerable difference in the
mean value and a value for a reference posture can be seen. Additionally, the total
increase in a given injury criterion observed for a reference posture can significantly differ
from one, obtained for the mean values.
3. Variations in the injury criteria values across different postures are found to be pretty
consistent for the acceleration pulses with different peak time t1. The CV values for 9
considered idealized pulses are close to those obtained for the “Sled” pulse in Chapter 6.
The HIC15 and Femur Force for the left rear occupant and Neck Tension for the right rear
occupant show the maximum variation, with maximum CV values of 34%, 20%, and 18%
respectively.
4. Since the results obtained for the reference posture follow the same trend as those
obtained for a variable posture, and the stochastic variations in the injury criteria values
are consistent for different pulses, the following procedure for the parametric study can
be suggested. Firstly, the parametric study is conducted for the reference posture only,
and then the maximum and minimum variations in the injury criteria values due to
stochastic posture are applied to the results independently, to evaluate the possible
dispersions in the sled test outcome due to the unknown posture.
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8.1 Review
The thesis presents the results of a comprehensive study on the influence of the shape of
the acceleration pulse applied to the passenger compartment of a motorcoach on the safety of
its passengers under uncertainty of their seating posture.
The research is performed numerically, using two finite element models of increasing
complexity. Both models are verified and validated against experimental data according to the
procedures recommended for explicit crash simulations. A preliminary analysis of the effect of
the input acceleration pulse is conducted using simplified finite element model, built using rigid
body dynamics principles. The achieved computational efficiency allows to perform the broad
parametric studies with multiple parameters varied in the large ranges. After the range of
parameter’s variation is decreased, the detailed and fully deformable finite element model is
developed to provide more reliable results.
The main results of the research outlined below are obtained using deformable finite
element model. The sled test setup employed in all simulations is assembled to represent a worst
case scenario in terms of passenger safety. Two belted Hybrid III 50 th percentile male ATD are
placed in the front seats, while rear seats are occupied by the unbelted 5th percentile female and
95th percentile male ATDs, for which the injury criteria values are monitored.
To begin with, an analysis of the coach frame deformation and a load transfer during a
frontal impact is carried out to investigate the physical nature of the acceleration pulse’s shape.
The relationship between the location and crush stiffness of the main structural members and
the peaks in the acceleration pulse is illustrated by an example of a particular crash test. The
possibility of controlling the pulse’s shape by modifying the distribution of a crush resistance of
a structure is then demonstrated on a simple example featuring the axial collapse of a square
tube.
As a next step, the effect of the real world pulses, available from the literature, is studied.
The injury criteria values have demonstrated its sensitivity not only to the amplitude and total
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velocity change of the applied pulse but also to its shape. The significant differences in the injury
criteria values are found for the real world pulses normalized by both magnitude and total
velocity change.
Then, a parametric study is conducted for the idealized triangular pulses by varying the
peak time t1 within the limits defined by the ECE R80 regulation. A slight dependence of the Head
Injury Criterion and Femur Loads on peak time t1 is found. The overall effect of the t1 on
passenger safety is unclear though, as the HIC values decrease with increase in t1, while Femur
Loads increase.
Next, the influence of a comfortable seating posture on passenger safety is investigated.
The methodology is developed to evaluate the possible effect of the unknown posture on injury
criteria values. The posture of the occupants is stochastically varied according to the ranges found
in the ergonomic study available from the literature. A large sensitivity of the injury criteria values
to the occupant seating posture is demonstrated.
Finally, the methodology for the stochastic posture variations is employed in the
parametric study on the pulse shape. For each pulse considered, several random postures are
generated. Then the results of the parametric study are analyzed in terms of the dependence of
the mean values of a given injury criterion across random postures on peak time t1. The
conclusions made previously for the reference posture are then revised, taking into consideration
the stochastic variation in injury criteria values due to posture alternations.

8.2 Contributions
The thesis provided a number of original contributions, some of which are highlighted
below.
Main Contributions
1. It is found that the variation of posture within comfortable range can result in significant
dispersion in injury criteria values from the values obtained for a reference posture used
in regulation testing. For the 5th percentile female ATD, the comfortable seating posture
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can increase the HIC by 23%, chest acceleration by 17%, neck axial tension force by 66%,
and femur loads by 12%. For the 95th percentile ATD, the HIC can be increased by as much
as 113%, neck tension force by 15%, and femur loads by 97% compared to the reference
posture. The large increase in the HIC value for the 95th percentile ATD is found to be
caused by the ATD head missing the energy-absorbing membrane in the seatback of the
seat in the front and impacting a stiff tube. This hard impact is experienced only by the
95th percentile ATD for the postures with maximum head-to-seatback distance and
expected not to happen for the majority of the passengers with a smaller stature.
2. Since under the real world conditions coach passengers can hardly be expected to seat
according to the reference posture, the results of a standard regulation testing can hardly
be extrapolated to the real world collisions. If the injury criteria values obtained in the
regulation testing are close to the critical values (IARVs), serious or fatal injuries might be
encountered in the real world crashes.
3. The variations in injury criteria values due to posture alternations are demonstrated to
have a stochastic nature. No correlation was established between parameters of
occupant posture, its position in the seat, and the injury criteria values. Thus, no
conclusion can be made on the general “worst-case-scenario” posture.
4. Based on the two previous conclusions, the following procedure is suggested to identify
a worst case scenario posture to be used in a physical regulation test. First, the numerical
simulations of the given test are performed for the uncertain posture according to the
developed methodology. Based on the results, the most dangerous posture is identified
and then used for a physical test. This procedure alone cannot ensure the safety of the
passengers in the real world crashes, but it will allow to tighten the safety requirements
for the seat development and decrease the level of uncertainty between standard test
and real-world conditions.
5. For the parametric pulse shape variations under the uncertainty of seating posture, the
dependence of HIC values on peak time t1 for both passengers is deemed insignificant on
the scale of stochastic deviations in the values of the criterion. The total change in mean
127

Chapter 8: Thesis Conclusions
8.2 Contributions

values of HIC with change in acceleration peak time from 5 ms to 85 ms is only -11% for
both passengers, what is comparable to the value of coefficient of variation due to a
stochastic posture of 14% for the 5th percentile ATD and 34% for the 95th percentile ATD.
The Femur Force of the 5th percentile ATD, however, show a significant dependence on
t1. The mean values of the criterion are increased by 37%, with a maximum coefficient of
variation of 10%. The rest of the injury criteria values demonstrate no dependence on t1,
significant on the scale of their stochastic deviations.
6. Parametric studies for a motorcoach sled test can be conducted independently from the
posture variations analysis. Accordingly, the parametric study can be carried out for a
standard posture, and then a constant amount of dispersion for a given injury criterion
can be applied to the results, to evaluate the possible outcome of the repeated sled tests.
That provides the significant savings in a computational time needed to complete the
parametric study, while still enabling evaluation of the stochastic dispersion of the results
due to posture variations.
Additional Contributions
1. By performing the analysis of the load transfer in the coach frame during a frontal
collision, it is shown that the initial peak in the acceleration time history is formed by the
frontal longitudinal beams carrying most of the impact load at the initial moment of
impact and then collapsing by local and later global buckling. The global acceleration peak
is formed by the sudden engagement and consequent collapse of the main longitudinal
members in the passenger compartment, namely waist rails, and roof beams.
2. By parametrically varying the shape of the idealized triangular pulse, the dependence of
the Head Injury Criterion and Femur Forces on peak time t1 is evaluated. For the unbelted
5th and 95th percentile ATDs sitting in the rear seats, the HIC values are found to decrease
by about 13% and 28% respectfully with an increase in the peak time t1 from 5 ms to 85
ms. The Femur Forces are increased by 18% and 19% respectively. The chest acceleration
and neck axial force show no significant dependence on t1.
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3. The dependence of injury criteria values on peak time t1 calculated for the mean values
across random postures is found to follow the same trends, as these calculated for the
reference posture. For example, both the mean values of HIC and the values of HIC for a
reference posture decrease with the increase in t1. However, quite large differences can
be found between actual mean and reference values for some of the injury criteria.
4. The variations in the injury criteria values between stochastic postures are shown to be
consistent for different input pulses. That suggests that the findings on the maximum
variations in injury criteria values for a given range of comfortable postures are universally
applicable, and a similar dispersion in the results can be expected for the sled tests
subjected to other pulses within the ECE R80 corridor.

8.3 Limitations
The results of the research entirely rely on numerical simulation. Although the model is
thoughtfully verified and validated, and every effort is put to ensure it is not used outside its
limitations, the validity of all obtained results cannot be guaranteed.
The main limitation of the deformable finite element model itself is the absence of the
failure criteria in the material models and other mechanisms of failure in the model, except for
the breakable spot welds in the seatback. Under the increased load, the physical seat structure
can experience a separation of some of the parts, while the numerical model will continue to be
perfectly tied together. In the course of the research, each simulation result is checked for the
values of the plastic strain to ensure a low probability of failure. The implementation of the failure
mechanism in the model will require extensive component testing, which is outside of the scope
of the research.
The deformable sled model does not include window, roof and parcel rack panels. The
analysis of the ATD kinematics for multiple simulations performed in the course of the research
suggests that the impact of the ATD to the parcel rack is either unlikely or will result in the low
HIC values compared to the seatback impact. Calculation of the injury criteria for the rear ATDs
is based on the first 500 ms of impact and focused on the impact of the ATD to the seat in the
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front. The effects of the ATD impacts resulting from the complete ejection from the seat, such as
impact to the floor or seats located further forward, are not considered.
In the presented analysis, only four injury criteria have been used. Another three
important ones: Chest Displacement, Lower Neck Moment, and Nij were not used, as the current
model was not able to reproduce the corresponding signals correctly. This drawback should be
corrected in future and a full set of injury criteria should be used.
The Hybrid III ATDs used in the simulations are the only ATDs currently approved for the
regulation testing under frontal collision conditions. The known limitations in the bio fidelity of
these ATDs, together with limitations of its FEM implementation should be kept in mind while
interpreting the results presented in the thesis.

8.4 Future Work
1. The results of the sled tests with the real pulses applied to it, as well as the findings of the
preliminary analysis using rigid body model suggest that the probability of an injury can
be affected not only by the peak time in the acceleration time history but also by its
duration. Therefore the parametric study on idealized pulses can be expanded to include
peak duration as an additional variable.
2. In a real-world scenario, some of the seats are likely to have the seatback inclined to the
maximum position on long-distance routes. The preliminary study conducted to evaluate
the influence of the inclined seatbacks on passenger safety indicates that the injury
criteria values can be increased by more than 200% in case of the inclined seatbacks.
However, no information is available on the comfortable seating posture of the occupants
in the inclined motorcoach seats. A dedicated ergonomic study is required to fill that gap,
which is beyond the scope of the present research.
3. The developed methodology can be applied to perform additional parametric studies on
other factors affecting the safety of motorcoach passengers, such as seat stiffness, seat
pitch, seatbelt and retractor parameters, etc. Together with yielding a valuable research
data, it will allow to evaluate the variation in the injury criteria values due to stochastic
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posture under different conditions, and further expand the applicability of the findings of
the current research.
4. The findings of the research should be further evaluated using repeated physical tests and
advanced numerical simulation. In the current model, simplified FAST models are used to
represent standard Hybrid III ATDs. To further improve the bio-fidelity of the obtained
results, the ATD models could be substituted with Human Body models. Such models
allow direct evaluation of a wide range of traumatic events such as bone fracture and
contact damage of the soft tissues, as well as providing the means for more
anthropomorphic positioning and accounting for muscle activation. The examples of
human body models include HUMOS (Robin, 2001), THUMS (Iwamoto, et al., 2015),
GHBMC (Vavalle, et al., 2013), and SAFER AHBM (Östh, et al., 2015).
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Validation of Deformable FEM for Left Rear Occupant

The Appendix presents the results of the validation of the deformable finite element
model of a motorcoach sled test used in the research for the left rear occupant (95 th percentile
male ATD). The validation results for the right rear 5th percentile female ATD can be found in
section 3.4.4, and the model itself is described in section 3.4.1.

Figurе A-1 – Kinematics of Left Rear ATD
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Figurе A-2 – Comparison of the Result’s Time-Histories for Left Rear ATD
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Tablе A-1– Validation Metric’s Values for Left Rear ATD
Left Rear

S-G Magn. S-G Phase S-G Comp. ANOVA Res. ANOVA SD

Threshold

40%

40%

40%

5%

20%

Head Resultant
Acceleration, g

7%

18%

19%

1%

13%

Upper Neck Axial
Force, N

35%

22%

41%

2%

21%

Chest Resultant
Acceleration, g

28%

11%

30%

7%

20%

Left Femur Force, N

9%

17%

19%

5%

77%

Upper Neck
Moment, N·mm

4%

13%

13%

3%

12%

Chest
Displacement, mm

49%

25%

55%

4%

51%

Tablе A-2 – Injury Criteria Values for Left Rear ATD
Left Rear ATD
Injury criterion

Experiment Simulation

HIC36
HIC36 t1, ms
HIC36 t2, ms
HIC15
HIC15 t1, ms
HIC15 t2, ms
Nte
Ntf
Nce
Ncf
Neck Tension, N
Neck Compression, N
Chest Acceleration (3ms Clip), g
Chest Deflection - Tension, mm
Chest Deflection - Compression, mm
Femur Load Left, N
Femur Load Right, N

74
171
207
65
173
182

1591
-423
16.5
-11.9
-5564
-6416

142

137
159
189
74
162
177
0.3
0.4
0.0
0.5
2264
-551
24.2
7.5
-2.6
-4815
-6409

Difference,
%
85
-7
-9
14
-6
-3

42
30
46.4
-77.9
-13
0
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The appendix describes the numerical model for the simulation of full coach frontal
impact used for the load transfer analysis in section 4.2.
Model description
The model (Figurе B-1) is composed of more than 1200 geometric parts, representing
most of the major coach components including frame, suspension, and wheels, passenger seats,
parcel rack, skins, and windows, as well as secondary structural members such as ventilation
channels, tanks, and supporting brackets. The parts are assembled using around 5000 individually
modeled welds and around 9 000 nodal connections.

Figurе B-1 – Full Coach Model
It is meshed with 3 785 000 nodes and 4 244 000 elements. Most of the shell elements
utilize the standard Belytschko-Tsay formulation with stiffness hourglass control. The material
models include the isotropic piecewise linear plasticity model for most of the metal parts,
orthotropic linear material models with failure for the plastic parts, and rigid materials for the
suspension components. The mass and inertial properties of the model are finely tuned to match
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the properties of a real coach (Tablе B-1) by means of point masses, density modifications and
directly specified inertia tensors. The simulation of 1 s crash test takes around 90 hours of CPU
time running at 30 cores in a computational grid.
Tablе B-1– Mass Comparison for Full Coach Model
Experiment

Numerical
Model

Difference

Number of occupants

22

56

-

Total mass of occupants, kg

1659

1659

-

Curb Mass, kg

17719

17676

0.24%

Total Mass, kg

19378

19335

0.22%

Verification and Validation
Verification of the energy balance is presented in Figurе B-2. As can be seen, most of the
verification criteria are met, except for a slightly high mass increase, caused by the mass scaling.
It can be negotiated relatively easy by decreasing the time step for the explicit simulation.
However, it is not pursued here due to the computational cost limitations.

Figurе B-2 – Energy Conservation for Full Coach Simulation

For a qualitative validation, the deformed states of the model are compared to these from
the test at different time instances (Figurе B-3). The model is able to reproduce the characteristic
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deformation mode observed in the experiment. At the initial moment, the frontal part of the
coach progressively crushes. As the crush region reaches a relatively stiff area around the frontal
suspension, the structure begins to deform downwards, with the collapsed frontal structure
“wrapping” around the reinforced area. That causes the elevation of the frontal part of the coach
above the ground.

Figurе B-3 – Comparison of Coach Deformation Mode
The quantitative validation is performed based on the acceleration time histories. The
data from the accelerometer at the middle location “D” (Figure 4-1) is used for the validation.
The comparison between simulation and test results is presented in Figurе B-4.
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Figurе B-4 – Comparison of Acceleration Time History
The model is able to reproduce closely the magnitude of the maximum acceleration and
time of its occurrence. However, considerable differences can be seen at the initial moment of
impact, as the experimental curve shows a high initial peak. The differences are reflected by the
values of the validation metrics. Although the Sprague-Geers criteria are met, the values of the
metrics are relatively high. The largest difference is found in the ANOVA standard deviation,
indicating a large amount of uncorrelated noise present in the simulation results. Further
validation of the model is constrained due to the fact that slightly different coach models are
used in the physical test and the numerical model. The differences involve changes in the front
suspension and surrounding structure, which can contribute to the low level of correlation
between simulation and the test at the initial moment of time.
Since most of the criteria are met for the acceleration curves, and taking into account
differences between coach models, the simulation model of the full coach is considered to be
validated.
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Appendix C:

Validation of the Finite Element model of Crashbox

The appendix describes the model of the thin-walled tube used in the demonstration
example in section 4.3.
Model Description
Two different model setups are used. The model validation is carried out using a setup,
similar to the one used in the physical test available in the literature (Langseth, 1996). The tube
is fixed at the lower end and impacted by a moving rigid mass from the upper end (Figurе C-1 a).
Simulations described in Section 4.3 are performed using the inverted setup, where the mass is
attached to the tube at the upper end, and the assembly is impacted into the bottom rigid wall
(Figurе C-1 b).

Figurе C-1 – Crash Model Setup
used for: a) Validation; b) Example in Section 4.3

The tube is made from AA6060 T4 aluminum alloy. Density of the material is 𝜌 =
2700 𝑘𝑔/𝑚3, Young modulus is 𝐸 = 68 200 𝑀𝑃𝑎, Poisson’s ratio is 𝜈 = 0.33, initial yield
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strength is 𝜎𝑌 = 80.4 𝑀𝑃𝑎. The stress-strain curve relation is available from the experimental
data, and it is obtained in uniaxial static tests of the specimen cut from the tubes used for the
crushing tests (Langseth, 1996). In the finite element model the material behaviour is simulated
using isotropic hardening plasticity model. Strain rate effects are not considered, since the
material is shown to be rate-independent for strain rates typical in automotive crashes (𝜀̇ <
103 1/𝑠) (Langseth, et al., 1999).
The finite element model of the tube is built for one-quarter of the tube, utilizing two
vertical planes of symmetry. The geometry is meshed using standard Belytschko-Tsay finite
elements with five integration points across the thickness and stiffness-type hourglass control.
The impacting mass is modeled using rigid brick elements. The initial velocity is assigned to the
mass, and gravity acceleration is applied to all bodies in the model. The lower edge of the tube is
constrained in all degrees of freedom. The nodes at the part of the tube constrained in the clamp
during the physical test are allowed to move only in the vertical direction. The contact between
the tube and impacting mass is defined using a nodes-to-surface algorithm with a friction
coefficient of 0.2, while tube self-contact is modeled using the frictionless single surface contact.
Similar to the experimental setup, an additional contact is defined between the impacting mass
and rigid buffer to prevent the complete bottoming-out of the tube (Figurе C-1 a). The buffer is
rigidly constrained in space. The distance from the upper tube end to the buffer is 300 mm. The
buffer is used only in the validation model.
The tube is meshed with shell elements with the average size of 2.5 mm. The mesh size is
selected based on the literature review (Zarei & Kröger, 2007), (Langseth, et al., 1999). The model
parameters such as element formulation, number of through-thickness integration points, etc.
are selected based on an extensive parametric study with comparisons to the results of static
experiments (Langseth, 1996).
Verification & Validation
Due to the limited utilization of the model in the overall research effort, a simplified
approach to the model verification and validation is applied.
The energy balance for the final model is shown in Figurе C-2.
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Figurе C-2 – Energy balance for validation model
(dynamic loading)

As can be seen, the artificial energies are kept low and total energy is conserved
throughout the simulation. The model is validated against experimental data (Langseth, 1996).
The comparison of the force-deflection curves is presented in Figurе C-3, while Tablе C-1 gives
the qualitative comparison in terms of energy absorption and peak and mean crushing forces.
The comparison shows a good agreement between the results of numerical simulation
and experimental results.
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Figurе C-3 – Comparison of Force-Deflection Curves

Tablе C-1– Comparison of Criteria Values
EA, J
Experiment [Langseth, 1996] 6578.5
Simulation
6872.8
Difference
4.5%
EA – Energy Absorption
PCF – Peak Crushing Force
MCF – Mean Crushing Force

End of Appendices
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PCF, kN MCF, kN
107.0
42.5
96.9
44.4
9.4%
4.3%
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