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Executive Summary

Roadside structures such as bus shelters and cluster mailboxes are increasingly used in urban areas.
These structures raise safety concerns due to the likelihood of being struck by errand vehicles. The
main objective othis researchwasto evaluate a bushelter andwo types ofcluster mailbors

under impacts of MASH compliant vehicles. Finite element modeling and simulatieres
employed as the major tool of the investigatibhe simulation results showed that there was no
potential occupant injury igehicular crashes into both singbnd dualunit Type | and Type IV
mailboxesunder MASH TL:1 conditions. In vehicular crashes into the bus shelter under MASH
TL-2 conditions, the simulation results indicated no potential occupant injury; however, #sere w

a high likelihood of injury to adjacent pedestrians caused by the falling roof and windscreen debris.
Furthermore, pedestrians inside the bus shelter were highly likely to get severe injury by the
striking vehicles.
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1. Introduction

With the rapidecononic developnentand population groth in urban areas, mediugizedand
large cities havébeen experiencing fasixparsions that stimulate thenprovement of urban
infrastructurs such as public transportati@md community utilities. Public transportatipe.g.,
busesserves as aefficient meango reduce the traffic volumehile saving energyBus stops or
bus shelters are typically installed at bus stationsgalthe routes. Innewly developed
communites, the traditional singlefamily mailboxes are replaced by clusteyx units (CBUS)
(alsocalled clustemailboxe3 so as to make mail delivery more efficient and cost effective. The
increasing number of roadsidéilities such as bus shelters and cluster mailbaxe®ases the
potential of vehiaular craslkes which raises safety concern for passengedbr pedestrians
involved in these crashego this endanalysis ofvehicularcrashes andafety evaluation adhese
roadside utilitiesareneeded to determirtbe potential riskdor occuparg andbr pedestrians.

1.1 Background

Figure 1.1(a) shows a typidalis shelter installed on the side of the rdad@thebusroute. The
bus shelter ixomposedof mentalframesand polycarbonatecovering. When crashed by the
errand vehicles, bus shelters may cause fatality or severe injortee occupants as well as
pedestriansFigure 1.1b) showsa small passenger car crashing iatous shelterresulting inthe
death of thalriverdue to the relatively high rigidity of tHmus shelter. On the other side, a severely
damaged bus sheltemay also cause severe injurige the occupants due totrusions into the
occupant compartment. Furthermotiee debris of he shatteregholycarbonateglasses imposes
safety risls for pedestriang the proximity ofthe crash location.

Figure 11 A typical bus shelter (a) and a bus shelter crash incident (b).

Similar to bus sheltsy cluster mailbors also raise safety concernSommonly useccluster
mailboxesare madef aluminum and comeith various sizesln mostcommunities witkcluster
mailboxes several units arestalled togetheandaligned toform a mailbox hubas shown in
Figure 1.%2a). Although cluster mailboxes are typically placed in communities with relatively low
speedimits, they could still cause severe injuries or fatality when hit by passengerstiae case
shown in Figure 1.2b).



Figure 12 Cluster mailboxes (a) and crash incident on a cluster mailbox (b).

Roadsidesafetyfeaturesare required tde tested to satisfy the safegquirementspecified by
Manual for Assessing Safety Hardware (MASH). Currently, thez@o specificrequirementsn
MASH for safety evaluatiom of bus sheltex and cluster mailbes. To assess such roadside
utilities for the potential riskof occuparginside thestriking vehiclesandbr pedestrians near the
crasheventsthe MASH evaluation criteria fasupportive structuresan be adopted~ollowing
the MASHstandard, cluster mailbogsarerequired to comply with MASH Test Level 1 (1)
conditionsand lus sheters should complywith MASH Test Level 2 (TE2) conditions At MASH
TL-1 conditions, the structure isipacedby a small passenger car (1100C) and a pickup truck
(2270P) atan impact speed &1 mph (50 km/hand impact angles @° and 25° At MASH TL-

2 conditions, the structure is impacted by the 11@662270P vehicleatan impact speed @4
mph (70 km/hand impact angles & and 25°.

1.2 Research Objectives and Tasks

The main objective of this study was to evaluate the risks of occupants destriaas due to
vehicular crashes into cluster mailboxes and a bus shelter under MASHAA TL-2 conditions,
respectively. Fulkcale finite element (FE) modeling and simulations were employed in this
research using two MASH compliant vehicles, a ZDdfota Yaris (1100C) and a 2006 Ford F250
(2270P). A 58 percentile Hybrid IIl crash test dummy was incorporated into both vehicle models
for assessing occupant risk. The damages and structural integrity of the bus shelter and cluster
mailboxes were alsevaluated. The research project had five major tasks as stated below.

Task 1: Literature Review and Data Collection

In this task, literature on vehicular crash testing and modeling related to roadside utility structures
was reviewed to assist with modehM@lopment and validation for crash simulations of this project.
Literature on the design and installation of bus shelters and cluster mailboxes were also collected.

Task 2: FE Model Development and Validation

In this task, the FE models of a Hybtlticrash test dummy, a small passenger car, and a pickup
truck were obtained from the previous research projsetsHigure 1.3)and modified suit the
needs of this projecThe small passenger dae.,a 2010 Toyota Yarjshada mass of 2,425 Ibs.
(1,100 kg) and the pickup trugke.,a 2006 Ford F25thada mass of 5,004 Ibs. (2,270 k&pth
vehicle modelsnet the MASH requirements and thereforeeM@lASH compliant vehicles




(a) (b) ©

Figure 13 Finite element models of a crat@st dummy and MASH compliant vehicles.
(a) A Hybrid Il crash test dummy; (b) A 2010 Toyota Yaris; and (c) A 2006 Ford F250.

The FE model of the crash test dummy was validated using a sled test before it was integrated into
the vehicle models. Thategrated vehicle models (i.e., with the dummy, seatbelt, and airbag, etc.)
were validated using standard vehicle crashworthiness tests. The FE models of a bus shelter and
two types of cluster mailboxes, as shown in Figure 1.4, were created based nspesiications

and NCDOT requirements. The cluster mailboxes were evaluated under two site conditions: 1)
placed on a flat terrain without curb, and 2) placed on a flat terrain behind a curb (wih an 8
distance from the curb face).

—
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(a) (b) (c)

Figure 14 Finite element models of cluster mailboxes and the bus shelter.
(a) A Type | mailbox; (b) a Type IV mailbox; and (c) a bus shelter.

Task 3: Evaluation of Two Typical Cluster Mailboxes under Vehicular Impacts

In this task, the cluster mailboxes were evaluated under impacts of the MASH 1100C and 2270P
vehicles aatan impact speed &1 mph (50 km/hand impact angles &° and 25° Two initial

impact locations on the cluster mailboxes, nearest corner and intidp@re chosen in the
simulations of 25° impacts on the duadit mailboxes to identify the worshse scenario. The
cluster mailboxes were evaluated at two site conditions: on a flat terrain with and without a curb.

3



In addition to the damage to the wvaliar structure such as intrusions and deformations, the
responses of the crash test dummy were evaluated using head, chest and pelvis accelerations. The
head injury criterion (HI@) was adopted to assess the severity of occuppmy. In addition,

mailbox displacements and debris trajectories were analyzed to assess the potential risk caused to
adjacent objects including the occupant in the impacting vehicle.

Task 4: Evaluation of a Bus Shelter under Vehicular Impacts

In this task, the bus shelter wagaluated under impacts of the MASH 1100C and 2270P vehicles

at an impact speed 4#4 mph (70 km/h@and impact angles &° and 25° Several impact locations

on the bus shelter were chosen for the simulations to identify the-gasstscenario. In additio

to the damage to the vehicular structure such as intrusions and deformations, the responses of the
crash test dummy were evaluated using head, chest and pelvis accelerations. 1§ leterion

was adopted to evaluate the sevenfyoccupant injury. Inaddition to these responses, the
structural integrity of the bus shelter was determined along with shelter dislocation, deformation,
and debris trajectories, which could cause potential injuries to nearby pedestrians as well as the
vehicular occupant.

Given the wide variety of bus shelters, it was infeasible to examine all different designs of bus
shelters. Since most bus shelters are made of frames with similar structures members and overall
rigidity, a bus shelter commonly used in North Carolina wad umsthe vehicular crash simulations

of this project. The effects structural rigidity of bus shelter on vehicular responses and bus shelter
failure mechanism were studied to determine the appropriate level of rigidity of the bus shelter.

Task 5: Final Rport

This final report provides a comprehensive summary of research activities, findings, and outcomes
for this project. It synthesizes the literature review, FE modeling efforts, simulation results, and
research findings on the evaluation of a bus shahldrtwo types of cluster mailbox. The final
report also provides risk assessment of the bus shelter and cluster mailboxes at MBSIHdTL

TL-1 conditions, respectively.




2. Literature Review

2.1 Safety Evaluation Standards and Rocedures

The first recommended procedures for -dhle vehicular crash testing were published as
Highway Research Correlation Service Circular 482. Thisgage document specified the overall
requirements for the testing vehicle in terms of vehicle mass, inspaed, and impact angle.
Circular 482 was considered the prototype of all subsequent testing standards, even though it only
provided a limited scope of barriers testing and left a number of questions open to discussions
(Ross et al. 1993).

In 1973, reseahers at the Southwest Research Institute conducted research sponsored by the
National Cooperative Highway Research Program (NCHRP) under Projecivd® the main

objective of addressing some of the questions that were not resolved in Circular 483sultise r

were published in NCHRP Report 153 to provide
Testing of Highway Appurtenances. 0 The NCHRP
individuals and agencies and was widely accepted in the field of tastsing of roadside safety

features. In 1978, after modifying some particular area treatment, the TRB ConomiReadside

Safety FeatureGA2A04) published a revised version of the standard as Transportation Research
Circular 191.

In 1980, researcheas the Southwest Research Institute conducted another research under NCHRP
Project 222(4) to expand the scope of Circular 191 by introducing new procedures and updating
the evaluation criteria. The research results were published in NCHRP Report 230 waki

widely accepted as the primary reference for performance evaluation of highway safety features.

In 1993, the American Association of State Highway and Transportation Officials (AASHTO)
updated the old standards, NCHRP Report 230, with NCHRP R&p0rtwhich provided a
comprehensive procedure for safety performance evaluations. The main updates from NCHRP
Report 230 to Report 350 were summarized as follows.

1. The range of testing highway features was expatwmetbre types ofafety features
includingbarriers, terminals, crash cushions, breakaway support structures, utility
poles, truckmounted attenuators and work zone traffic control devices.

2. Moretest vehicles were included meet the needs of different levelpetformance
requirementsa 700-kg compact passenger can8000kg singleunit cargo truck
anda 36000kg tractortrailer.

3. Six basic test levelsiere definedor various classes of roadside safety featareta
number of optional testwere offered.

4. A guidelinewasincluded for selding the critical impact point in crash tests on
redirecton-type of safety hardware.

5. Enhanced measurement techniquesfsessingccupant risk as well as guidelines
for the device installation and test instrumentati@ne provided

6. The preferred and manum levels of occupant impact veldaegandride-down
acceleratioawereintroduced for the first timerhe limitsof lateral occupant impact
velocity weresetto be the same @sose in thdongitudinaldirection The redirection
criteria wereupdatedwith a limit of 12 m/sfor thelongitudinal velocity change.

7. Computer simulations and stadéart methods were reviewed.



8. Theunitsin testing proceduresere all converted tmetricsystem

For over adecadethe NCHRPReport 35Chad been the widely admul standards for roadside

safety features. In an effort to improve NCHRP Report 350 and address issues found in practice,

the NCHRP Project 224(02)wasinitiatedin 2008 This projecti | mpr ove ment of
for the Safety Performance EvaluationRdadside Featur@sresulted in a new roadside safety
standard, theManual for Assessing Safety Hardware (MASEASSHTO 2009), whichwas
developed to supersede NCHRP Report B&fle thatMASH only addresses the crash testing of
roadside safety featurgs doesnotreplaceany of the guidelinegiven bythe AASHTO Roadside
Design GuideThe following gives the majarpdates in MASH on test vehiclestest conditions,

and evaluation criteria from NCHRP Report 350.

Test Vehiclsand Test Conditions

1.

2.

3.

7.

8.

The mass of the small passenger car was changed from 1,809 Ib (820 kg) to 2,420
Ib (1,100 kg).

The mass of the pickup truck was changed from 4,409 Ib (2000 kg) to 5,000 Ib
(2,270kQ).

The mass of singlanit truck was changed from 17,636 Ib (8,000 kg) to 22,000 Ib
(10,000 kg).

The pickup truck test vehicle must have a minimum height of center atygodv

28 inches.

Theimpact speedor thesingle-unit truckwasincreased frord9.7mph 0 km/h

to 55.9 mph 90 km/h.

For lengthof-need testing of the terminals and crash cushions, the impact angle
wasincreased from 20° to 25°.

For oblique end impastof gating terminals and crash cushions, the impact angle
wasreduced from 15° to 5°.

The option for using passenger car test vehicles older than six years was removed.

Evaluation Criteria

1.

2.
3.

The gualitative evaluation criteria of windshield and occupamtpartment
damage were replaced by quantitative criteria.

The marginal pass option was removed. Only a pass/fail criterion will be used.
The maximum roll and pitch angles were set to 75°.

In 2016 AASHTO publishedthe second edition of MASHAASHTO 2016) which includel
significant updatesuch as new matrix for cable barrier testing on slopes, modifications to several
test vehicle dimensionand updated test documentation requirements.

2.2 Cluster Mailbox Configurations and Specifications

The earliest prototype of cluster mailboxeshich could be dated several decades, agms
composeadf a mount support attached with twornoreboxes. Inthe earlyl980s, a new type of
combined mailboxesalled neighborhood mailboxeas shown irFigure 2.1 were installedn
some communities the United State@Campise et al. 1984 2005, the new "F" specification
for cluster box ung (CBUs) was developed aagbproved by USPS for all mailbox manufacturers.
Both the outdated Neighborhood Delivery Cdiles Box Units (NDCBUSs) and the "E" series

Pr



CBUs shouldnow be replacedby thenew cluster mailboss (Florence Corporation 2017)

Figure 21 Neighborhood mailboxes

Most of t o d aCBl@ssare made by Florence Manufacturiigable 2.1 gives the detailed
specifications of the six types ofirrent models of cluster mailboxes shown ifrigure 2.2.

Table 21 Specifications of current regular cluster mailboxes

. Standard Tenant .
Installed | Installed | Installed | Pedestal| Weight Mailbox
Models # | CBU Type Height | Width Depth Height (Ibs) CDo_mpart_ment Compartmentg
imensions
15708XX Typel 620] 301 0 180 28i o 144 30HI 120WI 8
157012XX Typell 620] 301 0 180 28i o 144 30HI 120WI 12
157016XX | Typelll 620| 300 0| 180| 14i 0| 175 | 30 HI 120 WI 16
157013XX TypelV 620 30 0 180 14 0 167 4-1J OHI 120WI 13
15704T5XX TypeV 620| 301 0 180| 28l 0 145 61 0 HT 120 Wl 4
15708T6XX | TypeVI 620] 301 0 180 14i o 176 30HI 120WI 8
| = : — |
— — i — ‘l _—
I AR : |
% ’
e — ===
Type 1 Type 11 Type 111 Type IV Type V Type VI

Figure 22 Configurations of the six types of cluster mailboxes.

2.3 Performance Evaluation of Mailbox Units

Started in 1978, Ross et al. conducted five-$ulile crash tests to evaluate the impact responses

of rural mailbox installations (Ross et al. 1980). In these tests, the 1972 Chevrolet Vegas with a
weight of 2,250 |b (1,022 kg) was used to impact the boags at an impact speed of 60 mph

(96.6 km/h). The mailbox installations used in the crash tests ranged from single box installation
to fourbox installation with wood post support or standard steel pipe support. The crash test results
showed that the tesehicles had severe damages impacting the {boakiunits mounted on flat
boards, since the boards could easily penetrate the windshield. The study recommended that the
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attachment between the boxes and the post should be given careful attention tothreduce
possibility of intrusion into the windshield or the occupant compartment when separated during an
impact.

Subsequently, Rose et al. (1980) conducted another seriessddldlcrash tests on five different

designs of mailbox supports with a variedf support configurations, embedment depth and
embedment methods. The test vehicle and impact conditions were the same as those in their
previous study. The effect of initial impact points was also considered in this study by offsetting

the postsrelatve o t he centerline of the vehiclebs bul
direction. For singldox support design, no penetration into the occupant compartment was
observed in the tests as the windshield remained unbroken and the vehicle hadantiamage.

Campise et al. (1984) conducted a research on the performance evaluation of "neighborhood"
mailboxes in collaboration with the Texas State Department of Highways and Public
Transportation. In their research, twelve to sixteen boxes weresdhdogether in a metal
framework and supported by a single upright post that was attached to a concrete foundation. Based
on the results of some previous crash tests showing the hazard of certain mailbox installations
along roadway shoulders, a vehiclestréest was conducted using a 1978 Honda Civic impacting

a typical neighborhood mailbox at 62.3 mph (100.2 km/h). The test results showed that the vehicle
exhibited violent rollovers, which did not meet the recommended performance criteria by NCHRP
Report230. It was proposed that this type of mailbox or similar installation should not be placed
within the clear zone of higepeed roadways.

Faller et al. (1988) conducted a series of-falhle crash tests of a mailbox support system
developed by th&lebraska Department of Roads that was used to accommodate a wide range of
mailbox sizes. Four crash tests were conducted with a-1h8835kg) 1979 Volkswagen Rabbit

for two types of mailbox mounting systems (i.e. the one embedded in the weak saitimuadd

the one in strong soil foundation) at the impact speed of 20 mph (32.2 km/h) and 60 mph (96.6
km/h) respectively. The different configurations of the boxes mounted on the post were also
considered. One was a single box and the other wasdpaate box. It was observed from the

crash tests that the mailbox support system functioned as expected, keeping the mailbox units
attached to the post without any detached fragments to penetrate into the occupant compartment.
The test results on impact sete were within the acceptable limits specified by NCHRP Report
230. The test vehicle was shown to remain stable and upright during and after the impacts, with
no sign of potential ramping or rollover.

In a research project by Ross et al. (1993) at Té€sassportation Institute (TTI), eleven fidtale

crash tests were conducted to study mailbox brackets in accordance with NCHRP Report 230. The
adequacy of bracket, which was developed by the Texas Department of Transportation (TxDOT)
and used as an attanent between the mailbox and support post, was verified through the crash
tests. The crash tests demonstrated acceptable impact performance of most mailboxes mounted on
a 2 Ib/ft steel winged channel support,-a02.D. thinwalled steel tube support, arstandard
Foresight Tubular support. The modifiedresight Tubulasupport witha replacement footing

had a relatively smaller insertion depth to the ground socket than the original design and also met
the impact performance expectation. It was obsknvethe study that another vangmabof

mailbox, which was made of-¥ach steel plates and mounted on a 2 Ib/ft steel winged channel



post, penetrated the occupant compartment at a relatively high speed.

In the work of Paulsen et al. (1996) at the MidwRstdside Safety Facility (MWRSF), they
designed a new breakaway base for CBUs and NDCBUSs to improve the safety performance under
vehicular impacts. A 2:RN horizontal static pull test and a 580ur salt spray test were
conducted to determine the dur#lyilof the new design. Finite element modeling and simulation
with LS-DYNA were employed to evaluate the safety performance under impact conditions. The
simulation results showed that the CBUs could meet the evaluation criteria by NCHRP Report
350. Howeverit was unable to determine the risk level of occupant compartment intrusions due
to the CBU projectile at the current study level. The results of the static and corrosion tests
demonstrated the abilities of the CBUs to withstand dasly load conditiongnd extreme
corrosion conditiondBased on the static test, they also performed static calculations to determine
the optimal material of the anchor bolt that would fracture in a brittle manner.

In a research project sponsored by the Midwest State'siedtooled Fund Research Program,
Vogel et al. (1998) studied the breakaway supports for small signs and mailbox installations. Based
on the study, they suggested that round pipes, square tubinglandels could be used as the
support systems for madles to maintain crashworthiness following the evaluation criteria of
NCHRP Report 350.

Bligh et al. (2001) conducted three fgltale crash tests on a 4x4 wood, 2 IbAthannel, and-3

inch diameter pipe, respectively, to investigate the impact penfmerat these three support posts

for molded plastic mailboxes. In each of the crash teititsan 820C test vehicle, the upper molded
mailbox was separated from the lower base unit, leading to a secondary contact between the
mai | box and tdndwindshibld. Delspieittse cracking dnd tearing of the windshield

in the tests of wood and steel pipe posts, there was no potential risk for occupant compartment
intrusions. The vehicle remained upright and stable during and after the impacts. All molded
plastic mailboxes with the three support posts met the safety requirements specified in NCHRP
Report 350, even though the impact responses of the different types of support posts varied. The
4x4 timber support post was recommended for use with molded ptestboxes to achieve good
impact performance.

In the study of Tahan et al. (2005), finite element modeling and simulation coupled wibdiell

crash testing for 24 selected impact scenarios were employed to evaluate the safety performance
of the seare mailboxes, which were heavier and larger than traditional standard mailboxes. The
detailed models of four types of secure mailboxes were developed and validated with pendulum
crash tests. The research team conducted a parametric study with numeridaticeis on

mailbox sizes, heights, mounting configurations and post sizes to investigate the effects of mailbox
geometries on the impact responses under impacts of a Geo Metro (820C) test vehicle at 62 mph
(200 km/h). A critical impact case, in which timailbox components hit the lower portion of the
vehicle windshield, was selected from FE simulation and validated by conducting an actual full
scale crash test, which confirmed the prediction of FE simulation results.

Sheikh et al. (2006) performed twallfscale crash tests on a multjplgilbox mounting system
developed by Shtifite to evaluate its safety performance before sending it to manufacturing. The
crash tests were conducted in associate with NCHRP Report 350 with a 1995 Geo Metro (1,808



Ib) teg vehicle at an impact speed of 22.1 mph (35.6 km/h). During the crash tests, the mailbox
mount was pulled out of the ground and carried along by the impacting vehicle. The mailboxes
were found deformed but remained attached. The test vehicle was fdwanetminimal damage

in the forms of hood indentations and front bumper indentions due to contact with the mailbox
support post. No occupant compartment deformation was observed during the crash tests and the
occupant impact velocities and occupant 4dden accelerations were found to be within the
recommended limits.

In a research project sponsored by TxDOT, Bligh et al. (2009) evaluated the safety performance
of a dual and a multiunit mailbox system using two fudicale crash tests at 33 conditions
specified by NCHRP Report 350. Both the duait and multiunit mailboxes failed at the mount
systems that were yielded to the test vehicle and pulled out of the anchor sleeves.-Enit dual
mailbox, no occupant compartment deformation occurred. For dfte-umit mailbox, one of the
mailbox units scratched and shattered the windshield over an area of 26.8 x 9.8 inches with a
maximum depth of 1.1 inches. However, occupant risk assessment parameters (i.e., occupant
impact velocities and occupant ridewn acelerations) were still within the recommended limits.

It was reported in the study by Dobrovolny et al. (2013) that the frequency of crash incidents
involving mailboxes ranged from 0.11% to 0.66% in United States. The ratio of fatal crashes in all
mailbox related crashes was below 0.2% from the data provided by the Departments of
Transportation of 15 states. Following the assessment of risks presented by the mailboxes, they
provided crashworthiness enhancement and placement guidance to prioritizengafewes, in

an effort to contribute to reducing crash severity.

In a research project sponsored by TxDOT, Dobrovolny et al. (2019) conducted impact testing and
crashworthiness evaluation of multiple mailbox supports for use with locking architectural
mailboxes. Based on the MASH evaluation criteria, the larger and heavier locking mailboxes on
multiple-mount support posts did not meet the requirements due to vehicle windshield deformation
and intrusions. Based on the crash testing results, they propesetww designs for multiple
mailbox supports for use with a combination of lockable and standard mailboxes. The new designs
were evaluated through fedlcale crash testing and were found to satisfy the required evaluation
criteria for lowspeed and higepeed impacts by a passenger car. Upon impacts, both systems
yielded to the vehicle and were pulled out of the foundation sockets without causing severe
occupant compartment deformations.

2.4Bus ShelterConfigurations and Specifications

There are a wideariety of bus shelters, from the traditional 5x10 ft brown box to the modern bus
rapid transit station. In North Carolina, bus shelters are considered roadside utilities that should be
examined and approved by NCD®&fore installations. A number of appeal bus shelters are
available in the market, which are mainly manufactured by Asheville Design Center, Brasco
International, Columbia Equipment, D«ard Industries, Jericho Palm, LNI Custom
Manufacturing and Tolar Manufacturing Company.

A bus shelterd typically composed of structural components (supporting columns, cross beams,

shelter roof, and walls), functional components (seating bench, bicycle parking rack, and schedule
or map display), and accessories (trash receptacle, advertisement displaty, kghting, and art
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decorations). Bus shelter frames are typically made of metals such as aluminum, which is often
used in bus shelter roofs. For bus shelter walls, glass and polycarbonate are the two most popular
materials. Tempered or laminate sgafglass performs well in shattering resistance, which could
lower the risk of pedestrian injuries from flying glass debris in a vehicular crash event into the bus
shelter. In comparison, bus shelter walls made ofilat or multiwall polycarbonate couldffer

a higher strength and better capability to withstand impacts while having a lower weight than glass
walls.

Among the bus shelters approved by NCDOT, there are still variations in structural configurations,
which might lead to differerpperformance in vehicle crash event. Figure 2.3 shows six popular
bus shelters used in North Carolina.

Figure 23 Commonly used bus shelter designs in North Carolina.
(a) The Eclipse bus shelter; (b) The Arcade sheter; (c) The Dome Slimline bus shelter;
(d) The Shade bus shelter; (e) The Interlude bus shelter; and (f) The Techline bus shelter.

The Eclipse sheltemas seen ifrigure 2.3(a)is manufacturedy Brasco Internationadnd hasa

dimension of 5x10 ftThe columns ard.5inch roundtubes, supportinghree different type of
roof: arc, slope or cunde Threesides of the bus shelter are installed wiflass walls asvind

screens. The Eclipse bus shelter is typically used in locations withiemomaxvind peed of 130
mph (209 km/h) (Brasco 2015).

The Arcade bus shelter called, shown in Figure 2.3(b), was descended from the Eclipse bus shelter
with a similar structural configuration and equipped with an integrated gutter system and a strong
triangular headesupport.

The Dome Slimline, as shown in Figure 2.3(c), is the most economical bus shelter also
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manufactured by Brasco International. This bus shelter hamealihick white or bronze acrylic
dome roof supported by a 5x10 ft aluminum frame.

The Shad bus shelter (Figure 2.3(d)) distinguishes itself from the other bus shelters with its
canopy roof and a single line of threen@h round aluminum columns, which significantly
improve its structural durability. The Shade bus shelter provides an alumimdsacreen that
could withstand winds up to 175 mph (282 km/h).

Figure 2.3(e) shows the Interlude bus shelter that features a cantilever roof with turnbuckle details
and is designed to withstand hurricane rated winds up to 175 mph (282 km/h). Thisltaus she
provides up to -t canopy roof for shade and can be sided with multiple modules to provide a
long-span coverage for pedestrians.

Similar to the Interlude bus shelter, the Techline bus shelter as shown in Figure 2.3 (f), features a
smooth, curved mf supported by interconnected square aluminum columns. This bus shelter has
a dimension ranging from 5x10 ft to 5x15 ft and is designed to withstand winds at a maximum of
100 mph (161 km/h).

2.5Performance Evaluation of Bus Shelters

There is few literature on the impact performance of bus shelters. According to the bus shelter and
bus stop guidelines developed by NCDOT (2017), the posted speed limit of roadways adjacent to
bus shelters should be no more than 45 mph (72 km/h) to rducafety risk in the event of a
vehicular crash.

According to the NCDOT Product Evaluation Program (NCDOT 2013), structural adequacy
evaluation is required before the installation of bus shelters. Bus shelters should be placed within
right-of-way andmeet the following requirements:

1. The bus shelter should be desigtetheable to withstand local wirsdwith the maximum
speedsanging from 90 mpl145 km/h)to 130 mph(209 km/h)from the west side to the
east coast of North Carolina.

2. The bus shelter shild be correctly designed to resist all applicable loads in accordance
with ASCE/SEI 7: Minimum Design Loads for Buildings and Other Structures.

3. The main wind force resisting system for the bus shelter should be correctly designed in
accordance with the ASHTO Standard Specifications for Structural Support for Highway
Signs, Luminaires and Traffic Signals.

The placement of bus shelshould satisfy safe and efficient operations of vehicular or pedestrian
traffic and manifest the connectivity with siddiwaystem.Bus sheltes may employ material
such as transparent glass walls as covering to improve solar lightitigefafetyof riders and
pedestrians.

2.6 OccupantSafety Assessmenin Vehicular Crash Events

Occupant safety in vehicular crash events is commonly evaluated through the use of crash test
dummies in standardized crash tests. Since the occurrence of the first Hybrid Il dummy in 1976,
Hybrid Il crash test dummies have become a family of differeetdsdummies, including adult
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male, adult female, and children of different ages. Based on a Hybrid 1l dummy, Pearlman et al.
(1996) developed and tested the first pregnant crash test dummy by fitting a pregnancy insert which
was composed of an elastiaizeinyl uterine shell, simulated silicon amniotic fluid, and an&gk
simulated fetus. Accelerometers were instrumented in the head and thorax of the simulated fetus
to predict the safety risk of both the fetal and maternal compartments. A serieyaiitiercrash

tests were conducted with impact speeds ranging from 10 to 25 mph (0 to 40 km/h) under six
different restraint conditions. The test results showed that at all tested speeds, there weoe three
four-time increases in the forces transmittethemabdomen area with the placement of a lap belt.
The study recommended that the thpeint restraint system should be employed to reduce the
likelihood of injuries.

In 1997, Marzougui et al. (1997) conducted crash simulation of a New Car AssessogeaiPr
(NCAP) test and validated the finite element (FE) model of a 1993 Ford Taurus, which impacted
a rigid wall at 30 mph (48 km/h) in both the crash test and simulation. In their study, a Hybrid I
dummy and the driver side airbag were incorporated timovehicle model and used in the
numerical simulation. The FE simulation results had relatively good agreement with the actual
crash test on the overall crash profile, HIC value, head and chest accelerations in the dummy, and
the timing of airbag deployamt. However, the numerical model developed in the study was
limited by the computing power at the time and thus lacked sufficient details to fully assess the
occupant injury. Marzougui et al. suggested that seat surface orientation, contact adjustment
betveen the dummy and seat, detailed parts, and material models for certain components should
be considered for model improvement.

Spinelli et al. (1999) conducted a study on occupant safety analysis using FE modeling and
simulation of vehicular crashes. A&rges of crash simulations were performed to study the airbag

A mufsitr e 0 -fainrde dincoondi ti ons as wel | -omenginditgpe oc cup
of trucks. The crash simulations for-fice condition consisted of a lospeed crash at 9.3 mph

(15 km/h) against a rigid barrier and a higteed crash at 31.1 mph (50 km/h) against a traffic

light pole. The crash simulations for the mfist condition included a 21.7 mph (35 km/h) crash

against a rigid barrier, a 18.6 mph (30 km/h) full frontalsb against a 2ton parked trailer, and

a 18.6 mph (30 km/h) 50% offset crash against the same parked trailer. In the study, the vehicle
deceleration histories were used to evaluate occupant kinematics, which was well predicted in
comparison with the agél crash tests.

Noureddine et al. (2002) developed a detailed Hybrid Ill dummy model that was used in the
simulation of a fullscale crash test. The major components of the dummy model, such as head,
chest, and neck, were validated using test data ophlysical dummy, i.e., the acceleration
histories and displacement profiles. They suggested that the dummy model could be employed as
a reasonably accurate tool to investigate occupant safety in crashworthiness simulations when
combined with other vehiclend restraint system models.

In the study conducted by Kirkpatrick et al. (2003), they developed an occupant FE model in LS
DYNA by combining anthropomorphic test devig®dTD) deformable segments, joints, and
additional flexible components. The FE modelswalidated using the time histories of head and
chest accelerations for a'5percentile Hybrid 1l dummy used in a sled test. They concluded that
the occupant model could be computationally efficient for crash analysis of roadside safety
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features andnpvide evaluation of the inertia effects of the occupants on the vehicle crash response.

Manoogian et al. (2007) used computational method to study the risk assessment of pregnant
occupants under vehicular impacts. A validated MADYMO modeB&aeek pregnant occupant

was employed to study the occupant response in an NCAP frontal crash. The FE models of nine
compliant test vehicles, ranging within 10 model years and three different weight classes, were
used in the crash simulations. These FE@®were all equipped with thrpeint seatbelt restrain
systems and airbags. Based on simulation results, they suggested that the uterine strain should be
taken as the parameter to predict fetal injury or fietsg risk caused by placental abruptione Th
simulation results also showed that the average risk of adverse fetal outcome was 85% and a case
with a change of equivalent velocity of 35 mph (56 km/h) or more was considered highly risky.

In the study of Teng et al. (2008), the multibody dynamicshotetvas utilized to analyze the
dynamic response of human body in a crash event and to assess the injuries on the occupant's head,
chest, and pelvis. The occupant responses predicted by the multibody dynamics method using a
15-segment occupant dynamic modere found to have a good agreement with both test data of

the actual frontal crash tests and the FE simulation results using a detailed HybHg#t&htile

dummy. The study provided a potential approach for evaluating vehicle safety with the cost
efficient multibody dynamic method.

In the study by Ueda et al. (2012), they combined multibody and FE modeling techniques to model
human body responses and evaluate occupant safety. It was concluded that the evaluation
technique based on muliody modéng using MADYMO offered a simple, easy, flexible, and
costefficient numerical analysis.

In the research project by Austin (2012) on lower extremity injuries and intrusions in frontal
crashes, they found that intrusion induced occupant injuries weadlyuswore severe than nen
intrusion induced injuries. The study explored some potential causal factors associated with lower
extremity injuries and found a strong correlation between floor pan intrusions and lower leg
injuries, while no clear relationshvpas found between intrusions of the instrument panel and knee
bolster and upper leg injuries. A regression model was also employed in the study to estimate the
independent effect of intrusions on the probability of lower extremity injuries.

Deng et al. (213) conducted a parametric study to analyze the effects of side curtain airbag
deployment on the head of a5percentile Hybrid Il dummy in a side impact. Fattale FE
simulations were performed using a 1996 Dodge Neon model to investigate various dac

their contributions to occupant responses, i.e., the HIC36 value and the peak head acceleration.
The Taguchi method was adopted in the design of experiment and the analysis of variance was
performed to predict the contributions of two main factthre,impact velocity and initial airbag

inlet temperatureto the HIC36 value, which were found to be 43.2% and 10.5%, respectively.
Similarly, the contributions to the peak head acceleration were found to be 30.8%, 12.9%, and
3.8% from the impact velocityinitial airbag inlet temperature, and airbag trigger time,
respectively. The study also provided a practical guidance to help mitigate the occupant injury risk
using design optimization.

In the work of Untaroiu et al. (2013), they assessed and valitedeBHORNT dummy model
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by comparing the numerical simulation results with the kinetic and kinematic data from sled tests
at an impact speed of 24.9 mph (40 km/h). The time histories of the displacements of certain key
components of the dummy body, asheaslthe interaction forces between the dummy and seatbelt,
were shown to have a relatively good agreement between test data and simulation results. An
objective rating technique was introduced in the assessment of the THOR dummy model and
showed an averagating "fairto-acceptable” for the THOR dummy model.

Reichert et al. (2014) conducted research on occupant safety evaluation using FE simulations. A
detailed 2010 Toyota Yaris model, which was combined with an airbag and three dummy models,
i.e., theHybrid 1ll, THOR, and THUMS models, was employed in the investigation. The FE
models were validated using crash test data of the NCAP frontal impact, |Hi&cknt offset

impact, and NHTSA oblique frontal impact. A sensitivity analysis was also conduadtee study

on impact parameters, occupant seating positions, and restraint system variations. It was concluded
that the integrated model could be used to simulate and analyze the effects beyond the validated
configurations.

Shi et al. (2015) investigeed the effect of obesity on occupant responses in frontal crashes with
the wholebody human FE models. A parametric analysis based on the Taguchi orthogonal array
was conducted to evaluated occupant injuries in relation to body mass indices (BMIshet@ara
indicating the relative level of obesity. It was observed from the study that occupants with high
obesity carried significantly higher risk of injuries to the thorax and lower extremities than those
with low obesity.

In the study by Keon et al. (26}, they performed occupant risk assessment using multiple crash
test dummies in frontal crash tests at an impact speed of 35 mph (56 km/h). A TH@Ri80
(THOR-50M) dummy was positioned in the driver seat and two Hybrid™p&rcentile adult
female(AF05) dummies were positioned in the front passenger seat and the rear right passenger
seat, following the seating procedures of the NCAP and FMVSS No. 214 Side Impact Compliance
Test Procedures. Compared with data from previous NCAP crash test usifigparééntile

Hybrid 11l dummy (AM50), Keon et al. found that the THEERM dummy predicted a higher risk

of chest and femur injury than the AM50 dummy, and that the AFO5 dummy in the front passenger
seat showed a lower femur compression due to the ldigfance from the dash board. In all the
crash tests, the AFO5 dummy in the rear right passenger seat predicted a substantially higher risk
of head, neck, and chest injury than the dummy in the front passenger seat, with 3.8 to 6.2 times
greater joint proability of injury.

Wang et al. (2018) performed numerical analysis of occupant head injuries caused by impacting
the dump truck panel during a crash event. A detailed human head model and a dump truck cockpit
model were employed in the FE simulations loé study. Specifically, they investigated the
contributions of panel parameters such as panel type, elastic modulus of the filling, elastic modulus
of the frame, and the distance between panel connection joints under different impact conditions.
Based onhe numerical analysis, they suggested that a soft panel with both lower elastic moduli
for the filling and the frame as well as a longer fixing distance could be more helpful to prevent
occupant head injury. A sensitivity analysis was subsequently pedommghe study, which
showed that the fixing distance and elastic modulus of the frame could significantly affect the peak
head acceleration and the maximum skull stress.
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Recently, Xu et al. (2018) reviewed literature on the development and validatiamaofies and

human models used in crash tests and suggested that there existed some limitations in the existing
crash test dummies studies. They acknowledged that existing FE models of crash test dummies
played an important role in studying occupant ingiaed provided practical guidance for vehicle
safety enhancement. However, since the current commercial crash test dummies were typically
developed based on the human characteristics of Europeans and Americans, these models might
not represent well the hwan characteristics of people from other countries or regions.
Furthermore, the elderly, obese and dwarf males or females were more vulnerable to fatality or
severe injuries in a crash event; therefore, these factors should be taken into consideréati@n in fu
research on occupant safety.

Using validated FE models, Asadinia et al. (2018) conducted a sensitivity analysis and
optimization for occupant safety in a vehicular frontal crash based on ECE R94 regulations. In the
study, the peak head acceleratiand head injury criteria (HIC36) were taken as the two objective
functions in the sensitivity analysis and optimization while the distance between the airbag and
dummy, trigger time, initial inflator gas temperature, and tank pressure were selectedkeagine
variables. The optimal design setting, which meant the best for occupant safety, was found to be
35 cm of airbagdlummy distance, 15 ms for the trigger time, 900 K of initial gas temperature, and
200 KPa of the tank pressure. They also indicatedthigasensitivity indices of the four design
variables to occupant safety (i.e., the peak head acceleration and HIC36) ranked from the highest
to lowest in the order of airbadummy distance, trigger time, initial gas temperature, and tank
pressure.

In thestudy of Zhao et al. (2018), they combined a baseline virtual testing model with a detailed
human model of an average male that was developed by the Global Human Body Models
Consortium. The combined model was used to study occupant safety and proteatia@ngatile

seating environment in autonomous vehicles. Finite element simulations were performed for
frontal crashes at 25 mph (40 km/h) with 12 different occupant facing directions and equipped
with threepoint seatbelts. The simulation results showvieat there were large variations in
occupant responses due to the change of directions of impact pulses as well as the changes of
interactions between occupant and seatbelts for different seating positions. It was identified in the
study as the two worstases when rear facing and side rear facing respectively due to neck
hyperextension and hitting the seat side structure.

In the review by Linder et al. (2019) on occupant safety assessment under vehicular crashes, they
indicated that developing occupant aets for the female population was necessary due to the
lower protection level for females in crash events than that for males. Crash test dummies and
human body models representing the average females, or new dedicated occupant models, have
been graduallgmployed in some recent studies of occupant safety assessment. The results of these
studies could be useful in providing practical guidance to automobile manufacturers to enhance
the robustness of the current occupant protection systems.

Ressiet al. (2019) conducted a preliminary study on occupant injury risk assessment for Highly

Automated Vehicles (HAVS) with respect to seat configurations and crash load directions. Given
the popularity of HAVs, there is an increased demand of flexibilitsaat adjustment and
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positioning compared to traditional vehicles. This also increases the uncertainty of occupant
responses with new seat positions in vehicular crashes. To this end, Ressi et al. developed a new,
efficient method by using the restrainipgtential as a numerical analysis tool before depth
analysis (i.e., detailed FE simulation) to evaluate the occupant response for any given interior
configuration.
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3. Finite Element Modeling of Vehicles, Occupant, Cluster Mailboxes
and the BusShelter

The numerical simulation work of this stugwolved FE models of two vehicles equipped with
airbagsand seatbedt a Hybrid 111 50" percentilecrashtestdummy, twatypes ofcluster mailboxes
anda Brasco 5x 10 ft Slimline Bus ShelterThe twovehicle models wera 2010 Toyota Yaris
(1100C)and a 2006 Ford F25@270P), which were both MASH compliant vehicles. The two
types cluster mailboxes wereTgpe | anda Type IV cluster mailboxhat were both evaluated as

a single unit and as dual unit$ie crash simulations for safety assessment of the cluster mailboxes
were conductedt MASH TL-1 conditions, i.e., impacted by both the 1100C and 2270P vehicles
at a speed of 31 mgb0 km/h)andimpact angls of 0° or 25° The crash simulations for thei®
shelter were conducted at MASH PL.conditions,i.e., impacted by both the 1100C and 2270P
vehiclesat a speed ¢f4 mph(71 km/h)andimpact angleof 0° or 25°¢ In all thesimulation cases,

the vehicls departedrom the travel lane at the prescribietbactspeed and anglebefore hitting

the cluster mai |l boxes or the bus shelter. Th
direction, and the impact angle was defined a:
thehorizontaldireci on o f the cluster mai |l boxdés or the b

3.1 FE Models of Two Test Vehicles
Figure 3.1 shows the FE models of the two test vehicles used in this project, a 2010 Toyota Yaris
passenger car (MASH 1100C) and a 2006 Ford F250 pickak (MASH 2270P).

(a) (b)

Figure 31 FE models of the two MASH compliant vehicles used in crash simulations.
(a) A 2010 Toyota Yaris passenger car; and (b) a 2006 Ford F250 pickup truck.

The FE model of the 2010 Toyota Yaris hatb&al of 926componentghat were meshedhto
602,106 nodes and 582,690 elements (15,165 solid, 562,821 shell, 4,68%5bddf discrete
elements). Eleven differematerialmodels were used, including

- Thepiecewise linear plasticity modééfined for most steel components

- The igid model for mounting hardware

- Theelastic model for the tires and other rubber components

- TheBlatz-Ko rubber model for nearly incompressible rubber cushions

- Theviscous damping model for the shock absorbers
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- The lowdensity foam model for the radiator cpre

- The spotweld model for sheet metal connectipns

- The null material model defined for contact purposes

- The linear elastic and nonlinear spring models for the sjplamgper suspensispand
- Thefabric modeffor airbag system components.

Hourglass control was used on components that could potentially experience large deformations.
The WangNefske Model witha reference geometry method was used in this vehicle model to
simulateairbagdeploymentduring acrashevent The FE model of th@010Toyota Yaris was
developedat theCenter for Collision Safety and Analysis, and validatsthg test data dull

frontal, offsetfrontal, and sidempacttess (NCAC 2011, NCAC 2012)

The FE model of the 2006 Ford F250 was composed ot@dthonentshat weremeshednto
737,986 nodes and 735,895 elements (25,905 solid, 2,305 beam, 707,656 shell, and 29 discrete
elements). Eleven different constitutive models were used, including

- The pecewise linear plasticity model defined for most steel components

- The rigid model for mounting hardware

- The elastic model for the tires and other rubber compaonents

- The linear and nonlinear elastic spring model for the suspension springs

- The viscous daping model for the shock absorbers

- The lowdensity foam model for the radiator cpre

- The spotweld model for sheet metal connectipns

- The viscoelastic model for radiator support mounts

- The BlatzKo rubber model for nearly incompressible rubber cushions

- The null material model for contact purposasd

- TheSimple Airbag Modetheairbag.

Hourglass control was used on various components that could potentially experience large
deformations. The FE model of tA@06Ford F250 was originally developedia¢ NationalCrash
AnalysisCenterand vali dat ed wirontdl impaett@sg§MCAS 2008 A P

In crash simulations of vehicles impacting roadside utilities such as cluster mailboxes or bus
sheltes, boththevehicles and roadside utilitiesuld underg large nonlinear deformatisand a
largenumber of componentsould interact with each otheturing the crash evento correctly
simulate the vehicular and structural responappropriate contact algoritteshould be chosen

with careful attention toaurately capture the interactmamong different partsSuch contact
handling was critical to th@umericalstability of the simulations as well as to thealistic
responsesf the vehicles or roadside utilities. In the FE models of the two test velidesntact
algorithms were chosen iteratively through tri@nderror to obtain theappropriatecontact
definitions for thecrash simulationsf this project.

3.2 FE Modelof the Hybrid Il Crash TestDummy

Figure 3.2 shows the Fodel a detailed Hybrid 11l 30percentilecrashtestdummy (Jversion)
which wasdeveloped byheLivermore Software Technology Corporatiandused in this project
The FE model ofhe Hybrid 1l 50" percentilecrashtestdummyhad a total of 34%components
that were meshed int»28,706 nodeand 338,506 elements (186,808 solid, 151,452l one
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discreteand242 beam elements) with an overadlightof 176Ib (79.86 kg. Nine material models

were usedh thisdummymodel including the elastic model for bar@ad skull, viscoelastic model
for skins, low-density viscous foam model for chest pad, -ensity foam model for molded
foam, BlatzKo rubber modehndelastic spring moel for some joint connectigor supports, and
null material modelor contactanalysis only (i.e., no actual physical properti&sgyid model and

viscous foam model were also usedha trash test dummy model.

Figure 32 The FE model of a Hybrid 11l 50th percentile crash test dummy.

Accelerometersveredefined in theFE model of theHybrid 11l 50" percentilecrashtestdummy
in the head, chest, spine, belly, pelvis, both knaedboth ankls. These accelerometers were
defined using Seatbelt Accelerometer Elements, which couédord the time histories of
acceleratioaatlocations ofpotential injury and help to evaluate occupant safety.

The dummy modelvas positiored into theFE models of th010Toyota Yaris and 2006 Ford
F250 based otN H T S Apds#tioning guidelines for crash testing. Themmy occupant was

restrained by a thregoint seatbelt system. the initialcrash simulatios, it was observed that the
edge othetensioredseatbelt penettad ifot he du mmy 6 s Aftdn aanefullg selectiigo i nt .
the contactlgorithmsthese unrealistic penetrations were eliminated

3.3 FE Models of Cluster Mailboxes

The two types of cluster mailboxes used in this study wehe Type | and Type IV cluster
mailboxes manufactured by Florence Manufacturing Company. Both typeshefcluster
mailboxeshad a width of 30 ¥4nches(0.77 m) a depth of 18nches(0.46 m) andan overall
heigh of 62inches(1.57m) above the groundrhe majodifferences between these two types of
cluster mailboxes were the size of the box unitthernumber oboxes, and the height ofhe
pedestal.The Type I cluster mailbox, as shown in Figure 3kd a 28 %in (0.72m) pedestal
while the Type IV hal a 14 %:in (0.37m) pedestal ashown inFigure 3.4.
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Figure 33 FE model of the Type I cluster mailbox.
(a) FE model; (b) Frontiew; (c) Side view; (d) Pedestal; and (e) Pedestal base.
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Figure 34 FE model of the Type IV cluster mailbox.
(a) FE model; (b) Front view; (c) Side view; (d) Pedestal; and (e) Pedestal base.

The FE model otheType | cluser mailboxhad a totabf 22 partghat were meshed in®87,349
nodesand 322,147 elements (241,760 solid, 80,383 slagitl 4 discrete elements). i$keluster
mailboxwas mainly composeaf inner slotsanddoors, top cover sheet, bottom cover sheet, outer
box, front face frame, pedestal, pedestal bplsdée pedestal top platdjorizontal supporing
beams, andbur pairs of bolts and nuts. Three different material models were usled Trype |
mailbox modd: the kinematiglastiaty model for most metal parts such as doors, cetieets,
and pedestalthe rgid material model and nonlinear spring mottel bolt-andnut connections
The FE model ofthe Type IV cluster mailboxad314,502 nodes and 262,53 &mrlents (188,896
solid, 73,631 shelland 4 discrete elements) hadthe same material modeds those used ihe
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FE mode of th@ype | cluster mailbox.

The boltandnut connections were usdxktween the pedestal top plate and the horiztetans.
Figure 3.5illustrates the modeling scheme loow the clamping forces provided by the boland
nut connection in the FE modée\ discrete element was embedded inside the i, its two
ends sharing nodes witholt head and the nutespectively A sliding contact definition was
specified between the bolt and nut to allow sptedinslationalmovement The clamping force
wastriggered by a prescribeelongaton of thediscrete element. The pedestal bals¢ewas fixed
to thegroundas boundary conditios

) Discrete PR
), element /""ll':%f .
| (red part) | | 'Hiﬁﬂl’ ]

(a) (b)

Figure 35 FE model of a bolandnut connection.
(a) FE model of a bolt and nut; (b) Discrete element utilized in theabdibut model.

In the crash simulation®f this project, both the singlend dualunit cluster mailboxes were
evaluatedFigure 3.6shows the FE models of a dualit Type | and a dualnit Type IV cluster
mailboxes. The two units were placed side by side withnal3 gap between the two units

(a)

Figure 36 Dualunit cluster mailbox configuration (a) Type | (b) Type.lV
3.4 FE Model of the Bus Shelter

The FE model of the bus shelter was developed basediypicald bus shelter chosen this
study,the Brasco Slimline St510-OF bus shelter. Theus shelter model consestof 124 parts
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including roof covering, roof fram@plycarbonatevindscreen, structat columns, bolts and nuyts
andcubic clip joints These components were meshed fi®,378 nodeand 151,251 elements
(151,216 sheland 35 discrete elements). Tioef frames and structal columns were connected
via seven cubial clip joints. The polycarbonatevindscreen wasonstrainedo the frames and
columnsby sharing nodealongthe edge®f these partsFigure 3.7 shows the overall bus shelter
model andhecubicl clip joints.

Figure 37 FE model of the typical bus shelter with clip joints details

Figure 3.8shows he bus sheltér sverall dimensiosg it is 111 Yzinches(2.83m) long 57inches
(1.45m)wide,a n d Bches@.14m) tall excluding the cone shageoof.

Z I I P~

¢ (a) (b) (©)

Figure 3.8 The dimensions of the Brasco Slimline-S1LO-OF bus shelter.
(a) Front view; (b) Side View; and (c) Plane view.

Four different material modelwere used in the bus shelter model: the elastic model with an
erading option based on the principal stress for guycarbonatevindscreen the kinematic

23



plastiaty model for all the metal parts including the colunmgf frames andcubial clips, and
the rigid model witha nonlinear spring model for the banhdnut pair with an initial offsetto
trigger theclamping force. Théower endf the five columns ofhebus shelter werixed to the
ground surface as boundary conditions.

3.5 FE Models ofRoad Surfaces

In this study, the crash simulations for the cluster mailboxex® eonductedunder two road
conditions:onaflat roadandon a road with aurb. TheFE model of thelat road wasimplya 4
node shell elemenivhile the FE model of the road wittcarbwas composed of two flat surfaces
connected by a-thch high curbFor both road surface models, tiggd material modelvas used
Figure 3.9 shows the Fiodels of the two types of roatirface used in the crash simulation.
The FE model of the road with a curb was only used irrigh simulatios of cluster mailbors

in which the cluster mailboxes weptacedat 8 ft(2.44m) behind the curb.

Figure 39 FE models of two road surfaces for crash simulations.
(a) A flat road surface; and (b) a road with a curb.

3.6 Simulation Setup for Cluster Mailboxes

The crash simulations for cluster mailboxes invdliwo types ofmailboxes (Type | and Type
IV), two configurations (singleand dualunit), two test vehiclesa(2010 Toyota Yaris and 2006
Ford F250), two impact angles (0° and 2%f)dtwo types of roadurface (@ flat road andoad
with acurb). FortheO° impacs,thev e hi cl e i mpacted the mail box fr
centerline aligned witbma i | bcemntedirse. For the 25° impacts there were no specific
requirements in MASHor the impact locatiomn the cases of the duahit cluster mailboxes. In
this project, twoimpact locationsvereselectedat a corner anét themid-point of the dualunit
cluster mailboxesas shown in Figure 3.10. For crash simulatiom theroadwith acurb, onlythe

25° impact anglevas used (the cases@fimpacs on the road with a curb would be the same as
those on the flat road)
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(b)
Figure 310 Two impact locations for crash simulations with double cluster mailboxes (a) Corner @ppiid

With all theaforementionedonditions a total of 32 crash simulatiomgere requiredor cluster
mailboxesand these simulations wed@vided into four categoriess follows.
Category 1: Type I cluster mailbes impacted by 2010 Toyota Yari€1100C)
Caegory 2: Type | cluster mailbes impacted by 2006 Ford F25(270P)
Category 3: Type IV cluster mailbeg impacted bg 2010 Toyota Yari€l100C) and
Category 4: Type IV cluster mailbeg impacted bg 2006 Ford F25®270P)

There were a total @ight simulationsrn Category lall of which were conducted using the 1100C
test vehiclewith an impact speed of 31 mgh0 km/h). The eight simulation cases we[(&) a
singleunit Type | cluster mailboxvith 0° impact anglg(2) a singleunit Type | cluster mailbox
on a flat roadvith 25° impact angle(3) a duatunit Type | cluster mailbox with 0° impact angle
(4) a duatunit Type | cluster mailboxon a flat roadvith 25° impact angl@andimpaced atthe
corner (5) a duatunit Type | cluster mailbown a flat roadvith 25° impact anglendimpacedat
the midpoint (6) a singleunit Type I cluster mailbokehind a curlwith 25° impact anglg(7) a
duatunit Type | cluster mailbokehind a curhlwith 25° impact angleandimpaced atthe corner
and(8) a duatunit Type | cluster mailbodehind a curlwith 25° impact anglandimpaced at
the midpoint. Table 3.1 gives aummaryof the eight simulation casesf Category 1which are
also illustrated by the full simulation modelsAigure 3.11.

In Categoy 2, there were a total of eight simulations, all of which were conducted using the 2270P
test vehiclewith an impact speed of 31 mgsh0 km/h).The eight simulation cases were exactly

the same as the respective ones in Category 1 except for the test vehicle. Table 3.2 gives a summary
of the eight simulation cases of Category 2, which are also illustrated by the full simulation models

in Figure 312.

Category 3 had a total of eight simulations, all of which were conducted on the Type IV mailboxes
using the 1100C test vehichath an impact speed of 31 m@E0 km/h).The eight simulation cases

were exactly the same as the respective ones in Categacept for type of the mailboxes. Table

3.3 gives a summary of the eight simulation cases of Category 3, which are also illustrated by the
full simulation models in Figure 3.13.

Category 4 had a total of eight simulations, all of which were condwsieg the 2270P test
vehiclewith an impact speed of 31 mgh0 km/h).The eight simulation cases were exactly the
same as the respective ones in Category 3 except for the test vehicle. Table 3.4 gives a summary
of the eight simulation cases of Categérwhich are also illustrated by the full simulation models

in Figure 3.14.
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Table 31 Simulation matrix for Category 1: Type | mailboxes impacted by a 2010 Toyota Yaris.

Impact speed

On a flat road

Behind a Curb

Impact angle

Single-unit Dualunit Singleunit Dualunit
\ 0° 1) 3 / /
31 mph (50 km/h)—— (2) | (4) Comer] (5) Midpoint | __(6) __| (7) Corner| (8) Mid-point

Table 32 Simulation matrix for Category 2: Type | mailboxes impacted by a Fodé F250.

Impact speed | Impact anale Flat road Behind the Curb
P P P 9 Single-unit Dualunit Singleunit Dualunit
\ 0° D) (3) / /
81 mph (50 km/h)—>55 2) | (@) Comer] (5) Mid-point|___(6) __| (7) Corner] (8) Mid-point

Table 33 Simulation matrix for Category 3: Type IV mailboxes impacted by a 2010 Toyota Yaris.

Impact speed | Impact anale Flat road Behind the Curb
P P P 9 Single-unit Dualunit Singleunit Doubleunit
\ 0° (@) (3) / /
31 mph (50 km/h)— (2) | (4) Comer] (5) Mid-point| __(6) | (7) Comer| (8) Mid-point

Table 34 Simulation matrix for Category 4: Type IV mailboxes impacted by a 2006 Ford F250.

Impact speed | Imoact anale Flat road Behind the Curb
P P P 9 Singleunit Dualunit Singleunit Dualunit
\ 0° @ (3) / /
31 mph (50 km/h)—5 @) (4) Corner| (5) Mid-point 6) (7) Corner] (8) Mid-point
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Figure 311 Full simulation models for the eight simulation cases of Category 1.

27



WY

) oo
MY
'//,//flo

(6)

8)

3
A\

W
'/////flv
N
WSS

(7

Figure 312 Full simulation models for the eight simulation cases of Category 2.
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Figure 314 Full simulation models for the eight simulation cases of Category 4.

3.7 Simulation Setup for the Bus Shelter

For the bus shelter under vehicular impaotg;upant safety was evated under MASH TIL-2
conditions (i.e., at an impact speed dfmph(71 km/h) for the followingfour impactcases(1)
the bus shelter wampacted bya 2010 Toyota Yariat 0° impact angle(2) the bus shelter was
impacted bya 2010 Toyota Yaris &5 impact angle(3) the bus shelter waspacted bya 2006
Ford F250 aD° impact angleand(4) the bus shelter wasipacted bya 2006 Ford F250 &5°
impact angle. All theabove mentionedrash simulations were conductedaffat road. For the
cases with a 25° impact angle, the impact location waseohas the vertical columof the bus
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shelter that was the closestthe test vehicle. Table 3.15 gives the simulation matrix for the bus
shelterandFigure 3.15howsthe full simulationmodels forthe fourcases.

Table 35 Simulation matrix for the bus shelter
Crash Simulations for the Bus Shelter
Test utility Impact speed | Road type Test vehicle Impact angle (No. of simulation case

. 2010 Toyota Yaris 0° (1) 25° (2)
The typical bus shelte| 44 mph(71 km/h) | Flat road 2006 Ford F250 0° (3) 25° ()

Figure 315 Full models for the four simulation cases of the bus shelter.
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4. Simulation Results and Analysis of Cluster Mailboxes

The 32 crashsimulationsfor cluster mailboxes in thiour categoriesvere performed at MASH
TL-1 conditions and the simulation results were analywedvaluate occupant responses and
potential injuries The occupant risk was evaluated usM&SH criteria on occupant impact
velocites (OIVs), occupant ridelown acceleratios(ORA), androll and pitch angleof the test
vehicles. Thdime histories of accelerations measured onctash dummyfi.e., onhead, chest
andpelvig) were also examined he probability of skull injurywas assessduhsed orthe head

injury criteria (HIGs). Vehicle trajectories during crash events were obtained and presented in
overlappingcontour plotdo provide a comprehensive understanding of the im@sgonses

The OMs ar eccupante e o c i t iingactng thepntemor surfaceof the vehicle
compartment; they are calculated in the longitudinal or lateral directions indepenteatyRAs
are also calculated independentlytie longitudinaland lateral directions; they are the highest
valuesof vehicular accelerati@averaged over any ifis intervalafter theoccupant impaatg
the interior surfacef the vehicle compartmenfccording to MASH, the longitudinal or lateral
OIV should not exceed 12.2 m/s and kvegitudinal or lateral ORA should nekceed20.49 G.
The maximurallowedroll and pitch angleare 75°.

The HICs are calculated using the time history of head accelerations as follows.
e b 2

ol

£ 2 g |
! efpHdt o |
HIC_M \I étl L]
- aXl(tz 'tl)é a !
7 - t-t Y-
- iy
i e b

wherea(t) is the resultanbeadacceleratios of the crashestdumrﬁywith a unit ofgravitational
acceleration (G), and andtz are two time instantdefining an interval oft§ andti). By definition,
the time intervats - t1 for HIC15 should be nanorethan 15 ms. The probability of skull fracture

injury wasdefinedby Hertz (1993) as
In(HIC)- 6.96352
0.84664 t?

|0(HIC)=—1 A ez2dt

Jo N

The threshold of HIg for adults is 700which givesa probability of 31% of skull fracture injury
based on Hertz (1993)

4.1 SimulationsResultsof Category 1
In Category 1, the occupant risk was evaluated wetdcular crashesf a 1100C small passenger
car (.e.,a 2010 Toyota Yarisinto Type | cluster mailbogs atan impact speed of 31 mgho
km/h). The eightsimulationcasesn Categoryl are summarized as follows
Case 1: A singleunit Type I cluster mailbox with 0° impact angle;
Case2: A singleunit Type | cluster mailbox on a flat road with 25° impact angle;
Case 3: A duatunit Type I cluster mailbox with 0° impact angle;
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Case4: A dualunit Type | cluster mailbox on a flat road with 25° impact angle and
impacted at the corner,

Case 5: A dualunit Type | cluster mailbox on a flat road with 25° impact arayid
impacted at the migoint;

Case 6: A singleunit Type | cluster mailbox behind a curb with 25° impact angle;

Case 7: A dualunit Type | cluster mailbox behind a curb with 25° impact angle and
impacted at the corner; and

Case8: A dualunit Type | custer mailbox behind a curb with 25° impact angle and
impacted at the migoint.

4.1.1 Category 1 Case 1

In this case, a 2010 Toyota Yaris crashed into a sunglkeType | cluster mailbox on a flat road

at 31 mph(50 km/h)and with 0° impact anglé€igure 4.1 shows the full simulation modeifore

impact andhe deformed vehicle model after impact. Figure 4.2 shows the overlapping contour

plot of vehicletrajectoryf or t hi s case. The vehi ndlORAssvere ol | a
calculated and summarized in Table 4.4bl€ 4.2 gives the acceleration histories of the crash test
dummy on the head, chest, and pelvis. TheiH#Dd the probability of skull injury were also
calculated for this case, as given in Table 4.2.

(b)

Figure 41 The full simulation modefa) and deformed vehicle model after impéz}for Category I Case 1.

Figure 42 Vehicle trajectory during impact for Category Case 1.
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Table 41 Vehicular responses, OIVs, and ORAs for CategoinyChse 1.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Result 3.45 0.02 3.53 4.06 0.57° 0.60°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass

Table 42 Dummy responses and injury parameters for Categorgdse 1.

Dummy head acceleration Head impact criteria
15 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
)
< 104
[
9
g W
ko) HIC15 2.90 700 Pass
2ol M
3
< \ ﬂ
OA
T T T 0 0
00 02 04 06 08 p(HIC15) 0% 31% Pass
Time, t (s)
Dummy chest acceleration Dummy pelvis acceleration
15 15
—— Chest resultant acceleration Pelvis resultant acceleration
c c
< 104 < 104
c oy
i} i}
© ©
9 )
g 54 8 54
(&) (8
< <
0 0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time,t (s) Time,t (s)

The simulation resudtof Category I Case Ishowedthat the connection joiabetween the upper
mailbox body and the pedestal failed immediatalpon impact by theraris, triggering the
separation and forward ejection of the mailbox upper body. Due towhdearance ofheYaris,

the pedestalvas pushed and dragged forward by the vehicle, and eventually failed at the
connectionwith the ground base due to the shear fofoem dragging. It was observed that the
main structure of upper mailbox bothostlyremained intact exept for somewarping of the slot
doors. For occupant response, t $lightlydowerechgiué © théh e a d
impact pulsebut it did not touch the deployed airbag. The maximum head acceleration was
approximatel\@ Gand the HIGs value wascalculated to be 2.90, far below the threshold value of
700 and indicating no possibility of skull injuryrhe trajectory of the mailbox indicatedno
possibility of hitting the windshieldof vehicle, eliminating the possibility ofompartment
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intrusiors. Thev e h i Il aaddpech angles, as well as the OIVs and ORAs in both longitudinal

and lateral directions, were all within the MASH allowed limitise above analysis indicated that
there was no potential occupant irgjdior this impact case

4.12 Caegory 11 Case 2
In this case, a 2010 Toyota Yaris crashed into a sunglkeType | cluster mailbox on a flat road
at 31 mph (50 km/h) and wib° impact angle. Figure @shows the full simulation model before
impact and the deformed vehicle model after impact. Figurshbws the overlapping contour

plot of vehicletrajectoryf o r

t his

case.

The

vehicl ebds

r ol

calculated and summarized in Tabld.4able 44 gives the acceleration histories of the crash test
dummy on the head, chesind pelvis. The HIG and the probability of skull injury were also
calculated for this case, as given in Table 4.

Figure 43 The full simulation mode(a) and deformed vehicle model after impéu)for Category I Case 2.

Figure 44 Vehicle trajectory during impact for Category Case 2.

Table 43 Vehicular responses, OIVs, and ORAs for CategornyChse2.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 3.45 0.08 0.81 1.03 0.68 1.47°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 44 Dummy responses and injury parameters for Categdrgdse 2.

Dummy head acceleration

Head impact criteria

—— Head resultant acceleratio|

,_\
@

Accelerationa (G)
ul

T

0.

T

0.6

fir\/
| JW

0.

ada
2 04

Time, t (s)

0.8

Head injury| /., o Threshold | Pass/Fail
parameter
HICs 3.72 700 Pass
p(HIC15) 0% 31% Pass

Dummy chest acceleration

Dummy pelvis acceleration

—— Chest resultant acceleratig

H
it

Accelerationa (G)
(8]

T

0.2

T

0.4 0.6

Time, t (s)

0.0

0.8

10+

Accelerationa (G)

Pelvis resultant acceleration

0.0

T

0.2

0.4

T

0.6

Time,t (s)

0.8

The simulatiorresults of Category L Case2 showed that the vehicular and occupant responses

weresimilarto those foiCategory I Casel. In case 2, however, the mailbapper bodyand the
pedestatemained connected and were pushed forward by the test véiiel&ajectoryof the
mailbox showed thatit would nothit the windshieldof vehicle and there was no possibility of

compartment intrusisaThev e hi c| e d s

r ol

and

pitch

angl es,

longitudinal and lateral directions, were &ithin the MASH allowed limitsThe maximum head
acceleratiorof the crash test dumnwasapproximatelylO G and the HIGsvalue was calculated
to be 3.72, far below the threshold value of 700 and indicating no possibility of skull ifhey
above analyis indicated that there was no potential occupantyrffurthis impact case

4.13 Category I Case3

In this case, a 2010 Toyota Yaris crashed adioialunit Type | cluster mailbox on a flat road at
31 mph (50 km/h) and with 0° impact angtgure 45 shows the full simulation model before
impact and the deformed vehicle model after impact. Fig@shbws the overlapping contour
case.
calculated andummarized in Table 8. Table 46 gives the acceleration histories of the crash test
dummy on the head, chest, and pelvis. The:H#Dd the probability of skull injury were also

calculated for this case, as given in Tabk 4.

plot of vehicle trgectoryf or t hi

S
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(b)

Figure 45 The full simulation model (a) and deformed vehicle model after impact (b) for Categjd@p4de3.

Figure 46 Vehicle trajectory during impact for Category Case3.

Table 45 Vehicular responses, OIVs, and ORAs for CategoiryChse3.

Parameter OIV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle | Pitch angle
Simulation Result 5.14 0.07 1.70 4.17 0.69° 1.91°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass

The simulation results of Categoryi ICase3 showed that the connection between the pedestal

and upper bogof the unit beingimpacted firstdid not fail completely due to support from the
other mailbox unitSubsequentlythe pedestalsf thetwo mailboxunits stuck between the front

wheels and théwo units were pushed forwardcausingsevere warpage and wrinkliran the

v e hi &do@ €ampared to the singlanit mailbox, the dualinit mailbox caused larger

deformation on the impacting vehicle. Neverthele$sg trajectory of the mailboidicatedno
possibility of hitting the windshield of vehicle, eliminating the possibility of compartment

intrusi ons.

The

vehicl ebds

roll and pitch

and lateral directions, were all within the MASH allowed itsnFor occupant responsthe

maximum head acceleration was approximalelyc and the HI@s value was calculated to be
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9.02 far below the threshold value of 700 and indicating no possibility of skull injury. The above
analysis indicated that theneas no potential occupant injury for this impact case.

Table 46 Dummy responses and injury parameters for Categdrgdses.

Dummy head acceleration Head impact criteria
20 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
@ 15-
a
c
i)
< 104 / )
o HIC1s 9.02 700 Pass
8 |
: !
(8]
o WNﬁ M‘y\ NNM
oW W
T T T 0, 0]
00 02 02 06 08 pP(HIC3s) 0% 31% Pass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
20 20
—— Chest resultant acceleration Pelvis resultant acceleration
@ 15 @ 15-
@ @
c c
i) 9
@ 107 7 101
(] (]
@ @
o o
< 54 < 54
0- 0-
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time,t (S) Time,t (s)

4.14 Category I Cased

In this case, a 2010 Toyota Yaris crashed adioalunit Type | cluster mailbox on a flat road at

31 mph (50 km/h) and witB5° impact angleat the corner Figure 47 shows the full simulation

model before impact and the deformed vehicle model after impact. Figgirehdws the
overlapping contour plot of vehicleajectoryf or t hi s case. The vehicl
OlIVs, and ORAs were calculated and summakireTable 47. Table 48 gives the acceleration
histories of the crash test dummy on the head, chest, and pelvis. TheahtdGhe probability of

skull injury were also calculated for this case, as given in Ta8le 4.

e
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(b)

Figure 47 The full simulation model (a) and deformed vehicle model after impact (b) for Catefjdaded.

Figure 48 Vehicle trajectory during impact for Category Case4.

Table 47 Vehicular responses, OIVs, and ORAs for CategoinyChsed.

Parameter OIV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Result 5.11 0.37 3.04 1.82 1.57° 0.58°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 48 Dummy responses and injury parameters for Categdrgdsed.

Dummy head acceleration Head impact criteria
20 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
@ 15
g f
9 |
= 10 ;
5 \ HIC1s 7.64 700 Pass
| |
< 5 %\ \
A
° HIC 0 % 31% P
0.0 0.2 0.4 0.6 0.8 P(HIC1s) 0 0 ass
Time,t (s)
Dummy chesticceleration Dummy pelvis acceleration
20 20
—— Chest resultant acceleration Pelvis resultant acceleration
O 151 O 151
. %
c c
9 9
® 107 = 101
9] 9]
o) @
8 8
<< 54 < 54
0 0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time, t (s) Time,t (s)

The simulation results of Category LTase4 showed thaboth units were knocked off the ground

and the connection between the pedestal and upper body afitheeing impacted first failed

while the pedestal and upper body of the second unit stay conneatetbthe 25° impact angle

and interactions between the two upiteefirst unit was pushed to the driver side of the vehicle
while thesecondunit was mshed forwardThe trajectory of the mailboxdicatedno possibility

of hitting the windshield of vehicle, eliminating the possibility of compartment intrusions. The
vehiclebs roll and pitch angl es, as wel | as
directions, were all within the MASH allowed limitSor occupant resporse t he dummy 6 s
moved forward andtoucted the deployed airbag. The maximum head acceleration was
approximatelyl3 G and the HI@s value was calculated to Be64, far below the threshold value

of 700 and indicating no possibility of skull injury. Thieoae analysis indicated that there was no
potential occupant injury for this impact case.
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4.15 Category I Caseb

In this case, a 2010 Toyota Yaris crashed adioalunit Type | cluster mailbox on a flat road at

31 mph (50 km/h) and witk5° impact anglat the midpoint. Figure 49 shows the full simulation

model before impact and the deformed vehicle model after impact. Figl@esdows the
overlapping contour pladf vehicletrajectoryf or t hi s case. The vehicle
OIVs, and ORAs were calculated and summarized in TaBlel'dble 410 gives the acceleration

histories of the crash test dummy on the head, chest, and pelvis. TheahtdGhe prbability of

skull injury were also calculated for this case, as given in Tab@ 4.

(b)

Figure 49 The full simulation model (a) and deformed vehicle model after impact (b) for Catefjd@ades.

Figure 410 Vehicle trajectory during impact for Category Caseb.

Table 49 Vehicular resposes, OIVs, and ORAs for Category Caseb.

Parameter OIV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Result 3.53 0.10 0.99 1.05 0.46° 0.85°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 410 Dummy responses and injury parameters for Categdr¢aseb.
Dummy head acceleration Head impact criteria

20

Head injury

Value Threshold Pass/Fail
parameter

—— Head resultant acceleration

H
vk

10+

M HIC1s 2.65 700 Pass

W\W \W“MWMMWMWW

Accelerationa (G)

T T HI % 1% P
0.0 0.2 0.4 0.6 0.8 P(HIC1s) 0% 31% ass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
20 20
—— Chest resultant acceleration Pelvis resultant acceleration
© 154 ® 154
@ @
[ c
2 2
= 10 = 10
o o
(] ]
8 8
< 54 < 5
04 04
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time, t (s) Time,t (s)

The simulation results of Categoryi XCase5 showed thathe vehicle haanly minor scratches

on the hood upon impacting the first mailbox unit, and the hood was popped open upon impacting

the secondnit. There was noevere damage for the test vehiafeer the impactThe first mailbox

unit remained in place while the second unit was detached from the ground and pushed forward

by the striking vehicleThe trajectory of the mailbox showed that there was no possitffikiting

the windshield of vehicle, eliminating the po:
and pitch angles, as well as the OIVs and ORAs in both longitudinal and lateral directions, were

all within the MASH allowed limitsDuring theimpact the dummyés head mov.
slightly touched the deployed airbaghe maximum head acceleration was approxim&&yand

the HICs value was calculated to bes3, far below the threshold value of 700 and indicating no
possibility of skullinjury. The above analysis indicated that there was no potential occupant injury

for this impact casélhe OIV, ORA and Hl@were all similarto those othe singleunit Type |
mailboximpacted by the Toyota Yara 25° impact angldt was also observetthat the impact

severity of Category 1 Case 5, i.e., the duahit Type | mailboxmpactd at themid-point, was

slightly less severe than Category Case 4, i.e., the same mailbox impactetthatcorner.
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4.16 Category I Caseb

In this case, a 20 Toyota Yaris crashed into a singieit Type | cluster mailbokehinda curb

at 31 mph (50 km/h) and witB5° impact angle. Figure #1 shows the full simulation model
before impact and the deformed vehicle model after impact. Figi®eshows the ovéapping
contour plot of vehiclérajectoryf or t hi s case. The vehicl ebs
were calculated and summarized in TablEl4Table 412 gives the acceleration histories of the
crash test dummy on the head, chest, and pelvis. Thg &1@ the probability of skull inyy were
also calculated for this case, as given in Tall2.4.

(a)

Figure 411 The full simulation model (a) and deformed vehicle model after impact (b) for Cate@dPndes.

Figure 412 Vehide trajectory during impact for Categoryi Case6.

Table 411 Vehicular responses, OIVs, and ORAs for CategoiryChseS.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle | Pitch angle
Simulation Resulf 1.69 0.47 5.09 3.11 4.24° 1.81°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 412 Dummy responses and injury parameters for Categdr¢4seb.

Dummy head acceleration Head impact criteria
15 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
o
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c
9
<
o HIC1s 0.91 700 Pass
0 5l
(8]
o
) d“&MﬂWW AFAN Ak M\/‘P‘m
OA
T T T 0 0
00 05 10 1s 20 p(HIC15) 0% 31% Pass
Time,t (s)
Dummy chesticceleration Dummy pelvis acceleration
15 15
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o o
o 101 o 10-
c c
9 9
© ©
<@ <@
8 5- 8 5-
(8] (8]
< <
0 0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time, t (s) Time,t (s)

The simulation results of Categoryi 1ICase6 were similar to those of Categoryi 1Case 2 in

which the same mailbox was placed on a flat road without curb. The connection between the
pedestal and the upper body did not fail and the mailbox was pushed forward by the test vehicle.
The test vehicldad only minordamage around théront passengesidelight. The trajectory of

the mailbox showed that there was no possibdftiitting the windshield of vehicle, eliminating

the possibility of «c¢omp alandmp&mangles, astwelllasthecOtvVs . T h
and ORAs in both longitudinal and lateral directions, were all within the MASH allowed lImits.

was observethatthe dummy swung latetglwhen the vehicle passed the cwith four wheels

contacting the curb atifterent time This can be seen from tkeveral peaks the head, chest

andpelvis acceleratio; Duringimpact t he dummyés head moved forw
due to the impact pulse, but it did not touch the deployed airbag. The maximum héactooe

was approximatelyp G and the HI@s value was calculated to 1891, far below the threshold

value of 700 and indicating no possibility of skull injury. The above analysis indicated that there

was no potential occupant injury for this impact case.

4.17 Category I Case’
In this case, a 2010 Toyota Yaris crashed adoatunit Type | cluster mailbokehinda curbat
31 mph (50 km/h) and witB5° impact angleat the cornerFigure 4.8 shows the full simulation
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model before impact and the defwd vehicle model after impact. Figurel4l.shows the
overlapping contour plot of vehickeajectoryf or t h
OIVs, and ORAs were calculated and summarized in Tab8 fiable 414 gives the acceleration
histories of the crash test dummy on the head, chest, and pelvis. Thedftthe probability of
skull injury were also calculated for this case, as given in Tabie 4.

Figure 413 The full simulation model (a) and deformed vehicle model after impact (b) for Categd@pder.

i s

case.

The

vehi

Figure 414 Vehicle trajectory during impact for Category Case’.

Table 413 Vehicular resposes, OIVs, and ORAs for Category Case’.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 1.86 0.43 6.56 2.82 4.35° 5.18°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 414 Dummy responses and injury parameters for Categodr¢aser.

Dummy head acceleration Head impact criteria
15 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
o
< 104
c
9
<
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0 5l
(8]
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<
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T T T HI %% 1% P
0.0 05 1.0 15 2.0 P(HIC1s) 0% 31% ass
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Dummy chest acceleration Dummy pelvis acceleration
15 15
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o o
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c c
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The simulation results of Categoryi 1Case7 showed thathe two mailbox units were pushed
forward togetheiby the striking vehicleThe pedestaland upper bads remained connected
reducing the chance of tipedesta intruding intothe occupant compémentfrom underneath

The vehicles damage was mainly on the hddw trajectory of the mailbox showed no possibility
of hitting the windshield of vehicle, eliminating the possibility of compartment intrusions. The
vehicl eds r o lwkrelagerdhanphode oflthe previgus ease but were well below the
MASH limits. TheOIVs and ORAs in both longitudinal and lateral directions were all within the

MASH allowed limits.For occupant response, t he dummyads

lowered dued the impact pulse, but it did not touch the deployed airbag. The maximum head
acceleration was approximatélyp G and the HI@gsvalue was calculated to be32, far below the
threshold value of 700 and indicating no possibility of skull injury. The aboaéysis indicated

that there was no potential occupant injury for this impact case.

4.18 Category I Case8

In this case, a 2010 Toyota Yaris crashed anttuatunit Type | cluster mailbokehinda curbat

31 mph (50 km/h) and witl25° impact angleat the midpoint Figure 4.5 shows the full
simulation model before impact and the deformed vehicle model after impact. Fitbishdws

the overlapping contour plot of vehidlajectoryf or t hi s case. The vehi
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OlIVs, and ORAs were calculated and summarized in Tabfe fiable 416 gives the acceleration
histories of the crash test dummy on the head,tched pelvis. The HIG and the probability of

skull injury were also calculated for this case, as given in Tab& 4.

(a)

Figure 415 The full simulation model (a) and deformed vehicle model after impact (b) for Categd@pdes.

Figure 416 Vehicle trajectory during impact for Category Case8.

Table 415 Vehicular responses, OIVs, and ORAs for CategoiryChse8.

Parameter OIV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Result 1.65 0.86 2.59 2.77 4.35° 1.82°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass

The simulation results of Category LTase8 showed thatvhen the vehiclénpacted the mailbox

atthe midpoint after passing the curb, it barely touchedfitet unit and pushed the second unit
to bend backward3.he two mailboxunits werenot detached from the ground after the impact. In

this case, the mailbox will not cause atgmpartment intrusions. The vehie 6 s
angles, as well as the OIVs and ORAs in both longitudinal and lateral directions, were all within

the MASH allowed limits.For occupant responstied u mmy 6 sdid hot ladesignificant
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movement and thus did not toutche deployed alrag. The maximum head acceleration was
approximately3.5G and the HIGs value was calculated to 1830 far below the threshold value

of 700 and indicating no possibility of skull injury. The above analysis indicated that there was no
potential occuparnnjury for this impact case.

Table 416 Dummy responses and injury parameters for CategodrZadses.

Dummy head acceleration Head impact criteria
15 Head injury
- i Value Threshold Pass/Fail
Head resultant acceleration parameter
)
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c
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©
o HIC:s 0.30 700 Pass
v g5l
Q
(8]
<
0
T T T 0, 0,
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© ©
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0 0
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Time,t (S) Time,t (s)

4.2 SimulationsResultsof Category 2
In Category2, the occupant risk was evaluated under vehicular crashe22)0& pickup truck
(i.e., a 206 Ford F250 into Type | cluster mailboxes ah impact speed of 31 mph (50 km/h).
The eight simulation cases in Categ@rgre summarized as follows.
Case 1: A single-unit Type | cluster mailbox with 0° impact angle;
Case 2: A singleunit Type | cluster mailbox on a flat road with 25° impact angle;
Case 3: A dualunit Type | cluster mailbox with 0° impact angle;
Case 4: A duatunit Type | cluster mailbox on a flat road with 25° impact angle and
impacted at the corner;
Case 5: A duatunit Type | cluster mailbox on a flat road with 25° impact angle and
impacted at the migoint;
Case 6: A singleunit Type | cluster mailbokehind a curb with 25° impact angle;
Case 7: A duatunit Type | cluster mailbox behind a curb with 25° impact angle and
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impacted at the corner; and
Case 8: A duatunit Type | cluster mailbox behind a curb with 25° impact angle and
impacted at the migaint.

4.2.1 Category 2 Case 1

In this case, 2006 Ford F25@rashed into a singlenit Type | cluster mailbox on a flat road at

31 mph (50 km/h) and with 0° impact angle. Figure74&hiows the full simulation model before

impact and the deformed vehicteodel after impact. Figure ¥ shows the overlapping contour

plot of vehicletrajectoryf or t hi s case. The vehicleds roll a
calculated and summarized in Table7 . Table 418 gives the acceleration histories of thastr

test dummy on the head, chest, and pelvis. Thad#i@ the probability of skull injury were also
calculated for this case, as given in TablE4.

(b)

Figure 417 The full simulation model (a) and deformed vehicle modigrafmpact (b) for Categoryi2Casel

Figure 418 Vehicle trajectory during impact for Category Zasel.
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Table 417 Vehicular responses, OIVs, and ORAs for CategoairyCase 1.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 1.45 0.20 1.88 0.90 1.03 0.72
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass

Table 418 Vehicle trajectory during impact for Category Zasel.

Dummy head acceleration

Head impact criteria

10 Head injury
— i Value Threshold Pass/Fail
. Head resultant acceleration parameter
o
g 6 4\\
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g |
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T T T % 1% P
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e e
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0+ 0-
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vehi

The simulation results of Categoryi ZZase 1 showed th#tie connection between pedestal and
upper body failed when impasxt by the Ford F250. The pedestal stuiclert h e

cl

and the upper unit was pushed forward by the vehié¢le.trajectory of the mailbox showéuht

there was nopossibility hiting the windshield of vehicle, eliminating the possibility of

compartment intrusiond.he damage to theest vehicle waminimal with onlya shallow denbn

the hoodT he vehi

cl ebs

rol |

an

d pitch angl es,

and lateral directions, were all within the MASH allowed limifEsr occupant responsthe
d u mmy 06 slid notehavesignificant movemerdndthus did not touch the deployed airb@ge

maximum head acceleration was approximaiely, 2 G lower than the same impact condition
with a Toyota YarisThe HIGs value was calculated to He38 far below the threshold value of

edbs

as

700 and indicating no possibility of skull injury. The above analysis indicated that there was no
potential occupant injury for this impact case.
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4.22 Category 2 Case2

In this case, 2006 Ford F250 crashed into a singlat Type | cluster mailbox on a flat road at

31 mph (50 km/h) and witR5° impact angle. Figure 49lshows the full simulation model before

impact and the deformed vehicle model after impact. Fig@@shows the ovéapping contour

plot of vehicletrajectoryf or t hi s case. The vehicleds roll a
calculated and summarized in Table9).Table 420 gives the acceleration histories of the crash

test dummy on the head, chest, and pel® HICs and the probability of skull injury were also
calculated for this case, as given in TabR04.

(b)

Figure 419 The full simulation model (a) and deformed vehicle model after impact (b) for Categdtage 2.

Figure 420 Vehicle trajectory during impact for Category Zase 2.

Table 419 Vehicular responses, OIVs, and ORAs for CategoiryCAse?.

Parameter 'OI\'/ (m/s) . ORA (G) Vehicular R'esponse
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Result 1.60 0.17 1.02 0.9 2.87° 0.92°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 420 Dummy responses and injury parameters for Categdrg2se?.

Dummy head acceleration Head impact criteria
10 Head injury
S i Value Threshold Pass/Fail
. Head resultant acceleration parameter
c
g 6
i}
©
s 4 | % HIC1s 0.73 700 Pass
8 /
8 |
§.l |/ ;»‘\/.»N
OA
T T 0 0
00 02 04 06 08 p(HIC15) 0% 31% Pass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
10 10
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e e
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The simulation results of Categoryi Zase2 weresimilar to those of the previousase with 0°

impact angle. The mailbox upper bodwsseparatedrom the pedestalipon impact and pushed

forward by the vehicle The damage on theehicle was a \{shape denbn the hood due to
impactingthe corner mailboxXThe trajectory of the mailbox stwved that there was no possibility

hitting the windshield of vehicle, eliminating the possibility of compartment intrusions. The
vehiclebds roll and pitch angl es, as wel |l as |
directions, were all within th®1ASH allowed limits.During impact,h e dummy 6s head
forward but did not touch the deployed airbag. The maximum head acceleration was approximately

5 G and the HI@s value was calculated to 73 far below the threshold value of 700 and

indicatingno possibility of skull injury. The above analysis indicated that there was no potential
occupant injury for this impact case.

4.23 Category 2 Case3

In this case, a 2006 Ford F250 crashed @adaalunit Type | cluster mailbox on a flat road at 31

mph (50 km/h) and with 0° impact angle. Figur2l4shows the full simulation model before

impact and the deformed vehicle model after impact. Fig@2shows the overlapping contour

plot of vehicletrajectoryf or t hi s case. Thangleg ©Vs, and @RAswereo | | a
calculated and summarized in Tabl@¥.Table 422 gives the acceleration histories of the crash
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test dummy on the head, chest, and pelvis. Thad#i@ the probability of skull injury were also
calculated for this case, as given in Tab@24.

Figure 421 The full simulation model (a) and deformed vehicle model after impact (b) for Categjdpge3.

Figure 422 Vehicle trajectory during impact for Category Zase3.

Table 421 Vehicular responses, OIVs, and ORAs for CategoiryCase3.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 2.20 0.22 1.51 0.85 1.19° 0.8r°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 422 Dummy responses and injury parameters for Categdr€2ses.

Dummy head acceleration

Head impact criteria

10 Head injur .

. —— Head resultant acceleration paraméte)r/ Value Threshold Pass/Fail
o
cu' -
5° )
E }
g 4 W HIC1s 1.08 700 Pass
8 I\i
2 I
= ‘ MW\M/\/} lmwm/\\

OA

T T T 0 0
0.0 02 04 0.6 0.8 p(HIC15) 0% 31% Pass
Time,t (s)

Dummy chest acceleration

Dummy pelvis acceleration

Pelvis resultant acceleration

10 10
—— Chest resultant acceleration

Loy} 8A Loy} 8A

Q Q

I 6 I 6

RS Ke)

© ©

o 44 o 4

© ©

(8] Q

(5) Q

< 24 < 24
0 0
0.0 0.2 0.4 0.6 0.8 0.0

Time, t (s)

T

0.2

T

0.4 0.6
Time,t (s)

0.8

The simulation results of Category Zase3 showed thathe upper boées of both mailbox units
were separated from tipedesta andpushedorwardby the vehicleThe damage on the vehicle
was only a large, flat dent on the hood with the hood partially poppetheptrajectory of the
mailbox showed that there was no pbasy for it to hit the windshield of vehicle, eliminating the
possibility of compartment
ORAs in both longitudinal and lateral directions, were all within the MASH allowed liButsng
impact t he dummydés head moved
head acceleration was approximatl$ and the HIGs value was calculated to Be0§ far below
the threshold value of 700 and indicating no possibility ofllskjury. The above analysis

ntrusi

forward

indicated that there was no potential occupant injury for this impact case.

4.24 Category 2 Cased

In this case, a 2006 Ford F250 crashed adaalunit Type | cluster mailbox on a flat road at 31
mph (50 km/h) and witl25° impact angleat the cornerFigure 423 shows the full simulation
model before impact and the deformed vehicle model after impact. FiggdesHows the
case.
OlVs, and ORAs were calculated and summarized in TaB8 flable 424 gives the acceleration

overlapping contour plotforehicletrajectoryf or t hi
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histories of the crash test dummy on the head, chest, and pelvis. TheahtdGhe proability of
skull injury were also calculated for this case, as given in Tabie 4.

(b)

Figure 423 The full simulation model (a) and deformed vehicle model after impact (b) for Categdpage4.

Figure 424 Vehicle trajectory during impact for Category Zase4.

Table 423 Vehicular responses, OIVs, and ORAs for CategoiryCased.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 2.64 0.13 1.63 1.13 1.27° 0.95
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 424 Dummy responses and injury parameters for Categdrgases.

Dummy head acceleration Head impact criteria
10 Head injury
— i Value Threshold Pass/Fail
. Head resultant acceleration parameter
o
g 6
o
5 A
T 4 b“\ l,\ HIC5 1.20 700 Pass
8 \
o
< 24 \
I " N
]
OA
T T T 0 0
00 02 04 06 08 p(HIC15) 0% 31% Pass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
10 10
—— Chest resultant acceleration Pelvis resultant acceleration
Con) 8A o) 8A
o o
T 6 T 6
9 9
IS IS
o 4 o 4
o) @
(8] Q
(8] (8]
< 24 < 2
0 0
0.0 02 04 06 0.8 0.0 0.2 04 06 0.8
Time, t (s) Time,t (s)

The simulation results of Categoryi ZZase4 showed thathe connection betweethe pedestal

and upper bodypf the unit being impacted first failed immediately, leaving the upper unit stuck

bet ween the vehiclebds front and theTheelkadnd uni
rolled over the pedestal of second mailbwshile theupper bodybeing pushedybthe vehicle,

resulting the failure of the connectioAt the end othe crash, both mailboxnits were pushed

forwardby thetest vehicleThe damage on the vehicle washarp Vshape dent on the hoothe

trajectory of the mailbox showed that there wagossibilityof hitting the windshield of vehicle,

eliminating the possibility of compartment i n
as the OIVs and ORAs in both longitudinal and lateral directions, were all within the MASH
allowed limts.For occupant response, tforaloddistamogddes he ad

to impact pulsg but it did not touch the deployed airbag. The maximum head acceleration was
approximately6 G and he HIGs value was calculated to He2Q far below theéhreshold value of

700 and indicating no possibility of skull injury. The above analysis indicated that there was no
potential occupant injury for this impact case.

4.25 Category 2 Caseb
In this case, a 2006 Ford F250 crashed &adaalunit Type | cluster mailbox on a flat road at 31
mph (50 km/h) and wit5° impact angleat the midpoint Figure 425 shows the full simulation
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model before impact and the deformed vehicle model afteadgtng-igure 26 shows the
overlapping contour plot of vehickeajectoryf or t h
OlIVs, and ORAs were calculated and summarized in Tae flable 426 gives the acceleration
histories of the crash test dummy on the head, chest, and pelvis. ThahkldGhe probability of
skull injury were also calculated for this case, as given in Tab& 4.

Figure 425 The full simulaton model (a) and deformed vehicle model after impact (b) for Categiotyaaeb.

(b)

i s

case.

The

vehi

Figure 426 Vehicle trajectory during impact for Category Zaseb.

Table 425 Vehicular responses, OIVs, and ARfor Category 2 Caseb.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 1.98 0.42 1.38 1.68 3.5° 0.80°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 426 Dummy responses and injury parameters for Categdr€2seb.

Dummy head acceleration Head impact criteria
20 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
@ 15
@
c
9
= 10
ko) HIC5 5.16 700 Pass
< 54
N
° HIC 0 % 31% P
0.0 0.2 0.4 0.6 0.8 P(HIC1s) 0 0 ass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
20 20
—— Chest resultant acceleration Pelvis resultant acceleration
O 151 O 151
. %
c c
9 9
= 10 = 10
9] 9]
o) @
8 8
< 54 < 5
04 04
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time, t (s) Time,t (s)

The simulation results of Categoryi2Case5 showed thatnailbox unit impacted first by the

vehicle remained attached to the growtdle the secondnit wasseparated from the ground and
pushedorward along h e v e h i direcgod.Shetamagesoa the vehicle was antlaround

the frontright cornerof the hood.The trajectory of the mailbox showed that there was no
possibility of hitting the windshield of vehicle, eliminating the possibility of compartment
intrusions. The vehicledbds roll and pitch angl
and lateal directions, were all within the MASH allowed limitBor occupant responsthe
dummydés head did not and tecnmximuhn deaddaeceleratignewdhs a i r L
approximately12.5 G. The HIC1s value was calculated to &16 which wasfar below the

threshold value of 700 and indicating no possibility of skull injury. The above analysis indicated
that there was no potential occupant injury for this impact case.
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4.26 Category 2 Caseb

In this case, a 2006 Ford F250 crashed into a singteType | cluster mailbokehinda curb at

31 mph (50 km/h) and witRB5° impact angle. Figure Z7 shows the full simulation model before
impact and the deformed vehicle model after impiicjure 428 shows the overlapping contour

plot of vehicletrajectoryf o r

t his

case.

The

vehicl ebds

r ol

calculated and summarized in Tabl@7.Table 428 gives the acceleration histories of the crash
test dummy on thikead, chest, and pelvis. The Hi@nd the probability of skull injury were also
calculated for this case, as given in TabRk84.

(a)

Figure 427 The full simulation model (a) and deformed vehicle model after impact (b) fegQ@y 2i Caseb.

Figure 428 Vehicle trajectory during impact for Category Zase6.

(b)

Table 427 Vehicular responses, OIVs, and ORAs for CategoiryCAseS.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 1.09 0.27 4.03 3.00 5.96° 1.73°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 428 Dummy responses and injury parameters for Categdr€2seb.

Dummy head acceleration Head impact criteria
30 Head injury
— 2 i Value Threshold Pass/Fail
Head resultant acceleration parameter
o
@ 20
c
9
<
o HIC1s 8.98 700 Pass
[
o 104
o
< W
Ow : p(HIC19) 0% 31% Pass
0.0 0.5 1.0 1.5 2.0
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
30 30
—— Chest resultant acceleration Pelvis resultant acceleration
o o
@ 204 @ 204
c c
9 9
© ©
<@ <@
(] ]
8 104 8 104
< <
OA T T T OA T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time, t (s) Time,t (s)

The simulation results of Categoryi ZZase6 showed thathe connection of the mailbox to the

ground failed quickly upon impact and the mailbox was pushed forward withettestalstill
connected with the upper body. The damage on the vehicle wasdlithé front, with adeep \

shape dent on hoodhe trajectory of the mailbox showed that there was no possibilhitting

the windshield of vehicle, eliminating the po:
and pitch angles, as well d&etOIVs and ORAs in both longitudinal and lateral directions, were

all within the MASH allowed limitsDuringimpact t he dummyd6s head moved
touch the deployed airbadt should be noted that there was a large peak acceleration at
approximately 1.3 second on the dummy head.
accelerations at the chest and pelvis, the peak head acceleration was deemed to be a numerical
noise and Isould not be considered as a safety isShe. HIG s value was calculated to 8298

far below the threshold value of 700 and indicating no possibility of skull injtimg. above

analysis indicated that there was no potential occupant injury for thistogse.

4.2.7 Category 2 Case’/

In this case, a 2006 Ford F250 crashed adlmatunit Type | cluster mailbox on a rodehind
the curbat 31 mph (50 km/h) and wit26° impact anglat the cornerFigure 429 shows the full
simulation model before impact and the deformed vehicle model after impact. Fgislhdws
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the overlapping contour plot of vehidlajectoryf or t hi s case. The vehi
OIVs, and ORAs were calculated and sumneattiin Table £9. Table 430gives the acceleration

histories of the crash test dummy on the head, chest, and pelvis. TheahldGhe probability of
skull injury were also calculated for this case, as given in TaB@ 4.

cl ¢

(a) (b)

Figure 429 The full simulation model (a) and deformed vehicle model after impact (b) for Categd@page’.

Figure 430 Vehicle trajectory during impact for Category Zase’.

Table 429 Vehicular responses, OIVs, and ORAs for CategoiryCAse7.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 2.31 0.49 3.08 1.75 6.36° 1.44°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass
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Table 430 Dummy responses and injury parameters for Categdrgaser.

Dummy head acceleration Head impact criteria
15 Head injury
— i Value Threshold Pass/Fail
Head resultant acceleration parameter
o
< 104
c
9
<
ko) HIC5 1.36 700 Pass
0 5l
(8]
g "
[N “‘w\//’\\/k N \/ W‘M
L
T T T 0 0
00 02 04 06 08 p(HIC15) 0% 31% Pass
Time,t (s)
Dummy chest acceleration Dummy pelvis acceleration
15 15
—— Chest resultant acceleration Pelvis resultant acceleration
o o
o 101 o 10-
c c
9 9
© ©
<@ <@
8 5 8 5
(8] (8]
< <
0 0
0.0 02 04 06 0.8 0.0 0.2 04 06 0.8
Time, t (s) Time,t (s)

The simulation results of Categoryi Zase7 showed thathe mailboxunit being impacted first

was quickly detached from the groymdth its upper bodystuck between the vehicle and the
second mailbox unifThe second mailbounit was subsequently pushed down to the ground and

the upper body was separated from the peddatko dragging and ripping effecThere were

severe warpageand wrinkleon thefront of the firstmailbox unit. The damage on the vehicle

was a V-shape denbn hood which was slightlypoppedopen The trajectory of the mailbox

showed that there was no possibility for it to hit the windshield of vehicle, eliminating the
possibilityof compart ment intrusions. The vehicleds
ORAs in both longitudinal and lateral directions, were all within the MASH allowed lifats.
occupant response, t he butdidmntpudrstheBpioyed airbag. ileed f or
HIC1s5 value was calculated to He36 far below the threshold value of 700 and indicating no
possibility of skull injury. The above analysis indicated that there was no potential occupant injury
for this impact case.

4.28 Category 2 Case8

In this case, a 2006 Ford F250 crashed adlmatunit Type | cluster mailbox on a rodehind

the curbat 31 mph (50 km/h) and witks° impact angleat the midpoint Figure 431 shows the
full simulation model before impact and the deformed vehicle model after impact. Figdre 4.
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shows the overlapping contour plot of vehickgectoryf or t hi s case. The vehi
angles, OIVs, and ORAs were calculated and sumexdiiz Table 81 Table 432 gives the
acceleration histories of the crash test dummy on the head, chest, and pelvis. sanHliBGe

probability of skull injury were also calculated for this case, as given in T&é#e 4.

(a) (b)

Figure 431 The full simulation model (a) and deformed vehicle model after impact (b) for Categd@paeS.

Figure 432 Vehicle trajectory during impact for Category Zases.

Table 431 Vehicular responses, OIVs, and ORAs for CategoiryCAses.

Parameter OlV (m/s) ORA (G) Vehicular Response
Longitudinal | Lateral | Longitudinal | Lateral | Roll angle| Pitch angle
Simulation Resulf 1.11 0.29 5.03 3.27 6.36° 2.19°
MASH Limit 12.2 12.2 20.49 20.49 75° 75°
Pass/Fail Pass Pass Pass Pass Pass Pass

The simulation results of Categoryi2Case8 showed that mailbox unit impacted first by the

vehicle remained attached to the ground while the second unit was separated from the ground and
pushed forward along the vehicl eds lotalizedwoe | dir
the frontright corner of the vehicle The trajectory of the mailbox showed that there was no
possibility of hitting the windshield of vehicle, eliminating the possibility of compartment
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intrusions. The vehicleds roll and lopgitudimah ang]l
and lateral directions, were all within the MASH allowed linlisringimpactt he dummy s he
moved forwardand slightlytouchedthe deployed airbag.he HIC15 value was calculated to be

2.55 far below the threshold value of 700 and intirgano possibility of skull injury. The above

analysis indicated that there was no potential occupant injury for this impact case.

Table 432 Dummy responses and injury parameters for CategodrZases.

Dummy headacceleration Head impact criteria
20 Head injur .
—— Head resultant acceleration paramtjate¥ Value Threshold Pass/Fail

@ 15
.
c
9
= 10
ko HIC15 2.55 700 Pass
&
e M

OA

T T T 1 0, 0,
00 05 0 s 20 P(HIC15) 0% 31% Pass
Time, t (s)
Dummy chest acceleration Dummy pelvis acceleration

4.3 SimulationsResultsof Category 3

In CategoryB, the occupant risk was evaluated under vehicular crashes of a 1100C small passenger
car (i.e., a 2010 Toyota Yaris) into Typé tluster mailboxes an impact speed of 3tph (50
km/h). The eight simulation cases in Categ8rgre summarized as follows.
Case 1: A singleunit Type V cluster mailbox with 0° impact angle;
Case 2: A single-unit Type V cluster mailbox on a flat road with 25° impact angle;
Case 3: A dualunit Type NV cluster mailbox with 0° impact angle;
Case 4: A dualunit Type V cluster mailbox on a flat road with 25° impact angle and
impacted at the corner;
Case 5: A duatunit Type M cluster mailbox on a flat road with 25° impact angle and
impacted athe midpoint;
Case 6: A singleunit Type V cluster mailbox behind a curb with 25° impact angle;
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