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EXECUTIVE SUMMARY
This report presents the interim results of a multi-year research programme
to investigate the crashworthiness of transit buses and to support evidenceinformed regulatory initiatives.
Two frontal offset transit bus crash tests were conducted with two
decommissioned New Flyer buses at 40 km/h and 40 % offset. The test
parameters for the two crash tests were matched except for some structural
strengthening that was added to the front end of one of the buses.
The strengthening of the bus reduced the intrusion into the driver occupant
space and resulted in significantly lower loads being directed to the head and
legs of the driver. Despite a relatively small increase in peak acceleration (<2 g)
to the strengthened bus, all dummies, with the exception of the driver,
recorded generally higher responses.
A sled buck representing a section of a transit bus passenger compartment
was constructed so that, through controlled sled testing, the dummy
responses could be examined in greater detail. A preliminary series of 13 sled
tests was conducted to verify whether dummy motions observed in the bus
crash could be reproduced on the sled; and to examine how dummy
characteristics and positioning can influence the responses.
The similarity of dummy motions between the bus crashes and the sled tests
suggests that the dummy motions observed in the buses can be reproduced
on the sled. Crash pulse severity, the dummy posture and seat placement
(inboard vs. outboard) were all found to influence the response of the
dummies.
A more precise understanding of the how the dummy biomechanical characteristics influence its motions and measured
kinematic and kinetic responses is required to develop robust test methods that appropriately consider the capabilities
and limitations of the dummy in unrestrained bus environments. An initiative with the University of Waterloo to develop
a finite element model is currently underway to complement this study.
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1. INTRODUCTION
In pre-pandemic Canada, 12.4 % of commuters used public transit 1. Ridership on transit buses had been increasing since
the mid-1990s2, increasing by an estimated 2.4 %, or approximately 50 million passengers between 2017 and 20183. The
incidence of fatality or serious injury associated with transit bus crashes remains low; the United States National Highway
Traffic Safety Administration (NHTSA) reported that in 2017, 0.4 % of vehicles involved in fatal crashes were buses4. In
2013, a double-decker bus collided with a passenger train. The collision resulted in 5 occupant ejections, 6 fatalities, and
34 injuries5. The collision was investigated by the Transportation Safety Board (TSB). As part of the report, the TSB
suggested that “a more robust front structure and crash energy management design might have reduced the damage to
the bus and prevented the loss of a protective shell for the occupants”5. In 2015, the TSB issued the recommendation
that “the Department of Transport develop and implement crashworthiness standards for commercial passenger buses
to reduce the risk of injury” 5.
In response to the TSB recommendations, Transport Canada launched a multi-year research programme to investigate
the crashworthiness of transit buses and to provide scientific evidence in support of possible future regulatory initiatives.
Specifically, the research programme was designed to examine the effects of structural stiffness and energy management
on the protection of transit bus drivers and passengers during frontal crashes.
The protection of passengers during a crash relies on striking a balance between the strength of the vehicle structure
and the dissipation of the crash energy. A very stiff shell for example, may remain intact and prevent ejections but the
energy that would have been dissipated during the crushing and destruction of that shell must somehow be directed
away from the occupants. Energy management becomes all the more challenging for unrestrained passengers (without
seat belts) who may be seated or standing. These principles of occupant protection apply to all vehicle types.
An important and necessary part of the research programme involves the interpretation of dummy responses within the
context of the transit bus occupant space. Crash test dummies were designed for the monitoring of passenger car safety
regulations. In a passenger car crash test, the dummies are displaced forward but remain seated and mostly upright,
contained by multiple safety systems such as seatbelts, airbags, and knee bolsters. The implications of the nonhumanlike, stiff, seated posture of the dummy may be less significant in this environment. However, in a transit bus,
where the dummy movements are not restrained, the stiffness of the dummies can have a great influence on what the
head and other body parts might strike and the interpretation of those responses. Additional tools are required to help
improve the accuracy of injury risk prediction.
This report presents the results of the first pair of comparative, full-scale transit bus crash tests. It describes the
fabrication of a sled buck that is representative of a transit bus section; and presents the preliminary sled test results. To
our knowledge, Transport Canada is the only organization to have conducted full scale transit bus crash tests of this type.
The data obtained from these crash tests are essential for the development and validation of the sled test programmes
and for future modelling studies. A collaborative initiative with the University of Waterloo to develop a numerical model
based on the test data is presented as well.
2. OBJECTIVE
The objective of this multi-year transit bus research programme is to investigate the crashworthiness of transit buses in
order to support evidence-informed regulatory initiatives.
The programme includes the development of rigorous test methods to evaluate possible injury mechanisms for adult
and child transit bus occupants.
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3. CRASH TESTS
3.1 METHODS
Two full-scale transit bus crash tests were conducted with two decommissioned New Flyer buses purchased from the
City of Ottawa. For reasons of availability and cost, these buses were used instead of double decker buses. In each crash
test, the driver side of a moving bus (Striking Vehicle) impacted the right rear corner of a stationary bus (Target Vehicle).
The impact speed of the striking vehicle was 40 km/h and the overlap at impact was 40 %, as shown in Figure 1.
In Test 1, which served as the baseline or reference test, both buses were in their original condition upon delivery. In
Test 2, the same vehicles were used, but the positions were reversed, i.e. the Target Vehicle in Test 1 became the new
Striking Vehicle.

Figure 1: Front and top view of vehicle alignment for each crash test.
Dummy selection and placement were the same for each crash test. A total of 11 dummies were installed at various
locations on-board the striking vehicle. The dummies were representative in size of an average size man (Hybrid III and
WorldSID 50th percentile), a small woman or teenager (Hybrid III 5th percentile), a 10-year-old child (Hybrid III), and a sixyear-old child (Hybrid III). Each dummy was instrumented to record head, chest and pelvic accelerations, and neck forces.
Some dummies also had instrumentation in the upper and lower legs to measure the forces caused by contact with the
seat in front of the dummy.
The crash test dummy placement is illustrated in Figure 2.
Legend
1

Hybrid III 50th percentile

A

WorldSID

B, J

Hybrid III ten-year-old

C, G

Hybrid III six-year-old

D, E, F, I

Hybrid III 5th percentile

H

Hybrid III 50th percentile

Figure 2: Schematic of the crash test dummy placement on-board the Striking Vehicle in each test.
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Once Test 1 was completed, the front of the striking vehicle was inspected and the damage was measured and
documented. Structural reinforcements were proposed and shared with the bus manufacturer for consultation.
Structural reinforcements, shown in Figure 3, were added to the Striking Vehicle of Test 2. Materials used included square
A500 steel Hollow Structural Section tubes (HSS) and flat steel plates of varying size and thickness. The three key
elements of the reinforcements were located at:
1. The window frame: 2”x2” HSS tubes were installed around the window frame and diagonally across the window;
2. The service panel: 2”x2” HSS tubes were installed around the service panel;
3. The bumper: an 8’ long 2”x10” HSS tube was installed behind the original bumper.

Figure 3: CAD drawing (left panel) and photo (right panel) showing the key reinforcements added
for Test 2. In both images, the reinforcements are shown in blue.
The deceleration/acceleration responses of the striking and target buses were recorded using accelerometers at the
approximate centres of gravity of the vehicles. On the striking bus, accelerometers were also placed under each seat
occupied by a dummy.
To quantify the deformation of the bus, targets were placed across the front of the striking vehicle, and their pre- and
post-test positions were measured to quantify their displacements in three dimensions (3D). The longitudinal
components of the displacement measurements were used as indicators of intrusion.
Data recorded from dummy instrumentation were used to calculate the acceleration and load responses in the direction
of force (lateral for the side impact dummy, fore-aft for all others). Unless otherwise noted, the neck response reported
is the peak extension (rearward bending) moment at the upper neck.
Percentage changes were calculated as follows:

Percentage change =

Response in Test 2 - Response in Test 1
× 100
Response in Test 1
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3.2 RESULTS
3.2.1 Visual Records of Bus Deformation
Table 1 summarizes the post-crash deformation that was observed from visually inspecting the Striking Vehicles in the
two tests. In Test 1, the striking bus was found to have little to no deformation on its underbody structure, but several
other areas could be reinforced. As shown in Figure 4, at the base of the front quarter of the bus, where the service panel
is mounted, the members that support the A-pillar were significantly deformed. At the base, the A-pillar sheared
completely and was displaced into the body. On the driver side, the bumper was folded back and into the space
previously occupied by the base of the A-pillar. The upper section of the A-pillar, adjacent to the window, was disrupted
at the midpoint.
The reinforcements added to the Striking Vehicle for Test 2 were designed to reinforce the bumper and driver occupant
space. As shown in Figure 4 and identified in Table 1, the added reinforcements appear to have limited intrusion during
Test 2.

Figure 4: Deformation of the striking bus in Test 1 compared to the striking bus in Test 2.
Table 1: Summary of damage observed in Test 1 and Test 2.
Bus Location Test 1 Observation

Test 2 Observation

Bumper

Visibly bent

Deformation not visually obvious

Base

A-pillar disruption

No apparent A-pillar disruption

Window

A-pillar bent

A-pillar not visibly bent

Service panel

Deformation

Slight deformation

Underbody

No apparent deformation observed
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3.2.1 Recorded Displacements of Marked Locations
The 3D locations of targets, placed in identical locations on the fronts of the buses, were recorded pre- and post-crash.
The longitudinal displacements were used as indicators of intrusion. The maximum displacement on the bottom half of
the bus was reduced from 366 mm in Test 1 to 260 mm in Test 2. At the A-pillar near the window frame, the displacement
was reduced from 261 mm in Test 1 to 22 mm in Test 2.

Figure 5: Overlays of the 3D locations of targets on the front of the bus,
recorded pre-test (grey) and post-test (green for Test 1, blue for Test 2).
3.2.3 Accelerations Responses of the Bus
Placement of the accelerometers on the two striking buses for Test 1 and Test 2 were matched. Fore-aft acceleration
responses were significantly lower than the values typically observed in light duty vehicles tested in comparable crash
test configurations. As shown in Figure 6, all peak fore-aft acceleration responses of the Striking Vehicle were slightly
greater in Test 2 than in Test 1. The greatest peak acceleration recorded in Test 1 was 7.0 g compared to 9.7 g in Test 2.
There was no obvious relationship between the individual accelerometer locations and the region of impact.

Figure 6: Peak fore-aft acceleration responses as a function
of location in Test 1 and Test 2.
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3.2.4 Dummy Responses
Dummy responses in the two tests were compared by combining the visual and contextual information provided by
high-speed videos with the quantitative data recorded by dummy instrumentation. This section presents a summary of
the different types of motions observed and the associated kinematic and kinetic responses recorded by the
instrumentation. Responses are grouped by dummy location and stature; where multiple dummies shared similar
characteristic motions, the response of a representative dummy is provided. An overview of results for each dummy is
presented in Table 2 of Section 3.2.5.
3.2.4.1 Driver

Figure 7: Responses of the driver dummy in the Tests 1 and 2 as captured by freeze frames
at the time of peak head excursion (left panel) and the peak head, neck, pelvis,
and femur kinematic and kinetic responses (right panel)1.
Figure 6 presents two freeze frame images comparing the interaction of the driver with the intruding structure. The
disrupted A-pillar in Test 1 can be seen just above and to the left of the driver head in the top image. In comparison, the
A-pillar for Test 2, seen in the lower image, appears intact. In both tests, the head appeared to have contacted the
windshield, and the steering wheel and instrument panel were displaced rearward into the body of the driver dummy.
Head, neck, pelvis, and femur responses of the driver dummy were all lower in Test 2 than in Test 1, with the greatest
reductions occurring at the head and femurs. The head acceleration was reduced from 166 g in Test 1 to 54 g in Test 2,
a reduction of 67 %, suggesting that there was a significant head impact in Test 1 and no impact in Test 2. Indeed, the
video indicates that the dummy head contacted the rear leading edge of the target bus in Test 1 but not in Test 2. Left
and right femur loads in Test 2 were reduced by 76 % and 64 % of the respective loads recorded in Test 1. Note that the
chest responses, while recorded for both tests are not reported here since loading to the dummy occurred in a region
that does not contain sensors.

1

Bar charts have been normalized for presentation purposes.
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In the lateral views of the videos for Test 1, the dummy pelvis was displaced rearward by the intruding structures. The
extent of the intrusion and the concurrent rearward displacement were not observed for Test 2. Post-test photos of the
driver in Figure 8 illustrate the difference in the final position of the dummy relative to the steering wheel and instrument
panel. In Test 1 (upper left photo), there is no gap between the pelvis and the seat back and the knee joint is on the seat
cushion, whereas in Test 2 (upper right photo), there is a visible gap between the pelvis and the seat back, and the knee
joint is forward of the seat cushion. In the post-test close-up views of Test 1 (lower left photo), the steering wheel is
wedged into the space between the rib cage and the dummy abdomen while in Test 2 (lower right photo), only the shirt
of the dummy is in contact with the steering wheel. As noted previously, there are no sensors in this region of the dummy
to quantify the loading.

Figure 8: Final position of dummy in the driver seat following Test 1 (left) and Test 2 (right).

Page 7 of 22

3. CRASH TESTS │ 3.2 RESULTS │ 3.2.4 Dummy Responses

INTERIM REPORT
Transit Bus Research

3.2.4.2 Side facing passenger (A)

Figure 9: Responses of the 50th percentile side impact dummy seated in Position A in Tests 1 and 2
as captured by freeze frames at the time of peak head excursion (left panel) and
the peak head, neck, and pelvis kinematic and kinetic responses (right panel).
Figure 9 presents a freeze frame image of the side impact dummy at the moment of peak excursion for Test 1 and Test 2.
In both tests, the dummy was displaced vertically and projected in an upright seated posture towards the front of the
bus until the motion of the pelvis and upper legs were stopped by the upholstered barrier. The upper body continued to
move towards the front of the bus in the space between the upholstered barrier and the window. In Test 1, the upper
body did not extend as far forward as in Test 2, and the torso of the dummy rebounded out of the space. In Test 2, the
head extended further forward, impacted a rigid panel located behind the driver seat, and remained trapped between
the barrier and the window. The dummy head and neck responses confirmed that the impact of the head was more
severe in Test 2.
The head impact for the side-facing dummy in Test 1 resulted in a peak head acceleration of 33 g compared to 99 g in
Test 2; the upper neck shear increased from 170 N in Test 1 to 2 159 N in Test 2. Pelvis accelerations were similar in both
tests. Shoulder and rib responses were recorded, but the sensors are not aligned to measure this type of loading. The
side impact dummy was designed to measure a perpendicular side impact load directed towards the shoulder, side of
the chest, and pelvis.
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3.2.4.3 Six-year-old dummy in front row (C)

Figure 10: Responses of the 6-year-old dummy in Position C in Tests 1 and 2
as captured by freeze frames at the time of peak head excursion (left panel) and
the peak head, neck, and pelvis kinematic and kinetic responses (right panel).
The movement of the child dummies placed in the first rows (Position B & C) were comparable for Test 1 and Test 2.
In both tests, the child dummies were ejected out of the seats they occupied. In each test, the motion of the lower body
was interrupted by the side-facing seat located in front of the dummy as the upper body pivoted forward, over the side
bench armrest. As shown in the freeze frame images for Position C in Figure 10, the heads contacted slightly different
locations on the side-facing seats and the orientation of the torso was different. In both tests, the dummy in Position C
remained on the side-facing seats. The ten-year-old dummy that was seated in Position B, rolled off the side-facing seat,
onto the floor in both tests.
To the right of the images in Figure 10 are the corresponding head, lower neck, and pelvis responses of the 6-year-old
dummy in the first-row for the two tests. The head, lower neck, and pelvis responses of this dummy in Test 2 were 67 %,
16 %, and 45 % greater than each respective response in Test 1.
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3.2.4.4 5th percentile dummy in second row (D)

Figure 11: Responses of the 5th percentile dummy in Position D in Tests 1 and 2
as captured by freeze frames at the time of peak head excursion (left panel) and
the peak head, neck, pelvis, and femur kinematic and kinetic responses (right panel).
As a representative example of the 5th percentile dummy responses in the mid rows, Figure 9 presents the freeze frame
images and kinematic and kinetic responses of the 5th percentile dummy in the 2nd row (Position D). In Test 1 and Test 2,
the dummies in locations D, E and F translated forward until the knees struck the lower seat back of the seat in front.
The upper body then pivoted forward until the chin impacted the handrail on top of the seat in front. In Test 1 and Test
2, the chin remained in contact with the handrail, and the head-neck complex extended rearward as head translated
upwards. In both tests and all locations, the 5th percentile head contacted the hand rail. In the representative example
(Figure 6), the kinematic and kinetic responses of the dummy in Position D were greater in Test 2 than in Test 1 at the
head, neck, pelvis, and left femur. The greatest percentage increase occurred at the neck: the bending moment in Test
2 was 48 % greater than the moment in Test 1. The left femur load was greater in Test 2 while the right femur responses
were comparable for Test 1 and Test 2.
The 50th percentile dummy placed in the fourth row (Position H) also contacted the seat in front with the knees and the
upper body flexed forward. In Test 1, the 50th percentile dummy contacted the handrail at the neck. In Test 2 the chin
contacted the handrail. For this dummy, differences in the initial pre-test positions between the two tests were identified
and may have led to the observed differences in motion. The neck is instrumented with force transducers at the top and
base of the neck; therefore, contact in the centre of the neck, particularly at low energy levels, may not be adequately
detected.
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3.2.4.5 Six-year-old dummy in third row (G)

Figure 12: Responses of the 6-year-old dummy in Position G in Tests 1 and 2
as captured by freeze frames at the time of peak head excursion (left panel) and
the peak head, neck, and pelvis kinematic and kinetic responses (right panel).
In Test 1 and Test 2 the child-sized dummy in the mid rows (Position G), contacted the seat in front of it with its head,
torso, and legs. Figure 12 presents the freeze frame images and corresponding kinematic and kinetic responses of the
six-year-old dummy in the 3rd row (Position G). The dummy experienced greater head, neck, and pelvis responses in Test
2 than in Test 1, with percentage increases of 45 %, 24 %, and 60 %, respectively.
The dummies were sometimes found in positions that were not at all representative of what would be expected of a
human child. Figure 13 presents the post-test images for the child sized dummy in position G following Tests 1 and 2.

Figure 13: Post-test photos illustrating un-humanlike postures of the six-year-old Hybrid III dummy in Position G.
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3.2.4.6 5th percentile dummy on second level (I)

Figure 14: Responses of the 5th percentile dummy in Position I in Tests 1 and 2
as captured by freeze frames at the time of peak head excursion (left panel) and
the peak head, neck, pelvis, and femur kinematic and kinetic responses (right panel).
Both dummies seated on the second level of the bus traveled forward, contacted the barriers in front of them, and
pivoted over the barrier. The images in Figure 14 suggest that the dummy rotated further over the barrier in Test 2, as
evidenced by the position of the head, height of the pelvis, and extension of the legs.
The representative responses shown in Figure 14 are those of the 5th percentile dummy (Position I). The head, neck,
pelvis, and femur responses in Test 2 were between 6 % and 89 % greater in magnitude than the corresponding
responses in Test 1.
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3.2.5 Overview of All Dummy Responses
In the previous section, the responses of dummies were described in aggregate using the responses of a single dummy
as a representative case. In this section, the responses of all of the dummies on board were treated independently. For
each dummy, the responses in Tests 1 and 2 are presented in Table 2. Note that for the side-facing dummy, the neck
response is the shear (measured in N), not bending moment (measured in Nm).
Table 2: Summary of changes in dummy responses for each dummy on-board the striking vehicle.
Test
No.

Head
(g)

Neck
(Nm)

Pelvis
(g)

Left Femur
(N)

Right Femur
(N)

Driver
(50 percentile)

1

166

63

30

4 039

4 106

2

54

60

24

966

1 472

Side-facing dummy
(50th percentile)

1

33

170 (N)*

10

–

–

2

99

2 159 (N)*

10

–

–

Row 1, Position B
(10-year-old)

1

48

15

89

–

–

2

20

21

97

–

–

Row 1, Position C
(6-year-old)

1

37

24

105

–

–

2

62

28

152

–

–

Row 2, Position D
(5th percentile)

1

53

34

23

2 018

2 568

2

71

50

28

2 586

2 456

Row 2, Position E
(5th percentile)

1

67

17

18

1 620

2 157

2

64

61

20

1 964

2 390

Row 3, Position F
(5th percentile)

1

54

24

28

2 463

1 741

2

71

24

36

2 065

2 761

Row 3, Position G
(6-year-old)

1

61

8

59

–

–

2

88

10

95

–

–

Row 4, Position H
(50th percentile)

1

21

62

15

2 369

2 565

2

48

32

15

2 687

2 743

Upper level, Position I
(5th percentile)

1

6

18

21

2 125

1 809

2

7

24

22

4 006

2 355

Upper level, Position J
(10-year-old)

1

11

13

20

1 053

1 500

2

12

26

15

1 235

1 079

Dummy
th

The responses of the driver dummy were consistently lower in Test 2 than in Test 1. By contrast, the responses of all
other dummies were generally greater in Test 2 than in Test 1. One notable exception was the head response of the 1st
row 10-year-old dummy (Position B). For this dummy, the head response in Test 2 (45 g) was 58 % lower in magnitude
than the response in Test 1 (20 g). At the time of peak head acceleration, the dummy head contacted the edge of the
side-facing seat in Test 1 but not Test 2.
Percentage changes for each dummy response were computed and are detailed in the Appendix. Percentage changes of
at least 30 % were more frequent at the head and neck than in the lower body regions. Eight of the 11 head responses
(~73 %) showed percentage changes between Tests 1 and 2 of at least 30 %. Seven of the 11 neck responses (~64 %)
showed percentage changes of at least 30 %. By contrast, only two of 11 pelvis responses (~18 %) and two of six femur
responses (~33 %) showed percentage changes of at least 30 % between the two tests.
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3.3 DISCUSSION
The strengthening of the front left corner or driver side of the bus for Test 2 reduced the intrusion into the driver
occupant space and resulted in significantly lower loads being directed to the head and legs of the driver. The stiffening,
which was limited to a few structural members at the front of the bus, contributed to an average increase in the peak
acceleration of approximately 1.8 g. Despite the relatively small increase in peak acceleration, all dummies, with the
exception of the driver, recorded generally higher responses in Test 2. For an unrestrained passenger, who likely would
not be able to brace in time, each incremental unit of deceleration can influence injury outcome.
In the first row of the passenger space, dummies were projected forward and either fell (Position B) to the floor or thrown
over the armrest of the side facing seat (Position C). The child dummy in the mid rows (Position G) struck the seatback in
front and was found suspended in an un-humanlike position. All the adult size dummies in the mid rows hit the seatback
and rigid hand rail ahead of them. The point of impact of the head or neck with the rail appeared to be affected by the
size of dummy, the pre-crash posture, and the impact severity.
In the upper levels, the dummies contacted and pivoted over the barrier in front. The head of the 5th percentile dummy
was projected into the occupant space located just ahead of the barrier in Test 2. This suggests that in certain frontal
crashes, the barrier as tested, may not be sufficient to prevent occupant displacement into the forward space and
subsequent occupant-to-occupant interaction.
In a series of sled tests, Olivares6 noted the possibility of head injuries due to passenger-to-passenger contact. Olivares
also identified the head, neck, and femur as the primary injury regions. Martinez et al.7 observed in sled tests that adult
dummies contacted the seatback in front with their knees and struck the seat in front with the head. These findings
appear to be consistent with accident analyses conducted by Edwards et al.8, who noted that injured seated passengers
were most likely to have contacted vertical and horizontal handrails. According to traffic studies published by the United
States’ Federal Transit Administration6,8, over half of bus occupant fatalities between 1999 and 2003 were attributed to
non-ejected fatal impacts (53.8 %), almost double the fraction of fatalities attributed to ejection (28.2 %).
In all dummy locations, the quantification of load transmission is predicated on the presence and alignment of the
dummy instrumentation. All of the dummies currently available for crash testing (worldwide) were designed for the
evaluation of passenger car safety, where the dummy motion is constrained by seat belts, air bags and knee bolsters.
The examination of dummy injury response values must include the video analysis to identify impacts and load direction.
For example, a steering wheel impact in the upper abdomen of a driver as observed in Test 1 could cause serious liver
and spleen injuries, yet the dummy instrumentation does not indicate or indeed suggest that a risk of injury is present.
Based on these preliminary results and the literature, a source of potential injury, on-board the bus appears to be interior
structures such as grab handles and seatbacks. Currently, there are no specific requirements designed to manage injury
risk associated with contact on these hard structures. By comparison, in passenger vehicles, several regulations and
technologies exist to reduce the force of contact with hard interior surfaces of the vehicle. C/FMVSS 201 “Occupant
protection in interior impact”, for example, prescribes a test protocol and defines injury criteria for head impacts with
instrument panels, and requires the use of energy-absorbing materials for sun visors and armrests.
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4. SLED TESTS
4.1 CONSTRUCTION OF THE SLED BUCK
A sled buck representing a section of a transit bus passenger compartment was constructed so that, through controlled
sled testing, the dummy responses could be understood in greater detail. Sled tests provide the advantage of high
repeatability and low incremental cost per test, thus allowing precise, highly replicable, and wide-ranging
experimentation.
The advantages that sled testing can offer—reproducibility and low incremental cost—are contingent on the fact that
the buck, provided it is sufficiently rugged, can withstand repeated use without damage or wear. To ensure that the
frame would be sufficiently rugged, the frame was constructed with 2”x4” steel tubes, the back of the frame was braced
by additional 2”x4” tubes, and the joints were braced with 2”x2” tubes and 3/8”-thick plates.
The frame was designed and fabricated to allow experimentation with different seat configurations, seat types and
interior structures. While the seats currently installed are from the OC Transpo New Flyer buses, other bus seat models
may be attached instead. The spacing between rows of seats can be varied, and vertical posts can also be replaced or
moved along the length of the buck.
The open frame of the buck maximizes light exposure and optimizes high-speed video views. Tubes extending outward
from the length of the frame provide rigid supports and placement options for camera mount positions. In Figure 15, five
high-speed cameras are mounted on the frame to record front and side views of the dummy motions. Three additional
off-board cameras provide a top view and overall lateral views.

Figure 15: Front and side views of the bus buck attached to the deceleration sled bed.
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4.2 SLED TESTS – PRELIMINARY SERIES
A preliminary series of 13 sled tests were conducted with the following objectives:
1. Verify whether dummy motions observed in the bus crash can be reproduced on the sled;
2. Identify the range of pulse severity that can be used to compare dummy responses without causing damage to
the neck of the dummies during repeated test runs;
3. Describe how dummy characteristics and positioning can influence the measurement of injury mechanism
Methods
Sled tests were conducted using the sled buck described in the previous section. The seats, seat anchorages, and posts
were taken from the OC Transpo buses. Each test employed one Hybrid III 5th percentile and one Hybrid III 50th percentile
dummy in the second- and third-row seats. Neck shields were not used in sled tests so that the location on the neck
where hand rail contact occurs could be visualized and recorded. The 3D positions of the dummies were recorded to
precisely repeat dummy positions between tests.
Two deceleration pulses were used to investigate the influence of pulse severity on dummy responses: a moderate
severity pulse with a peak acceleration of 6.5 g, and a lower severity pulse with a peak acceleration of 5.7 g. Both pulses
were scaled from the acceleration recorded at position F aboard the striking bus in Test 1 (peak of 7.0 g) to reduce the
risk of damaging the dummies.
Other than pulse, three additional test parameters were varied to investigate how the dummy positioning could influence
the measurement of injury mechanism:
•

Occupied seat side (inboard or outboard):
Since the hand rail was 50 mm lower on the outboard side (near the window frame) than on the inboard side (far
from the window frame), outboard-seated dummies were hypothesized to interact with the hand rail differently
than inboard-seated dummies.

•

Dummy posture (reclined or upright):
The posture of the dummy determines the position of the knees relative to the seatback and the position of the
head relative to the hand rail. Differences in dummy posture may therefore influence the knee-seatback and
head-hand rail interactions. To investigate the potential effects of posture on dummy motions, dummies were
installed with two different postures. In the reclined posture, the dummy’s upper back touched the back of the
seat it occupied, and a gap was present between the lower back and the back of the seat. In the upright posture,
the dummy’s upper back did not touch the back of the seat it occupied, and the lower back contacted the back
of the seat.

•

Seating order (5th percentile in front or 50th percentile in front):
Potential effects of seating order were also considered to investigate if rear loading by the dummy placed in row
3 could influence the response of the dummy seated in row 2.
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The test matrix is shown in Table 3. In each test, dummies were either both reclined or both upright.
Table 3: Test matrix for preliminary sled test programme.
Pulse and posture
Seating position

Moderate pulse severity

Low pulse severity

Reclined

Upright

Reclined

Upright

3

1

1

1

1

1

-

-

1

1

1

1

1

-

-

-

Discussion of preliminary results
For both dummies, the sled test conditions that were most similar to the bus crashes were those with the moderate
severity pulse, inboard seating positions, and similar postures (reclined for the 5th percentile; upright for the 50th
percentile). On the sled, the reclined 5th percentile dummy contacted the seatback with its knees, which was generally
followed by chin contact with the hand rail and rearward neck bending. The upright or non-reclined 50th percentile
dummy contacted the seatback with its knees, the neck contacted the hand rail, and the neck flexed forward. These
motions were comparable to those observed in Test 1. The similarity of dummy motions between the bus crashes and
the sled tests suggests that the dummy motions observed in the buses can be reproduced on the sled.
Between tests of different pulse severity, the 5th percentile dummy’s point of contact with the hand rail was comparable.
As an example, the freeze frame images in Figure 16 reveal that the 5th percentile dummy, while seated inboard and
reclined, contacted the hand rail with the chin in both the low and moderate severity tests. Similar to what was observed
in Tests 1 and 2 of the bus crashes, the head and neck responses, increased in magnitude as pulse severity was increased.
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Figure 16: Comparison of freeze frame images of the 5th percentile dummy, seated inboard and reclined, on the
sled at two pulse severities and the associated responses.
In contrast, it appears that for the 50th percentile dummy, as pulse severity increases, the point on the dummy body that
impacts the rail shifts downward. For example, when seated inboard and upright, the 50 th percentile dummy struck the
rail at the upper neck in the low severity test and at the mid-neck in the moderate severity test. As a second example,
the freeze frame images in Figure 17 indicate that the dummy, seated inboard and reclined, contacted the hand rail at
the chin in the low severity test but at the neck in the moderate severity test. Since head contact occurred only in the
low severity test, the head acceleration shown in the right side of Figure 17 decreased as pulse severity was increased.

Figure 17: Comparison of freeze frame images of the reclined 50th percentile on the
sled at two pulse severities and the associated responses.
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As previously described, in low severity tests, the reclined 50th percentile dummy contacted the hand rail at the chin,
whereas contact occurred at the neck when the dummy was seated upright. Therefore, posture appears to influence the
responses of the 50th percentile dummy. The point of contact for the 5th percentile dummy was similar between both
postures. Seating order was not associated with noticeable differences. Further testing, possibly with different seat
models, is required to better understand how seat loading from the rear dummy could influence the dummy responses.
Seating the dummies on the outboard side rather than the inboard side led to interactions between the dummy and
hand rail that were not seen on the inboard side or in the bus crashes. On the outboard side, the hand rail was 50 mm
lower than on the inboard side, and accordingly, contact with the hand rail occurred lower on the dummy on the
outboard side. In 3 of the 5 outboard tests, the 50th percentile dummy contacted the hand rail at the upper chest (as
shown in the right panel of Figure 18) rather than the neck or chin. In all outboard tests, the 5th percentile dummy
contacted the hand rail at the neck instead of the chin, and the dummy neck bent forward instead of rearward (Figure
18). The responses of outboard- and inboard-seated dummies must both be considered in order to develop a rigorous
test protocol that is inclusive of all seating positions.

Figure 18: Comparison of freeze frame images for the 5th and 50th dummies in the
inboard vs. outboard seating locations.
Based on the observed dummy motions, dummy characteristics that may influence the observed injury mechanisms are
the stiffness of the neck and spine as well as the seated pelvis shape. These characteristics limit the ability of the dummy
to respond in a humanlike manner as it translates forward, rotates, and interacts with the seatback and hand rail. As a
result, the subsequent interpretation of injury mechanism or severity, which are based on the dummy responses, may
be inaccurate. A more precise understanding of the how the dummy characteristics influence its motions and measured
kinematic and kinetic responses is required to develop robust test methods that appropriately consider the capabilities
and limitations of the dummy in unrestrained bus environments.
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5. FINITE ELEMENT ANALYSIS

Source: ghbmc.com

Figure 19: The human body model developed by the GHBMC.
To complement the sled tests conducted with dummies, finite element analysis using computational human body models
will be conducted in partnership with the University of Waterloo. Finite element analysis is a method of analysis which
uses a precise computational model to simulate an object’s responses to external forces.
The use of human body models can lead to valuable insights that would be difficult, if not impossible to achieve by
physical testing alone. A key advantage of human body models is that they incorporate detailed human characteristics.
The stiffness of the dummy spine and seated pelvis shape limit its ability to move in a humanlike manner and may distort
the correct identification of impact points and injury mechanisms. Human body modelling may therefore provide
additional information about occupant motions and injury mechanisms that cannot be, or are difficult, to determine
from dummies alone. Computational modeling also enables incremental modification of test configurations to explore
possible injury mechanisms and countermeasures at a level of detail that would be unfeasible or costly to achieve using
physical tests. By using human body models in combination with sled testing, the potential insights that can be gained
are more detailed and [comprehensive?] than those offered by physical sled testing alone. The results from simulations
and sled tests will be combined to provide a more holistic understanding of occupant protection in mass transit.
Finite element analysis will be conducted using the models developed by the Global Human Body Models Consortium
(GHBMC), a group whose members consist of eight major automotive manufacturers. The GHBMC models were
developed by six Centres of Expertise, one of which is housed by the University of Waterloo. The models have been
extensively validated under multiple impact scenarios including frontal impacts, and are widely used by researchers in
academia and industry.
The development of a finite element model of the sled buck is currently underway. The model is being constructed using
precise 3D measurements of the seats that have been recorded. To validate the model, finite element models of the 5th
and 50th Hybrid III dummies will be simulated under conditions that match those of the physical sled tests. The simulated
dummy responses will be compared to the experimental responses derived from physical sled testing. After the model
has been validated, detailed experimental simulations will be conducted with the GHBMC models positioned on the
model of the sled buck. Investigations using the models will include more detailed examinations of the observations
described in this report, such as the interaction between the head-neck complex and the hand rail.
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6. INTERIM CONCLUSIONS
•

Strengthening of the front bumper and front corner on the driver side reduced the intrusion into the driver
occupant space and resulted in significantly lower loads being directed to the head and legs of the driver.

•

The strengthening contributed to an increase in the peak acceleration for the bus of approximately < 2 g.

•

All dummies, with the exception of the driver, recorded generally higher responses in the strengthened bus.

•

Video recordings suggest that certain potential injury mechanisms cannot be detected with the existing dummy
technologies.

•

Sled test results indicate that the sled buck can faithfully reproduce the responses that were observed in the crash
tests.

•

Acceleration pulse, posture, and seating placement were found to influence dummy response on the sled.

7. FUTURE WORK
The Department continues to actively search for decommissioned double decker buses for inclusion in the test
programme. In the meantime, crash tests will be repeated with a somewhat newer pair of buses. The repeat tests will
permit the validation of structural deformation and acceleration responses. This is an important step since the crash test
data are used to inform the sled testing which in turn, provide input data for the finite element analysis.
Additional sled tests will continue to be carried out to examine the effect of seat loading, posture and acceleration pulse.
Newer seat models, possibly offering advanced occupant protection will be included in future test matrices to investigate
potential safety countermeasures.
The Department will be acquiring two new advanced frontal impact dummies. A THOR 5th percentile dummy with onboard data acquisition capabilities and a Q10 10-year-old. Each of these dummies offer newly developed, advanced
sensing capabilities and seating posture options. The inclusion of these dummies in both the crash and sled test
programmes represent important advances in occupant protection research.

Page 21 of 22

INTERIM REPORT

8. REFERENCES

Transit Bus Research

8. REFERENCES
1. Statistics Canada. “Commuters using sustainable transportation in census metropolitan areas”.
Internet: [https://www12.statcan.gc.ca/census-recensement/2016/as-sa/98-200-x/2016029/98-200-x2016029eng.cfm], 2017-11-29 [2019-07-05].
2. Miller EJ, Shalaby A, Diab E, Kasrajan D. “Canadian Transit Ridership Trends Study”. Canadian Urban Transit
Association, 2018.
3. Canadian Urban Transit Association (CUTA). “Canadian transit ridership continues to trend upwards”. Press
release: [https://www.globenewswire.com/news-release/2019/11/13/1946490/0/en/Canadian-transitridership-continues-to-trend-upwards.html], 2019-11-13 [2020-10-22].
4. National Highway Traffic Safety Administration. “Traffic Safety Facts 2017”. 2017.
5. Transportation Safety Board of Canada. Railway Investigation Report R13T0192, 2015.
6. Olivares, G. Crashworthiness Evaluation of Mass Transit Buses. Federal Transit Administration Research, 2012,
FTA Report No. 0021.
7. Martinez, L., Espantaleón, M., de Loma-Ossorio, M., et al. Adult and Child Dummies Tests for Safety Assessment
of Seated Occupants in Urban Bus Collisions. Proceedings of the Enhanced Safety of Vehicles Conference, 2017,
17-0401.
8. Edwards, M., Edwards, A., Appleby, J., et al. Banging heads onboard buses: Assessment scheme to improve
injury mitigation for bus passengers. Traffic Injury Prevention, 2019, 20(S1): S71-S77.
9. Hermann, T., Olivares, G. Mass Transit Crashworthiness Statistical Data Analysis. National Institute for Aviation
Research, 2005, FTA Report No. 0002.

Page 22 of 22

INTERIM REPORT

APPENDIX A – OVERVIEW OF PERCENTAGE CHANGE IN RESPONSE

Transit Bus Research

APPENDIX A – OVERVIEW OF PERCENTAGE CHANGE IN RESPONSE

Dummy

Head

Neck

Pelvis

Left Femur

Right Femur

Average Change

Driver
(50th percentile)

-67 %

-4 %

-22 %

-76 %

-64 %

-47 %

Side-facing dummy
(50th percentile)

200 %

1 172 %

-5 %

-

-

+456 %

Row 1, Position B
(10-year-old)

-58 %

+43 %

+9 %

-

-

-2 %

Row 1, Position C
(6-year-old)

+67 %

+16 %

+45 %

-

-

+43 %

Row 2, Position D
(5th percentile)

+33 %

+48 %

+22 %

+28 %

-4 %

+25 %

Row 2, Position E
(5th percentile)

-4 %

+253 %

+11 %

+21 %

+11 %

+58 %

Row 3, Position F
(5th percentile)

+31 %

+1 %

+29 %

Row 3, Position G
(6-year-old)

+45 %

+24 %

+60 %

-

-

+43 %

Row 4, Position H
(50th percentile)

+125 %

-49 %

-1 %

+13 %

+7 %

+19 %

Upper level, Position I
(5th percentile)

+11 %

+39 %

+6 %

+89 %

+30 %

+35 %

Upper level, Position J
(10-year-old)

+18 %

+101 %

-27 %

+17 %

-28 %

+16 %
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APPENDIX B – SLED TEST RESULTS
Test Parameters
Dummy

Row

Side

Dummy Responses
Pulse
Severity

Head
(g)

Neck
(Nm)

Pelvis
(g)

Left Femur
(N)

Right Femur
(N)

Low

42.9

12.5

39.7

3 050

2 750

Moderate

55.2 ± 5.3

35.3 ± 8.0

Low

45.7

9.1

36.8

2 830

2 490

Moderate

47.4

18.2

40.3

3 130

2 830

Low

20.5

18.3

43.1

3 480

2 980

Moderate

23.2

28.7

47.5

3 530

3 810

Low

31.7

22.8

49.0

4 110

3 270

Moderate

23.5

30.4

48.8

3 470

3 740

45.9

31.3

34.9

2 630

2 780

52.5

10.8

39.1

2 810

3 330

Reclined

16.2

28.4

34.3

2 670

2 830

Reclined

15.2

22.8

19.2

2 820

3 080

18.8

59.4

20.5

3 010

3 430

8.8

18.1

18.8

3 220

2 480

39.0

18.0

13.6

2 370

2 520

Low

17.9

23.3

19.0

2 990

2 790

Moderate

20.1

37.0

18.6

2 880

2 840

Low

16.9

15.9

19.0

2 980

2 660

Moderate

11.3

16.9

20.2

3 210

2 780

Low

11.8

18.0

24.2

3 630

3 200

Moderate

11.6

23.5

20.1

3 230

2 840

Posture

Reclined
38.8 ± 4.7 2 900 ± 368

2 950 ± 234

Inboard
Upright
2
Reclined

th

5
percentile

Outboard
Upright
Reclined
Inboard
3

Upright
Outboard

Moderate

Inboard
2

Upright
Outboard

Moderate

Reclined
Low
Reclined
Moderate

Inboard

50th
percentile

Upright
3
Reclined
Outboard
Upright
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