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EXECUTIVE SUMMARY

This report summarizes the research efforts of using finite element modeling and simulations
to evaluate the performance€DOT doublefaced Wbeam and Thriddeam guardrailst
different installation heights under Manual for Assessing Safety Hardware (MASH) Test
Level 4 (TL-4) and Test Level 5 (T5) impact conditions. A literature review is included on
performance evaluation of \Weam and Thriddeam guardrails as well as applions of

finite element modeling and simulations in roadside safety research.

The modeling and simulation work was conducted on six defaloled Wbeam and Thrie
beam guardrails (with placement heights of 29 and 31 inches) placed alofigraedi-foot
wide flat median. Two typesf Thrie-beam guardrails, one utilizing a wood blockout and the
other with a steel blockout, were evaluated. Under MASH4Tdonditions, the guardrails
were impacted by a 1996 Dodge Neon and a 2006 Ford F250 at 62 @fpknilh) and an
impact angle of 25and by a 1996 Ford F800 singlait truck at 56 mph (90 km/h) and an
impact angle of 15 Under MASH TL-5 conditions, the guardrails were impacted by a 1996
Dodge Neon and a 2006 Ford F250 at 62 mph (100 km/h) and antianmle of 25and by

a 1991 GMC daab tractostrailer at 50 mph (80 km/h) and an impact angle of THhe
guardrail 6s performance was determined by ev
responses based on the MASH exit box criterion, MASHIuation criterion F, exit angles,
yaw, pitch, and roll angles, transverse displacements, and transverse velocities.

The simulation results demonstrated the effectiveness of the efacblg 29 and 3%inch
W-beam guardrails and Thrieeam guardrails, ith wood and steeblockouts, placed on a

flat median under MASH Ti4 and TL-5 impact conditions. Under impacts from the
passenger vehicles (i.e., Dodge Neon and Ford F250) ihea and Thridbeam guardrails

with 29- and 3%inch placement heights werlsawvn to effectively redirect the vehicles in all
cases, although in some scenarios, a large exit angle was observed. Under impacts by heavy
trucks (i.e., singlaunit truck and tractetrailer), the Wbeam and Thrideam guardrails with

29 and 3%inch pla@ment heights were shown to be effective at containing the vehicle on
the impacting side, but exhibited a high likelihood for vehicle rollover. Finite element
modeling and simulations were shown to provide an effective means for studying crash
scenarios tat are difficult and/or extremely expensive to investigate with physical crash
testing.
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1. Introduction

Roadsidebarrier systemsare importantdevicesto ensuretransportatiorsafety;they serve
the purposeof safely redirecting errant vehiclesand preventingrunaway vehicles from
intruding into oncoming travel lanes. Over the years, different types of barriers have
been developedandarecategorizednto rigid (e.g.,concrete barriers),semirigid (e.g., W-
beam guardrails),andflexible (e.g.,cablebarrierg systemsW-beamguardrailsarewidely
usedsafety deviceson U.S. highways. Figure 1.1 showsa strong post \Abeam and Thrie
beam guardrailghat arecommonly used on U.S. highwaysw-beamand Thriebeam
guardrails usually require substantialreplacemenibr repairsafter major vehicle crashes,
becausesvenlow-energyimpactscanbendanddamagehe rails anddisplacethe postssuch
thatthe barriermay not performproperlyin asubsequentrashevent.Evaluatiors of the in-
service W-beam and Thrie-beam guardrails showedthat these systemsgenerally had
satisfactorysafetyperformance.

All barrier systemsusedon U.S. highwaysare designedaccordingto the RoadsideDesign
Guide of the American Association of State Highway and Transportation Officials
(AASHTO). They must be testedto satisfy the safetycrlterla specified by Manual for
Assessing Safety Hardware (MASH), a .. —

replacemenbf the old standard Report350 ;g;‘

of the National Cooperative Highway % B
ResearchProgram (NCHRP). Some of he >
test conditions in MASH are more severe
than thosein NCHRP Report 350 andthe
languageof emphasizingheimportanceof in-
service evaluation is added to MASH.
Although the current barrier systemsthat
passedNCHRP Report350 are not required
to passthe correspondingMASH criteria,
it is importantto evaluatetheir performance
under MASH test conditions for practical A
safetyconcerns Currently, the Wbeam and e
Thrie-beam guardrails are required to comg &
with MASH Test Level 3 (TE3) conditions, _':_,.' »‘
i.e., under the impacts of a small passenger =~ e
(1100C) and a pickup truck (2270P) at 62 m Fig. 1.1:A strongpostW- beamguardrall(tor))
(100km/H) and 25 degge. andaThrie-beamguardrail(bottom).

1.1 Background

The singlefaced W-beamand Thrie-beamguardrailsshownin Fig. 1.1 generallyperform
well undervehicularimpactsat MASH TL-3 conditions.When usedas highway median
barrierstwo separateguardrailsare typically installed, with one oneachsideof the median.
While preventingcrossmedian crashesthe two guardrailscreatelogistical challengedor

maintenanceoperations(e.g. guardrd repairs and landscaping upkgep practicalsolution
adoptedby stateDOT engineerss to replacethe two separatesinglefacedguardrailswith a

combineddoublefaced guardrail, as shownin Fig. 1.2. In a previous NCDOT research
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project, a 27-inch doublefaced W-beamguardrailwas evaluatedn asix-lane,46-ft median
divided freewayunder the TL-3 conditions of NCHRP Report 350. The researchresults
showedthat the doublefaced W-beam guardrais outperformedhe singlefacedguardrais
and were recommendedfor use in locations where two separatesinglefacedguardrails
wereto beinstalled.

hak 27 -

Fig. 1.2:A doublefacedW-beamguardrail(left) anda doublefaced Thrie-beamguardrail(right).

Research on the standard G4(1Sp@am guardraslshows thathey maynot meet the Ti3

criteria of NCHRP Report 35& 27-inch installationheight A revision to the guardrail height

is required for new installations of G4(1S) guardrails undeBTonditions. According to the
USDOT memorandum issued in May 2010 (Nicol 2010), transportation agencies should ensure
a minimum height of 27% inchémeasured from grade to top of the rail) fomheinstalled

G4(1S) guardrailsThe generic or proprietary designs of-iB¢h high guardrails are also
recommended to transportation agencies for consideration of adoption as the standard for all
new instalitions instead of the G4(1S) system. The installation height of 31 inches is the
nominal height measured from grade to the top of the rail and includes a construction tolerance
of plus or minus one inch. These newiBh guardrails are shown to have imped crasktest
performance under B conditions of NCHRP Report 350 and increased capacity to safely
contain and redirect higher centdrgravity vehicles such as pickup trucks and SUVs.

In recentyears NCDOT changedhe standardail height of singlefacedW-beamguardrails
from 27 inchesto 29 and31 inches for new guardrailinstallations.Accordingly, the double
facedW-beam and Thrie-beam guardrails,if chosen,will needto be installedat the new
rail heights.Thedoublefacedguardrailsusedin highwaymediansare adoptedbasedon their
compliancewith MASH TL-3 conditions andthelower costof initial installations Questions
often ariseaboutthe D O T designdecisionsand how the guardrailsystemsfunction under
different conditions. The performanceof the 29- and 31-inch doublefaced W-beam and
Thrie-beamguardrailshas not beenfully evaluatedunder MASH TL-4 and TL-5 impact
conditions. To understandhe performance of these guardraisystemsat highertestlevel
impact conditions(i.e., higher than the required 93_test conditions)the functionality of
guardrailcomponents,i.e., therails, offsetblocks, andyuardrailposts,needto beevaluated.



1.2 Research Objectives and Tasks

In this study, full-scalefinite element FE) simulationswere employed toevaluate the
performance of the strong post doufdeed Wbeam and Thrideam guardrails at MASH
TL-4 and TL-5 impact conditions.Theresearctprojecthad six major tasksasstatedbelow.

Task 1: Literature Review and DaEallection

A comprehensivéditeraturereview was conductedn crash testing, modeling and simulations
that are related, in particular, to-W¢amand Thriebeamguardrails to assist with model
validation and crash simulations. State DOTs and researchuiiostg were contacted to
collect information on their experience of related research issues.

Task 2: FE Model Development and Validation

In this task,the FE models offour different sized vehicles, as shown in Figure, ware
obtaineda 1996 Dodge Neofsmall passerey car) with a mass of 2,400(b,090 kg), a 2006
Ford F250 pickp truck with a mass of 5,504 (B,499 kg), a 1996 Ford F800 singlait truck
with a total mass of 22,046 (0,000 kg), and a 1991 GMC dagb tractoitrailer with a total
mass of 80,000 136,287 kg) These FE models were validated using crash test data and were
shown to be appropriate for crash simulatiofise FE models of the doubfaced Wbeam
guardrails were obtained from a previous NCDOT project and modified to mnibet
requirements of the proposed work. The models of defalsled Thriebeam guardrailsvere
created based on a singéeed Thriebeam model available frothe NationalCrashAnalysis
Center All of the FE models were verified based on NCDOT designsvafidated using
available simulation results and/or test data from literattigeirel.4 shows the FE models of
a doublefaced G4(1S) \WWbeam guardrail,a doublefaced wooeblockout Thriebeam
guardrail,and adoublefaced steeblockout Thriebeam guardraillThese modela/ereused in
the simulation work of thistudy

a. 1996 Dodge Neon b. 2006 Ford F250

J

¢. 1996FordF800 d. 1991 GMC a@y-cabtractortrailer

Fig. 1.3: FE models of a small passenger car, a pickup susikgleunit truck, and a tracterailer.



a.DoublefacedG4(1S) b. Doublefaced G4(1S) woad c. Doublefaced G4(1S) steel
W-beam guardrail blockout Thriebeam guardrail blockou Thrie-beam guardrail

Fig. 1.4: FE models of aoublefacedG4(1S)W-beamguardrail,doublefaced wooeblockout Thriebeam
guardrail, doubldaced G4(1S) steddlockout Thriebeam guardrail

Task3: Performancétvaluation ofDoublefaced2%-inch W-beamGuardrais (TL-4 & TL-5)
In this task, the 2éhch doublefaced Wbeam guardraivasevaluatecat MASH TL-4 andTL-
5 impact conditions. At MASH TL-4 impact conditions, the guardrawas impacted by the
Dodge Neon and Ford F250 at 62 mph (k@@h) anda 25 impact angleand by the Ford
F800 singleunit truck at 56 mph (9Bm/h) anda 15 impact angleAt MASH TL-5 conditions,
the guardrailvas impacted by the Dodge Neon and Ford F250 at 62 mpH(@®) anda 25
imact angle and by the tractetrailer at50 mph (8Ckm/h) anda 15 impact angleFigure 15
shows the completeFE model of aloublefacedW-beam guardrail and Fid.6 illustrates the
MASH TL-4 and TL-5 conditions.

Fig. 15: FE model of a double&aced Wheam guardrail.

MASH TL-4 Conditions: Vehicle: 10000S (singld
Impact speed: 90 km/hi

Vehicle: 2270P (pickup truck) I 1 le: 15°
mpact angle:

Impact speed: 100 km/hr (62 mph)

Vehicle: 1100C (passenger car)
Impact angle; 25° —

Impact speed: 100 km/hr (62 mph) \
Impact angle: 25° / e —
Guardrail Guardrail  fa] = | 1 Guardrail  EW| | ] A\ fF—rrroorem
2§ 2 =
3]? - 31]; - ; } S]]; «—Coa o0 N~
— - 3 4
T _an ” r By

MASH TL-5 Conditions:

Vehicle: 2270P (pickup truck)

Vehicle: 1100C (passenger car) Impact speed: 100 km/hr (62 mph)

Impact speed: 100 km/hr (62 mph) Impact angle: 25° / A
Impact angle: 25°

Guardrail Guardrail ﬁo’:
jﬁ - 313 - L

Fig. 16: Evaluationof a W-beamguardrailat MASH TL-4 andTL-5 conditions
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The vehicleds responses in terms of redirect

were analyzed to determine the effectiveresthe D-inch doublefacedW-beamguardrais.

Il n evaluating t he MAS# levaloation OriseriomMevasppdoptedehech t h e
utilizes the exit box criterion.Additionally, the MASH evaluation criteriorF requires that

vehicle remains uprightna the maximum roll and pitch angles of the impacting vehicle do not
exceed 75 An exception to the MASH evaluation criteriéhapplies to heavy vehicles, in

which MASH statesii a | t h o prefanabléalt vehicles remain upright, this requirement is

not applicable for tests involving the 10000S (i.e., singi truck) and 36000V (i.e., tractor
trailer)vehi cl es. 0 Thi sa9&mldoe peavy \@hicle arpdctandrslies on the

fact that the primary goal of the impact scenario is to dematesthe guardrai ability to

contain and redirect thempacting vehicles. Figure 17 shows the definition of the three
rotational responses (roll, pitch, and yaw) along with the corresponding translational responses
(surge, sway, and heave). The time histories of the three response parametetk,pitch,

and yawangles wererecoded for the entire perioc

of simulations. The maximum roll and pitch angl YaW

were extracted and compared with the MAS

evaluation criterionF. In addition to theabove Heav%ﬁ)

mentioned MASH evaluation criteria, the time
histori es otfansverbedisplazeenbnis:
andvelocitieswere alsoexamined for performance S"ayi: "
evaluationThe effectiveness of the 28chW-beam
guardrails was determined based on analysis
simulation results for both small and large vehicle ~Fig- 17: Definition of vehicle responses.

Task 4: Performance EvaluatiohDoublefaced31-inch W-beam Guardrasl(TL-4 & TL-5)

In this task, the doublefaced 31-inch W-beamguardrailwas evaluatedunderMASH TL-4
and TL-5 impactconditions.The impactconditionsand evaluationcriteriawerethe sameas
thoseusedfor the 29-inch W-beamguardrail stated in Task 3.

Task5: Performancdvaluation oDoublefaced29-inch Thrie-beamGuardrai$ (TL-4 & TL-

5)

For each of the doubliaced Thriebeam guardrails, two designs were evaluated. In the first
design, the guardrail was offset from the post with a wood blockout. In the second design, the
guardrail was offset from the post with a steleckout.Figure 18 showsthe single segments

of thetwo doublefaced Thriebeam guardraslwith their respectivevood and stedblockouts.

The performance adach desigofthedoublefaced Thriebeam guardrails asevaluated and
compared to determine their effectiveneBlse doublefaced29-inch Thriebeam guardrails
wereevaluated in this task at MASH T4.and TL-5 impactconditions. The impact conditions
and evaluation criteria are the same as those stated in Task 3. Efyghewsexamples of

the scenarios ahe Ford F800singleunit truckandthe day cab tractotrailer impactingthe
steetblockoutThrie-beam guardrail thatreresimulated in this task.




Fig. 18: DoublefacedT hrie-beamguardrailsegmentsvith wood blockous (left) andsteelblockous (right).

Fig. 19: A steelblockoutThrie-beamguardrailimpactedby a singleunit truck(left) andatractortrailer (right).

Task6: Performancévaluation oDoublefaced31-inch Thrie-beamGuardrais (TL-4 & TL -

5)

The doublefaced31-inch wood andsteetblockoutThrie-beam guardrailevereevaluated in
this task at MASH TE4 and TL-5 impactconditions. The impact conditions and evaluation
criteria are the same as those stated in Bask

Task7: Final Report

This final report provides a comprehenssemmary of research activities, findings, and
outcomes for this project. It synthesizes literature review, FE modeling efforts, simulation
results, and the performance evaluatid29- and 3inch doublefaced Wbeamand Thrie
beamguardrailson six-lang 46-foot median dividedreeways.




2. Literature Review

Highway median barriers have been developed and used on U.S. highways for decades to

containandredirecterrant vehiclesnd prevent secondary impacts. These median barriers are
sorted into three main categories: rigid (e.g., concrete barriers)yigganie.g., Wbeam and
Thrie-beamguardrails), and flexible systems (e.g., cable barriers). Presentlyrig&mi
guardrait are the most cononly used barriers across the United Staléss section will
provide a comprehensive summary of studies related-tee&@vh andrhrie-beam guardralil
systems The topics cover performance evaluationg@nvice and crash testing) and the
application of FE modeling and simulations for highway safety research.

2.1 Performance Evaluation of Guardrails

In the 1960s, Jehu (1968) published a study wheresdalle dynamic testing was conducted
in the Uhited States Germany, Netherlands, and tbaited Kingdom. Within the Uited
States New York State pioneered the development of weadist barrier systems through

analytical modelsandfud c al e vehi cl e c¢r as ladsideend nsedianl n 196

barrier standards were changed to inelodly weakpost barriers. In the early 1970s, a study

by Zweden and Bryden (197Was conducted to evaluate the field performance of the older
strongpost barriers anchewly developedveakpost barriers based on New Yo8tate
accident data collectdsbtween1967 to 1970. A statistical analysis wasductedo compare

the performance of theollectedbarrier systems based ancident datancluding occupant

injury, vehicular responsgandpostimpact maintenancd.his study generated a number of
significant conclusions on the performance of weald strongpost barriers. Although there

was no significant difference in fatality rates between the two barrier systemsposak
barriers exhibited a combined fatality/serious injury rate significantly lohan that for
strongpost barriers. The resulting occupant injury appeared to be linked to barrier stiffness
since both barrier systems had lower injury severity rates than other stiffer median barriers.
With respect to barrier penetrations, the wpakt larriers demonstrated a lower penetration
rate than the strorgost barriers, which might be due to the lack of consistency between early
strongpost barrier designs. The study also indicated that barrier penetrations cpaseak
systems were typically due the low rail heights, and that barrier end terminals (i.e., the first
and the last 50 feet of the barrier) had higher rates of penetration and serious injury than the
midsections. The study also related barrier damage to their stiffness. It wasHaustiffier
barriers (e.g., strongost barriers) had less damage or shorter damaged sections than weaker
barriers (e.g., weafgost barriers). The study also determined that despite their longer damage
lengths, wealpost barriers were on average less expeno repair than strongost barriers.

In 1981, Bryden and Hahn (1981) conducted a series of crastotesthicles impacting
corrugated steel Thrkeam guardrailso determine rail deflectian structural adequacy,
vehicle decelerations, and vel@damags. Theresults of thee tests were used to deterenin
the usability of a teilgauge Thricbeam guardrailfor bridgerails and doubldaced median
barriers. Although theestswerenot extensivethey werethe earliest testing involvinghrie-
beamguardrailsonwhich impact limits were set from the conclusion of the crash tests.

In the early 1990s, the Traffic Engineering Branch of the North Carolina Department of
Transportation (NCDOT) conducted a séudy
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highways in which vehicles crossed the median and entered the opposing travel lanes (Lynch
et al. 1993)The study analyzed accidents that occurred duringehedfrom April 1, 1988
through October 31, 1991. The objectives of this study were to flémterstate locations

with unusually high crosmedian accidents, to determine possible safety improvements, to
develop a priority listing of these locations with recommended improvements, and to develop
a model for identifying potentially dangerous locas on North Carolina interstate
highways.Data collected in the study showed th&b fatalitiesresulted from751 cross
median crashes took place in North Carolina. These crashes representpdrifeeeof total
crashes but 32% of total fatalities mterstate highways during the study period. One of the
outcomes of this study was the recommendation to construct median barrietscattids

along theinterstate highways in North Carolina.

Using data collected from Connecticut, lowa, and Northolda from 1997 to 1999, Ray

and Weir (2001xonductedan inservice performance evaluation of four guardrail systems:
the G1 cable guiderail, G2 weglost Wbeam guardrail, and the G4(1S) and G4(1W) strong
post Wbeam guardrails. The study focugednariy on estimating the number of unreported
collisions and the true distribution of occupant injuries. ddlksionsweremeasured in terms

of collision characteristics, occupant injury, and barrier damage. Within the sample size
limitations of the data ctdcted in the study, no statistically significant difference was found
betweenthe performance of the guardrails in the three states, and there was no difference
between the performance of G1 and G2 guardrails and between G1 and G4(1W) guardrails.

In the study conducted by Ross et al. (1993), uniform procedures were developed for
evaluating the safety performance of candidate roadside hardware systems, including
longitudinal barriers, crash cushions, breakaway supports,-tnockited attenuators, and

work zone traffic control devices. The report from this study, the National Cooperative
Highway Research Program (NCHRP) Report 350, was adopted as the standard guideline for
evaluating the safety performance of roadside safety devices until it was replabechbw
standard, Manual for Assessing Safety Hardware (MASH 2008 .evaluation of devices

in NCHRP 350 was facilitated through three main criteria: structural adequacy, occupant risk,
and postimpact vehicle trajectory. Structural adequacy referrethaer well the device
performed its intended task (i.e. a guardrail preventing a vehicle from striking a shielded
object). The occupant risk criteria attempted to quantify the probability of severe occupant
injury. The postimpact vehicle trajectory was adeg to ensure that the device would not
cause subsequent harm (i.e. a vehicle being unsafely redirected back into traffic). The
guidelines recognized the infinite number of roadside hardware installations and crash
configurations. Therefore, standardizedstallation configurations and practical high
frequency impact scenarios were used to provide a basis for comparing the performance of
similar devices. A matter of particular note was the nsétvice level concept that provided

six different test level$o allow for more or less stringent performance evaluatidea(ly
depending on the ultimateage/placement of the hardware).

Although the NCHRP Report 350 specified six different test levels, the warrants for devices
satisfying an individual test levelas outside the scope of the document and was left to the
judgment of the transportation agency implementing the hardware. Generally speaking,
devices tested to the lower test levels, i.e;1Tand TL-2, were mostly used on roadways



with a smaller traft volume and lower travel speeds, and devices tested to the higher levels,
i.e., TL-3 to TL-6, were typically used on roadways with a larger volume and higher speeds.

In the NCHRP Project 224 (2001) Al mprovement of the Proce

Perfomance Evaluation of Roadside Features, 0
Report 350 based on assessments aB Tonditions, which was the basic level used for
devices on th&lational Highway Systenin the report published by Mak and Bligh (2002),

the effects of higher impact speeds and additional impact angles were considereeBfor TL
conditions. These additional parameters were considered due to the fact that a number of
states had changed maximum speed limits on some of their highways to 752hgm()

and not all crashes were occurring at an impact angle afr28ss. These parameters often
caused a concern on the stability of the test vehicle instead of containment capability. The
study reported that increasing the impact speed to 68.4 g Km/h) would have
significant effects on many of the existing roadside safety devices. Although some barriers
could accommodate higher impact spewdth minor modifications, some other barriers
would require major changes and eime barriers might mer be able to accommodate
higher impact speadiue to design constraints. Increasing the impact speed could result in a
whole new generation of roadside safety hardware. In return, the higher impact speed would
only account foran additional 2.8% of therashes and increase the percentage of covered
crashes (i.e., crashes with impact speeds equal to or less than the design test speed) from
approximately 90% to 92.7%. The reduction of the impact angle fronio280 created
controversial arguments includjrthe possibility for existing Weam guardrail systems to

have difficulty containing vehicles at higher impact speétsvas enphasized that the
sdedion of impact conditions was more of a policy dedsion than atechncal issue to be
resdvedwhenupdatingthe NCHRP Report 350 guidelines.

Donnell et al. (2002) reviewed the methods used to assess median safety on interstates and
expressways in Pennsylvania, upon observations of-onedg&an collisions (CMCs) on
highways where median barriers weré warranted by the Pennsylvania DOT design policy.

A literature review andjualitativelyassessment of median safety practices for various state
DOTs were conductedndused to provide input for quantitative data collection. Negative
binomial regression models were used to model CMC frequencies ofteddtd highways.

The qualitative results from the stutgcommendedthat threestrand cable barriers, strong

post Wbeam guardrails, or concrete barridrs usedas median barriers warranted by site
conditions. The quantitative results showed that CMCs were rare events and that nearly 15%
involved fatalities. Additional findings concluded that CMC rates at adiviied highways
decreased as the median widths increased, that CMCs appeared more likely to occur
downstream of interchange entrance ramps, and that CMCs were more likely to involve
adverse pavement surface conditions (e.g., wet or icy) than other crashes.

In 2003, NCHRP Project 22 6 , ADevel opment of an | mproved

was created to develop a cestective and nonproprietary roadside barsigstenthat would

be capable of passing the NCHRP Report 350 requirements. The report summarized th
researchefforts and findings of five new or improved guardrail systems. Although the
guardrails were not testing using fsltale crash tests due to the project not continuing to
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Phase Il, the models were recommended based on their performance immptsyeverall
cost, maintainabty, and system versatility.

Ray et al. (2003) reviewed literature orsiarvice evaluations and identified previously found
effective methods. The-service performance of comnigrusedbarriers and terminals was
examined by collecting data in the following three areas: crash, maintenance, and inventory
information. A procedure manual for planning and conductingeivice evaluations of
roadside hardware was developed based on the deetis®d and the lessons learned in the
evaluation study. The manual was subsequently used as a guide fegeavice evaluation
project performed in Washington State by a different research team and modified based on
their experiences and recommendations

A median barrier guideline was developed for Texas to assist highway engineers in the
evaluation of median barrier needs, with the intention of achieving the highest practical level
of median safety (Miaou et al. 2005; Bligh et al. 2006). In this wstekjstical crash models

for various types of mediarelated crashes were developed based on an analysis of crash data
in Texas. Using estimates from the frequency and severity modeth@achsh costs used

by Texas Department of Transportation, an ecun@nalysis of the median barrier need was
performed. Guidelines for installing median barriers on divided, acwegsolled freeways

were developed as a function of average annual daily traffic and median Avigiidance

to assist engineers evaluatimgdian barriers needed on existing highway facilities was also
developed based on the mean cnoeslian crash rate.

Under the guidelines of NCHRP Project22 Al mpr oved Meffehtivedess f or
Evaluation of Roads.i dB8ickisggaZ0@3}) develbpedathe IRoadside 0
Safety Analysis Program (RSAP). The main objective of Projee€d @&s to develop an
improved cost effective analysis procedure for assessing roadside safety improvements. The
RSAP incorporated two integrated progrart®e Main Analysis Programcontainng the
costeffectiveness procedue ard algorithms, ad the Use Interfacee Programproviding a
userfriendly environmen for data input ard review of results The costeffectivenes
procedue incorporaté in RSAP was basel on the concep of incrementa bendit/cos

analysis. In 2009, NCHRP Project-227 (2012) , ARoadsi de Safet
(RSAP) Update, 0 was started to assi st t he

Transportation OfficialsSAASHTO) Technical Committee on Roadside Safety to develop the
next edition of the AASHTQRoadside Design Guid®ASHTO 2011). The objectives of

this project were to rewrite the software, update the manuals, improve user interface, and
update the embedded default data tabléebedoRSAP.

In a project funded by the New Jersey DOT, Gabler et al. (2005) evaluated tfie st
performance of two median barrier systems: a titesnd cable median barrier system and

a modifiedThrie-beammedian barrier systerm this project, E modeling was adopted as a
major means of the investigation. The project also included field investigation of crashes into
the subject barriers and a survey of the median barrier experience of other state DOTs. This
study concluded thabhe Thrie-beammedian barrier was capable of containing and redirecting
passenger vehicles, as well as a limited number of heavy vehiclesT hiiedbeammedian
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barrier also reduced the incidence of higher severity ar@xlan collisions but increased the
number of Iss severe collisions.

In a subsequent study also funded by the New Jersey DOT, Gabler and Gabauer (2006)
investigated the fatalities and injuries in accidents involvingpé&m guardrails on New
Jersey highwaydt wasfound from the studythat the guardiis generally performed well in
vehicular crashes and only accounted for 1.5% of total highway fatalities. This study also
showedthat occupant injuries in guardrail crashes were not a major issue unless the vehicle
had a rollover; threéourths of all ocapants exposed to guardrail crashes suffered no injuries.
Some of the issues related to the guardrail performance were also identified. For example, the
study showedthat over half of all the fatal collisions with guardrails involved secondary
events, i.e.either a second impact or arollover. It was also found that 14% of all fatal crashes
on guardrails resulted in a rollover and that light trucks had a significantly greater chance of
vaulting and/or rollover than other vehicles when colliding with therdpail.

Reid et al. (2007) developed a new guardrail system that could perform effectively for larger
vehicles with a higher center of mass and a higher bumper height. The new rail, named
Buffalo Rail, had deeper crosgction, thicker rail width, andwider post spacinghanthe
G4(1S) Wbeam guardrail system. The tests were performed with a 1,500 Ib (680 kg) pickup
truck that passed thiEe_-3 requrements oNCHRP Report 350.

The NCHRP Project 221 (2011) focused on typical cressction designs for @nstruction

or reconstruction project rather than on the exact esesgon design at a particular point.

The typical crossection designs were determined early in the design process before
adjustments were made to account for variations along thensgigt (e.g., horizontal and
vertical curves, interchanges and intersections, and special drainage requirements). Project
22-21 was started on January 2006 and was completed in April Zb#l1final report of

Project 2221 contaiedguidance that practitians can use to evaluate the safety implications

of various median crossection designs, including barrier type and placement guidelines
(based on the NCHRP Project-22 (2010), so that a costffective design auld be
achieved.

In 2009,the Manual folrAssessing Safety HardwarglASH) was published to supersede the
previousroadside safety standafdCHRP Report 350. MASH presentediform guidelines
for crash testing permanent and temporary highway safety features and recommends
evaluation criteria to ssess test results. MASH does not supersede any guidelines for the
design of roadside safety hardware, which are contained within the AASRBdside
Design Guide As of January 1, 2011, the Federal Highway Administration (FHWA) has
required that all new rpduct designs be tested using MASH test criteria for use on the
National Highway System. A few of the significant changes from NCHRP Report 350 to
MASH include:

1 The weight of the small car test vehicle was increased from 1,800 Ibs. (820C) to 2,420
Ibs. (1100C)
The impact angle of the small test vehicle was increased froo 25
The weight of the pickup truck test vehicle was increased from 4,400 lbs. (2000P) to
5,000 Ibs. (2270P)

T
T
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1 The mass of theingle-unit truck in TL-4 was increased from 18,000 Ibs. (8,000 kg)
to 22,000 Ibs. (10,000 kg) and the impact speed was increased from 50 rkpti{80
to 56 mph (9km/h).

In astudy conductetdy Hu and Donnel{(2010, theyanalyzel the severity of median barrier

crashes using five years of data from rural divided highways in North Carolina. The criteria
used for the analysis included median barrie
of the travel lane, roadway segment characteristics, roadway sadadeions, driver and

vehicle characteristics, median barrier placement, and medianstopgsdata. The major

conclusion of this study was that less severe crash outcomes pertained to those on cable
median barriers when compared to concrete barriedtsVebeam guardrails. It was also
observed that the barrierds offset distance
probability of severe crashes.

In 2010, Hampton et al. (2010) conducted crash tests and finite element analysis (FEA) on
alreadydamaged sections of the G4(1S)b&am guardrails, which had not previously been
conducted. The FEA work will be discussed in depth in the following sed@wemcrash tests

were performed by the MGA Research Corporation for the NCHRP Projgt®2 fiaCr i t er
for Restoration of Longitudinal Barriers, o
prescribed rail and post deflections. The first crash test was conducted at 30 mim({#B.3

with an impact angle of 2&nd resulted in a 36 (10.97m) damaged section othe guardrail

with a maximum deflection of 1.2ft (0.37m). The second crash test was performed in the
damaged location with undesirable results. ghardrailprovided minimal resistance to the
impacting vehicle as it vaulted over theardrail These results were due to a failed link
present in theguardrailthat separated theil from the post The study concluded that a
deflection of 0.94t (0.279m) or more on the post and rail would result in vehicle vaulting

over the median baer.

Gabauer et al. (2010) also conducted research gretti@manceof G4(1S) guardraswith

minor damage already done to sections. yThssessedive types of damage usinthe
pendulum impact tests: vertical tear, horizontal tear, splice darmagéed blockout, and
missing blockout. \Abeam rupturewereobserved in tests with vertical tear damage due to
the a stress concentitat caused by theearandthus wereecommendedbr repair with high
priority. There was no evidence of rail rupturemiée location of a horizontal tear, but there
was an observed splice failurethehigher speed test$he recommendation for a horizontal

tear was that tears less than 12 inches in lengtb.&ridches in width would not significantly
affectthe performance of the barrier and should be repaired with medium priority. The splice
damage was simulated with one of the bolts having lost all bearing capacity and had a
performance indistinguishable from the undamaged barrier. The recommendedriepdjir p

for missing bolt wasnediumfor a single bolt andhigh for more than one bolt. A twisted
blockout had little to no effect on the performance ofghardrailand was recommended to
have a low repair priority. The performance of therdrailwith a missing blockout was
marginal to unacceptable for the higher speed tests with a medium priority for repair. Further
investigations with fullscale crashes would help evalutie trajectory and stabilitypf the
impactingvehicledue to the limitations ahe pendulum tests.
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Ochoa and Ochoa (2011) completed a study to optimize guardrails for rural roadways in the
United States, Europe, and some developing countries. In order to opériizéeam
guardrail, the main methods for identifying failures hadaaéfined and considereeorthe
conventional strongost Wbeam guardrails, the relatively high release load varied by
approximately 360% and was further compounded by another 40% due to variations in the
yield strength of guardrail panels. A physluza®d guardrail analysis was performed to
determine the solution of optimizing the release load in relation to post section properties.
This optimization was accomplished by introducing an improved fastening system that
incorporated a separatdeformable redase member to consistently provide a predefined
release load of around 1,700(IB565 N) with a maximum variation of 20%. The versatile
W-beam guardrail incorporating these improvements was successfully crash tested and
accepted by FHWA at NCHRP RepoB®Band MASH TL3 conditions.

In 2011, AASHTO published the neRRoadside Design Guid&vhich presented a synthesis

of current information and operating practices related to roadside safety. The guide was
intended to be used as a resource document fromhwirddvidual highway agencies could
develop standards and policies. It was focused on safety treatments that could minimize the
likelihood of serious injuries when a motorist leaves the roadway. The 2011 edition was
updated to include hardware systems tiat been tested to meet the evaluation criteria
contained iINNCHRP Report 350. It alsmc¢luded an outline of the most current evaluation
criteria contained in MASH

In 2012, Findley et al. (2012) conducted a statewide structural and safety investigétien
performance of weathered steel beam guardrails (WSBG) in North Carolina. This research
was performed at the Institute of Transportation Research and Education at North Carolina
State University. This study was prompted when New Hampshire foundhtha/SBG
deteriorates at a much faster rate compared to the galvanized steel guardrail (GSG) in the
northeast due to the harsher weather conditions. The study concluded that in all test sites
across North Carolina, there were no structural concerns abmgt WSBG. Additionally,

the research suggested a lower percentage of injury collisions associated with WSBG
installations than the GSG installations at comparable sites. However, this study used a small
sample size and further investigatimas needefbr a more robust comparison

Alluri et al. (2012) evaluated the safety performance of the G4(1S) guardrail system installed
on both limited and nefimited access facilities in Florida. The effectiveness of the guardralil
was measured by the percentage of vehicles prevented fronngraiesiguardrail during a
crash.From2006to 2010, there were a total of 7,290 crashes involving the G4(1S) gusirdrail
on limited access facilities and 1,384 on #liomted access facilities. For the limited access
facilities, 95.3% of the vehicles weregpented from crossing over the guardrail, which broke
down into 97.5% for cars and 91.6% for light trucks (included vans and trucks with four rear
tires). For guardrails installed at median and roadside locations, 95.5% of all vehicles were
prevented frontrossing over at median locations and 94.5% at roadside locations. Medium
and heavy trucks were found to have a significantly lower crossover prevention percentage
of 78%,due to the fact that the safety requirers@ftthe guardrail systemavenot for these
vehicle types. The severity of crossover crashes was found to be higher than that of non
crossover crashes, with owedes being the most severe cases. Similar findings were
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observed on the nelimited access facilities that had a higher percentdgpreventing
vehicular penetrations at median locations than at roadside locations.

Researchers at the Midwest Roadside Safety Facility (MwWRSF) performed a study on the
safety performance of the Midwest Guardrail System (MGS) with no blockout. Thisdevis
design could possibly be used at locations where the requirgttiidlockout would not

work well and an alternative was required. They successfully crash tested 4hepadatary

design of the MGS with a rail height of 31 inches using a passenganda pickup truck
under MASH TL-3 conditions (Schrum et al. 2013). The results of this report suggested that
the MGS with no blockout could be used on roadways where the width of the blockout was a
limiting factor and the standard MGS with blockouts wesommended for other locations.

2.2 Finite Element Simulations of Vehicular Crashes

Mackerle (2003) provided a bibliograpbf271 references published between 1998 and 2002

on crash simulations using FEA and on impaduced injuries. This bibliogragh
categorized the references into four different topic areas: 1) Crash and impact simulations
where occupants were not included; 2) Impaduced injuries; 3) Human surrogates; and 4)
Injury protection. Topics in the first area included crashworthinesaimfafts and
helicopters, automobiles, and vehicle ralil structures. The second area of research utilized two
major types of models for humans, the crash dummy and real human body models. Research
topics in this area were mainly on biomechanics and impaalyses for various human
injuries. Topics on human surrogates focused on the development FE models of hybrid and
other types of human dummies. These dummy models were used to obtain dynamic responses
of the whole human body during impacts, which weffcdit to measure experimentally. In

the area of injury protection, FEA were utilized to simulate and analyze injury protection
systems such as seat belts, air bags, and collapsible structures to reduce serious or fatal
injuries. The references included i Macker | ebés bibliography wer
work on FE crash simulations; however, only a few references under injury protection were
related to roadside safety.

Most publicly available FE models of vehicles and roadside safety structuremitiaby

developed at the FHWA National Crash Analysis Center (NCAC) at George Washington
University. Since the 1990s, significant efforts have been put on the development of FE
models for crash analysis. Most of these models are available-B¥ N8 input files from

NCAC6s website (NCAC webl). A i st of refert
simulation work performed at NCAC is also av

The modeling and simulation efforts from NCAC can be found in severadsepative
works. Marzougui et al. (2000) developed the FE model of-ahaped portable concrete
barrier (PCB) and validated the model with fstlale crash test data. With the proven fidelity

and accuracy of the modeling methodology, models for two meadPCB designs were
created and used in FE simulations to evaluate their safety performance. A third design was
then developed based on the simulation results. In the work by Zaouk et al. (2000a, 2000b),
a detailed FE model of a 19@®dgeNeon was devefmed. The three dimensional geometric
data of each component was obtained by using a passive digitizing arm and then imported
into a preprocessor for mesh generation, part connectionmatedal propertassignmers
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Tensile tests were conducted on speuis to obtain the material properties of the various
sheet metal components. The baadyvhite model was used in the simulation of a frontal
impact and the results were compared with test data to evaluate the accuracy and validity of
the model. Kan et a{2001) developed an integrated FE model that included the vehicular
structure, interior components, occupant (Hybrid Il dummy), and airbag for crashworthiness
evaluation. The integrated model was then used in a case study to demonstrate the potential
berefit of the integrated simulation and analysis approach. This approach would further
improve the engineering practice with cost savings, while also producing more accurate and
consistent analysis results. Marzougui et al. (2004) developed a detailedssuspeodel

and incorporated it into the previously developed FE model of a Chevrolet C2500 pickup
truck (Zaouk et al. 1997). Pendulum tests were conducted at the FHWA Federal Outdoor
Impact Laboratory (FOIL) and the test data were compared with simuleggurits of
deformations, displacements, and accelerations at various locations. Crash simulations were
performed using the upgraded vehicle model and the results were compared with crash data
from previously conducted fuicale tests.

To facilitate the use of FE simulations to evaluate roadside safety structures at higher test
levels specified by NCHRP Report 350, Mohan et al. (2007) improved and validated a
previously developed model of a 1996 Ford F80@le unit truck. This 18,000b (8,172

kg) truck was used as the standard4 kehicle in NCHRP Report 350. Simulations were
performed using the improved model and the results were compared with those from a full
scale crash test. The global kinematics and the acceleration timeesisibthe truck from
simulations were found to correlate well with the test data. The research also suggested
considering frictions between the tires and barrier and between the tires and tgound
correlatewiththev e hi c | angles y aw

In a study byMarzougui et al. (2007), the FE model of ab&am guardrail was developed

and validated using fulicale crash test data. The model was shown to give an accurate
representation of the real system based on
Using the validated model, they performed four simulations of a passenger truck impacting
the Wtbeam guardrails with different rail heights. The simulation results showed that the
effectiveness of the barrier to redirect a vehicle could be compromised éneailtheight

was lower than the recommended value.

Researchers from the roadside safety group at Worcester Polytechnic Institute utilized FE
models in a number of roadside safety studies. Ray (1996a) analyzed the data fscaldull

crash tests and deloped a criterion using statistical parameters to assess the repeatability of
a full-scale crash test. The simulation results were also compared to crash test data. Ray
(1996b) reviewed the history of using FEA in roadside safety research and presented th
vehicle, occupant, and roadside hardware models that had been developed to date. Ray and
Patzner (1997) developed a nonlinear FE model of a modified eccentric loader terminal
(MELT) that was common for Vibeam guardrails and used it in simulating a$odlle crash

test involving a small passenger car. Based on a comparison of simulation results with crash
test data, the FE model was recommended to be used in the evaluation of new design
alternatives. In the work of Patzner et al. (1988 effects of pst and soil strengths on the
overall performance of the MELT terminal system using a nonlinear FE nvadedxamined
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A matrix of twelve simulations of particular fedlcale crash test scenarios was used to
establish the combinations of post and soil gjttes1from which favorable situation(s) could

be identified. This parametric study showed that certain combinations of soil and post
strengths could increase the hazardous possibilitiesreofsnagging, pocketing, or rail
penetration, while other combinakis producedesults that are more favorable

In the work ofPlaxico et al. (2000Q)theycompared the impact performance of two strong
post Wbeam guardrails, the G4(2W) and G4(1W). After validating the FE model for the
G4(2W) guardrail with data from alf-scale crash test, the FE model of the G4(1W) guardrail
was developed. The two guardrails were compared with respect to deflection, vehicle
redirection, and occupant risk factors. The two systems were found to perform similarly in
collisions and satiséid the requirements of the NCHRP Report 350est Level 3-11
conditions. Using LDYNA simulations and laboratory experiments, Plaxico et al. (2003)
investigated the failure mechanism of the bolted connection ofoedkh rail to a guardrail
post, which ould have a significant effect on the performance of a guardrail system. A
computationally efficient and accurate FE model of thetoalost connection was developed

for use in the performance evaluation of guardrail systems usirDYINA. Using LS
DYNA simulations, Atahan (2002) analyzed a strpogt W-beam guardrail system that
failed in a previously conducted fitdcale crash test. After identifying the cause of failure
and incorporating necessary improvements, a nelwe®dm guardrail was developadth
improved performance based on simulation res@itengo et al. (2003) presented a method
to model tire deflation in LYNA simulations along with examples o$ingthis improved
model. The simulation results showed that deflated tires had significhffiéiyent behaviors

from those of inflated tires as observed in real world crashes and-scéld crash tests. A
vehicless kinematics were found to be strongly coupled to the behaviors of deflated tires.
Therefore, modeling such behaviavas deemedritical to roadside hardware simulations.

In a separate study by Ray et al. (2004);BNA simulations were used to determine if an
extruded aluminum bridge rail would pass the-fdhle crash tests for T& and Tl-4
conditions of NCHRP Report 350. Themulation results, which were supported by a
subsequent AASHTO load and resistance factor design (LRFD) analysis, indicated a high
likelihood of passing the crash tests.

FE simulations have also been used by researchers at the Midwest Roadside Sidifgty Fa
(MWRSF). Reid (1996) utilized FEA to study the influence of material properties on
automobile crash structures and attempted to develop crashworthiness guidelines for design
engineers. In one of his later works, Reid (1998) demonstretbdwo sinple examples,
contact definition and damping, how potential modeling issues could easily be overlooked in
FE impact simulationdReidalso suggested ways to check for modeling erroravattiods

to make improvements. In a collaborative work to improve RBemodel of a Chevrolet
C2500 pickup truck (Reid and Marzougui 2002; Tiso et al. 2002), structural modeling
methods were introduced for model improvement through refining meshes, using more
sophisticated material models, adding details to simplified coemien and improving
connections between components. Suspension modeling, which was critical to the correct
vehicle dynamic responses, was also investigated in this collaborative work and a new model
was successfully developed with significant improvements.
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To educate roadside safety engineers and promote the use of simulations, Reid (2004)
summarized ten years of the simulation efforts on the development of new roadside safety
accessories performed at the MWRSF. In the work of Reid and Hiser (2004 )uitheg she

friction effects between solid elements and for component connections, as well as their
interactions in crash modeling and analysis. In their work on modeling bolted connections
that allowed for slippage, Reid and Hiser (2005) investigated taaelimg techniques that

were based on discregpring clamping and stressed clamping using deformable elements.
The simulation results for both models compared well with test data, with the stressed
clamping model using deformable elements hawgogd accuacy accompanied with a
significantly increased computational cost. Hiser and Reid (2005) also investigated improved
FE modeling methods for slip base structures, which could have a considerable potential for
reducing the amount of crash resistance and ttcupant injury. They developed and
evaluated twdolt-preloadingmethods, with one using discrete spring elements and the other
using prestressed solid elements. Similar to their findings in the work of modeling- hook
bolts, they found that the methoding solid elements was more accurate than that using
discrete spring elements when the impact conditions became more severe. The results showed
that the slip base model was acceptable in botroerahd length of need impact simulations.

FE simulations wre also found in the work of other researchers in roadside safety research.
Whitworth et al. (2004) evaluated the crashworthiness of a modifibe&kh guardrail using
detailed FE models of a guardrail and a Chevrolet C2500 pickup truck. The simulatits res
were compared and found to be in agreement with crash test data in terms of roll and yaw
angles. Simulations were also performed to evaluate the effects of rail mounting height and
routed/norrouted blockouts on the safety performance of the systethelwork of Bligh et

al. (2004), FEA was utilized to develop new roadside features to address three roadside safety
issues. An alternative design to the popular T6 tubuldredm bridge rail was developed to
address problems with vehicle instability ebsed in fultscale crash testing. A retrofit
connection t o -dotpodable dazket® darrigr rwasddeveloped to limit
dynamic barrier deflections to levels that were more practical for work zone deployments.

One of the important parametens évaluating the performance of barrier systasnthe
vehicular impact heightwhich varies depending on the trajectory of the vehicle along the
median and the lateral offset of the barridsing LSDYNA simulations,Ferdous et al.
(2011) evaluated he performances of the modified G4(1S)-Méam guardrail, modified
Thrie-beam guardrail, Midwest Guardrail System, and modified weak posbeam
guardrail. Each model was validated based on the red@igsting crash tests. Using vehicle
modelsmeeting the equirements oNCHRP Report 350, the override and undde limits

for each guardrail were identified. The performance limit of each barrier was determined by
parametrically varying the vehicle impact height to deterrttieeheights at which override

or rollover forthe pickup truck and undeide for the small passenger car would occur.

In 2012, Marzougui et al. (2012) investigated some barrier systetmnsh passed the
requirements of NCHRP Report 3B0t failed to pass the MASH requirements, to deteemi

if the barrier systems could be retrofitted with various modifications to improve the
performance. The modifications were conducted on siX @#&-beamguardrails and three
G4(1S) Wheam guardrails using FE simulations. The simulation results shoatedith the
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proposed modifications, the guardrails that originally failed to pass the MASH requirements
were able to retain the vehicle under MASH-3Iconditions and reduce the propensity to
vault over the guardrails.

Hampton et al. (2013) performed a similar simulationan effort of evaluating the
performance of strongost W-beam guardrails with missing posts under impact conditions
specified by NCHRP Report350hTe ef fects of missingmapce sts on
were quantitatively evaluated using FE models of crash tests under impacts of-¢b4,409
(2,000kg) pickup truck. Simulations where one, two, or three posts were removed from the
guardrails were conducted with varying points of impact to evaluateftacts of missing

posts. The FE simulation results demonstrated that guardrails with even one missing post
could have a remarkably decreased performance under vehicular impactsréismamging.

It was also observed that both the maximum defleei@hmaximum rail tension were greatly
increased as more posts were removed from the guardrail. The overall coschisibe

study were that the guardrail performance could be significantly reduemezhwith one
missing postand that post replacement shioube a higkpriority repair for guardrail
maintenance.

In the work of Mongiardini and Reid (2013)they investigated relevant phenomena in
simulation models that would help create a more accurate representation of the kinematics
and dynamics of an actuall-scale crash test. Modifications to the steering system, tire size,
and bumper failure mechanism were analyzed. A properly working steering system was found
to have an insignificant role because the vehicle was redirected by the barrier system, and th
tires were forced to slide over the ground. Although the bumper usually plays a relatively
minimal role in a fulscale crash test, the definition of a failure mechanism for the front
bumper was found to be crucial for simulating the vehicle kinematiisout this failure
mechanism, the bumper would restrict tine from steering properly when thiee contacted

the barrier post. This caused the tire to roll over the second post during impact, thus limiting
the proper redirection of the vehicle. Simijathe correct modeling of tire size was essential

for simulating the interaction between tire and posts.

FE simulations, particularly conducted withdC8/'NA, have been used increasingly more in
roadside safety research. In addition to the aboveomsd references, FHWA published
several manuals on using {3YNA material models and evaluation of these models
(Hallguist 2017{_ewis 2004LSTC 2016Murray et al. 2005; Murray 2007; Reid et al. 2004).
These references can also be useful in the crasielimg work using LDYNA.
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3. Finite Element Modeling of Vehicles and Guardrails

The simulation work of thistudyinvolved FE models ofour vehicles(i.e., a 1996 Dodge

Neon a 2006 Ford F250a 1996 F800singleunit truck, and a 1991 GMC day cab traetor

trailer) andthreeNCDOT guardrais each with 29 and 3%inch placement heightd hethree
guardrailswere 1) doublefacedwood-blockout Wbeamguardrail; 2) doubldacedwood

blockout Thriebeamguardrail;and3) doublefacedsteetblockout Thriebeamguardrail All

crash simulationsvere conducte@t MASH TL-4 and T-5 conditions At TL-4 conditions

the guardrails were impacted bhy1996 Dodge Neon and a 2006 Ford F250 at 62 mph (100
km/h) and an impact anglef 25, andby a 1996 Ford F800 singlenit truck at 56 mph (90

km/h) and an impact angle of 15At TL-5 conditions, the guardrails were impacted by a 1996
Dodge Neon and a 2006 Ford F250 at 62 mph Kofh) and an impact angle of 25andby

a 1991 GMCday-cab tractoitrailer at 50 mph (8&m/h) and an impact angle of 189n all
simulation cases, the vehidepartedhetravel laneat theprescribed speeaind anglédefore
impactingthe guardrail. Ta impact speevasd ef i ned i n the vehiclebd
the impact angle was defined e angleb et ween t he vehicledbds tr
g u a r dlongitudindl girection.

S
a

3.1 FE Models of Four Vehicles

Figure 3.1 shows he FE modelsof thefour vehiclesused in this projecta 1996 Dodge Neon
passenger car (MASH 1100C), a 2006 Ford F250 pickup truck (MASH 2270P), a 1996 Ford
F800 singleunit truck (MASH 10000S), and a 1991 GMC dzgb tractoitrailer (MASH
36000V).Table 3.1 gives the specifications béfour vehicles relevant to thstudy

a.A 1996 Dodge Neopassenger car

IO

¢. 1996FordF800singleunit truck d. 1991 GMC ay-cabtractortrailer
Fig. 3.1:FE models ofthefour vehicles used in crash simulations.
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Table 3.1: Specifications of tHeur testvehicles used in crash simulations

I Test Vehicle
Specification -
1996 Dodge Neon| 2006 Ford F250 1996 Ford F800 | 1991 Tractor-trailer
Curb weight 2,4141b (1,055 kg) | 5,689Ib (2580kg) | 16217 Ib (7,456 kg)| 79,718 Ib (36159 kg)

Overall length

171.8in (4.36 m)

226.4in (5.75 m)

337.5in (8.57 m)

697 in (17.7 m)

Overall width

67.5in (1.71 m)

79.9in (2.03 m)

96.2 in (2.44 m)

245.3 in (6.23 m)

Overall height

52.8in(1.34 m)

76.5in (1.94 m)

131.5in (3.34 m)

158.4 in (4.02 m)

C.G. height**

20.21in (0.51 m)

28.5in (0.72 m)

51.66in (1.31 m)

64.44 in (1.64 m)

Ground clearanc

5.7 in (145 mm)

8.7in (222mm)

10.1in (257.4 mm)

8.8in (223.5 mm)

* The curb weight is the weight of the vehicle with all standard equipment and amenities, but without any
passengergargo,or any other separately loaded items.

** C.G. = Center of Gravity

The FE model of the 1996 Dodge Nebad a total of 339 parts thatere discretized into
283,683 nodes and 270,727 elements (2,852 solid, 92 beam, 267,775 shellliacrt®
elements). Ten different constitutive model®re used including the piecewise linear
plasticity model defined for mosteel componentshe rigid model for mounting hardware,

the elastic model for the tires and otlebbercomponentsthe BlatzKo rubber model for
nearly incompressible rubber cushiott®e viscous damping model for the shock absorbers,
the lowdensity bam model for the radiator core, the sp@&id model for sheet metal
connections, the null material model defined for contact purpdlsedinear elastic spring
model for the springlamper connection of the front suspension, and the crushable foam model
for the bumper energy absorbétourglass control wsa used on components that could
potentially experience large deformations. The FE model obtidgeNeon wasoriginally
developed at NCAC and validatatht he NHTSAOGs New Car Assess me
Frontatimpact Test 2320NCAC, 2007a)

The FE model of the 2006 Ford F250 was composed of a total of 746 parts that were discretized
into 737,86 nodes and 738095 elements (25,905 solid, 2,305 beam, 707,656 shell,2a8nd
discreteelements). Eleven diffent constitutive models were used, including the piecewise
linear plasticity model defined for most steel componettts, rigid model for mounting
hardwarethe elastic model for the tires and other rubber comportietnear and nonlinear

elastic sprig model for the suspension springs, the viscous damping model for the shock
absorbers, the lomensity foam model for the radiator core, the speld model for shde

metal connections, the viselastic model foradiator support mountshe BlatzKo rubbe

model for nearly incompressible rubber cushioasg the null material model for contact
purposes. Hourglass control was used on various components that could potentially experience
large deformations. The FE model of therd F250 was originally develaa at NCACand
validated with the NHTSAG6s New Clapact Aests e s s me
5820.(NCAC, 2008)

The FE model of the 2006 Ford F88idgle unit truck was composed of a total of 138 parts

that were discretized into 172,793 nodes and 166,925 elements (886 solid, 548 beam, 165,386
shell, and 58 discrete elements). Seven different constitutive models were used, including the
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piecewise linear plastiyi model defined for most steel components, the rigid model for
mounting hardwarehe elastic model for the tires and other rubber compornéetsonlinear

elastic spring model for the suspension springs, the nonlinear viscous damping model for the
shockabsorbers, and the null material model for contact purposes. Hourglass control was used
on various components that could potentially experience large deformations. The FE model of
the Ford F800 was originally developed at NCAGd further improved at théNational
Transportation Research Center Inc. (NTRCI) and Oak Ridge National Laboratory (ORNL)
and validated againsthe TexasTransportationinstitute (TTl) Test 47140-17 (Mak and
Mengesl998).

The FE model of the tractdrailer consisted o0& 1991 GMC WG65T dagab tractor, 1990
Stoughton48-ft box trailer, and a 50,000 Ib (22,677 kg) ballasiler load. The complete
tractortrailer modelhad a total of495 parts that were discretized in&27,418nodes and
466,578 elements 18,089solid, 851 beam,387,440shell, and27 discrete elementswelve
different constitutive models were used, including the piecewise linear plasticity model defined
for most steel components, the rigid model for mounting hardwiaeeglastic model for the
tires trailer walls, and other rubber componentkie nonlinear elastic spring modahd
Maxwell spring modefor thetractor and trailer airide suspensionthe linear and nonlinear
viscous damping model for the shock absorbers, the-vgpldt model for sheet etal
connections, the viscoelastic model for radiator support mosmglified JohnsotCook
model for trailer walls and roofthe simplified rubber with damagemodel for nearly
incompressible rubber cushiors)d the null material model for contact puspse. Hourglass
control was used on various components that could potentially experience large deformations.
The FE model of th&ractorwas originally developeds a 199 Freightliner FLD120 sleeper
cab tractorat NCACand validatedat Federal Owloor Impact Laboratory (FOIL)sing Test
No. 03008(Marzougui2003;Plaxico et al.2008). The sleepecab tractor was adapted to a
day-cab tractor modeled after1991 GMC WG65T dagabtractorat NTRCI (Plaxicoet al.
2009) The trailer FE model wasreatedfrom scratch at NTRCI using a purchased 1990
Stoughton bostrailer tomodel componentimensions andsedin coupon tests to accurately
define material properties (Plaxi@ al. 2009). The ballast load in the trailer was modeled
after the payloadonfiguration in thdull-scaletestthe completéractortrailer model was used
for validation (Plaxico et al. 2010). Thefull-scaletest used for validatiowasthe Midwest
Roadside Safety Facility Crash Test TLECMBRosenbaugh et &2007).

Simulatons of the vehicles crashing into roadside barriers imposed significant challenges to
the numerical modeldue to the large, nonlinear deformations and the large numbers of
components contaog each otherFor example, in the simulations of tieactortrailer
crashing into theW-beam guardrail, theN-beam railsand postsexperienced severe
deformationsvhen redirecting the tractd@railer The vehicl ebs wheel,
front suspension, and a number of other pamntghe tractor and trailevere in contact with the
guardrail post, rail, andblockout These contacts needed to be handled by selecting the
appropriate contact algorithrts eliminate theinrealisticpenetratios of interferingelements
Otherwise, the simulations would encountgneat numerical difficultiesand result in
unrealistic behaviors of the vehicle and/or guardrail (€hg.yehiclebeing entangled with the
guardrail componentsThe FE model of theDodge Neon experiead a similar issue with
elementson the bumper covegoenetrating the guardrail and becommgtangleddue toa
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contact definition that wassedin the original model but inappropriate for theplications in

thisstudy The contact definition between the veh

to revlve the outstandingcontact issuge Before running simulations for this project,
simulationswvere conducted usirthefour vehicle modelso ensure appropriate contsbeing
definedfor all parts in therehicles,W-beam,and Thriebeamguardrai.

3.2 FE Models of the Guardrails

The FE models of the guardrails used in this study inclstieshgpostdoublefaced wood
blockout Wbeam, wooeblockout Thriebeam,steetblockout Thriebeam guardrailsThe FE

model of thesinglefacedG4(1S)strongpostW-beamguardrailwas originallydeveloped at
NCACand validated usi ng3ddrditbRsAn fliscaeocrash teStbad 6 s
TexasA&M Transportation Institut¢NCAC, 2007b) The strongpost doublefaced wooed
blockout Wbeam guardrail was creatadd validated in a previous NCDOT research project
(Fang et. al., 2015Y he two variations of the strofgpst doublefaced Thriebeam guardrails

were created in accordance wittie most currenNCDOT Roadway Standard Drawings

( NCDOT 2012) an dsidADeSigd GUIGAASHR© 2011).

The FE modebf the doublefaced Whbeam guardraitontaired six different constitutive
models the piecewise linear plasticity model for most steel compont@slastic mdel for
the wood blockuts and terminal posts, the soil and foaodelfor the soilsaround postghe
rigid model for the boltsnutsand road surface, the nonlinear elastic spring model fdrdle
tensionng springin the longbolts (used to attactherails andwood blockaits to the pos)s
and the null material model used for contact purposke FE model of the doublaced
wood-blockout Thriebeam guardrail contaga the same six constitutive models as the W
beam guardrail. The steblockout Thriebeam guardrail contaed five of the six constitutive
modelsof the other guardrail®©mitting the elastic modeised for the wood blockouts.

In the original NCACW-beammodel, the soil around each post was a cylindrical block suitable
for flat-terrain conditions. In thistudy, the guardrail model including the soil foundations was
obtained from a previous NCDOT research project (Fang et al., 2013 in which an FE
model of a square soil foundation was devetbpee square soil model used the same material
model and progrties as the original NCAC soil mogdahdwas compared and found identical
to the circular soil model using simulations of a vehicular crash test. Figure 3v& e
original NCAC soil model and the squaskaped soil modeisedfor this study

The FE models of Thriebeam guardrailfor this studywere createdccording to the NCDOT

T

Roadway Standard Drawings and AASHMDéMs Roa:l

guardrails utilized the soil and post components from theedm guardrail model. The Thrie
beam rail was obt ai ne d-bdamto-TinrieNé€arm @anstionnbardee |
used to transition from a semgid W-beam guardrail to a rigid concrete barrier. This model

of

was verified to be consistent with the TTI test 4042dnhd FE modelfromAthan & Cansi z

study in 2005 (Buth et. al. 1998; Atahan and Cansiz 2005). Two blockouts for theb&arne
guardrailsvere selected, a stelelockout and a woothlockout. Figure 3.3 illustrates tivod
and steeblockouts used on the Thriam guardrés.
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a. Circular soil foundation b. Square soil foundation

Fig. 3.2: FE models of the sddundationaround a post.

Fig. 3.3:FE models of a modblockout(left) andsteel blockout(right) on the Thrie-beam guardrails

In this study the bolt and nut connectionsn the Wbam and Thridoeam guardrails
incorporated a failure mechanism that could separate the bolt and nut upon reaching the failure
point (defined by a threshold value of the ford)e to thencreasedmpact eergy fromthe

larger vehicles used in this study, i.e., MASH-Zland TL-5 impact conditions,hie failure
mechanismwas modeled in the bolt connectionsusing the individual components to
realistically emulate the beitut connection behavian animpact Figure 3.4 illustrates the

bolt connections of the Wdeam guardrailThis modificationalong with resolutions t@ther

contact issuege.g., initial penetrations due to mismatched geometriesre found to
significantly i maguracystability, and efficiBncymo d el 6 s

Fig. 3.4: FE model of tholt connections on th&-beamguardrails.
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Figure 3.5 shows profile views of th& models of theloublefacedW-beam, wooeblockout
Thrie-beam, and steddlockout Thriebeamguardrailsat a 29inch installation heightEach of
the three guardrail modelsdwa corresponding 3ich guardrail model.

LIl

a.W-beam guardrail b. Wood-blockout Thriebeam CSteetblockout Thriebeam

Fig. 3.5: Profile views of th2%-inch doublefaced guardrail FE models.

The FE model o& singleguardrail segmemwasduplicated to create the entire 48@122-m)
section of the guardrails required for teisdy The duplication of the guardrail sectiswere
completedwith an inhouse code developed to replicate not only the parts, nodes, elements,
and material properties, but also the contact definitions defimeoing the parts in each
segment as well aetweenadjacentguardrail segmest The FE models of thend terminals
were then attached to tigeardrailsegments to create a full guardrabdel Figures 3.6 and
3.7 illustrate the full FE modelsf the 29- and 3%inch doublefaced Wbeamguardrais,
respectively, placed oa flat surface Figures 3.8 and 3.9 illustratke full FE models ofhe
29- and 3tinch doublefaced woodblockout Thriebeam guardrails, respectivelifzigures
3.10 and 3.11 illustrate the full FE modelgtod 29- and 3%inch doublefaced steeblockout
Thrie-beam guardrails, respectively.

Fig. 3.6: Full FE model of theoublefaced2%-inch W-beamguardrail
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Fig. 3.7: Full FE model of thdoublefaced31-inch W-beamguardrail

Fig. 3.8: Full FE model of thdoublefaced29-inch woodblockout Thriebeamguardrail

Fig. 39: Full FE model of theloublefaced31-inch woodblockout Thriebeamguardrail.



Fig. 310: Full FE modelof thedoublefaced29-inch steelblockout Thriebeamguardrail

Fig. 3.11: Full FE model of theloublefaced31-inch steelblockout Thriebeamguardrail

3.3 Simulation Setup

The three guardrail modelseach with twobarrier heights(i.e., 29 and 31linches), were
combined with thdour vehicle models to conduct tlemulation work of thisstudy These
simulations werelivided intofour major categories based theguardrailtype and installation
heights
Case 1Doublefaced29-inch W-beam Guardragvaluatecat MASH TL-4 and TL-5 conditions
Case 2Doublefaced31-inch W-beam Guardragvaluatecat MASH TL-4 and TL-5 conditions.
Case3: Doublefaced29-inch Thriebeam Guardraslwith wood and steel btkous and evaluated
atMASH TL-4 and TL-5 conditions.
Case4: Doublefaced31-inch Thriebeam Guardrailvith wood and steel blockositand evaluated
atMASH TL-4 and TL-5 conditions.

Figure 3.12 showsfull simulation moded for each of the four vehicle impacagainstthe
doublefaced29-inchW-beam guardraih Case 1. Figure 3.1show thdull simulation models
for each of the four vehiclanpacs against thedoublefaced 31inch W-beam guardraiin
Case 2. Figures 3.14 and 3.15 showfthesimulation model®f the doude-faced29-inch
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wood and steeiblockout Thriebeamguardrais, respectively,impacted by the four test
vehicles inCase 3Lastly, Figures 3.16and 3.17show the simulation modets the double
faced31-inch wood and steeblockout Thriebeam guardrailgespectively, impacted by the
four test vehicles irCase 4.

a.lmpacted by a Dodge Neon b. Impacted by a Ford F250
¢. Impacted by a singlanit truck d. Impacted by a tracterailer

Fig. 312: FE modelsof the doublefaced29-inch W-beamguardrailunder vehicular impacts

a.Impacted by &odge Neon b. Impacted by d&ord F250
c. Impacted by aisgle-unit truck d. Impacted by aractortrailer

Fig. 313 FE models of the doubliaced31-inch W-beamguardrais.
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a.lmpacted by a Dodge Neon b. Impacted by a Ford F250
¢. Impacted by a singlanit truck d. Impacted by a tracterailer

Fig. 3.14:FE modelsof the doublefaced29-inch wood-blockout Thriebeam guardradl

a.Impacted by a Dodgieon b. Impacted by a Ford F250
c. Impacted by a singlanit truck d. Impacted by a tractdrailer

Fig. 3.15:FE modelsof the doublefaced29-inch steetblockout Thriebeam guardrasl
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a.lmpacted by a Dodge Neon b. Impacted by d&ord F250
¢. Impacted by a singlanit truck d. Impacted by a tracterailer

Fig. 3.16:FE modelsof the doublefaced31-inch wood-blockout Thriebeam guardradl

a.Impacted by a Dodge Neon b. Impacted by a Ford F250
c. Impactedby a singleunit truck d. Impacted by a tractdrailer

Fig. 3.17:FE modelsof the doublefaced31-inch steetblockout Thriebeam guardrasl

Table 3.2 summarizes the simulation conditions fofoall casesFor each case, the guardrail
is evaluated uter MASH TL-4 and TL-5 impact conditionsThe impact speedvere62 mph
(200 km/h) for the Dodge Neon and Ford F250, 56 mphKB@hr) for the singleunit truck
and 50 mph (8@&m/hr) for the tractottrailer. The impact angewere25° for theDodge Neon
and Ford F250 antl5° for the singleunit truck and tractotrailer.
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Table 3.2:Simulationconditionsfor all cases

Case No. Guardrail Model Impacting Vehicles Impact Speed Igwr?;zt
Dodge Neon
_ 9 62 mph (L0&km/h) |  25°
1 Doublefaced29%-inch W- Ford F250
beam Guardrail SingleUnit Truck 56 mph (90 km/h) 150
TractorTrailer 50 mph (80 km/h)
Dodge Neon
_ g 62 mph (100 km/h)|  25°
5 Doublefaced31-inch W- Ford F250
beam Guardrail Single-Unit Truck 56 mph (90 km/h) 150
TractorTrailer 50 mph (80 km/h)
Doublefaced2%inch Dodge Neon 62 mph (100 km/h)|  25°
3 Thrie-beam Guardrasl Ford F250
with wood- and steel Single-Unit Truck 56 mph (90 km/h)
blockouts - 15°
TractorTrailer 50 mph (80 km/h)
Doublefaced31-inch Dodge Neon 62 mph (100 km/h)|  25°
A Thrie-beamGuardrais Ford F250
with wood- and steel Single-Unit Truck 56 mph (90 km/h)
blockouts - 15°
TractorTrailer 50 mph (80 km/h)

Based on Table 3.2, Cask and 2 eachrequireda total of 6 simulatiors (i.e., MASH TL-4
includes Dodge Neon, Ford F250, and singhé truck impacts and Tb includes Dodge
Neon, Ford F250, and tractomiler impacty. Cases3 and4 eachhada total of12 simulations
since theyboth included two types of blockouts, i.eQed and steeblockous. It should be
notedthat the impactsby the Dodge Neon and Ford F25%@ MASH TL-4 conditions were
identical to those a¥IASH TL-5 conditions for each cas&hus,the impacs by the Dodge
Neon and Ford F250 in each case will onlydiscussed once to eliminate redundancy. This
effectively reduces to the total numbercoflectivesimulatiors to 24.
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4. Simulation Results and Analysis

The simulation results for thiour cases in Table 3.are presentedh this section The
performance ofhedoublefaced Wbeam and Thrideamguardrails undevehicularimpacts

from four test vehiclesvereevaluated usingehicular responses classified g MASH exit

box criterion Thesimulation result®f theguardrail damage andthee hi cl es 6 yaw, p
roll angles as well as transverse displacements and velocities were also examined to provide a
comprehensive understandiafvehicular responses

The exit box criterionis usedto determinevehicle redirectiorcharacteristichased orthe
vehicled eesponse after impactirggongitudinalbarrier.Figure4.1 illustrates théefinition of
the exit boxwhich begins at théast contacpoint ofthe vehicled sre trackwith theinitial
location of thebarrie s .fTleecsiee oftie exit box (i.e., the side length®s andB, of the
rectangular area) is determined by the tgpd sizeof theimpacting vehicle. Table 4.1 gives
the definition ofthe dimension# andB in the MASH exit box criterion

Last contact w lth

initial barrier face

‘ Vehicle wheel tracks

Fig. 4.1:The ext-box criteriondefined inMASH.

Table 4.1 Thedimension of thexit box defined inMASH

Exit Box Dimension

Vehicle Type
A B

Cars orPickupTrucks 7.2+ My + 0.16\ (ft) 32.8ft (10 m)

Other Vehicledi.e., SingleUnit Truck, TractofTrailer) | 14.4 + \{y + 0.16\ (ft) 65.6ft (20 m)

In Table 4.1VwandV.st and for the vehicleds width and
the exit box criterion,fiall four tires of the vehicleremain inside the exit box for the distance

B, the case is consideredlie a safe redirecThe safe redirectiodefined here means the exit

angle of the impacting vehicle is small enough to effectively eliminate the possibility of the
vehicle returning to the roadwagnd causing a second accider®ne scenario thatis

categoized as safdy theMASH evaluation criteriorN is, if the vehicle remaingpright and

in contact with the guardrail while reduciiig velocity to zero. When this scenario is present,

no exit box is requiredAnother scenario in which an exit box is netjuired is when the
vehiclefails to remain upright anlls onto the guardrailAs stated irMASH, i a bughit is
preferableall vehicles remain upright, this requirement is not applicable for tests involving the
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10000S (i.e., singenit truck) and36000V (i.e., tractet r ai | er ) vehicles. 0
allows a 90 roll for heavy vehicle impacts and relies on the fact that the primary goal of the

i mpact scenario iIis to demonstrate the guardr
vehicles. Although the exit box criterion is a useful tool for determining the -popact

vehicular trajectories, use of this criterion alone is not sufficient to determine if the vehicle has

been safely redirecteth addition, aarge exit angle and/or spout, which may be caused by

pocketing antbr snagging of the vehicle on the guardrail posts, may still be present even for a

case determined as a safe reditcthe exit box criterion

Table 4.2gives tle exit boxdimensiondor the Dodge NeaorfFord F250 singleunit truck, and
tractortrailer, obtainedusing the formula in Table 4.1 and the data in Table 3.1. Tihese
exit boxes wereised to assess the paspactvehicular responsdsomthe simulatiorresuls.

Table 4.2: Exit box dimensions ftirefour test vehicles of thistudy

Exit Box Dimension
Vehicle
A B
Dodge Neon 15.1ft (4.60 m) 32.8ft (10.0m)
Ford F250 16.9ft (5.15m) 32.8ft (10.0m)
SingleUnit Truck 26.91t (8.21 m) 65.6 ft (20.0 m)
Tractortrailer 32.91t (10.04m) 65.6 ft(20.0 m)

4.1 Case 1:Double-faced29inch W-beam Guardrail

In this case, thetrongpost doublegfaced 29-inch W-beam guardrailvas evaluatedunder
MASH TL-4 and TL5 impact conditions using small sedana pickup trudk, a singleunit
truck, and a tractetrailer. An impactangle of25 wasusedfor the small sedanandpickup
truck and an impact angle of 15vas used for the singlenit truck and tractetrailer. The
impact speeaf 62 mph (100 km/h) was usdar the small sedanandpickup truck 56 mph
(90 km/h) for the singlanit truck, and 50 mph (80 km/h) for the traetmailer. Since the
impactsby the small sedan and pickup truale identical in MASH TE4 and TL-5 conditions,
the simulation results are only listatd discussednce.Table 43 givesa summary othe
simulation result$or Case lontheguardrail performance in terms of vehicular responses

Table 4.3: Simulation results 6fase 1 Doublefaced29-inch W-beam guardra)l

Test Vehicle MASH Impact Impapt Simulation Results
Level Angle Velocity
Dodae Neon TL-4 & o5~ 62 mph The vehicle failed the exit box criteriatue to
9 TL-5 (100km/h) vehicle spirout with a large exit angle
TL-4 & — 62 mph | The vehicle passed the ekibx criterion and was
Ford F250 TL-5 25 (200km/h) safely redirected
: . i — 56 mph The vehicle failed to remain upright and rolle(
SingleUnit Truck | TL-4 15 (90 km/h) onto theguardrail
. — 50 mph | The vehicle passed the exit box criterion and
TractorTrailer TL-5 15 (80 km/h) safelyredirected
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4.1.1 Dodge Neorimpact atMASH Tl-4 & TL-5 Conditions

Figure4.2shows atop-view vehicle trajectoryf the Dodge Neommpactingthe doublefaced

29-inch W-beam guardrait 62 mph (10&m/h) and 25. The W-beam guardrail is shown in

its deformed state&vi t h t h dire wazksautinedeirdwehite The exit box, shown by the

yellow dotted rectangle, 3| aced at the | ast paretnackswaf cont :
the initial guardrail facelt was observed thahe Dodge Neorexperienced tire snagging on

the guardrail postcausing vehicle spiout with a large exit angléAccordingto the MASH

exit box criterion sincethe vehiclds trajectory was primarily
guardrail andlid nottravelthe length of te exit box the simulated impact was determined to

fail to meetthe exit box criterion

Fig. 4.2: A Dodge Neon impactirtgjedoublefaced29-inch W-beamguardrailat 62 mph (100 km/h) and 25

The yaw, pitch, and roll angles of the Dodge Nedrile impactingthe doublefaced 29inch
W-beam guardraiare shown in Fig. 4.3The exit angle wadeterminedoy calculating the
angle between the initial guardrail facedhdl eft (i . e., drivero6s side
vehicle The exit angle of th®odge Neorimpactdetermined to b&18 . The vehicle wasot
safely redirected due tire snagging on a post apdematurely leaving the exit box with
continuous spin as indited by the increasing yaw anglecan be seeftom the time histories
of the yaw anglesn Fig. 4.3 thathe Dodge Neon wafirst redirected (during the first D.
secondsas indicated by the negative yaw angles) and theganto rotate in the opposite
direction while losing contact with the guardrailhe positive rotationcontnued after the
vehiclelost contact with the guardrail, resultinganarge exit angldt was observed from the
simulation results thaheDodge Neorpartially undefrode the29-inch W-beamguardrail and
directly contactedhe post, causing pocketingdasnagging on the froiift tire of the vehicle
The roll and pitch angles were less thidirteen degrees inboth positive and negative
directiors, satisfyingthe MASH evaluabn criterionF, which specifiesa maximum 75roll
or pitch angle.
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Fig. 4.3: Yaw, pitch, and roll angles of Dodge Neon impactingdbeblefaced 29inch W-beam guardrail at
62 mph (100 km/h) and 25

The maximumdynamicdeflection ofthe guardrailwas measuredn either the froniside or

the backside rail during the impaEigure 4.4 shows the maximum dynamic deflections of the
2%inchguardrail 2.11 ft (0.64 m)under impact by the Dodge Neon at 62 mph (100 krit/h).

can be seen that the damaged guardrail sections are small and localized with surrounding
guardrail sections undamaged; this serves as an indicat@relatively lowseverity impact

from the small car. The damaged section of guardrail included tbste @cross two double

faced guardrail segments.

Fig. 4.4:Maximum dynamic deflectioof the doublefaced 29inch W-beam guardrail at 62 mph (100 km/h)
and 25 andimpacted by a Dodge Neon

Figure 4.5 shows detailed views of the vehioterier interation at 0.18secondsvhenthe
maxmum deflectionof the guardrail occurs during impact the doublefaced 29inch W-

beam guardrail. Figure 4.6 shows the time histories of transverse displacement and velocity
measured at the center of gravity (CG) of Wehicle. The maxnum dynamicdeflection at

0.18 seconds as seen in Fig. 4.5 directly correlates to the change in direction of the transverse
displacement seen in Fig. 4.6khe transverse displacement and velocity, exit box criterion,
along with the exiangle, could all be used to determine if a redirection was safe or subjected
to a possible secondary collision. For example, if the transverse velocity of a redirected vehicle
remained large, the redirection could be followed by a secondary collisi@nekitangle was

also large. For the case of the Dodge Neon impacting the dfadeld 29inch W-beam
guardrail, he transverse velocity was approximately 5.5 mph (9 km/h) towards the travel lane.
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The small transverse velocity still has the possibilitgaiising a secondary impact due to the
large exit angle from the vehicle spouit.

Fig. 4.5:Simulationsof Dodge Neon impactinthe doublefaced 29inch W-beam guardrail at 62 mph (100
km/h) and 25.
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a. Transverse displacement b. Transverse velocity

Fig. 4.6:Transverse displacemesntdvelocity of the Dodge Neon impactirtge doublefaced 29inch W-beam
guardrail at 62 mph (100 km/h) and 25

4.1.2 Ford F250Impact atMASH T4 & TL-5 Conditions

Under impacfrom theFord F250 a62 mph (10&km/h) and 25, thedoublefaced 29inch W

beam guardrailedirected the vehicle withh small exit angleFigure 47 shows thdop view of

the vehicle trajectory from a Ford F250 impagtthe doublgaced 29inch W-beam guardrail.

The vehicle tire tracks are outlined in white and the exit Bbrwn by the yellow dotted
rectangl e, was placed at the | ast point of
guardrail faceDue to the small exit angle, the vehicle traversedeihgth of the exit box with

the tire tracks exiting along the right side of the exit box. This post impact trajectory is defined

as a safe redirect according to MASH exit box criterion.
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Fig. 47: A Ford F250 impactinthe doublefaced 29inch W-bean guardrail at 62 mph (100 km/h) and 25

Figure 4.8 showde yaw, pitch, and roll ates of the Ford F250 whilenpacting the double
faced 29inch W-beam guardrail at 62 mph (100 km/h) and. Z51e exit angle was determined
to be-8 by addingthe impat angle (i.e., 25 to the yaw angle at the point of last contact with
the guardrail at 0.75 seconds (i.83 ). Additionally, the roll and pitch angles in the Ford
F250 impact were less thtendegreesn both positive and negative directicarsd thus passed
the MASH evaluation criterion F, which specified a maximumral or pitch angle.
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Fig. 48: Yaw, pitch, and roll angles of Ford F250 impactihg doublefaced 29inch W-beam guardrail at 62
mph (100 km/h) and 25

Figure 49 shows the maximum dynamic deflectioof the doublefaced 29-inch W-beam

guardrailimpactedby theFord F250at 62 mph (10Gkm/h) and25 . This maximum dynamic
deflectionwas determined to &6 ft (1.1 m)occurred at 0.21 secondscan be seen thtie

maximum dynamic deflectioof the guardrail under thmpactby Ford F250vas significantly
larger than thaby the Dodge Neon(seen in Fig. 4.4)This increased deflectioan be
attributed to theadditional impact energy from the largeshicle. The damged guardrail
section spans thregoublefaced guardrail segmengnd five postsleaving the remaining
doublefaced guardrail segmenisdeformedstructurally.
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Fig. 49: Maximum dynamic deflectioof the doublefaced 29inch W-beam guardrail at 62 mgth00 km/h)
and 25 and impacted by Bord F250

Figure 4.0 showsthe Ford F250@mpactingthe doublefaced 29inch W-beam guardragt the
state of maximum guardrail deflectidbue tot h e v ehighercide prdfike, the Ford F250
had a betteengagement with the guardrail than the Dodge Neon

Fig. 410: Simulations oford F250mpactingthe doublefaced 29inch W-beam guardrail at 62 mph (100
km/h) and 25.

Figure 4.1 show the time histges of transverse displacemetdvelocity measured at the

CG of the Ford F250 in the impastenario The maxmumdeflection at 0.21 seconds as seen

in Fig. 4.9 directly correlates to the change in direction of the transverse displacement seen in
Fig. 4.15 Thetransverse velocity waapproximately6.2 mph (10 km/h) towards the travel

lane, indicating gotential chancef being involved in a secondary collisi@epending on

how close the travel lane is locatéche results in Fig 4.8 to 4.1, along with those of the
Dodge Neon, indated theperformanceof the doublefaced 29inch W-beam guardralil
impacted by a pickup truck and a passenger car at MASH dihd TL-5 impactconditions.
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Fig. 411: Transverse displacemegntdvelocity of the Ford F250mpactingthe doublefaced 29inch W-beam
guardrail at 62 mph (100 km/h) and 25
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4.13 Singleunit Truckimpactat MASH TL-4 Conditions

Figure 4.2 shows thetop view ofvehicle trajectoy of the singleunit truck impacting the
doublefaced 29inch W-beamguardrailat 56 mph @0 km/h) and 5 . The W-beam guardrail

is shown in itsdeformed statavith the tire tracks outlined in white. Upon impacting the
guardrail, the vehicle faldto remain upright and rolled onto the guardrail. Due to this impact
behavior, an exit box was not required. The vebidellover could be attributed to the high
center of gravity and longgid wheelbasdhat didnot allow the tailend to articulatefter
impacing theguardrailat thefront end of the truckThetail end of the truck berneairborne

as the vehicleontinued to iteract with the guardrailt should be notethatthe singleunit

truck was not requiredb remain uprightass petMA S H, odgh it ispreferableall vehicles
remain upright, this requirement is not applicable for tests involving the 10000S (i.e; single
unit truck) and 36000V (i.e., tractorr ai | er ) v e hi cdf &lewinga réllfor s e x c «
heavy vehicle impactsas basd onthat the primary goal of the impact scenanias to
demonstrate the guardrails ability to contain and redirect the vehicle.

Fig. 412: A single-unit truckimpactingthe doublefaced 29inch W-beam guardrail &6 mph (90 km/h) and
15.

Figure4.13shows he yaw, pitch, and roll angles of thiagle-unit truckimpacting the double

faced 29inch W-beam guardrail &6 mph (® km/h)) and15.Due t o t he vehicl e
pointt nce the vehicl eddd ar 1005 secoadm gollozerssenariqpveas s e
imminent Since the vehicle failed to remain upright, the impact did not pass the MASH
evaluation criterior for the roll angle, which specified a maximum 76l or pitch angle.

The maximum dynamic deflection of tHeublefaced 29inch W-beam guardrail under impact
by the singleunit truck at 56 mph (90 km/h) and 1B shown in Fig. 4.14. The maximum
dynamic deflection of 2.2 ft (0.7 m) occurred at 0.76 seconds, witolespondd to the
instancewhenthe yaw angld@ransitioned from an increasing decreasingaw angle. Figure
4.15 shows detailed views tife singleunit truck at the maximum dynamic deflectiotile
impacing the doublefaced 29inch W-beam guardrail at 56 mph (90 km/h) and.15
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Fig. 413: Yaw, pitch, and roll angles dfie singleunit truck impacting the doubliaced 29inch W-beam
guardrail a6 mph (90 km/h) and 15

Fig. 414. Maximum dynamic deflectionf the doublefaced 29inch W-beam guardrail &6 mph (90 km/h)
and 15 and inpacted by a&ingle-unit truck

Fig. 415: Simulations othe singleunit truck impacting the doubliaced 29inch W-beam guardrail &6 mph
(90 km/h) and 15

Figure4.16 shows the time histaes of transverse displacementdvelocity measured at the

CG of thesingle-unit truckin thetruck cabin From Fig. 4.16at can be seen thte transverse
displacement did not transition to decreasing values after impacting the guardrail, indicating
that the vehicle was not redirected. Figudeleb showsthat the transverse velocity is
essentiallyreduced to zerafter the vehicle begsto roll onto the guardrail
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Fig. 416: Transverse displacemegmdvelocity of thesingleunit truck impacting the doubliaced 29inch W-
beam guardrail &6 mph (90 km/h) and 15

4.1.4 Tractor-trailer Impactat MASH TL-:5 Conditions

Figure 417 shows the top view vehickeajectory of thetractortrailer impactingthe double
faced29-inchW-beamguardrailat 50mph (80 km/h) and 15The W-beam guardrail is shown

in its deformed statwiith the vehicle tire tracks outlined in white. The MASH exit bpbaced

at the | ast poi nt tiretfacksto the iratial guardrail facehshownlgyh i c | e ¢
the yellow dotted rectanglén this casethe tractoitrailer traveled the length dhe exit box
andthuspasgdthe MASH exit box criterion.

Fig. 417: A tractortrailer impacting the doublfaced 29inch W-beam guardrail &0 mph @0 km/h) andl5 .

The yaw, pitch, and roll angles of thactorand thetrailer in thisimpactcaseare shown in
Fig. 4.18 The exit angle was determined to-be addingthe impact angle (i.e., Ipto the
yaw anglg(i.e.,-21) of the tractomat 2.57 secongsvhen the tractetrailer hadthelast contact
with the guardraillt can be seen frorRig. 4.18athatthe yaw angle changes its directian
onesecondindicatng the beginningof theredirectionof the tractoraway from the guardrail.
The constantyaw angleof the tractorfrom 1.5to 2 secondgorrespondedo the impact and
initiation of the redirection of the trailer at 1.6 secqradsshowiin Fig. 4.18b The maimum
roll angles of the tractor and trailer were, 30ahd 35.9, respectively. Although these roll
angleswererelatively large theywere still below the rollover tipping point of 45The pitch
angles in this impact were less tf&degreesn both paitive and negative directiomsd thus
passed the MASH evaluation criteriBnwhich specified a maximu@b roll or pitch angle.

40



Angle (%)
Angle (%)

.35 b Yaw ——
Pitch
Roll —— Roll ——
-40 L . L L L ! -40
o] 0.5 1 1.5 2 25 3 35 4 o] 0.5 1 1.5 2 25 3 35 4

Time (s) Time (s)

a. Tractor cabin b. Trailertandemaxle

Fig. 418. Yaw, pitch, and roll angles tifiet r act or 6 st € a) | e a b B nifnpaptidgtren de m a x |
doublefaced 29inch W-beam guardrail &0 mph (80 km/h) and 15

Figure 4.19 shows he maximum dynamic deflectionf the doublefaced 29inch W-beam
guardrail impacted by theactortrailer at 50 mph (8 km/h) and15 . Themaximum dynamic
deflectionof the guardraiwvas 8.1 ft (2.47m), which occurred at 1.54 secondsis deflection
state coincideé with the redirection of the articulating trailer asatated towards the guardrail
after the tractor was rediresdd. The guardraibleflectionwas rather severen thisimpact with
13 posts and doublefaced guardrail segmenseverely deformd Figure 4.2 showsthe
detailed viewof vehicleguardrailinteractiors at 0.6 and 1.54 seconds

Fig. 419: Maximumdynamic deflectiorof the doublefaced 29inch W-beam guardrail &0 mph (80 km/h)
and 15 and impacted by tactortrailer.

Figure 4.21 show the time histories of transverse displacements and velocity measured at the
CG point of the tractor and at thailer tandem axle in the G8ph (90 km/h) afl5 impact.
Figure 4. 21a shows the tractordés transverse
transverse displacement occuregd.6 seconds antbrrespondetb the impact state seen in

Fig. 4.20a.Similarly in Fig. 4.21c, the point of maximum displacement of the trailer tandem
axlebds transverse displ accermsontetodhe npactistateal at
illustrated in Fig. 4.20b. The transverse velocity of the tractor and the waiespproximately

2.5 mph (4 km/hYowards the travel lane at the end of the impact scenario. Considering the
exit box criterion, exit angle, and transverse velocity, the trdacader had a low potential of
reentering into the travel lane and causirsgeondary collision.
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a. Impact at 0.6 seconds b. Impact at 1.54 seconds

Fig. 420: A tractortrailer impacting the doublfaced 29inch W-beam guardrail &80 mph (80 km/h) and 15
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Fig. 421: Transverse displacemerasd velocities of the&actortrailer impacting the doublfaced 29inch W-
beam guardrail &0 mph(80 km/h) and 15
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4.2 Case 2:Double-faced 31-inch W-beam Guardrail

In this casethe doublefaced31-inch W-beam guardraivas evaluatedunder MASH Tl-4

and TL-5 impact conditions with impacts froemsmall sedan, pickup truck, singleit truck,

and a tractotrailer. The doublefaced31-inch W-beamguardrail design in thisase is the

same ashat ofCase lexceptiorfor the guardrail height beingisedan additionatwo inches

The impact veloties and impact angles for MASH T4 and TL-5 are identical to thsein

Case 1Table 4.4 gives a summary oftekei mul at i on 6 s g ufa Cabe 2ni | per
terms of vehicular responses.

Table 4.4:Simulation results of Case 2 (@ich doublefaced Wbeam guardrail)

Test Vehicle MASH Impact Impact Simulation Results
Level Angle Velocity
Dodge Neon TL-4 & o5~ 62 mph The vehicle failed the exit box criterion cause
9 TL-5 (100 km/h) by vehicle spirout and a large exit angle

TL-4 & 62 mph The vehicle passed the exit box criterion and
Ford F250 TL-5 25 (100 km/h) safely redirected

: . i 56 mph The vehicle failed to remain upright and rolleq
SingleUnit Truck TL-4 15 (90 km/h) onto the guardrail

: 50 mph | The vehiclgpassed the exit box criterion and w
TractorTrailer TL-5 15 (80 km/h) safely redirected

4.2.1 Dodge Neormpactat MASH Tl-4 & TL-5 Conditions

Figure 4.22 shows the top view of vehicle trajectory of the Dodge Neon imptwtidguble

faced 3tinch W-beam guardraiat 62 mph (100 knh) and 25. The Wbeam guardrail is

shown in itddeformed statevi t h t h dire raekloutllmédeéndvisite. The exit box, shown

by the yellow dotted rectangl e, is placed at
with the initial guardail face.lt was observed that the Dodge Nemartialy underode the
guardraildue toits relatively low profile,causing tire snaggingn the guardrail postnd

resulting inaspinout with a large exit angle. According to the MASH exit box criterion, since

the vehiclebs trajectory was primarily trans
the length of the exit box, thmpact scenaridailed theMASH exit box critefon.

Figure4.23shows tle yaw, pitch, and roll angles of the Dodge Neon inmipgdhe double

faced 31inch W-beam guardra@t 62 mph (100 km/h) and 25The exit angle was determined

to be 63 by adding the 25impact angle tehe 38 yaw angle at theqgint of last contact with

the guardrail at 0.62 seconds. The vehicle was not safely redirected due to the- counter
clockwise rotation after leaving the exit box as indicated by the steadily increasing positive
yaw anglelt can be seeffom Fig. 4.23that he Dodge Neon was first redirected during the
first 0.1 secondsasindicated by the negative yaw anglesd then began to rotate in the
opposite direction while losing contact with the guardrail. Thenterclockwiserotation
(indicated by thepositiveyaw angleontinued after the vehicle lost contact with the guardrail,
resulting in a large exit angle. It was observed from the simulation results that the Dodge Neon
partially undefrode the 3dinch W-beam guardrail and directly contacted the post, ogusi
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pocketing and snagging on the front left tire of the vehicle. The roll and pitch angles in this
impact were less than ten degrees in both positive and negative directions and thus passed the
MASH evaluation criteriorir, which specified a maximum 7%oll or pitch angle.

Fig. 4.2: A Dodge Neon impacting ttaoublefaced 31inch W-beam guardrail at 62 mph (100 km/h) and.25
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Fig. 4.23: Yaw, pitch, and roll angles of Dodge Neon impactimgdoublefaced 3tinch W-beam guardrail at
62 mph(100 km/h) and 25

Figure 4.24 shows he maximum dynamic deflectionf the doublefaced 31-inch W-beam

guardrail under impaadf the Dodge Neon &2 mph (100km/h) and25 . The maximum
dynamic deflectiorof the guardrailwas 2.63 ft (0.8 m) that occurredat 0.2secondsThe
deformed section of the guardrail is relatively small and localized for the Dodge Neon impact.
The damage caused by the impaftected six posts across thredoublefaced guardralil
segmentsCompared to theloublefaced 29inch W-beamguardrail impaatd by the Dodge

Neon (see Fig. 4)4the doublefaced 29-inch W-beamguardrail had a significantijower
maximum dynamiaeflectionby 0.525 ft (0.16 m)At the 31-inch rail height, the guardrail

had verylittle e ngagement with the vehicleds bumper
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intruded under the rail, engaged with the rail on the laddtde vehicle and dragged the rail
forward, resulting in docalizeddeflection of the guardrail.

Fig. 4.20: Maximumdynamic deflectiorof thedoublefaced 3tinch W-beam guardrail at 62 mph (100 km/h)
and 25 and impacted by a Dodge Neon.

Figure 4.25 shows detailed views of the vehlgderier interactiorat the point of mamum
rail deflection at 0.2 secondsn theDodge Neon impacFigure 4.26 shows the time histories
of transverse displacement and velocity measured &®@hegointof the vehicldor thisimpact.
The maxmum deflection at 0.22 seconds directgrresponde to the change in direction of
the transverrs displacemenshownin Fig. 4.26aln this case the Dodge Neon impacting the
doublefaced 31inch W-beam guardraihad aransverse velocitgf approximately 8 mph (13
km/h), indicating a moderate chance of moving towards the travel Téeeresults irFigs.
4.22 to 426 indicated thathe doublefaced31-inch W-beamguardrail could safelyetain the
Dodge Neonon the impacting sidewith the possibility ofcausing a secondampllision,
because the MASH exit box criterion was not met.

Fig. 4.25: Simulations of Dodge Neon impacting the douflaleed 3tinch W-beam guardrail at 62 mph (100
km/h) and 25.
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Fig. 4.26: Transverse displacement and velocity of the Dodge Neon impactolmutiiefaced 3tinch W-
beam guardrail at 62 mph (100 km/h) and. 25
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4.2.2 Ford F250Impact atMASH TL-4 & TL-5 Conditions

Figure 4.27 shows thep view of the vehicle trajectofgr theFord F250nhile impacting the
doublefaced 31inch W-beam guardraiét 62 mph (100 km/h) and 25The Ford F25@vas
redirected bythe guardrail with a slightly large exit angle comparethecase of impacting

the 29inch W-beam guardrailThe vehiclé #re tracks are outlined in white and the exit box
wasshown by the yow dotted rectangle. Due to the relatively small exit angle, the vehicle
traversed the length of the exit box with the tire tracks exiting along the right side of the exit
box. This post impact trajectory is defined as a safe redisgoethe MASH exi box criterion.

Fig. 4.Z7: A Ford F250 impactinthedoublefaced 3tinch W-beam guardrail at 62 mph (100 km/h) and.25

The yaw, pitch, and roll angles of the Ford FZ60 Case 4s shown in Fig4.28. The exit
angle of the impact was determined to-b& by addingthe25 impact angldo the-38 yaw
angle at last contact with the guardrail at 0.86 secadrus.roll and pitch angles of theord
F250in this casevere less than five degremsboth positive and negative directioasd thus
passed the MASH evaluation criteriBnwhich specified a maximum 75oll or pitch angle.

10 ¢

Angle (%)

0 0.5 1 1.5 2 2.5

Time (s)

Fig. 428 Yaw, pitch, and roll angles of Ford F250 impactihgdoublefaced 31inch W-beam guardrail at 62
mph (100 km/h) and 25
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Figure 4.29 showshe maximum dynamic deflection of the douldeed31-inch W-beam

guardrail impaatd by the Ford F250 at 62 mph (1&6/h) and 25. The maximum dynamic

deflection of the guardrail for this case wa863t (1.18 m) ocaurring at 0.2 secondsuring

the impact The transverse deflectiofithe guardranvasslightly largerthanthat of thedouble

faced 29inch W-beam guardrail impaet bytheFord F250 This was becauskeFor d F2500 s
bumperheight matchedhe median height of the dfich guardrai) allowing more direct and

prolonged interactiowith the guardrailThe damaged section of tdeublefaced 31inch W-

beam guardraitonsisted ofive posts spannindpur guardrail segmentg-igure 4.30 shows

detaled views of vehiclebarrier interactiogsat the point of max deflection at 0.2 seconds.

Fig. 429: Maximum dynamic deflectionf thedoublefaced 3tinch W-beam guardrail at 62 mph (100 km/h)
and 25 and impacted by a Ford F250.

Fig. 4.3: Simulations of Ford F250 impactirigedoublefaced 31inch W-beam guardrail at 62 mph (100
km/h) and 25.
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Fig. 4.3L: Transverse displacemesntdvelocity of the Ford F250 impactindpedoublefaced 31inch W-beam
guardrail at 62 mph (100 km/h) and 25

Figure 4.31 show the time histories of transverse displacement and velocity measured at the
CG point of the Ford F25@npacing the doublefaced 3tinch W-beam guardrail The
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maximum trasversedispacementat 0.2 secondéeeFig. 4.31a coincides with the state of
maximum deflection and the point where the vehicle began to redirect away from the guardrail.
At 0.86 secondsthe vehicle lost contact with the guardraiith a transverse velocityf
approximately 6.2 mph (10 km/h). In this case, the Ford F250 had a relatively small chance of
being involved in a secondary collision based on the results from Figs. 4.27 through 4.30.

4.23 Singleunit Truck Impactat MASH TL-4 Canditions

Figure 4.32 shows the top view of vehicle trajectory of the singietruck impacting the
doublefaced 31inch W-beam guardrail at 56 mph (90 km/h) and.IBhe guardrail is shown
in its deformed statevith the tire tracks outlined in white. Upampacting tle guardrail, the
vehicle failedto remain upright and rolled onto the guardiadrthis impact behaviothe exit
angle aneexit box werenot required. The vehialesolloveronto the guardrail can be attributed
to the higher center of grity and long rigidwheelbase thatloes not allow the taégnd to
articulate and rotate around the guardrail. Tdt@tionof therigid wheelbase increadehe
likelihood of larger roll angles as the taihd of the truck impaetithe guardraillt shouldbe
notedthat,althoughthesingle-unit truck failed to remain upriglm this caseit was acceptable
as per theMASH statenent, i a | t h o upyeferabieall vahisles remain upright, this
requirement is not applicable for tests involving the 10000S, @iegleunit truck) and
36000V (i.e.,tractet r ai | er ) v e hi cofalmvinga 90 toli anlgeforxheagyp t i o n
vehicle impactsvas basedn the fact that the primary goal ofgimpacttestis to demonstrate
the guardrads ability to contain ad redirect the vehicle.

Fig. 4.2: A single-unit truckimpacting thedoublefaced 31inch W-beam guardrail at 56 mph (90 km/h) and
15.

The yaw, pitch, and roll angles of the singlait truckis shown in Fig. 4.33 for itsnpacton

the doublefaced31-inch W-beam guardrail at 56 mph (90 kménd 15. Due to the increased

height of theCG point of thesingleunit truck,the ve hi cl eds r4blréesultmgng!| e s
an imminentrollover. Since the vehicle failed to remain upright, the impact didpass the

MASH evaluation criteriork for the roll angle, which specified a maximum 76ll or pitch

angle.
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Fig. 4.3: Yaw, pitch, and roll angles afsingleunit truckimpacting thedoublefaced 3%inch W-beam
guardrail at 56 mph (90 km/h) and 15

Figure 4.34 shows he maximum dynamic deflectionf the doublefaced 31inch W-beam
guardrailimpactedby the single-unit truck at 56 mph (® km/h) and 15 . The maximum
dynamic deflectiomf the guardrail irthisimpactwas determined to be&5ft (1.17m) at 0.86
secondsbue to the vehicleds i mpact behavior, t
guardrail spannetl5 posts orightdoublefaced guarthil segmentsThe maximum dynamic
deflectionthe 3%inch W-beamguardrailwas 20.1 inches (0.51 m) more tharnthat of the
doublefaced 29inch W-beam guardrailAt the 31-inch guardail height, the guardrail had

very small engagement with the vehidae toits higher ride heightThe vehiclebarrier
interaction wadimited tomainlyt h e v e les and whekels astsaem in Fig. 4.35.

Fig. 4.3 Maximum dynamic deflectionf thedoublefaced 31inch W-beam guardrail at 56 mph (90 km/h)
and 15 and impacted by single-unit truck

Fig. 4.3: Simulations of singleunit truckimpacting thedoublefaced 31inch W-beam guardrail at 56 mph
(90 km/h) and 15
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Figure 4.36 shows the time histories of transverse displacersamid velocities measured at
the CGpoint of the truck cabirwhile impacing the doubldaced31-inch W-beam giardrail
at 56 mph (90 km/h) and 15In Fig. 4.36a, he transverse displacemsuf the singleunit
truck trangioned froman increasingtrendto a decreasingne after the point of maximum
guardrail deflectiorshownin Fig. 4.34.Unlike thecase othe doublefaced 29inch W-beam
guardrai] the singleunit truck impacting the doublefaced 3iinch Wrbeam guardralil
experienced darge yaw rotation while rolling on the guardrailThe increasing yaw angle
explains thegpresencef the transverse displacemetay from the guardrail in this caséhe
transverse velogitof the singleunit truck (Fig. 4.360) wasapproximatelyll mph (18km/h)
at the end of thempact scenariowhich would normallyindicate a possibilityof further
displacement towards the travahe. However, since the vehicle rolled over, ttfeanceat
which the vehicle would travel bat&the travel lanevassignificantly reduced.
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Fig. 4.3: Transverse displacemesmdvelocity of the singleunit truckimpacting thedoublefaced 31inch W
beam guardrail at 56 mph (90 km/h) and.15

4.24 Tractor-trailer Impactat MASH TL-5 Conditions

Figure 4.37 shows the top view vehicle overlay trajectory of the traretitler impacting the
doublefaced 31inch W-beam guardrait 50mph (80 km/h) and 15The W-beam guardrail
is shown in itsdeformed statavith the vehicle tire tracks outlined in white. The MASH exit
boxis shown by the yellow dotted rectandle this case, the tractdrailer was redirected by
the guardrail with a low exit angle and traveled ¢hérelength of the exit box, thus meeting
the MASH exit box criterion.

Fig. 437. A tractortrailerimpacting thedoublefaced 3tinch W-beam guardrail at 50 mph (80 km/h) arid.1
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The yaw, pitch, and roll angles of the tractor and traileing the impact are shown in Fig.
4.38 The exit angle was determined to-Be by addingthe 15 impact angleo the-22 yaw
angle at tha r a ildsteconfaspoint with the guardrail a2.4 secondsin Fig. 4383 the
transition of theractor yaw angle at.@5second indicates the beginng of redirection away
from the guardraibetween 1.41.8 secondsT he redirection of the trailer tandem axle is seen
at 1.7 seconds fromme transition to positive roll and yaw angleas seem Fig. 4.18b The
maximum roll angles of the tractor atrdiler were, 10.9and14.5, respectivelyln addition

to these small roll anglethe pitch angles in this impact were less thae degreesn both
positive and negative directiorend thus passed the MASH evaluation critefi@nwhich
specified a maximum roll or pitch angle of 75

Angle (%)
Angle (%)

Pitch

Roll —=—

H H H H . i 35 H H H H . i
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 25 3 3.5
Time (s) Time (s)

a. Tractor cabin b. Trailer tandem axle

Fig. 438 Yaw, pitch, and roll angles tifiet r act or 6 s ( a) c ab axteimpactthghe r ai | er 6 s
doublefaced 31inch W-beam guardrail at 50 mph (80 km/h) and.15

The maximum dynamic deflection of the doufdeed 31inch W-beam guardrail impacted by
the tractottrailer at 50mph (80 knth) and15 is shown in Fig. 4.39The maximum dynamic
deflection of the guardrailas 8.6 ft (2.63 m), whicbccurred at 1.7 seconds. This deflection
state coincidewith the redirection of the trailer articulating about the kingpin joint as it rotated
towards the guardrail after the tractor was redirected. The guardrail deflection idaegber
severelydeforming 14 posts andddublefaced guardrail segmerttsroughouthe impact.

Fig. 439: Maximum dynamic deflectionf thedoublefaced 31inch W-beam guardrail at 50 mph (80 km/h)
and 15 and impacted by tactortrailer.

Figure 4.40 shows detailed views of two different states of vehanger interaction
throughout the tractetrailer impact against the doubfaced 31inch W-beam guardraét 50
mph (80 km/h) and 15 Figure 4.20a illustrate the impauf the tractorat 0.6 seconds while
Fig. 4.20b illustratehe trailer impact at thetateof maximum dynamic deflectionwhich
occurred at 7. seconds.
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a. Impact aD.6 seconds b. Impact atl.7 seconds

Fig. 4.4): Simulations of tractortrailerimpacting thedoublefaced 3tinch W-beam guardrail at 50 mph (80
km/h) and 15.

Figure 4.41 show the time histories of transverse displacements andieeinetsured at the
CG point of the tractor anak the trailer tandem axle ithis impactcase Figure 4.41a shows
the tractod stransverse displacemeanthroughout the impact. The maximum positive
transverse displacement occureg@.7 secondsvhichimmedately followedthe impact state
seen in Fig4.40a.Similarly in Fig. 4.41c, the maximum displacement of the trailer tandem
axl eds o 6seconds, which @msporidedo theimpact state illustrated in Fig. 4.40b.
The transverse velocity of the ttar, as shownin Fig. 4.41bwas approximately.3 mph (7
km/h) towards the travel lane at the end of iimpact scenariovh i | e t he tr ail er ¢
velocity was approximately 6.2 mph (10 km/h) as seen in Fig. 4@dsidering the exit box
criterion, exit angle, and transverse velocity, the trattaiter had a low potential of reentering
into the travel lane and being involved in a secondary collision.
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Fig. 4.41: Transverse displacememtd velocities of theactortrailerimpacting thedoublefaced 3tinch W-
beam guardrail at 50 mph (80 km/h) and.15

4.3 Case 3:Double-faced29-inch Thrie-beam Guardrails

In this casethe doublefaced 29inch wood and steeblockout Thrie-beam guardrailsvere
evaluatedunder impactdy a small sedamickup truck singleunit truck, and tractetrailer
(i.e., MASH TL-4 and TL-5 conditions) An impact angle of 25was used formpacts bythe
small sedan (i.e., Dodge Neon) and pickup truck (i.e., Ford FaB@)an impact angle of 15
was used formpacts ofthe singleunit truck and tractetrailer. The impact spesdvere62
mph (100 km/h) for ta Dodge Neon and Ford F250, 56 mph (90 km/h) for the singte
truck, and 50 mph (80 km/h) for the tractoailer, respectively Since thempactsby Dodge
Neon and Ford F250 are identical in MASH-%land TL-5 impact conditions, the simulation
resultsare only listed and discussed once. Table 4.5 gives a summary of simulatiorfeesults
Case Dnthe guardrail performance in terms of vehicular responses.

4.3.1 Dodge Neon Impact at MASH A& TL-5 Conditions

Figure 4.42 shows the top view vehiclejeécory of the Dodge Neon impacting the double
faced 29inch woodblockout Thriebeam guardrail &2 mph (100 km/h) an#5 . The wood
blockout Thriebeam guardrail is shown in its deformed state with the vehicle tire tracks
outlined inwhiteandtheedxto x, pl aced at the |l ast point of
to the initial guardrail face, is shown by the yellow dotted rectangle. Upon impacting the Thrie
beam guardrail, the Dodge Neon was redirected by the guardrail and lost contact with the
guardrail with & exit anglesmall enough tgass the MASH exit box criterion. Figure 4.43
shows the top view vehicle trajectory of the Dodge Neon impacting the diagkele 29inch
steelblockout Thriebeam guardrail @2 mph (100 km/h) an&5 . The stekblockout Thrie

beam guardrail is shown in its deformed state and the exit box shown by the yellow dotted
rectangle. Compared to the weblbckout Thriebeam guardrail, the steblockout Thrie

beam guardrail had a more rigid responsethndredirectedhe Dodge Neowith a large exit
anglethatfailedthe MASH exit box criterion.

Table 45: Simulation results of CagyDoublefaced 29inch Wood and Steeblockout Thriebeam Guardrai)s
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. MASH | Impact Impact Blockout . .
Test Vehicle Level Angle Velocity Type Simulation Results
The vehicle passed the exit box criterio
Wood )
and was safely redirected
Dodge Neon TL-4 & 25 62 mph
TL-5 (100 km/h) The vehicle was redirected by the
Steel guardrail with a large exit angle and faile
the exit box criterion
The vehicle was redirected by the
Wood guardrail with a large exit angle and faile
TL-4 & 62 mph the exit box criterion
Ford F2
ord F250 TL-5 25 (100 km/h) The vehicle was redirected after vaultin
Steel up the guardrail and passed the exit bg
criterion
The vehicle failed to remain upright ang
Wood X
. . rolled onto the guardrail
SingleUnit 56 mph
TL-4 15
Truck (90 km/h) . . . .
The vehicle failed to remain upright ang
Steel X
rolled onto the guardrail
The vehicleailed to remain upright and
Wood )
rolled onto the guardrail
Tractor 50 mph
: TL-5 15
Trailer (80 km/h) . . . .
Steel The vehicle failed to remain upright ang

rolled onto the guardrail

Fig. 442: A Dodge Neon impacting thdoublefaced 29inch woodblockout Thriebeam guardrail at 62 mph

(100 km/h)and 25.
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Fig. 4.43 A Dodge Neon impacting the doudkced 29inch steelblockout Thriebeam guardrail at 62 mph
(100 km/h) and 25

The yaw, pitch, and roll angles of the Dodge Neon inmpgé¢he doublefaced 29inch wood
and steeblockout Thriebeam guardrails are shown in &ig.44a and 4.44b, respectivelly.
both cases, the vehicle was redirected with an exit anlgg2dd for impacton the 29-inch
wood-blockout Thriebeam guardrailand-24 for impacton the steeblockout Thriebeam
guardrail The exit anlge wadeterminedby addingthe 25 impact angle tahe yaw angle at
the point of last contact with the guardrail 0.42 seconds (i.e47.5) and0.4 seconds (i.e.,
-49) for thewood-blockoutand steeblockoutThrie-beam guardrasl respectively

20 20
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0 0.2 04 0.6 0.8 1 1.2 14 1.6 Q 0.2 04 0.6 08 1 1.2

Time (s) Time (s)

a. Woodblockout b. Steelblockout

Fig. 444: Yaw, pitch, and roll angles of Dodge Neon impactingdbeblefaced 29inch (a) wood (b) steel
blockoutThrie-beamguardrail at 62 mph (100 km/h) and 25

Comparing the woodand steelblockout guardrad both redirected the Dodge Neon in the
same amount of timéut the steeblockout Thriebeamguardrailredirectedthe vehiclewith
atwo-degredargerexit anlgethan the wooeblockoutguardrailand failed the MASH exit box
criterion. From the time histories of the yaw angles in Figs. 4.44a and 4.44b, it can be seen that
the Dodge Neon asredirected almost immediately and then started to rotate away from the
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guardrd as indicated by the steadily increasimgpgativeyaw angles. The roll and pitch angles
in both impacts wreless than fifteen degrees in both positive and negative directions and thus
passed the MASH evaluation criteriBnwhich specified a maximum 78oll or pitch angle.

Figures 4.45 and 4.46 show theximum dynamic deflecti@of the doublefaced 29inch
wood and steeblockout Thriebeamguardrait impacted by the Dodge Neon at 62 mph (100
km/h) and 25. The maximum dynamic deflection dfedwood-blockout Thriebeamguardrail

was 1.45 ft (0.44 m) at 0085 seconds and the maximum dynamic deflection of the-steel
blockout Thriebeam guardrail wa$.53 ft (047 m) at 009 secondsUnderimpacs by the
Dodge Neonthe doublefaced 29inch steelblockout Thriebeam guardrails had a slightly
larger deflection than the woddockout guardrail, yethe damaged sections of both guardrails
were relatively small and localizethe damaged sections affected three posts across two
doublefaced guardrail segemts

Fig. 445 Maximum dynamic deflectioof thedoublefaced 29inch woodblockout Thriebeam guardrail at 62
mph (100 km/h) and 25and impacted by a Dodge Neon.

Fig. 446. Maximum dynamic deflection of the doukfleced 29inch steelblockoutThrie-beam guardrail at 62
mph (100 km/h) and 25and impacted by a Dodge Neon.

Figures 447 and 4.48 showletailed views otfhe vehiclebarrier interactionst the point of
maximum dynamic deflecti@while the Dodge Neoimpacts the doubléaced 29inchwood

and steeblockout Thriebeamguardrais, respectivelyat 62 mph (10&m/h) and 25. Since
the rail face of the doubléaced 29inch Thrie-beam guardrails exteed lower than the W
beamguardrails Dodge Neorwas prevented fromanderridng theThrie-beam guardrail

Fig. 447: Simulations of Dodge Neon impacting thaublefaced 29inch woodblockout Thriebeam guardrail
at 62 mph (100 km/h) and 25
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Fig. 448 Simulations of Dodge Neon impacting the doufdleed 29inch steetblockout Thriebeam guardrail
at 62 mph (100 km/h) and 25

Figures 449 and 4.50show the time histories of transverse displacementsvatatities
measured at the CG point of the Dodge Nedaning impact on thedoublefaced 29inch
wood and stel-blockout Thriebeam guardrails at 62 mph (100 km/h) and. 25 FHg. 4.49a,

the maximum positiveransverse displacement of the Dodge Neccurredat 0085seconds,
which correspondd with the state of maximum guardrail deflection as seen in Fig. 4.45.
Similarly, in Fig. 4.50a, the maximum positive transverse displacement of the Dodge Neon
occurredat 009 secondscorrelatng with the state of maximum guardrail deflection as seen
in Fig. 4.46. Comparing these tv&®-inch Thriebeam guardrailsthe steeblockout Thrie-
beamguardrail redirected thBodge Neommore gradually owea longer period of time but
deflected morehan the woo¢block one The more abrupt redirectidoy the woodblockout
Thrie-beamguardrailis confirmed by the steeglope of thetransverse velocity curvieom O

t0 0.2 seconds in Fig 4.49bompared to that of tleeelblockout Thriebeamguardrailin Fig.
4.50b. At the end of thenpact scenar® the transverse veloat of the Dodge Neomvere
approximately7.5 mph (1Zm/h) for the woodblock guardrail and3 mph (21 km/hjor the
steetblockout guardrail This increased transverse velocity towards the travel ¢amehe
doublefaced 29inch steeblockout Thriebeam guardraiblongwith the failure of the MASH

exit box criteriondenotel a relatively high change of the vehicle reentering the travel lane and
the potentialof causing a secondary collision.
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Fig. 449: Trans\erse displacemeiandvelocity of the Dodge Neon impacting tideublefaced 29inch wood
blockout Thriebeam guardrail at 62 mph (100 km/h) and.25
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Fig. 450: Transverse displacemegmdvelocity of the Dodge Neon impacting the doufdeed 29inch steel
blockout Thriebeam guardrail at 62 mph (100 km/h) and.25

4.3.2 Ford F250Impact atMASH TL-4 & TL-5 Conditions

Figure 4.51 shows the top view vehitiajectory of the Ford F250 impacting the doutaleed
29-inch woodblockout Thriebeam guardrail a62 mph (100 km/h) an@5 . The wood
blockout Thriebeam guardrail is shown in iteformed statevith the vehiclé sre tracks
outlined in whiteand the git box shown by the yellow dotted rectangle. Upon impacting the
doublefaced 29inch woodblockout Thriebeam guardrail, the Ford F250 was redirected by
the guardrail and lost contact with the guardrail with a large negative exit angle and the vehicle
traveledtransverselyaway from the guardraifailing to pass the MASH exit box criterion.

Fig. 451: A Ford F250mpacting thedoublefaced 29inch woodblockout Thriebeam guardrail at 62 mph
(100 km/h) and 25

Figure 4.52 shows the top view vehicle trajectory of the Ford F250 impacting the-ficdade
29-inch steeblockout Thriebeam guardrail @2 mph (100 km/h) an25 . The steeblockout
Thrie-beam guardrail is shown in its deformed state and the exitsk&hown by the yellow
dotted rectangle. Upon impacting teteelblockout Thriebeam guardrail, the Ford F250
defleced the raik and poss, turredthe guardrad $ace into a makeshift slopand beeme
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partially airbornewhile beingredirected on the ipacting side of the guardrail. The vehicle
remaired upright andwas successfully redirected withsmall exit angle, thus passing the
MASH exit box criterion. Compared to the douldeed wooeblockout Thriebeam guardrail

at 29inch placement heightthe steelblockout Thriebeam guardrail had a more rigid
responsewhich caused the Ford F250dse contact with the guardrail with a small exit angle.

Fig. 452: A Ford F250 impacting the doublaced 29inch steelblockout Thriebeam guardrail at 62 mgh00
km/h) and 25.

The yaw, pitch, and roll angles of tRerd F250in the impacts against the douliéeced 29
inch wood and steeblockout Thriebeam guardrails are shown in &ig.53a and 463b. For

the impact against the wodidockout Thriebeamguardrai) the vehicle was redirected with
an exit angleof 14 by addingthe 25 impact angle tahe-11 yaw angle at the point of last
contact with the guardrail at 0.4®condsThis exit angle can be seen in Fig. 4.51 where the
vehicl eo s ttheendefrdntact witlh the gaardrail is comparabiestionpact angle.
For the impact against the std#bckout Thriebeam guardrail the vehicle was safely
redirected withanexit angleof -1.5 by addingthe 25 impact angle tahe-26.5 yaw angle

at the point of last contact with the guardrail&2 seconds
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Fig. 453 Yaw, pitch, and roll angles of Ford F250 impacting the defdied 29inch (a) wood (b) steel
blockout Thriebeam guardraiat 62 mph (100 km/h) and 25
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From the time histories of roll angles in Figs. 4.53a and 4.53b, it can be saadthtmpact

cases, th&ord F250 experienced substantially higher roll angles compaietpéxts orthe
W-beam guardrailFor impacts a the wood and steeblockout Thrie-beam guardrails, the
largest roll angles wer4 and 47, respectively. The pitch angles in both impacts was less
than 24 degrees in both positive and negative directions. Although these roll and pitch angles
were lager thanthose inprevious cases, thestill passed the MASH evaluation criterié

which specified a maximum 7%oll or pitch angle.

Figures 4.54 and 4.55hows he maximum dynamic deflections of the doufaleed 29inch
wood and stel-blockout Thrie-beam guardrés impacted by thé-ord F250at 62 mph (100
km/h) and 25. The maximum dynamic deflectisf the wood and steeblockout Thrie
beam guardraslwere2.75 ft (0.84 mpccurredat 0.1%5 seconds and 3.4 ft (1.04 mgcurred
at 0.1&% second, respectively Comparing the two doublaced 29inch Thriebeam
guardrais impaced by theFord F250 the steeblockoutguardraildeformed 0.65 ft (0.2 m)
furtherand resulted in a larger damaged section than the ‘loo#outguardrail Although
the camaged sections of both guardrails wedlatively small and localized, the stdadckout
Thrie-beam damage spanned four posts anddaublefaced guardrail segmentghile the
woodblockout Thriebeam damage only spanned three posts acrossdomblefaced
guardrail segments

Fig. 454: Maximum dynamic deflectionf thedoublefaced 29inch woodblockout Thriebeam guardrail at 62
mph (100 km/h) and 25and impacted by Bord F250

Fig. 455: Maximum dynamic deflection of the doukfleced 29inch steetblockout Thriebeam guardrail at 62
mph (100 km/h) and 25and impacted by a Ford F250.

Figures 456 and 457 show detailed views of the vehiejgiardrailinteractions at the point of
maximum dynamic deflectiawhile theFord F250mpacts the doubifaced 29inch wood

and steeblockout Thriebeam guardrails at 62 mph (100 km/h) and. Zzompared to the W

beam guardrails, thé/-beam railface of the Thrie-beam guardrails extead lower thanthat

of the W-beam guardrai] and thusallowed for mored i r e c t cont act wi t h
component®n theimpacting sideleading to quicker redirections with less deformations
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Fig. 456: Simulations ofFord F250mpacting thedoublefaced 29inch woodblockout Thriebeam guardrail at
62 mph (10&km/h) and 25.

Fig. 457. Simulations of Ford F250 impacting the doufdeed 29inch steelblockout Thriebeam guardrail at
62 mph (100 km/h) and 25

Figures 458 and 4.9 show the time histories of transverse displacementsvatatities
measuredat the CG point of th&ord F250during impacs against theloublefaced 29inch
wood and steeblockout Thriebeam guardrails at 62 mph (100 km/h) and. 25 Fig. 458a,
the maximum positive transverse displacement offiie F2500ccurredat 0.18 seconds,
which correspondetb the stateof maximum guardrail deflection seen in Figc@.Similarly,
in Fig. 4.9a, the maximum positivigeansverse displacement of therd F250ccurredat 023
seconds, whichlsocorrespondetb the state ofaximum guardraitieflection as seen in Fig.
4.57. Comparing the twdoublefaced 29inch Thriebeam guardraiinder impacts frorfrord
F250impacts the steeblockoutThrie-beamguardrail redirected the vehictpiicker, over a
shorterperiod of time but deflected more throughout th@pact scenarioThe more abrupt
redirection from thesteeiblockout Thriebeamguardrailimpactwas confirmed by the steep
slopeon thetransverse velocity curve fromt0 0.4 seconds in Fig $%. Towardsthe end of
the impat against the woodblockout Thriebeamguardrail, the transverse velocitgf the
vehicle (see Fig. 4.58bapproximately8.7 mph (L4 km/h). Comparatively, théransverse
velocity ofthe vehicle impacting thsteetblockout Thriebeamguardrailwasonly 3.4 mph
(5.5 km/h) at the end of thenpact scenarioThe increased transverse velocity towards the
travel lanein theimpact on thevood-blockoutThrie-beam guardrailalongwith the failureto
passhe MASH exit box criteriondenotel a relatively highpotentialof the vehicle reentering
the travel lane and causing a secondary collision.
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Fig. 458: Transverse displacemesntdvelocity of theFord F250mpacting thedoublefaced 29inch wood
blockout Thriebeam guardrail at 62 mph (100 km/h) and.25
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Fig. 459: Transverse displacemestdvelocity of the Ford F250 impacting the doulfeed 29inch steel
blockout Thriebeam guardrail at 62 mph (100 km/h) and.25

4.3.3 Singleunit Truck Impact atMASH Tl-4 Conditions

Figure 460shows the top view vehicle trajectory of giegle-unit truckimpading the double
faced 29inch woodblockout Thriebeam guardrail &6 mph @0 km/h) andl5 . The wood
blockout Thriebeam guardrail is shown in ideformed statevith the vehicle tire tracks
outlined in white. Upon impacting the wodsbckout Thriebeamguardrail, the vehicle fad
to remain upright and rolled onto the guardradr this vehicular responsehe exit box was
not requirecandthe MASH exit box criterionvas notapplied Figure 461 shows the top view
vehicle trajectory of theingle-unit truck impacting the doubidaced 29inch steelblockout
Thrie-beam guardrail 866 mph (® km/h) andl5 . The steeblockout Thriebeam guardrail
is shown in itsdeformed statevith the vehicle tire tracks outlined in white. Similar to the
impacton thewood-blockoutguardrail the singleunit truck failed to remain uprigland rolled
onto theguardrailupon impacting the stédlockout Thriebeam guardrgiltherefore, the
MASH exit box criterion was not used this impact scenario
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Fig. 460: A singleunit truckimpacting thedoublefaced 29inch woodblockout Thriebeam guardrail at 56
mph (90 km/h) and 15

Fig. 461. A singleunit truck impacting the doubfiaced 29inch steelblockout Thriebeam guardrail at 56
mph (90 km/h) and 15

It shouldbe notedhat, althoughthe singleunit truck failed to remain upright in the impacts

on both wood and steeblockout guardrailsit was not required to remain upright as per
MASH, dalthough it is preferabl esnatépplicable hi cl e
for tests involving the 10000S (i.e., singleit truck) and 36000V (i.e., tracttmailer)
vehicles. o0 This exception of allowing a roll
primary goal of the impact scenario was to demonstreeyuardrails ability to contain and

redirect the vehicle

The yaw, pitch, and roll angles of tBagle-unit truckin the impacts against the douliéeced
2%-inch wood and steeblockout Thriebeam guardrails are shown in &ig.62a and 462b.
Due tothe increased heiglaff thesingleu ni t €G poiotkhé gehicle had an imminent
rollover once itgoll angle surpassed 45Since thesingle-unit truckfailed to remain upright
in both impacts against the -28&ch wood and steeblockout Thriebeam guardrailthesetwo
impacs did not pass the MASH evaluation criteribnbecausehe roll angle exceeded the
75 maximumallowable roll angle. Nevertheleshe singleunit truck was not required to
remainuprightaccording to MASH.
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Fig. 4.€: Yaw, pitch, and roll angles of singimit trucks impacting the doubfaced 29inch (a) wood (b)
steelblockout Thriebeam guardrail at 62 mphQQ@ km/h) and 25

Figures4.63 and 4.64how the maximum dynamic deflections of the doufaleed 29inch
wood and steeblockout Thriebeam guardrails impacted by tsiagle-unit truckat 56 mph

(90 km/h) and1l5 . The maximum dynamic deflectiomas0.9 ft (0.28 m)occurredat 1.1
secondsior the woodblockout Thriebeam guardrail and.1 ft (0.34 m)occurredat 0.61
seconds fothe steeblockout Thriebeam guardrailUnderimpacts by the singlanit truck

both thedoublefaced 29inch Thriebeam gardraiks hadnonlocalized long damaged sections
with the damage spreauy between the impact point and the point where the vehicle rolled
onto the guardrasl The damageon thewood-blockout Thriebeamguardrailspannectleven
posts anaix doublefaced giardrail segmentwhile thedamageon thesteetblockout Thrie
beamguardrailspannedenposts acrosive doublefaced guardrail segments

Fig. 463 Maximum dynamic deflectionf thedoublefaced 29inch woodblockout Thriebeam guardrail at 56
mph (90 km/h) and 15and impacted by single-unit truck

Fig. 464: Maximum dynamic deflection of the doukfleced 29inch steelblockout Thriebeam guardrail at 56
mph (90 km/h) and 15and impacted by a singlait truck.

Figures 465 and 466 show detailed views of the vehidbarrier interactionst 0.4 seconds
shortly afterthe single-unit truckimpacts the doubléaced 29inch wood and steeblockout
Thrie-beam guardrails &6 mph (® km/h) andl5 . Althoughtherail of Thrie-beam guardiits
extenekd lower than the \Abeam guardraitthe singleunit truck dd not engage with more of
theguardrailface due to thelevatedide height of the vehicle.
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Fig. 465: Simulations oingleunit truckimpacting thedoublefaced 29inch wood-blockout Thriebeam
guardrail at 56 mph (90 km/h) and 15

Fig. 466: Simulations of singlenit truck impacting the doubliaced 29inch steelblockout Thriebeam
guardrail at 56 mph (90 km/h) and 15

Figures 467 and 468 show the time histories of transverse displacements and velocities
measured at the CG point of thimgleunit truckimpactingthe doublefaced 29inch wood

and steeblockout Thriebeam guardrails &6 mph (9 km/h) andl5 . In bothFig. 467aand
4.68a the maximum positive transverse displacemehthesingle-unit truckoccurredat the
endof theimpact scenaredue to the rollover behavior
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Fig. 467: Transverse displacemesntdvelocity of thesingleunit truckimpacting thedoublefaced 29inch
wood-blockout Thriebeam guardrail at 56 mph (90 km/h) and.15
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Fig. 468: Transverse displacemesntdvelocity of the singleunit truck impacting the doubliaced 29inch
steelblockout Thriebeam guardrail at 56 mph (90 km/h) and.15

4.3.4 Tractor-trailer Impact atMASH TI-5 Conditions

Figure 4.69 shows the top view vehicle trajectory of the tractder impacting the double

faced 29inch woodblockout Thriebeam guardrail @0 mph (80 km/h) and5 . The wood

blockout Thriebeam guardrail is shown in ideformed statevith the vehicle tire tracks

outlined in white Upon impacting the wocetlockout Thriebean guardrail, the tractetrailer

failedto remain upright and rolled onto the guardradr this type of vehicular responskere

wasno determinable exédngle, an exit box was not requiratd the MASH exit box criterion

was nhot used. Figure 4.70 st®the top view vehicle trajectory of the traetiler impacting

the doublefaced 29inch steelblockout Thriebeam guardrail a0 mph (80 km/h) and5 .

The steeblockout Thriebeam guardrail is shown in itkeformed statevith the vehicle tire

tracks outlined in white. Similar to thenpacton thewood-blockout Thrie-beam guardrail

upon impacting the stedlockout Thriebeam guardrail, théractortrailer failed to remain

upright and rolled onto the guardrail. Therefdhes MASH exit box criterion was not used

this impact scenaridt should be notethat, althougtthetractortrailer failed to remain upright

in bothimpactsof this caseijt was not required biyJASH as per thestatanent fAal t hough |
preferableall vehicles remain upright, this requirement is not applicable for tests involving the
10000S (i.e., singtenit truck) and 36000V (i.e., tractorr ai | er ) vehi cofes. 0 7
allowing a 90 roll for heavy vehicle impactawas base@n the fact thathte primary goal of

this impactwasto demonstrate the guardrails ability to contain and redieavyvehicles.

Fig. 469: A tractortrailerimpacting thedoublefaced 29inch woodblockout Thriebeam guardrail at 50 mph
(80 km/h) and 15
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Fig. 470: A tractortrailer impacting the doublaced 29inch steelblockout Thriebeam guardrail at 50 mph
(80 km/h) and 15

The yaw, pitch, and roll angles of thractor and traileare shown in Figs. 4.71 and 4.fci2
impacts onthe doublefaced 29inch wood and steeblockout Thriebeam guardrails
respectivelyat 50 mph (80 km/h) and5 .
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The roll angles in these impact scenarios also failed the MASH evaluation critemdrch

specified a maximum 75oll or pitch anglethough itwas nota requirementor the tractor

trailer to remain upright according to MASH. The steadily increasing roll angle signified the
vehicled flipping about the longudinal axis of the tractot r ai | er (i . e. , a fiba
be seerfrom Figs. 4.71a and.72a that the tractorasinitially redirected by the guardraijls

but began to roll whethe trailer impaactdthe guardrail at about 1.2 secondlse tractor rolled

with the trailer as they are rigidly connected through the Witheetkingpin connection.

Figures4.73 and 4.74how the maximum dynamic deflections of the doufaleed 29inch
wood and steeblockout Thriebeam guardrails impacted by the tradi@iler at50 mph (80
km/h) and15 . The maximum dynamic deflection of the webldckout Thriebeam guardrail
was 4.75 ft (1.45 mpccurredat 1.37 seconds and the maximum dynamic deflection of the
steetblockout Thriebeam guardrail was 3.8 ft (1.17 mccurredat 1.28 secondsThe
damagedsections of the two doublaced 29inch Thriebeam guardrail impaet by the
tractortrailer were not localized due to the vehicles rolling onto the guardrailddimageof

the wood-blockout Thriebeamguardrailspanned nine posts and fideublefacedguardrail
segmentswhile the damageof the steelblockout Thriebeamguardrailspanned nine posts
across fivedoublefaced guardrail segments

Fig. 473 Maximum dynamic deflection of the doudeced 29inch woodblockout Thriebeam guardrail at 50
mph (80 km/h) and 15and impacted by a tracttmailer.

Fig. 474: Maximum dynamic deflection of the doukfleced 29inch steelblockout Thriebeam guardrail at 50
mph (80 km/h) and 15and impacted by a tracttmailer.

Figures 4.75 and 4.76 show diétd views of two different states of vehiddarrier interaction
throughout the tractetrailer impacts against the doudfced 29inch wood and steel

blockout Thriebeam guardrails at 50 mph (80 km/h) and Bigures 4.75and 4.764dllustrate

the redirection of the tractat 0.6 secondduring the impaa on the woodand steeblockout

Thriembeam guardrailsFigure 4.75b illustratéhe state of maximum dynamic deflectioh
thetraileroccurred at 1.37 secondsringimpacton the woodblockout Thriebeam guardrail
Similarly, Fig. 4.76b shows the state of maximum dynamic deflectidhe traileroccurred
at 1.28 secondduring impact on the steblockout Thriebeam guardrail
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a. Impact at 0.6 seconds b. Impact atl.37 seconds

Fig. 475. Simulations of tractetrailer impacting the doubltaced 29inch woodblockout Thriebeam
guardrail at 50 mph (80 km/h) and 15

a. Impact at 0.6 seconds b. Impact atl.28 seconds

Fig. 476: Simulations of tractetrailer impacting the doublfaced 29inch steelblockout Thriebeam guardrail
at 50 mph (80 km/h) and 15

Figures 4.77 and 4.78show the time histories of transverse displacements and velocities
measured at the CG padndf thetractor cabin and at the trailer tandem arl¢heimpacton

the doublefaced 29inch wood and steeblockout Thriebeam guardraildn both impacts,ie
maximum positive transverse displacenserticurredat 0.6 secondsisseen in Figs. 4.77a and
4.78a which corresponed to the impact stateseen in Fig. 4.75a and 4.76a, respectively.
Similarly in Fig. 4.77c, the maximum posititeansversealisplacement of the trailer tandem
axle occurred at 1.3%conds, whichorrespondd to the impact state illustrated in Fig. 4.75b.
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