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ABSTRACT 

Three commonly used Nebraska Department of Roads (NDOR) mountable curbs 

......ere investigated for relative safety through a combination of full -scale testing and 

computer simulation using the Hi&hway-Vehicle-Object-Simulation-Model (HVOSM). 

1be curbs that were investixated illCludt'd one 4-in. and two 6-in. mountable curbs. The 

applicability of the model was evaluated with 23 full-scale !ells, illCludin& thirteen tests 

on I. 4-in. wedge shaped curb, two Iest5 on I. 6-in. wed&e shaped curb and eight !elts on 

a 6-in. Type I Mountable curb. l1Ie crash tests were conducted with 1800 and 4SQO-lb 

teR vehicles at impact speeds of "!S,!SO, and!S!S mph and impact l.l1iles of!S, 12.!S, and 

20 degrees. HVOSM was fll'Sl validated apinst all 23 full -scale crash tests and then 

used 10 predict vehicle behaviors at aIlemate impacl conditions. 

1be simulation and crash teR PfOInIII have shown thaI Nebraska's mountable 

curbs do not have a potential for causin& lou of vehicle control or vehicle destabiliQlion 

when impacted in I. trac.kini condition. A1thou&h the 6-in. mountable curbs were found 

10 cause sliahtly hi&1Ier vehicle motions, the differences do not appear significant enou&h 

10 indicate I. reduced safety performance for tIIe:se curbs. Also, il was determined that 

the performanceofW-beam Cuardrail can beadvaxly cffocted when used in conjunction 

with roadside curbs. AdditiooaJly, throu&h a limited 5imulation effort of oon-Inlckilli 

impacts, it wu determined thai tIIe:se curb types may be tnvCf3lblc ovcr a wide range 

of vehicle orientations and may not be a significant cause of vehiclc roilovcn. 
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I INTROOUcnON 

I I Problem Statement 

Curbs llave long been ~niz.ed as a p!Mefltial roadside safety hazard OIl higb­

speed urban and rum facilities. Hieh speed curb impacts can cause tire blow-OUl or 

damage a vehicle', steerinJ meclwtism, thereby leadin, to 10'" of vehicle control. Curb 

type and pJacement have a significant e(fecl on the safety and the utilization of these 

facilities. Curbing is desirable along highways passing through small fOWnS and suburban 

areas to facilitafC drWnage, delineation of pavement edge and pedestrian walkwa)'$ as 

well as providing access control. However, $late highways passing through these areas 

often mainlain high speed limits with operating speeds near 55 mph. The Nebruka 

Department of Roads (NOOR) incorpor.atc:s mountable curbs in these areas to minimize 

the safety problems associated with curb implementation alone hlah speed roadways. 

Unfortunately, the safety benefits of this policy have never been adequately evaluated. 

1,2 Obj<Ctjye 

TIle goals and objectives of this study were focused on evaluating the relative 

safety of 4·in. and 6-in. mountable curbs during tracking and non·tracking impactS. This 

evaluation procedure consisted of a combination of ful1 · SCilIe testing and computer 

simulation. Such vehicle responses as roll , pitch , and yaw angular displacements as well 

as overall trajectories, including bumper height trajectories were evaluated and reported . 

Research find ings ... ill contribute to a better understanding of the safety problems posed 

by mountable curbs installed along high speed rmdways. 
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2 BACKCROUND 

While curbs are used extensively on al l types of urban and rural highways. 

caution should be exercised in their use. General guidelines for curb implementation are 

contained in the American Association of State Hi,hway and Transporwion Officials 

(AASHTO) Polic), on the Geometric Design of Higllways and Streets ill- This documen t 

discusses two ,enenJ cale&ories of tu rb , banier and mountable. Barrier curbs 

incorporate nearly vertical faces and were original ly developed to offer some protection 

of sidewalk pedestrians and motorists by redirecting vehicles impacting at low angles and 

low speeds. However, (ull·scale CTa.'lh testing and computer simulations of curb impacts 

indicated that even the lIliest barrier curbs do not provide any si&nif.cant pedestrian or 

fOO(orist protectiona.l). Even for the low angle impacts in which !he wIer curbs wert 

found 10 be capable of ralirecting impacting vehic les, both tires on the impact side of the 

vehicle mounted the curb and redirection was obtained when the offside ti res contacted 

the curb. In this situation, the impacting vehicles penetrated over S ft beyond the curb 

and then were redirected down the middle of a roadside side walk. Thus, these curbs 

offer no protection to sidcwalk pedestrians. As mc:!1tioned previously, barrier curbs are 

believed to be capable of causing tire blowout, steering linkage damage, and tripping of 

non-tracking vehicles. Thus, the use of these: curbs has been discouraged. 

Mountable curbs incorporate a low profile and relatively nat slopes in order to 

reduce the potential for causing tire blowout or suspension damage. Slopes on these 

curbs are recommended to be 1:1 or less, especially for curb heights above 4 in. to 

minimize the potential safety problems. Some: highway agencies construct a venicaJ 
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section on the lower face as an allowance for future resurfacing. In Ihis case, the 

vertical portion of the cum sOO\IJd 001 exceed 2 in. and the total curb height $houJd be 

limited to 6 in . These curbs an: frequently incorporated along hieh speed roadsides and 

mo:Iians 10 provide improved drainage control, pedestrian walkway and roadside 

delineation, improved pavement durability, and access control. ill 

Curbs should not be incorporated when the same objectives an be atlaincd by 

other methods. Curbs are almost always incorporated on low speed roadways, such as 

urban local streets with speed limits in tke range of 25-30 mph and curbs are 00\ 

recommended on freeways and high speed rural hiChways. However. in the intermediate 

range where design speeds are between 40 to SO mph, highway engineers must make a 

decision regarding curb implementation based on individual roadway conditions. In this 

case, curbs are generally recommended in predominantly urban areas and discoul'aJed 

under T\lraI conditions. (1) 

2.1 Previous Cum Tesling 

Very limited research has been performed on the safet), effects of mountable curb 

impacts. Although a few studies have included testing on mountable curbs as pan of 

barrier curb evaluations, none have addres.sed mountable curb testing specifically. TIlesc: 

studies normally repon a vehicle 's behavior durin, and after curb impacts in a trackin, 

mode. Vehicle behavior of interest normally includes the overall trajectory, angular 

displacements, and vaultin, potential. Major 5Ifety ooncems associated with curb 

impacts include loss of control arising from tire blow-out and suspension damage, 

tripping of non-tracking vehicles, and secondary impacts with OIlier roadside obstacles. 
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Most of the research involving curbs has been analytical, involving computeT 

simulations with the Hi,hway Vehicle Object Simulation Model (HVOSM) computer 

program (i). The program has been succ·u(ully validated for moderate and hl,h angle 

lr.lClcing impacu:. The program was then u5e(\ 10 evaluate vehicle behavior during 

impactS with various types of curbs and a wide: range of impact conditions. The 

following is a summary of major analytical and full -scale curb testing research sludieJ. 

Included within this summary are the curb types thaI wcre tested and tile major findings 

of the evaluations. 

The first published resean::h on curb mountin& and redirection was a 1953 SIOOY 

by the California Division of Highways (1) , This research con§isted of 149 full -scale 

impact ~ on eleven different curb cross-sections. Impact speeds ranged from 5 10 50 

mph al angles between 5 and 30 deg. Of the eleven different curbs testa!, two of them 

were 12 in. high, eight wcre 9 in. high, and one was 6 in. high. All , except for the 6-

in. curb, were con1idc:red 10 be barrier curbs. This resean:h focused on identification 

of the effects of barrier curb face slope and rooghness. Prior to testing, researchers 

hypothesized that a 5lt:cpcr curb face would discourage moonting and enhance 

redirection . Test results showed this to be correct only for impact angles above IS and 

20 degrees. At the lower angles, the venical curb face actual ly enhanced mounting by 

providing a surface for the wheel rim to catch and bite into. This trade off occurred at 

a slope of about 2:9 (i .e., 2 in. of slope.set ~k in 9 in. of height). Slopes steeper than 

2:9 had a tendency 10 enhance mounting through rim contact while those with flatter 

slopes did so by nmping with the tire. 



, 
As a direct result of these 1eSU, a second series of barrier curb tests was 

undertaken in 19S!5 to provide specific IllOOmmendations for the design o f more efficient 

barrier curbs (l) . This teSting was undertaken to inveSligate the effects of curb heiglit. 

As expected, researchers found that increasing curb !leigt\! did indeed enllance 

red irection. However, increa5tJd curb height a.lso significantly increased vehicle damage 

and the potential for loss of cootrol for vehicles mounting the curbs. Among the 

recommendations liven as a result of these two series of impact tesls are Ihe following: 

1. Barrier curbs cannot effe<:lively redirect impacting vehicles at heights leu 

than 10 in. and Cllrb faces should be undercut \0 prevent tires from 

mounting due 10 tire scrubbing forces. 

2. Barrier curb teJl;ture sIlould not be smooth or rough . A smooth surface 

was found to redirect an impacting vehicie back inlo traffic al a re latively 

high angle, while an overly rough surface increased tile probabil ity thaI 

an impacting vehicle: will mount barrier curbs due to increased .scrubbing 

forces. 

3. The upper comer of tile curbs should be rounded in order to reduce the 

tendency of the wheel rim to grab ooto the curb top and lift the wheel. 

11 should be noted that all of this testing involved biased ply tiUl. Radial tires would be 

expected 10 sustain higher scrubbing forces and then::fore be even more dimeult to 

redirect . 

A study involving an impact evaluation program was performed by Wayne State 

Universi ty and the Highway Safety Research Institute (HSRI) at the University of 
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Michigan (6). The simu!afioo erron was directed at determination of the redirection 

capacity of five curb configurations. The effects of curb placement in front of roadside 

guardTllils was abo evaluated. 

TIle digital computer simulation program used for the Wayne Slate evaluation was 

the Cornell Aerooautical Laboratory Single Vehicle Accident (CALSVA) program (1.8), 

a precursor 10 the HVOSM program. In terms of curb impacts, Ihe: progrl.rn was belt 

suited for determining the vehicle dynamic reaction as the vehicle mounted tnc curb. 

The program irw::orporated I thin disk radial spring tire model and reasonably accurate 

representations of a vehicle's suspension. Although the program could nO! accurately 

replicate lire sidewall/curb face friction interactions, tnese forces were rOOM 10 be 

relatively insignificant for impact angles of 10 degrees or ITK)Te. The resan;hers 

obtained good correlation between simulation findinp and full -scale crash tests conducted 

eI.sewhete. Impact coodilioos for most of the runs weTe 40 mph and 25 deg , 60 mph and 

10 deg, 60 mph and 2S deg, and 80 mph and 10 deg. The curbs wert found to have 

very limited redirection capacity for these impact ronditions. Funher, the simulation 

predicted reasonable guardrail safety performance when the guardT'llil was at least 27 in. 

above the ground and the traffic side face of the guardrail and curb were in the same 

venical plane or nush wilh one another. 

Full-scale tcsting and simulation using HVOSM were combined in an extensive 

curb study conducted at the Texas Transportation Insti tute (lT1) for the National 

Cooperative Highway Re~h Program (NCHRP) in the early 1970's (l). Three then 

commonly used curbs were tested in this evaluation: one 4-in. curb (AASHTO Type H). 
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two 6-in curbs ( ........ SHTO Types C and E) . The Ceomclries of these curb configurations 

are shown in FiguR: I. Also included in the testing wu one special conriguratioo 13· in. 

curb (AASHTO Type X). nO( shown in Figure ] . 'These curbs were chosen to be 

representative of curb designs most widely used around the country at thai time. 

Ei,tneen full-sca1e CTlIsh tests were conducted on the twO 6-[n. curbs wilh impact 

speeds of 30, 45, and 60 mph, and approach angles of 5, ]2.5, and 20 degrees. 

Researchers evaluated vehicle trajectory, bumper height ~ectOry, roll and pitch angular 

displacements, and vehicle d«e1erntioos. These lests were then used 10 vali<1a\e the 

HVOSM program and additional simulations were conducted on each cu rb \0 investigate 

other curb impacts, 

TIle researchers found that curb heights of 6 in. or less with shapes similar [0 

those of AASHTO Types C, E, or H will not redirect vehicles at speeds above 45 mph 

and encroachment angles greater tl'w1 appro1imalely 5 deg. Funher, even when 

redirection was obtained, the tires 00 the impact side of the vehicle were found to mount 

the curb and the vehicle was only redirected when ItIe offside tires contacted tile curbs. 

Thus, these curbs were found to be ineffective for redirecting impacting vehicles when 

panial curb mounting may result in impacts with roadside features such as signs or poLes. 

Further, the ranee of impacts wherein vehicle redirttlion wa:; obtained was considered 

to be so limited that the safety benefit of these curbs for rural highways was considered 

10 be negligible. An additional firlding was lliat under certain speed and angle impact 

conditions, curb impacts produce vaulting or underriding of27·in. high guardrails located 

behind the curb. It was found tllat impacts wilh curbs 6 in. high can cause. a vehicle 10 
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impact a 27-in. Cuardrail with a 2-f\ offset, at a point below the lower edge of the rail 

face, creating the possibility of snagging. This research is 51111 the primary basis for 

most curb selection and placement guidelines. 

A mountable curb (AASHTO Type B) was also analyzed using both full-$C3.le 

testing and simulation in another National Cooperative Hichway Research Program study 

conducted by Tn f2...lID. The lcomelry of the AASHTO Type B curb is shown in 

Figure 2. The effects of tracking curb impacts on minicars were studied with tests 

conducted at several different impact angles and speeds up to 60 mph . While this 

particular curb type was found to pose no major hazards for the evaluated conditions, 

some tire and wllccl damage was observed during the full-scale crash testing program. 

This type of damage coold lead 10 lou-()f-aJlltrol and vehicle rollover. Funher, the 

researchen wncluded that the Type 8 curbs could destabilize vehicles, espe<:ially 

minicars, whcl'l impacted in a non-trackina: mode. 

An analytical study conducted at TIl after the publication of NCHRP ISO in 

1974, involved the evaluation of automobile behavior tnversing selected modified curb 

confi,uration$ and sloped medians Ul). TIle COIIOern was again the potential for vaulting 

into roadside barriers placed near curbs or sloped medians. Vehicular behavior durin, 

and after impacts with tile 6-1n. and 8-in. curbs. modified curbs, and slopes was 

investigated usin, HVOSM. TIle objective of tile study was to compare the effects of 

sWldard curb shapes with that of retrofit alternatives. The retrofit designs involved 

installin, wedge-shaped asphal t plugs in front of the curbs and replacement of the curbs 

with slopes. 
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'Jbe simulation test results led researcMrs to conclude thai the traffic barriers 

should IlOI be placed near curbs. 1be presence of curbing may Cill,l 5e the vehicle to vaull 

roadside barriers or 10 impact them al a lower-than-normal position, causing snagging 

problems. Creation of a flat approach area in froot of the: barriers would be most 

desirable to reduce the probability o f ei ther 5nagging mmer the bottom face of Ihe rai l 

or vaulting over the top face. Additional findings showed thai problems with barriers 

on raised curb-median or curb-roadside configurations coold be reduced in cenain areas 

by sloping the median or the roadside to the road!ide barrier-curb combination. 

Researchers at the MOA Researcll Corporation ill) used HVOSM 10 evaluate 

three curb types that had been designed for the stales of Arizona and New Hampshire. 

11le study was limited 10 evaluating Ihe effects these curbs would have on Ihe guidclillCS 

governing the placement of longitudinal roadside barriers near the curbs. Thirty-liK 

simulations wen: performed on three different cum types and Iwo different .est vehicles. 

Each curb type was investigated with 3-in. and 6-in . heip.ts and fttOmmended backslope 

profiles and madwilY cross slope$ were inrorporated into the modeling. While the impact 

anll.le remainetl constant at IS degrees for ill! of tile tests, the impact velocity was varied 

between 20, 40, and 60 mpll . The results of their tests wcre compared witllthe bumper 

trajcctory results (rom NCHRP Repon 150. The results or ille simulation study indicated 

llial vehicular response 10 lhe curbs was within the soame range or less severe than 

oommoo curb coofiguflItions. 
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3 RESEARCH APPROACH 

The effects of mountable curb geometry on veh.ide behavior during tracking 

impacts was the primary focus of tltis research effort. A combination of full-scale ICSU 

and computer simulations usin& an updated version of the HVOSM Ul) were used to 

investigate vehicle behavior upon impact with three different NOOR mountab le curbs 

types. Full-scale crash testing was used 10 conduct a limited study of the dynamic 

response of two aulOmobilc.s impacting three diffel'01t curbs and 10 validate the HVQSM 

program. A much more comprellensive study of curb impactS. including an investigation 

of non-tracking curb impacts, was then undenaken through computer simuluion. 

Curb impact performance was evaluatod in tc:rm$ of vehicular trajectory, roll, 

pitch and yaw angular displacements, and bumper- trajectory. The research was therefore 

uodcnaken in order 10 develop a beuet unOersWl4ing of the safety related issues posed 

by mountable curbs and 10 address (he concerns derived from the reduction in 

effectiveness of many different roadside appurtenances often located near mountable 

curbs. 

3,! MOODubie Curb Configurations 

Three Slandard NDOR mountable curbs were evaluated in this Sludy, including 

-4-io. Lip, 6;n. Lip, and 6-io. Type I mountable curbs. Details of the three leSt (:urbs 

are shown in Fi;ures 3, 4, and S. TIle . -in. Up and 6-in. Type I mountable curbs are 

cunently the most widely used moontablc curbs by NDOR. Unrortunately, the 4 in. Up 

design docs IlIX always provide SIIfficicnt depth ror draina&c control. The 6-in. Lip curb 

W3j therefore inclllded in the study as a potoItial aJlemative to the 4-in. Lip curb. 
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),2 Full-Scale Testing Area 

Curb inslallations included In the full -scale crash test program incorpornted a 

paved roadway, a mountable curb, and a rounded dirt backslope to simulate a typical 

highway cross-section through small towns and l'\JraI communities. The roadway 

COflsimd of a typical 12-ft wide paved travel lane wilh a 2 percent cross-slope and an 

appro~imate I percent downgrade. The travelway downgrade and cross slope were 

establislled over the first 10 f\. of Ihe simulated roadway, extending beyond the edge of 

Ihe flat ooncrele approach runway. This section provided a smooth transition between 

the flat approach and tile sloping travelway. The rounded backslope incorporated a 4 

percent upslope over Ihe first 10 ft immediately behind Ihe curb and a 3 percent 

downslope over tile I\CJIt 17 ft. Note that the curb instaJlatioo necessitated thaI the curb 

be impacted with the driver's side of test vehicles. This impact orientation is believed 

to have no effect on vehicle behavior during curb impacts due to test vehicle symmetry. 

The layout of the curb testing area is shown in Figure 6 and cross-sections for tile three 

test installations are shown in Figures 7, 8, and 9. Photos of the full-scale testing area 

are shown in Figure 10. 

Concrete for the testing area was poured in two different phases, fi rst for the 

roadway and then for the curb. The curb and the curb footing were poured integrally 

and t!len baclr.: filled and compacted in order 10 prevent the curb from shifting during 

vehicular impacts. Construction photos for the 4-in. Lip curb and the 6-in. Type I 

Mountable curb are shown in Figures II and 12. The 6-in. Lip curb was constructed 

simply by retrofitting the 4-in. Up curb. This retrofit process consisted of placing a 
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Figure 10. Full-Scale Testing Layout 
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Figure I I. 4-in . Lip Curb Construction 
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Figure 12. t).in. Type I Mountable Curb ConstnM::tlon 
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tapering cement mix overlay on lop of the 4-in. Lip curb. A bonding agent was used in 

coojunction with cement mix in order to retain the proper geometrical shape and 

struCturaJ. integrity. 

3,) Testing Matrjces 

The original \eSt matrix included 36 full-scale tests on the 4-in. Lip and 6-in. 

Type I mountable curbs, as shown in Tables I and 2. Impact speeds and angles 

included in this test matrix were selected to be representative of impacts expected on low 

volume rural highways passing through smaIl cities and towns. The test matrb; was 

modified after the first set of full -scale testS (NEMC 1-9) to include the 6-in. Lip curb 

as a retrofi t to the 4-in. Lip configuration. AI this point, the crash test matrix was 

significantly reduced in order to accommodate the increased cost of the additional curb. 

The simulation effort was then im:(lIporated to supplement the reduced crash test matrix. 

The modified test matrix, shown in Table 3, included 23 full -scale tests, thirteen teStS on 

the 4-in. Lip. 2 tests on the 6-in. Lip. and 8 tests on the 6-in. Type I mountable curbs. 

A$ shown in Table 3, the futl-scale crash test program was condUCted with 1800 Ib and 

4S00 Ib vehicles impacting the curbs at speeds ranging from 4S to SS mph and approach 

angles ranging from 5 to 20 degrees. 

The computer simUlation effort involved two phases, program validation and an 

investigation of alternate impact oonditions. The validation effon involved comparing 

HVOSM simulations to test results from all 23 full-scale crash tests. Vehicle angular 

orientations, path, and bumper trajectory were used as the primary measures of 

simulation accuracy. HVQSM was then used \0 investigate 31 supplemental curb impact 
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Table I. Orieinal T~ Matrix (NEMC 1-18) 

T", T~' T", Target T""d 
No. Cllrb l Vehicle Angle S,"", 

(deC) (mph) 

NEMC- l 4L 1800 LB , 4S 

NEMC-2 4L 1800 LB , S<l 

NEMC-3 4L 1800 LB , 55 

NEMC-4 4L 1800 LB 12.5 4S 

NEMC-5 4L 1800 LB 12 .5 S<l 

NEMC .. 4L 1800 LB 12 .5 55 

NEMC-7 4L lBOO LB 2(] 4S 

NEMC-8 4L 1800 LB 2(] S<l 

NEMC·9 4L 1800 LB 2(] 55 

NEMC- 1O 4L 4500 LB , 40 

NEMC-lI 4L 4500 LB , '0 
NEMC· 12 4L 4500 LB , 40 

NEMC-13 4L 4500 LB 12.5 '0 
NEMC-14 4L 4500 LB 12.5 4S 

NEMC·15 4L 4500 LB 12.5 55 

NEMC-16 4L 4500 LB 20 4S 

NEMC-17 4L 4500 LB 20 55 

NEMC-18 4L 4SOO LB 2(] 4S 
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Table 2. OriginaJ Test Matrix (NEMC 19-36) 

T'" T", T", Target Target 
No. Curb' Vehicle Angle Sp«<! 

(dog) (mph) 

NEMC-19 6S 1800 LB , 4S 

NEMC-20 6S 1800 LB , '0 

NEMC-21 6S 1800 LB , 
" NEMC-22 6S 1800 LB 12.5 4S 

NEMC-23 6S 1800 LB 12.5 SO 

NEMC-24 6S 1800 LB 12.S " 
NEMC-2S 6S 1800 LB 20 4S 

NEMC-26 6S 1800 LB 20 SO 

NEMC-27 6S 1800 LB 20 " NEMC-28 6S 4500 LB , 40 

NEMC-29 6S 4500 LB , SO 

NEMC-30 6S 4S00 LB , 40 

NEMC-) I 6S 4500 LB 12.5 '0 

NEMC-)2 6S 4500 LB 12.5 4S 

NEf.1C-)) 6S 4500 LB 12.5 " 
NEMC-34 6S 4500 LB 20 4' 

NE.r.iC-35 6S 4500 LB 20 " NEMC-36 6S 4500 LB 20 4l 
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Table 3. Modified Full-Scale Testing Matrix (NEto.1C 1·23) 

T~ T~ 

No. Curb ' 

NEMC-l .L 

NEMC-2 ' L 
NEMC-3 ' L 
NEMC-4 .L 

NEMC-S .L 

NEMC-6 ' L 
NEMC·7 'L 
NEMC-8 4L 

NEMC-9 4L 

NEMC·]O 'L 
NEMC-It 4L 

NEMC- 12 4L 

NEMC-Il 'L 
NEMC·14 6L 

NEMC-IS 6L 

NEMC· 16 OS 

NEMC- 17 OS 

NEMC- 18 OS 

NEMC-19 OS 

NEMC·20 OS 

NEMC-21 OS 

NEMC-22 OS 

NEMC-23 OS 

.l· • •. L.iop ...... 
6l • 6 • . Llf _'" 
6S - 6 ... T)1>O ' ,_'" 

T~ 
Vehicle 

lSOnS 

1800 LB 

1800 LB 

1800 LB 

1800 LB 

]800 LB 

1800 LB 

1800 LB 

1800 LB 

4SOO LB 

4SOO LB 

4500 LB 

4500 LB 

4500 L8 

4500 LB 

4500 LB 

.. SOO LB 

4500 LB 

4500 LB 

1800 LB 

1800 LB 

1800 LB 

1800 U I 

Touget Tirle! Actual 
Anile S,.., Angle 
(dee:) (m.p/I) (del) , 

" ••• , SO , .• , 55 ' . 1 

12.5 ., 13.0 

12.5 SO 1).1 

12.5 55 13. ] 

2<1 " 19.3 

2<1 SO 19. 1 

2<1 55 19.2 , .. ' .0 , SO SA ,. .. 19.1 

2<1 SO 19.0 

2<1 " 19.5 ,. 55 20.0 , " '.0 , 55 '.2 

20 " 18.3 

2<1 55 18.0 , 
" '.2 , 55 , .. 

20 " 18.3 

20 55 20.0 

27 

."". S,.., 
(mph) 

>4.' 

SO., 

53.1 

44.3 

SO., 

5.5.9 

" .3 

53.1 

55.9 

39.1 

45.3 

39.1 

51.9 

45.2 

53.6 

41.8 

52.4 

".3 

52.1 

42.1 

51.2 

43.2 

52.9 
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5ituations involvin, alternate impact ~s and angles for each vehicle size and curb 

oombination. 11le simulation matrix, including both validation and supplementary runs, 

is shown in Tables 4 through 6 . 

3.4 Full-Scale Testing Prorn;Iure 

Twenty-three full·scale tests were conducted 10 measure vcruck responses 

resulting from curb impactS in a tracking mode and also 10 validate the HVOSM 

computer simulation model. Vehicle responses such as overall trajectory (longitudinal 

and lateral displacements wilh respect 10 the curb). angular displacements. vertical 

bumper rise, wllecl hop, and vehicle accelerations were measured. 'fIK:3c parameters 

give an indication of the destabilizing effects of a curl) impact as well as the vehicle's 

position immediately before impact with a guardrail, bridle rail, median barrier, or 

another obstacle located behind a curb. Bumper position is especially important when 

considering the effeclS of curbs on the performance of longitudinal barriers. Crash 

testing and simulation has indicated lliallhe height of the bumper midpoint above ground 

upon impact willi a roadside guardrail is a good indication of the potential for a vehicle 

10 vault over or dive under the barrier <1+16), Therefore, the bumper midpoint was 

selc:cted as the reference point for tracking the: vertical rise with respc:ct to the lateral 

distanee behind each curb, 

TIle: test vehicles were: driven, instead of towed, into the curb installations in order 

to expedite testing and provide a driver's appraisal of the severity of impact for the three 

curb configuratioos. A series of traffIC cones and wllite painted lines were placed in 

advance of the curb testing area to aid the driver with establishin, Wiet impact angles. 
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Table 4. Computer Simulation Test Maw (NaiC 1-18) 

T~' T~' 
No. Curti' 

NEMC-1 

NEMC-2 

NEMC-3 

NEMC""" 

NEMC-5 

NEMC-6 

NEMC-1 

HEMC·8 

NEMC-9 

NEMC·IO 

HEMC-II 

NEMC-12 

NEMC-13 

NEMC-14 

NEMC·IS 

NEMC-16 

NEMC-J1 

NEMC-18 

.L·. ill .......... 
6L •• ill. Lip •• Ito 

. L 

' L 

'L 

'L 
. L 

'L 

'L 

' L 

'L 
.L 

'L 
.L 

.L 

'L 

'L 
6S 

6S 

6S 

65 • • ill. ,.",. I <IIIt>. 

T", 
Vehicle 

19oo l..B 

1800 LB 

19oo l..B 

1800 l..B 

1800 l..B 

1800 l..B 

1800 l..B 

1800 LB 

1800 LB 

<500 LB 

'500 LB 

'500 LB 

'500 LB 

' 500 LB 

4500 LB 

4500 LB 

4500 LB 

4500 LB 

Imp;tCt 1m"", 

""". Spool 
(dog) (mph) 

' .9 34.9 

5.' SO., 

5.1 53.1 

13.0 « .3 

n.l SO., 

13.1 55.9 

19.3 « .3 

19.1 53.1 

19.2 SS.9 

5.0 39.1 

5. ' 4S.3 

19.1 39. 1 

19.0 Sl.9 

19.5 4S.2 

20.0 53.6 

50 41.8 

' .2 52.4 

18.3 « .3 

29 



Table S. Computer Simulation Test Matrix (NEMC 19-23, NE 1-13) 

Tal T .. 
No. Curb' 

NEMC-19 

NEMC-20 

NEMC-2 1 

NEMC·22 

NEMC·23 

NE· I 

NE-2 

NE·' 
NE. 

NE·!i 

NE~ 

NE-1 

NE·8 

N" 

NE-IO 

NE-ll 

NE-12 

NE-13 

( • <I. •••• L..ip <.<1> 
11.· ' • . Lip_ 

OS 

OS 

OS 

OS 

OS 

•• 
•• 
•• 
•• 
•• 
6. 

6. 

6. 

6L 

6. 

6. 

6. 

6. 

os _, ... T)'to J <will. 

T .. 
Vehida 

'500 La 

1800 LB 

1800 LB 

1300 LB 

1800 La 

'500 La 

'500 La 

'500 LB 

4500 LB 

4500 LB 

1Il00 LB 

1300 LB 

1300 LB 

1300 LB 

1300 LB 

1800 LB 

1300 LB 

t300 LB 

I"""" I""", 
Anele 'p«d 
(d'll 'mph' 
111.0 !i2.1 

'.2 42.1 

, .• !i1.2 

13.3 43.2 

20.0 " .• , 55 

12.s " 
12.!i SO 

12.5 55 

20 55 , " , SO , 55 

125 " 
12.!i SO 

12.5 55 

20 " 
20 SO 

so 



Table 6_ Computer Simulation Test Matrix (NE 14-31) 

T", T~' 
N •. Curb' 

NE-L4 6L 

NE- LS 6L 

NE-16 6L 

NE-l1 6L 

NE- IS 6L 

NE- 19 6L 

NE·20 6L 

NE-2L 6L 

N&-22 6S 

NE-23 6S 

N&-24 6S 

NE-" 6S 

NE-26 6S 

NE-27 6S 

NE-2S 6S 

NE-29 6S 

NE-30 6S 

NE-31 6S 

I· , ... . , __ ... __ 

6S., _. T)7o 1_. 

T~' 
Vehicle 

lSOO LB 

4500 LB 

4500 LB 

4500 LB 

4500 LB 

4500 LB 

4500 LB 

4500 LB 

I roo LB 

1&00 LB 

lSOO LB 

1&00 LB 

lSOO LB 

'SOIl LB 

4500 LB 

'SOIl LB 

4500 LB 

4500 LB 

1m"" Impact 
AD,le S,,", 
(dec) (mph) 

" " 
S " S SO 

S " 
12.5 " 
12.5 SO 

12.5 " 
" SO 

S SO 

12.5 'S 

12.5 SO 

12.5 " 
20 SO , SO 

12.5 " 
12.5 SO 

t2.5 " 
20 SO 

31 
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AS sllowrl in Table 3, the impact angles measured from high speed mm were very near 

to the large! conditions in a1l1105t every test. 

The test vehicle driver released the steering .... heel just prior to impact 10 establish 

a fltt wheeling condition during and after curb impact. The free wheeling condition 

provided a better estimate of ttlc actual effects of curb impact on vehicle trajectory and 

potential for loss of control. The driver waited until the vehicle trajectory stabilized aner 

mounting the curb before gl2Sping the steering wllce!. In most cases, the driver did I\Ot 

grab the steering wheel until after the test vehicle was completdy off the ~oped terrain 

OOllstructed behind the curb. Thus, vehicle behavior was not effected by the driver 

responses to curb impact. Test vehicIe speedometers were calibrnted prior to testing in 

order to minimize impact speed errors. Actual impact spDCds, measured with tape 

pressure switches pbced just upstream of curo impact , were generally near target 

conditions u shown in Table 3. 

3 S Test Vehicle.! 

As mentioned previously, test vehicles wei&hin& 1800 1b and 4500 1b were used 

in the fuU-scale crash test program. In order to maintain consistent vehicle conditions 

throughout the testing program, the test vehicle's front wheels were aligned prior to each 

series of crash teslS. Details of the individual test vehicles are presented below and in 

the following figures. 

J8()() lb. Tw Vt:hick 

A 1984 Dodge Colt, shown in Figures 13 and 14, was used as the 1800-lb test 

vehicle. Vehicle parameters, including basic dimensions, curb, static, and gross weights, 
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Figure 13. 1800 1b Test Vehicle. NEMC· 1 
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Figure 14. 1800 Ib Test Vehicle, NEMC-20 
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1299.0 
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3S 

"'ehiete Geometry 
Inches 

o - ~O 

c _ 90.5 

,,-~ 

9-~ 
j _ 17.0 

n -~ 

p-M& 
, _ 22.5 

t - ..l.!..:2. 

b _ 32.5 

d -21& 

f -~ 

II _ 30.5 

m- 4 .5 

0- ....!ll 
q _ 53,5 

5 _ 14.25 

Engine Size: 4 cy! 

Transmission: manual 

Damoge proOf" 10 ' '''81. _ _ ".0''''"C' _______________ _ 

Figure 15 . 1800 lb Test Vehicle Dimensions 
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and appro~male moments of inertia are shown in Figure 15. Targets, used to detennine 

vehicle motioos from the lIigh speed films, were placed on the vehicle as shown in in 

Fi&uTe 16. Two 58 flash bulbs, triggered by a pressure switch upon impact with the 

curb, wcre mounted on the IIood of the vehicle 10 establish curb impact time on the high· 

speed film . The vellicle's front wheels were aligned according to factory specifications 

prior 10 each set of full-scale tests. 

4500 lb. Ttst Vthicle 

A 1986 Ford LTD, sIlown in Figures 17 and 18, was used as the 4500 Ib test 

vehicle. Vehicle parameters, including basic dimensions, curb, Static, and gIO$$ wcigllts, 

and approltimale moments of inertia are shown in Figure 19. Targets, used 10 delennine 

vehicle motions from the high speed films, wen: placed on the vehicle as sho"'Tl in 

Figure 20. Two 5B nash bulbs, triggered by a pressure switch upon impact with the 

cum, were mounted on the hood oftbe vehicle 10 establish curb impact time on the high­

speed film . The vehicle's front wheels .....ere aligned xcording to factory specifications 

prior to eacIl set of full -scale teStS. 

3 6 D.ata Acaujsiljoo Systems 

Vehicle reactions durin, the fuU-scale testin, provam were monitored through 

video and high-speed photography, aca:lerometers, rate gyros, and tape pressure 

switches. Eac:h of these eomponenl$ of the data acquisition system are described below. 

Three high-speed 16-mm cameras and a VHS camera were used to film the full­

scale tests. A schematic of the camera layout is shown in Figure 21. The first camera 

was set up 10 give a perpendicular field of view of Ihe vehicle's path . This camera was 
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• 

Figure 17. 4500 Ib Test Vdlicle, NEMC-lO 
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Figure 18. 4500 Ib Test Vehicle, NEMC-16 
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a Redlake Locarn with a wide anele 12,j mm lens and operating at SOO frames/sec. Film 

analysil from this camera .... 'lIS used to measure angular displacements, bumper trajectory, 

wheel hop, and to measure the longitudinal displacement of the veh icle along the curb. 

The second high-speed camera, a Photec: IV with an 80 mm lens operating al 500 

frames/sec, was used to give an upsueam view pandld and on line wilh the face of the 

curb. This amen. was used to determine impact conditions, lateral offsel5, and angular 

disp1acemen1$ of the vehicle. The third high-speed camera was a 16-mm documentary 

camern, operating at approximately 64 frames/sec. All high sp«d film was analyzed on 

a Van Guard Film Motion Analyzer, and the proper adjustments were made for all 

camera divergence effects . 

Erldcvco triaxW pittOlUistiveacceleromelet$ (MoOel 72(4) were used to measure 

the accelerations in the longitudinal, lateral, and vertical di rections of Ihe lest vehicle. 

A Humphrey 3-l.I.is rate transducer with a range of 250 deglsec in each of the three 

di rections (pitch, roll and yaw) was used \0 measure the rotational rates of the test 

vellicle. Both the acce1erometers and rate gyro transducers were rigidly attached to the 

vehicle near the center or gravity of the test vehicle. SiCnais from the transducers were 

received and tonditioned by an onboard Metrnplex unit where the signals were 

multiplexed and then transmitted by radio telemetry to a Honeywell (101) Analog Tape 

Recorder in the control van. The data acquisition flowc:1wt is shown in Figure 22 . 1lle 

test vehicle's interior equipment arrangement is shown in Figure 23, and the 

accelerometer and rate gyro block tonfiguration is shown in Figure 24. 

State-of-the-art computer software, "Enhanced Graphics Acquisition and Analysis ' 
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Fi,ure 23. Test Veh.icle's Interior Equipment Arrangement 
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(EGAA) Ul) was used to acquire the mte tyro data and MOata Analysis and Display 

·Software" (DaDiSP) (18) was used 10 analyze and plot the data. The software was also 

used to conduct low pan fillenna: and smoothing operations to eliminate high fmjumcy 

noise from Ihe experimental dala. Although vehicle rotations become coupled in the 

presence of high rotation rates, the effon to uncouple the measured angular velocities 

was abandoned after disoovenn& no s.i&nificant rouplin, in the lest results from the most 

severe impact (:Onditions. These findings are not surprising in view of the near zero 

maanirude of measured yaw velocities and the relatively low magnitudes of measured roU 

and pitch velocities (12). 

Tape pressure switches spaced at j n intervals were used to determine the actual 

5peed of the vehicle before impact. Each tape switch triggered a $lmbe light located near 

C3Ch switch as the left front tire of the leSt vehicle pas5Cd over it. The average speed of 

the test vehicle between the tape switches was determined by knowing the distance 

I:letween the tape switches, lhe calibrated camera speed, and the number of frames 

between flashes from the high-speed film. The average speed was also determined from 

electrOnic timing mark data which was transmitted through fiber optic cable and recorded 

on oscilloscope software. 
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4 ruLJ...SCALE TESTING RFSUL TS 

As discussed previously, vehicular impactS with roadside curbs can cause tire and 

suspension damage leading to Joss of vehicle control. Furtller, curbs can cause a vehicle 

10 be out of position when contacting roadside barriers, breakaway structures, and olher 

roadside safety devices. Vehicle angular displacements, bumper height, and overall 

tnljcctory are good indicators of the potential safety related problems associated with curb 

impacts. Other vehicle response parameters were measured, including vehicle 

accelerations and wheel hop. However, all measured accelerations were e:..tremely low 

and wheel hop was largely undetectable and therefore these paramclerl were not 

reponed. TIle low measured accelerntions indicate thaI there is essentially no risk for 

occupant injuries arising directly from the cum impact. Similarly. since tires were found 

to remain in contaCt with the ground during curb impactS. a driver would retain the 

ability to steer or brake throughout the event. 

Further, all path deviations during the impact testing were found to be very 

minimal. This findin, is another indicator thaI reasonably prudent drivers would be able 

to maintain control of a vehicle tmversing the moufltable curbs im::luded in the test 

program. The low path deviations were also reflected in the very low magnitude of 

measured yaw rates. As a result, yaw angular rotations were not reported. Roll and 

pitch angular displacements were reported in terms the vehicle reference system shown 

in Figure 25. 

Figure 26 shows the design pan.meters for vehicle impacts on curbs as defined 

by AASHTO aID. These parameters represent vertical and lateral distances at critical 
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positions in tile overall bumper IflIjectOry. Bumper trajectory results ~ reported in 

terms of these design parnmelers. This procedure provides for a uniform method of 

presenting the laJtc volumes of bumper traje(:tory resultS in a concise manner. Normal 

bumper heidJ! is defined as the distance from the ground to the center of the bumper 

when the Y(:hicic is in a static position on !he ,iven temiR. 

Typical roll and pitch angular displacements and bumper trnjectories are shown 

graphically for Tests NEMC-9 (4L, 1800 lb, 19.2 deg , 55.9 mph) and NEMC-13 (4L. 

4~ Ib, 19.0 dcg. 51.9 mph) in Figures 27 through 29. Similar plots are presented in 

Appendices A and B for all of the full-scale tests coodllClod. The figures represent the 

roll and pitch angular displacements versus time and the vtrocal bumper trajectory versus 

the la.teraI of bel from initial contact with the curb. 

TIle bumper position relative 10 a roadside barrier during and after impact is one 

of the most sivnficant factors when considering the potential for vehicles vaulting over 

the barrier. Typical piau of vertical bumper trajectory slKlwn in Figure 29 contain four 

reference lines in addition to the actual plotted trajectories. One of the lines, designated 

as "NORMAL", is shown at a height of 17 in. above the terrain for tile 1800 lb test 

vehicle and 19 in. above the tenain for the 4500 test vehicle. These lines represent the 

height or the center or the lest vehicle's front bumper with respect 10 the given len'ain 

in a static position. As previOll$ly described in Figure 6, the tenain include$ the curb, 

a modest up slope immediately behind the curb leading 10 a gentle downslope. The 

terrain elevation is also shown on the bumper trajectory plots. The final two lines shown 

on the bumper trajoctory piau, designated as "G.R. Top" and "G.R. Bouom" , represent 
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the top and bottoms of a standard W-beam I1liI with a typical post spacina. All of these 

lines are referenced to the vehicle path and ~fore vary with impact angle. Notice thai 

with the lower angle tesU the downward slope along the highway is greater than the up­

slope behind the curb and thus the tem.in Is droppin, vertically. 

'[be observed bumper trajectory from test NEMC-13, shown in Figure 29, 

involved a 4500 Ib vehicle impacting a 4·in. U p curb at a speed near 52 mph and at an 

angle of 19 deg. The approximate 20 degree impact angle causes the test vehicle to 

lr.Ivel2.7 ft down the roadway for every I n of lateral vehicle movement. The 4 percent 

up-slope behind the curb causes the terrain to rise 0.48 inches for every fOOl of lalefal 

vehicle movement wllile the downgrade along the roadway decreases the tenain elevation 

by 0.32 incJ1es for every foot of lateral motion. Hence the net change in terrain elevation 

is approximately 0.16 in. upward for every foot of lateral movement. Thus, the 

rcferenoc lines go up slowly as the vehicle encroaches farther onto the roadside. 

The initial portion of the travelway over wllich the down ,rade and cross slopes 

were established also affected vehicle behavior during the testing. The test vehicles 

began to pitch down and roll toward the edge of the roadway upon encountering down 

grade and cross sloped portions of the simulated roadway. unfonunately, the vehicles 

did not reach a steady state condition prior to imp;1Cting the curb instaJlations at a point 

approximately 20 fl downstream from the begiMin& of the simulated travel way. Thus, 

test vehicle angular orientations were neither zero nor at a steady state position with 

respect to the tJavelway. In an effon to produce a coosistent (rame or rererence with 

which. to compare all crash tests, angular displacement plots were begun allhe point the 
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test vehicle encoun~ the limulated roadway. Allh.is point vehicle orientation angles 

and angular rotation rates were essentially zero. As a resul t, curb impact time on these 

plots ranges from 0.25 sec to 0.32 sec after simulated roadway impact (time - 0.0 sec), 

dependin,; on the specific testing impact conditions. The low end of this range resulted 

from low angle, lIigh speed tests, ie .. 5 deg and SS mph, and the high end of this range 

resull5 from high angle, low speed tests, ie .. 20 deg and 45 mph. 

Implementation of tllis wne into the analysis proved to be very important in the 

simulation validation. It was J1CttSsary to represent this as pan of the curb in order to 

properly match the vehicle responses. The effects of the transition zone on !he vehicle 

also explains the initial dip in the bumper trajectory results as well as the non·zero 

angular disp1acements at curb impact. The effeelS of lhe transition zone and longitudinal 

downslope were eumined with a series of simulations that are presented in Chapler S. 

The results for the full-scale tests (NEMC \·23) are presented in both graphical 

and tabulu (orm. The gnphieal fonn b given in Appendices A, B, D. and E, and the 

tabular data is given in Tables 7 through 10. Only the positive values of the maximum 

angular displacements were reported in tabular form since these were the critical values 

which exemplified the adverse effects from vehicular curb impacts. As shown in Figure 

25. a positive pitch angle involves the front of the vehicle pitching upward while a 

positive roll angle involves a vehicle rolling away from the curb. These orientatioos 

increase the likelihood of a vehiele vaulting over a roadside barrier or increasing the 

tleight of impact with breakaway structures and are therefore considered \0 be more 

critical than the negative rotations. 
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4 I 4 and 6=jo. Ljp Curb Resylts CNEMC !.IS) 

Thineen full-scale crasli tests were OOl1ducted on a 4-io. Lip curb. designated 

NEMC(I-IJ), and two tests were conducted on a 6-;0. Lip curb, designated as tests 

NEMC-14 and NEMC-15. Results of these tests an: summarized in Tables 7 and 8. 

Table 7 contains the muimum angular displacements and Table 8 contains bumper 

tr.ljectory results. Abo presented in the tables are the actual impact COflditions and the 

vehicle corresponding to the test. Graphical representations of the angular displacements 

and the bumper trnjectories are shown in Appendices A and B respectively. 

For the low angle testS with the small vehicle (NEMC 1-3) the maximum roll 

angles ranged from 5.6 to 9.0 degrees and the maximum pilCh angles ranged from 0.7 

to 1.4 degrees. Muimum roll and pitch angles for these tests were observed to increase 

with increasing impact velocity. Maximum ron and pitch angles increased only stiglltly 

for the moderate impact angle tests wilh the small vehicle (NEMC 4-6). As shown in 

Table 7, the maximum roll angles for these tests ranged from 6.0 to 9.3 degrees and the 

maximum pitch angles ranged from 1.5 to 1.8 degrees. Maximum observed roll angles 

still increased as impacl speed increased, while maximum pilCh angles decreased with 

higher impact velocity. High angle impacts with this vehicle (NEMC 7-9) produced 

maximum roll angles ranging from 6.2 to 7.5 degrees and maximum pilch angles ranging 

from 1.4 10 2.6 degrees. Roll angles were again observed to inc~ with increasing 

impact speed while maximum pilCh angles decreased with higher impact velocity. The 

maximum observed roll angles for all small car tests with the 4·in . curb were less than 

9.5 degrees. This is the roll angle of a vehicle when stopped or parked on a 6: 1 roadside 
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Table 7. Full-Scale Testing Angular OispJacemeots (4&6-in. Up Curbs) 

T", T", Impact 1m"", Max Pos. Mu Pos. 
No. Vehicle An,le S",", Roll Angle Pitch Angle 

(<kg) (mph) (de&) (deg) 

NEMC-I 1800 LB 4.9 34.9 '.6 0.7 

NEMC-2 1800 LB ' .8 50.6 6.3 1.4 

NEMC-l 1800 LB ' .1 53.1 9.0 1.3 

NEMC-4 1800 LB 13.0 44.3 6.0 1.8 

NEMC-S 1800 LB 13. 1 50.6 6.2 1.7 

NEMC-6 1800 LB 13.1 55.9 9.3 I.S 

NEMe·7 1800 LB 19.3 44.3 6.2 2.6 

NEMC·8 1800 LB 19.1 53.1 6.7 1.6 

NEMC-9 1800 LB 19.2 55.9 7.' IA 

NEMC- IO 4500 LB ' .0 39.1 6.0 1.1 

NEMe-1I 4500 LB ' 4 45.3 7.2 0.7 

NEMC- 12 4500 LB 19.7 39.1 6.4 1.8 

NEMC·l) 4500 LB 19.0 SJ.9 6.3 2.0 

NEMC- 14' 4500 LB 19.5 45.2 7.8 2.2 

NEMC-IS' 4500 LB 20.0 53.6 7.2 2.6 

, 6-ift. Up a. ... 



Table 8. Full-Scale Testing Bumper Trajectory Results (4&6-in. Up Curbs) 

T~ T~ I""" 
No. Vdljcle 

NEMC-\ 1800 UI 

NEMC-2 1800 UI 

NEMC-3 1800 UI 

NEMC-4 1800 LB 

NEMe-S 1800 LB 

NEMC~ 1800 LB 

NEMC·7 1800 LB 

NEMC-S ]800 LB 

NEMC·9 ]800 LB 

NEMC·IO 4500 LB 

HEMe-] I 4500 LB 

NEMC-12 4500 LB 

HEMe-]) 4500 LB 

NEMe· ... '500 UI 

NEMC· IS' '500 UI 

I 6-UI. Lip c:urb 
• TOil 1'101 Filmed; H . Up curt> 
NA - No! AvaiJabk 

"",I, 
(d'1l 

••• 
S.' 

S. I 

13.0 

13.1 

13.1 

19.3 

19.1 

\9.2 

S.O 

S . 

19.7 

19.0 

19.5 

20.0 

1m"" All . e.. L. AIl_ <-S,.., (In.) (ft' (ft' (In.) (ft, 

("'" 

" .• NA NA NA 1.' 0.' 

SO.6 2.7 0.0 0.7 SA I., 
51.1 0.0 0.0 0.0 6.1 I.' 
« .l l.6 0.0 1.7 ' .6 lA 

SO.6 ... 0.0 I.l 7.' l.' 

55.9 S.l 0.2 1.7 6.' s.o 
« .l ' .7 0.0 2.0 10.4 6.7 

53.1 ' .l 0.0 2.2 ' .1 7.S 

55.9 S.l O.S 1.S ' .S ' .1 

39. ' S .• 0.0 0.' 0.0 0.' 

45.3 6.' 0.0 I.l 0.0 I.l 

39.1 ' .7 0.0 1.7 7.6 ••• 
51.9 S.S I.S S l ••• 7.S 

45.2 7.7 0.0 ' .7 1.7 7.S 

53.6 NA NA NA NA NA 

" 
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slope. In view of the fae! that driven are rootillely observed to drive along slopes of 

this maani1ude al relatively high rates of speed, the effects of this curb can only be 

considered to be very minor. The maximum observed pitch angle of 2.6 degrees wooEd 

correspo!'ld to 3. vehicle Inveling up a 4.5 percent grade. Thus, maximum roll and pilch 

angles produced by the 4-in. Lip curb must beconsidered relatively insignificant in \emU 

of producing loo of vehicle eotItrol. 

Furttlet, as shown in Table 8, these tests indicated 11131111e 4-in. curb would have: 

only a sl ight potential for producing a guardrail undcrriding problem. The midjXIint of 

Ihe small car bumper was observed to 10 below the bottom of a standard W-bum nlil, 

i.c. dH". > 2.ll in., only in the first regkm within 2.5 it of the curb. The IeStin& also 

indicated a potential for tile smaI.l vehicle's bumper to go above the center of the top 

corrugation on a W-beam rail, l.e. 41-1... > 7.0 in. , and thus it can be concluded thaI 

vaulting of Ihe barrier would be likely in a region of 2.5 to 9 .0 ft behind the curb. 

For the low impact angle tests with the large vehicle (NEMC-IO and I I) the 

muimum roll angles ranged from 6.0 10 7 .2 degrees and the muimum pitch. angles 

ranged from 0.7 10 1.1 degrees. High. impact angle tests (NEMC·12 and 13) exllibitcd 

only slightly hig~r muimum roll angles, ranging from 6.3 to 7.8 degrees. Maximum 

pitch ana:les were also observed 10 increase and ranged bdween 1.810 2.6 degrttS. Note 

thai there W3.'l1lO dramatic increase in roll and pitch angles even though tests (NEMC- 14 

and IS involved l 6-in. Lip curb. AI low impacl angles maximum roll angles seemed 

10 increase with higher speuh wllile tile opposite lrend was observtd for Iligll impact 

angles. Maximum pilch angles appeared to decrease witll increasing impact speed wrule 
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pilch angles seemed \0 diminish with increasing speed at high impact angles. For the 

large automobile, barrier underride would become possible w~.o.H..o, > 4.25 in. and 

vaulting would be expected when 4~ > S.O in. As shown in Table 8, tne testing 

indi~ a very $light potential for underriding a W·beam guardrail w.u observed for 

barriers placed within 4 ft. of the curb and there appeared to be no real potential for a 

large automobile 10 vault over the barrier. 

Time based sequential photographs of tests NEMC-3 and NEMC·7 are shown in 

Figure 30. Sequential photographs of tests NEMC-Il and NEMC-12 are snown in 

Figure 31. These figures contain both low angle and a high angle impact tesu, with each 

lest vehicle, conducted on the 4-in . Lip curb. These: figures contain four photographs 

cacll with the first phoIo representing the time thai vehicle's left front tire impacted the 

curb. The second photo indicates the time and position of the vehicle when the left front 

tire is offset late1ally 1 ft. from the point of impact. The third photo shows Ihe time and 

position of the vehicle when the left rear tire is I ft beyond the curb. The rOOM photo 

indicates the time and position of the vehicle when Ihe right rear tire is I ft beyood the 

curb face. These vehicle positions were selected 10 establish a consistent comparison 

between the tests. 

42 6-jn Tync I Mounuble Curb ResulllCNEMC IMll 

Eght full -scaJe tests were condl.lCled on a 6-in. Type I mounuble curb, designated 

as NEMC( I6-23). Results of these tests are shown in Tables 9 and 10. Table 9 conUins 

muimum angular displacements and Table 10 summari!e5 vehicle bumper trajectories. 

Graphical representations of the angular displacements and bumper trajectories are shOWll 
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in Appendices A and B respectively. The small vehicle, low angle tests eXhibited 

maximum roll angles in the range from 7.S to 9.7 degrees and maximum pitch angles 

ranging from 1.5 to 1.9 degrees. Low angle tests with the large automobile exhibited 

somewhat lower maximum roll angles, ranging from 5.8 to 7.4 dCirees, and maximum 

pitch angles in the range from 1.0 to 1.3 degrees. High impact angle teSts exhibited 

compaBhlc maximum roll angles ran,ing from 6.8 10 9.5 dc~ for the small car and 

6.4 to 7.8 degrees for the large automobile. However, maximum pilCh angles were 

observed to increase significantly during these tests , especially for the large car. 

Maximum pitch angles for the high impact angle tests !'WIged from 1.8 \0 2. 1 degrees for 

the small automobile and 1.6 degrees 10 3. 1 degrees for the large car. 

Although maximum oblttVC:d roll and pitch angles were somewhat hillier during 

the 6- in. Type I mountable curb tests, vehicle motioru were again considered to indicate 

little opportunity for driver loss of control. The maximum observed roll angle would 

oouespohd to the vehicle roll associated with a car parked 011 a 5.8:1 slope and the 

maximum observed pitCh angle would correspond to a vehicle driving up a 5.5S 

upgrade. Although these te:sl!l did indicate a potential for vehicle underride of W-beam 

guardrai ls placed within 4 ft of the curb, there did not appear 10 be any significant risk 

of impacting vehicles vaulting over the barrier. Timebased sequential photographJof 

tesU NEMC-19 are shown in Figure 32. Sequential photographs of tesu NEMC-21 , 22, 

and 23 are shown in Figure 33. The figutel contain both low and high impact angles 

with both test vehicles conducted on tile 6-in. Type I mountable curb. Photographs were 

selected at the same vehicle positions as for the Up curb testing described previously in 

an effort to provide a consislClt comparison with prior testing. 
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Table 9. Full-Scale Testing Angular Displacements (6-in. Type I Curb) 

Ta . Ta. 1m"" Impact Max Pos. Max Pos. 
N •. Vehicle An, le S .... Roll Angle Pilo;/) A",le 

(de&) (mph) (de&) (deg) 

NEMC-16 4500 LB 5.0 4 1.8 5.' 1.3 

NEMC-17 4.500 LB ' .2 51.' 7.' 0.0 

NEMC-18 4SOO LB ]8.3 " .7 7.' 0.6 

NEMC-19 4500 LB ]8.0 S2. 1 6.' 7 .• 

NEMC-20 1800 LB 5.2 42.7 7.5 0.9 

NEMC·21 1800 LB 59 SU 9.7 0.5 

NEMC·22 1800 LB 18.3 41.2 9.5 2.1 

NEMC-23 1800 LB 10.0 52.9 6.' L, 

Table 10. Full-suJe Tes.tin, Bumper Trajectory Resulu (6-in. Type I C\lrb) 

Ta. Ta . tmplC! Imp~ ""- '- L. ""- <-
No. Vehicle Angle S .... (in.) (ft) (ft) (in.) ( ft) 

(deJ) (mph) 

NEMC·16 4500 LB 5.0 41 .8 NA NA NA 6.' 0.' 

N£t.iG-17 4500 LB .. , SH NA NA NA 6.' 0.0 

NEMC-18 4500 LB 18.3 " .7 7.7 0.0 5.0 L' 5.9 

NEMC-\9 4500 LB 18,0 52. 1 6.' 0.0 5.5 7.' 6. ' 

NEMC ZO 1800 LB 5.2 42.7 NA NA NA ] 1.6 0.0 

NEMC-21 1800 LB 5.9 SL.2 NA NA NA ] 2.1 2.2 

NEMC-22 1800 LB 18.3 43.2 6.7 0.0 L7 6.' 6.5 

NEMC·13 1800 LB 20.0 52 .9 6.' 0.5 ).9 ' .5 ' .5 

NA - NO! Applicable 
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11Ie only vehicle damage that occurred during the full-scale testing was associated 

with high angle tests of the 6-in Type I mountable curbs. Dama&e suslained for these 

teSts included tire bulging to the left front (impacting tire) for tests NEMC- 18 and 19. 

The left front was replaced after NEMC-lS and then again after N'EMC-19. The small 

car, high impact angle tests of this curb, tests NEMC-22 and 23, caused some bending 

of the left front wheel rim, but !here was no tire blowout or loss of control as a result 

of the bent rim. Wheel damage (or both of the test vehicles is shown in Fi&ure 34. 

The driver reported only modest jostling and minor vehicle path deviations 

associated with any of the teSling. The most severe effects on the driver were associated 

with teSts involving IUgh angle impacts with the 6-in. curbs. Both vehicle suspensions 

became fully compressed during these tests and a small jolt was sent into the driver's seal 

when the left front suspension bonomed oot against the suspension bumper stops. The 

driver reported that there appeared 10 be no potential for injury of a belled occupant 

during Ulese impacts. 
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I • 

Imp'" 

:>Omsoc 

Fi,UTC 32. Sequcntials of a 4S00 Ib Vehicle Impact (NEMC-19) 
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Impact Impact Impact 

30m", 

219 m~ 150 msec lfS msec 

438 msec 319 msee 279 msec 

Fillure 33. SmllClltiaiS of 1800 lb Vehicle Imo,act$ (NEMC-2J. 21. and 23) 
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Figure 34. Wheel and Tire Dama&e 
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5 IIVOSM SlMULA nON 

AS outlined previously, a computer simulation effort was undertaken to 

exttapoJaIe the crash test resull$ 10 alternate impact cooditions. 1bc complex approach 

ternin in froru of the curb installation necessitated that a revised version of the HVOSM 

computer program be ina:lrpol11ted for this ereon UJ). 

Vehicle inputs were made up of • combination of calculated VaJue5 (!) and 

representative values of similar vehicles from previous studies (3 9 1021), TIle vehicle 

data sets are given in Appendix C, which contains a typical data set for t.1Ch of the 

simulated vehicles and each of the curb types that were modeled. 

U Sjmuia!jon Validation 

Numel'OlU validation effortS have been conducted 10 ascenain the accuracy as well 

as the limitations of the program. The model has been previously validated with the 

results of curb fuJI-scale testing Q,9,IO,22), There has been many other significant 

studies which have used and validated the model for simulation of vehicles impacts with 

roadside geometries, curbs, and drainage structures W). Four of these studies 

oonducted al TTl used HVOSM to evaluate the safety of cuiven treatments and roadside 

geometries a4.27) . Another Tn study used HVOSM to quantify severity of side slopes 

and various ditch cross sections 08-30>. The University of Nebraska conducted a study 

using HVOSM for quantifying severity of vehicle impacu with driveway slopes Ql). 

A study conducted. at Cabpan, used HVOSM 10 determine the effocts of roadside temin 

geometries on the dynamic: behavior of an automobile and 10 quantify Ihe severity of 

encro;III:hmenu QlJ. The Highway safety Research Institute (HSRI) oondllCted a sludy 
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using HVOSM to evaluate the effects of dike geometry on vehicle behavior Oll. 

The simulation approach for this study involved first perfa""ing a series of 

simuWion validation tests in order to verify that the results were comparing favorably 

will'l those from the acruaI full-scale lemn,_ This was accomplisl'led by simulating the 

23 full-scale te$t$ (NEMC 1-23) and comparinc angular displacements, bumper 

trajectories, and overall trajectories. As sllown in Figures 35 through 37 and Appendices 

A and D, the program was capable of ao::urately replicating vehicle angular rotations and 

bumper trajectories. Comparisons between simulated and measured maximum angular 

rotations for all 23 full-scale crash tests are summarized in Table 11. The maximum 

simulated roll angles were within 0 to 5 deg of the measured roll angle and the maximum 

simulated pitch angle was within 0 . 1 10 2.5 deg or the measured pitch angle. The 

bumper trajcctory comparisons were very favorable, and in most cases the simulated 

trajectories were within 1-5 inches of the full-scale tcsI bumper trajectories. As shown 

in Table 11 and in Appendices A and B, the model was considered sufficiently validated 

and therefore was used u a tool to quantify additional curb impactS. 

'The HVOSM program version used for this Study UJ), utilizes a set of planar 

curb surfaces with arbitrary orientations in three-dimensional space to model the curb and 

the terrain. 'The intersections of these curb faces are straiglll lines, but are not restricted 

to being parallel to one another, This curb is represented by a series of planar elements 

with polygonal shapes. The representation of this curb modeling is similar to a finite 

element mesh where a set of nodes is required along with a set of elements. The user 

is required 10 specify coordinates of each node with respect to a spaoe fixed coordinate 
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Figure 37. Typical Bumper TrajeclOf)' Validation Plots (NEMC-9 and NEMe· I) 
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Table 11. Simulation Validation Angular Displacements (NEMC 1-23) 

T~ T.' T~ '- ,- Mu Mu Mu Mu 
' 0. M Vehiclo ""*I~ .... "". "". Poo. Poo. 

""d (M", "'" ,,," "~ M 
~ ... ..... ..... ~ .. T., """" Tm HVOSM 

""" """ """ "". 
»EMe., " , ..... ... " .• H .., ' .T , .. 
NfMC·2 'L , ..... ... " .• .. , ••• L • L' 

NEMC-) OL lAOO LB ,. , S3.l .. , ••• L' , .. 
NEMC-4 ' L 1800 LB 11.0 ... , ., •. , L • ,., 
NEMC-S OL , ..... 13. I " .. ., ••• .., L • 

NEMC-6 OL , ..... 13 . I S5.9 .. , .. , L' , .. 
NEMC·l OL , ..... 19.3 ... , .. , .., .. , .. 
N"'''' " , ..... 19. I 51. 1 .. , T. , L' ,. , 
""'" " , ..... \9.2 55.9 7.> ••• L' '" 
£Me-IO OL ....... ,., ... , . , T. , ... ,., 
£Mell OL ....... , .• 45.) T.T TA ' .T ,., 
EMC-12 OL .... " 19.7 ... , ••• M , .. ,., 
EMC-Il OL .... '" 111.0 SL9 •. , ., ,., , .. 

J,rEMCI4 OL .... '" ]9.5 4S,2 T.' T.' ,., , .• 
f MC-iS OL . .. 500 lB TO' 53.6 T.' T, , . ,., 
EM C-16 " 0>00 '" 

,., 41.' , .. 10.' .., , .• 
EMC-17 " .... '" .., '" T.' II. I ,., , .. 
EMC·IS " .... '" IS.l ... , T.' T.T , .. ... 
£Me-Ill " .... '" \8.0 52. 1 ••• .. , ,. , , .. 

"'MC.ro! " '"'" '" ,., 42 .7 T.' ••• ,. ,. 
£Me·21 " , ..... ,. 51.2 '.T lJ.2 L' , .. 
EMC·22 " ,.",'" 1S.3 43 .2 •. , 10.6 ,. , ,., 

trEMC-13 " , ..... TO.' 52.9 ••• •. , L' ,., 
'· 4L· 4 iQ, upeurn; 6L · 6 in . Lip""rb; 6S ·6 .... Type E cu,b 
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system and the number of nodes for each element. TIle node numben of each element 

and an element connectivity array giving the element numbers connected to each element 

was also needed. Finally, the outside node numbcn and the numbers of the outer 

elements are required. With the: given node and clement information the program 

determines the orientation of the curb and a nodal connectivity array. Details on the 

development and the modifications of this modelinl: tcclmique are documented in 

Appendix C of Reference 13. 

This modeling technique allowed the researcllers 10 model the actual terrain and 

curb that was used for the full-scale testing as a single curb element. This included the 

approach runway, the s.imulaled roadway (inciLiding the tr.lnsition area), the actual curb, 

and the terrain behind the curb, which consisted of two different cross slopes and a 

longitudinal downslope. The input used for this model is given in Appendix C. 

Schematics of the finite clement meshes produced 10 represent the touJ curb layout are 

showTI in Figures 38 and 39. The curbs were represented with a series of straight lines, 

these IqIre5ef1tations of each curb are shown in Figures 40, 41, and 42. As ShOwn in 

the full-scale testing section of this repon, !he layout of the HVOSM testing area is 

shown in Figure 43. Note that it is a mirror image of the full-scale testing area shown 

in Figure 6. The HVOSM documentation is all referenced for passenger side impacOi, 

!herefore this method was used and some sign conventions needed to be adjusted for the 

comparisons with full-5Caie lest resull$. HVOSM output is shown in Figure 44. 

5.2 Simulatiop Resul!s 

1lIe simulation effon consisted of a total of 78 computer simulations. Included 
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", ", 
" "'~~ ~ , . , 

'b • , '. , 
'" '. '. W ,. OZ· ,.-

1-" .• 
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Figure 40. 4-in. Lip Curb Straight Line Representation 
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Figure 41. 6-in. Lip Curb Straight Line Representation 
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1----- 156" -----1 

Figure 42. 6-in. Type I Mountable Curb Straighl Line Representation 



Runout Area 
(Flot Terrain) 

· . . . - . - . - . . . · - . . . . · . . . . . 
- . - . . . · . . . . . · . . . . . · . . . . . · . . . . . · . . . . . - - . . . -· . . . . . · . . . - -
· . . . . . · . . . . -

HVOSM LA YOUT 

O- ' il ""_~ <""". _ 0 - 12· . ,.,. '''''O~oy .. In 
2" "". 'h.6,d ....... _ 
. "" III <to"" ... ". 

Figure 43. HVOSM Simulation Area Layoot 
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in thil effort were 23 validation simulations (NEMC \-23), 31 supplemental simulations 

(NE 1-31), and 24 additional simulations (NE 32-55). Only tile positive values of the 

maxlmum angulardisplacemenlS were reported since these: were the critical values which 

eJt:cmplificd the advene effects from vehicular curb impactS. As shown in Fleur(: 25, 

a positive pitch angle involves the front of the vdl icle pitching upward while a positive 

roll angle involves a vehicle rolling away from the curb. 

5,3 4 and 6-jn Lip Curb Results CNE 1.21) 

The results of the 4 and 6-in. Lip curb supplemental simulations (NE 1-21) are 

given in Tables 12 and 13, and arc shown graphically in Appendices D and E. As $hown 

in Table 12. the 4-in. Up curb simUlations with the large vehicle (NEl -S) produced 

maximum roll angles ranging from 5.4 10 7.8 degrees and the maximum pitch angles 

Tanging from 0.4 to 0.7 degrees. The angular displacements .... 'en: observed to decrease 

with an increasing impact velocity. As shown in Table 13 and in Appendices D and E. 

the bumper ttajcclories showed no potential for ei ther underriding or vaulting a W·beam 

guardrail installation located behind the curb. 

For the low angle simulations with the small vehicle (NE 6-8) the maximum roll 

aniles ranged from 9.4 to 12.4 degfCCl and the maximum pitch angles ranged from 0.6 

to 0 .9 degrttS. TIle roll angle increased while the pitch angle decreased with an 

increased velocity. Maximum angular displacements increased slightly for the moderate 

angle simulations with the small vehicle (NE 9-11). The maximum roll angles ranged 

from 11.4 to 12.0 degrees and the maximum pilCh angles ranged from 0.9 10 1.3 

degrees. TIle roll angle decreased and the pilCh angle increased with an increased impact 



Table 12. Simulated Angular Displacements (4&6-in. Lip Curbs) 

SiDmlaboa Cub' 
No. 

NE' " ,." 'L 

NE> • L .... 'L 

NES • L 

NE6 "-..., 'L 

"" "-
NE> "-

NE" "-
NE" • L 

NE" • L 

NE" "-
NE14 "-
NE" • L 

NE" "-
NEil • L 

NEil • L 

NE" • L 

NEW 'L 

N"" 'L 

4L - 4ia. Up 
6L · 6iJI..Up 

V.ru.:1e ,-
~ .. ,...., ...... S., ...... '" ...... '" ...... '" ...... ... , 

, ..... '.0 

, ..... ' .0 
, ..... ' .0 

, ..... 12.5 

, ..... 11.5 

, ..... '" , ..... ... , 
, ..... " .0 
, ..... " .0 ...... '.0 ...... ' .0 ...... '.0 ...... '" ...... '" ...... .. , ...... ... , 

'- M ... POI. M ... Poo. 
S,.., Roll ....... 1$ PilCh ....... 10 
'00') ,..., ,..., 
" '-' ,., 
" , .. , .• 
" '-' 0.' 

" ,., 0.' 

" '-' 0.' 

" ••• 0.' 

" 10.6 0.' 

" '" 0.' 

" 12.0 , .• 
" 11 .9 .., 

" 11.4 , .s 

" ••• 0.' 

" .. , ,., 
" .. , , ., 
" 10.6 0.' 

" 10.1 0.' 

" 11.0 0.' 

" to.S ' .0 

" 10.0 ,., 
" ••• 0.' 

" •. s , .. 
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Table 13. Simulated Bumper Trajectory Results (4&.6-in. Up Curbs) 

Si .... I ..... Corl>' 
No. 

NE' <L 

"" .L 

NE3 .L .... .L 

NEl ... ... .L 

"'" 'L 

NE> 'L ... .L 

1'11;10 .L 

NEil .L 

NE" .L 

NE)) 'L 

NE" .L 

NE" .L 

NE" .L 

NEI7 • L .. " 'L .. " .L 

N'" .L 

"'" .L 

<4L. . .. iA. Lip 
6L - 6 ia. Lip 

V"""" 

"" LB 

"" LB 
.lOOLB 

"" LB 

"" LB 

'100 LB 

'100 LB 

, .. LB 

'100 LB 

"00 LB 

,.oLB 

,,., LB 

, .. LB 

'100 LB 

"" LB 

"'" LB 
.lOO LB 

"" LB 

"" LB 
.,., LB 

.lOOLB 

1'1 .... . NOC Applicable 

'-
Ao'" ,..., 
,., 
'" ,,-, 
,,-' 
,'-' .. , 
.. , .. , 
11.5 

12.5 

'" "., 
"., 
"., 
'-' .. , 
.. , 
12 . .1 

12.' 

12.5 

"., 

"- ..... '- ... ""-..... (ill.) ,ft) (ft) (u..) ,.,.) 
" NA NA L' ,., 
" U ., " 

.., 

" U ,., ,. , ••• 

" ••• , .• , .. ,., 
" 

.., ,., '-' .. , 
" NA NA NA '''.7 
" NA NA ,., 15.3 

" NA NA ,., 16.2 

" NA NA ,., , .... 
" NA NA L' 16.2 

" NA NA L' IS.] 

" NA NA ,. 1l.1 

" ••• , .. , .. 10.7 

" .. , ,. , U 10.5 

" NA NA , .• 11 .9 

" NA NA , .• II ." 

" NA NA ,., 10.7 

" NA NA " ... 
" NA NA U , .. 
" •. , ,. , ,. , .. , 
" 

, , '-' .. , ••• 

.. 
<-
(ft) 

, .• 
... ... 
,., 
15.9 

,., 
, .. 
,., 
.., .. , .. , 
••• 
'-' ,., 
,., 
,., 
, . .. , 
., 
••• .. , 
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vdocity. Hi~ impact angle simulations with the small vehicle (NE 12- 14) produced 

maximum roll angles ranging from 9.2 to 9.9 degrees and maximum pilch angles ranging 

from 0.8 to 1.2 deart:eS. The roll angle decreased and the pitch angle iocreased with 

increasing impact velocity_ The maJ.imum observed roll and pi lch angles for the small 

car simulations with the 6-in. Lip curb were 12.4 and 1.3 degrees respecti\lcly. These 

maximum angular displacements occurred with a 55 mph impact velocity, but these 

angular motions are minor in terms of potential loss of vehicle control. 

Fun her, as $oown in Table J3 and in Appendices D and E. these simulations 

indicated that the 6-in. curb woold have only a potential for prodocing a guardrail 

undeniding problem. The midpoinl of the small car bumper was observed to go below 

the bottom of a standard W-beam rail, i.e. 11H- >2.25 in ., only in the first region 

within 3.S f\ of the curb. TIle simulations also indicated a potential for the small 

vehicle's bumper to JQ above the center of the top corrugation on a W-beam rail, i.e. 

4H-, > 7.0 in. , and thus il can be concluded that vaulting of !he barrier would be likely 

in a region of loS to 12.0 ft behind the (ront face of the curb. 

For the low angle simulations with the larae vehicle (NE 15· 17) UIe maximum roll 

anglc:s ranged from 10.6 to 11.0 degrees and the maximum pitch angles ranged (rom 0. 8 

to 0.9 degrees. For UIe moderate and high angle simulations (NE 18·21) the maximum 

roll angles ranged from 6.3 to 10.5 degrees and the maximum pitCh angles ranged from 

0.9 to 1.4 degrees. The roll angle and pi tch angles increa5ed for the low angle 

simulations and decrea5ed for the moderate and high angle simulations with an increasing 

impact velocity. The simulation results indicated a slight potential for undeniding a W· 
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beam guardrail placed within 3 ft. of the curb and the results abo indicated a potential 

for the small velliele's bumper to go above the center of the top corrugation on a w­

beam rail, i.e. 4H-o > 5.0 in., and thus it can be concluded that vaulting of the barrier 

would be likely in a !'elion of 2 to 10 ft behind the front face of the curb. 

M 6-jn. Type J Mouotable Curb Results INE 22-Jil 

The results of the 6-in. Type I curb supplemental simulations (NE 22-32) m 

given in Tables 14 and IS. and are shown graphically in Appendices D and E. As shown 

in Table 14, the small vehicle simulations (NE 22-26) produced maximum roll an&les 

ranging from 9.710 12.7 decrees and the maximum pitch angles ranging from O.S to 1.2 

degrees. The roll angle decreased and pilCh angle increased with an increasing im~ 

velocity. A$ shown in Table IS and in .... ppendices D and E, !here was a potential for 

undc:niding a W-beam ,uardrail placed within 2 ft. of the curb for the low and moderate 

impact angles and 4 ft for tile high impact angle. Simulation results also indicated a 

potential for the small vehicle's bumper to go above the center of the top COmlgation on 

a W-beam rail ill a region of J.5 to 10 ft behind the curb. 

The large vehicle simulations (NE 27-31) prodoocd maximum roll angles ranging 

from 6.5 to 11.1 degrees and the maximum pitch angles rangina: from 0.9 to 1.5 degrees. 

11Ie roll and pitch angles decreased with an increasing impact velocity. As shown in 

Table 15 and in Appendices D and E, there was a potential for underriding a W-beam 

guardrail placed within 2 ft. of the curb for the low and modernte impact angles and 4 

ft for the high impact angle. Also indicated from the simulation results was a potential 

for the qe vehicle's bumper to go above the center of the lOp COmlgation on a W-beam 

rail in a region of2 to 12 ft behind the curti. 
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Table 14. Simulated Angular Displacements (6-in. Type I Cum) 

r: No. ~~ = J€l """ , .. '" >.0 

"'" '"00 '" 12.5 <5 12.7 ••• 
NE>< , .. '" 12.5 " 11. 1 , .• 
"'" ,.,.'" ,,, " IU .., 
"'" , .. '" "' .. " •. , • •• 
NE" .... '" , .• " 11.1 ,. 
NE2' .... '" '" <5 10.1 , .. 
"'" .... '" '" " ••• , . 
"'" .... '" , ~, " ••• ••• 

"'" ...=.!!. ~ ...!!. .. , u 

Table 15. Simulated Bumper TlJ.jeaory Results (6-in. Type t Curb) 

Si"·IMim T_ '- '- "'- .... L. "'- .... 
No. V.mck ...... .... (~, ,ft) (ft) (ill.) (ft) ,...., , ... ) 
""" , .. '" , .• " NA NA •. , '6.2 " 
"'" ,.,.'" ,,-, <5 NA NA NA 15.0 ,. 
"'" , .. '" '" " NA NA " 14.9 , .. 
"'" ''''''' 12.S " U . , , . 14.8 ••• 

"'" ,.,.'" "' .• " .. , •. , ••• 10.1 H 

"'" <500 '" , .. " NA NA •. , 11.7 " 
"'" <500 '" 12.5 <5 NA NA ,., ... , .• 
"'" .... '" 12.S " NA NA '-' .. , .., 
"'" .... '" 12.S " , .• .. , '-' .. , .. , 
"'" .... '" "' .• " , .. •. , ••• ••• ••• 

NA . NO! Applicabl~ 
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5 5 Additjonal Sjmulatjons !NE 32-5S) 

The TelUlu; of the 24 additional simulations are given in Table 16. This set of 

simulations (NE 32-55) W3.5 conduCted 10 evaluale the effocu of modeling the curb 

element witho\!tlhe IJ'3nsition zone and lonfitudinal downslope associated with the full­

scale testin, area. The impact conditions chosen for these simulations were the extreme 

angles (S and 20 <leg) and the extreme impact speeds (45 and 5S mph). All three curb 

types and both vehicles were incorporated into tile simulation matrix. The simulation 

matri:o: is shown in Table 16, along wilh the maximum angular displacements resulting 

from the simulations. 

For the simulations on the 4- in. Lip cum (NE 32·39) the l1'IUimum roll angle 

ranKed from 6.0 10 8. 1 degrees and the muimum pitch angles ranged from 0.4 to 1.6 

degrees. The simulations on the 6-in. Up curb (NE 40-47) yielded maximum roll angles 

ran,ing from 5.9 to 11.3 degrees and the maximum pitch angles ranging from 0.7 to 1.8 

degrees. The simulations on the 6-in. Type I mountable curb (NE 48-55) produced 

maximum roll angles ranging from 6.1 to II.S deglft:$ and the maximum pitch angles 

ranging from 0.9 to 2 .0 deglft:$. 

Based 00 the comparisons of maximum angular displacements from these 

simulations (NE 32·SS) with the actual curb/terrain teSts and simulations (NEMC 1·23, 

NE 1-31) it was determined that the maximum angular di splacements differed by no more 

than 1.0 degree fcrr the lip curbs and by no more than 2.0 delrces for the Type I curb. 

Due 10 the minor differences in anlular displacement magnitudes, the full-scale tested 

tenain with the inclusioo of the transition area. and the longitudinal downslope did not 
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have any signiflCarlt adverse effects on the peak lnIUlar dispIacerncnts. It was essential 

to model the exact tmain during the validation phase of the simulation study, and 

therefore it was incotponted into the modeling p,(JtZdure. 

5,6 Non-Tmking Impart Simulation, 

Since the majority of roadside accidents involve. vehicle that is mavinl in I l'I0I'I­

tracking condition, ie .. side slipping mode, a limited simulation effort was conducted to 

evaluate the safety perl'cmnance of the same three mountable curb types previously 

evaI~ted in the tracma impact portion of this study. Results of previow simulation and 

Cull-scale testing. including this study have shown lhat curbs 6-in. high or iesJ do not 

pose a significant huard when impacted by vehicles in a tracking mode. However, 

many research documents, including AASHTO (1), have discoun,ged the use of 

mountable and barrier curbs on high speed roadwa)'J due to the increased potential for 

tripping vehicles during non-tracking impactS. Thus, the continued use of mountable 

curbs on high speed roadways creates potcndallOn liability risks. 

The same computer modelina: tcclmiques thai were used on the tracking impact 

portion of this study, and validated with the full-scale tcstin& pro&ram ~ts, was UlCId 

for the non-traclcing simulation evaluation. Due 10 lack of fuU-1Cale testing results for 

non-tracking impactS, the validation of thc model for non-tracking impacts was not 

possible. A. totaJ of 18 simulations (NT 10-27) were performed, consisting of three 

impact conditions, three curb types and two vehicles . A slightly different ieprucutation 

of the 6-in. Type I mountable curo and terrain is shown in Fi,lIl'e 4S and in the input 

dec~ shown in Appendix F. This modifICation was ",""pry due to the program's 
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Figure 45. 6-in. Type I Mountable Curb and Terrain Model (Non-Tracking Impacts) 



.. 
restriction on me number of elements ttIa! a lire can contact simulWlCOUSly. Another 

difftmlCe between tile trackinj: and non-tracking simulations was that the non-tracldn, 

simulations were coodLlCled and reponed with passenger side impactS, which are more 

~tative of 3duaI roadway conditions. The simulations modeled the curb elemenl 

without the transition UIne and lonptudinal downslope associalal with the full-scale 

testing area, similar to the additional simulations performed and reponed in Section 5.5 

of this report . 

Impact collditions used in thls study included those contained in Appendu. G of 

NCHRP Report 350 Q!) ill! well as (rndings from accident data analym studies. Tbree 

different target impact conditions were used for the simulation evaluation. The actual 

impact conditions are shown in Table 17. As shown in Table 17 , the non-tracking 

simulation evaluation was condl.lClC:d on tile • and 6.ill . Up curbs as well as the &ill . 

Type I mountable curb. The simulation vehicles used were the same 1800 and 4500 Ib 

vetUcle:s used in the tracking impact eva1uation. The taTiet translational velocity for all 

three impact conditions was 50 mph, with a e.g. impact angle of 20 degJee$, Each of 

these impact condi tions represent realistic and common ran-off·road aa::idents. 

TIle first impact condition consisted of a ISO <leg yaw angle and I SO deg/sec yaw 

rate , as sl'lown in figum; 46 and 47, which resulted in the left front (LF) tire of the 

vehicle impactin& the mountable curb flfSt followed by the left rear (LR) tire impacting. 

The second impact condition consisted of a ·3O de& yaw anile and a -25 dei/sec 

yaw rate, U shown in Fi&ufCI 48 and 49, wltich resulted in the riaht rear (RR) tire 

impacting the mountable curb flf"St followed by the right front (Rf) tire impactina. 
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The third and final impact condition, as shown in Fia:uJ'e5 SO and 51, consiskd. 

of I ISO deg yaw angle impact and a SO deg/soc yaw rate , which resulted in the left front 

(l..F) and rear (LR) tires impacting the mountable curb simultaneously. 

S,7 Non-Traclcing Simylation Results 

This simulation effon consisted of 18 computer simulations (NTl()'27). The 

maximum angular displacement results are tabulated in Table 18, and are shown 

araphically in Appendix G. As shown previously in Fi,urc 25, a positive pitch ana1e 

involves the front of the vehicle pitching upward while a positive roll angle involves a 

vehicle rolling towanb !he curb for the -30 <leg yaw angle impact condition and away 

from the curb for the other two impact conditions (ISO and 180 deg yaw). 

Examples of angular displacement graphical reprc:sc:ntatioos (or NT10, 12 and 14 

are shown in Fir;ures 52 thfoueh 54. These piau consist of the roll and piu:h ancular 

displaoemenl$ throughout an impactina: event. TIle simulations chosen as examples (or 

these plots represent a typical crouP of simulations. This particular group consisted of 

the 150 dec yaw impact condition with the 4500 lb vehicle for all three curb typeS. 

Similar plots for all groups are ,iven in Appendix G. 

The simulations were run for approximately 2.0 seconds which allowed for the 

vehicles to at \east reach the top of tnc: 10 ft . upslope: located dim;tly behind tnc: curb. 

This wa.o; mmidercd the "area of interest" for both the tracking and non-tracldng portions 

of this study. As shown on the plots, impact with the curb wa.o; designated with time 

equal to zero secoodJ. The non-zero angular displacements at this time were due to the 

behavior of the vehicle prior to im~ct. 
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AS dIown in Table 18, the 150 de& yaw angle simulations produced maximum 

positive roll angles ra:nging from 6.8 10 9.1 degrees and maximum negative roIJ angles 

ranling from -6.2 10 -9.1 detr=; the maximum positive pitch angles ranged from 1.6 

to 2.4 degrees and from -0.7 to -2.7 dqrees for- the maximum neplive pitch angles. 

Figures 46 and 47 are representative trajectory piau for the ISO deg impact 

condition. These plots consist of impactS on the 6-in Type I IT\OI.Q\table curb (65). AJ 

shown in the fil:UI'eS, the maximum lateral offset relative to curb impact was 26.5 n with 

the 4500 lb vehicle and approximately 28 ft. with the 1800 Ib vehicle. 11lc model did 

not predict any tire bloWOl.lt conditions for the six I SO deg impact simulations (NT 

10,12,14,16,18 and 20). 

Also shown in Table 18, the -30 deg yaw angle ~imulationJ produced maximum 

po5itive roll angles ranging from 6.8 10 10.6 degrees and maximum negative roll angles 

ranging from -2.6 to -5.1 degrees; the maximum positive pitch angles ranged from O.S 

to 0.9 degrees and from -3.3 to -5.7 degrees for the maximum negative pileI! angles. 

Figures 48 and 49 are representative trajectory pIau for the -30 de& impact 

condition. These plots consist of impactS on the 6-in Type t mountable curb (65). As 

shown in the figures, the maximum lateral offsel with respect to ClIrb impact was 

approximately 11.0 ft with bod! the 4SOO Ib and 1800 Ib vehicle. The model did not 

predict any tire blowout ronditions for the six -30 deg impact simulations (NT 

11,13,IS,17, 19 and 21). 

The 180 de, yaw anaJe simulations produced maximum positive roll angles 

rangin, from 4.910 7.S devees and maximum negalive roll angles ranging from -8.110 
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-8.9 degrees; the maximum positive pitch aneles ranged from 0.9 10 3.3 dcerccs and 

from .Q. I to -3.1 degrtCS (or the maximum negative pitch angles. 

Figures SO and 5 1 are representative tnljcctory plou (or the 180 de, impact 

oondition. These plots consist of impacts on the 6-in Type I mountable curb (6$). Al 

shown in Ihe figures, the maximum lateral offset wilh lesptd to curb impact was 

approx.imate1y 61 ft with the 4500 Ib vdtic1e and approxim.a!ely 44 ft with the 1800 lb 

vehicle. The model did predict left rear (LR) tire blowouts for all four simulations 

invoivina the 6-in. mountable curbs (Nr22,24,2S and 27) , but did not predict tire 

blowout for the 4·in. curb tesU (NT23 and 26). 

The maximum positive and negative roll angles obtained from the 18 simulations 

were 10.6 deg (NT I I) and -9.1 deg (NT12), respectively. The maximum positive and 

negative pitch angles obtained from the simulations were 3.3 dec (Nr24) and -5.7 dec 

(NT17), respectively. These maximum angular displacements were relatively small and 

were nOi any higher than the angular diJplaccmenUi obtained from the tracking impact 

study, refer 10 Tables II , 12, 14 and 16. 
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6 CONCLUSIONS AND RECOMMENDA.TIONS 

The re:seardI study described herein clculy indicates that the three NDOR 

mountable curbs investigated would not pose a significant ha7.1rd for vdticles impacting 

in a ~king moOe. MasuIl:ld and simulated rnuimurn roil and pilCh angles were (wild 

10 be relatively small for both larie and small vehicles impacting oveI'" a wide range of 

speeds and anglcs of approach. Vehicle accelerations were also very small and vdticle 

danuge was not found to be a problem. 

There appeared to be no significant difference in impact performance for the two 

6-in. curbs studied. Further, although leSt! on the +in. curbs exibilCd lower vehicle 

motions, the differences were not oonsidefed 10 be suff.cicnl enough to signific:anlly 

improve the safety of these !}'SItms for tracking impactS. 

Even thouJh NDOR's mountable curb desips were found to have little potential 

for producing loss of vehicle control during tracking impacu, the curbs still represent a 

roadside discontinuity which may cause problems under somecimlmstances. Therefore, 

wherever possible, alternate methods should be used to provide normal curb functions, 

such as roadway delineation and drainage control. The performance of W· bcam 

guardrails can also be adversely effected by road~de cums. In those situations where 

curbs must be used in conjunctioo with W-beam guardrail , the face of the barrier should 

be mounted flush with the face of the curb. This configuration will minimize the 

potential for veh.ielt rampin& initiated by fiWcwb contact. 

Computer simulations of non· tracking impactS with mountable curbs indicate that 

these curbs may be traversable over a wide I1UIge: of vehic:le: orientations. This researc:b 
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indicates that mountable curbs may not be a significant cause of vehicle ro11overs, even 

on hip .speed roadways. Thus, a1l1lough furthtt research is needed, the NDOR's 

mountable curbs may provide adequate safety perfornIance (or all impact conditions and 

all hiChways. 
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APPENDIX B: 

Actual and Simulatro Bumper Trajectories (NEMC 1-23) 
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NEMC-19 (6-in Type I curb/4SOO lb vehicle Model) 
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APPENDIX D: 

Simulated Angular Displacements (NE 1-31) 
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APPENDIX E: 

Simulated Bumper Trajectories (NE 1·31) 
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• • • • • • 
• • • 

• • • 
• • • • '" • • 

• • 
• • 2110*'''-

-
2 3.. S 6 , 

LATERAL OFFSET (FT) 
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~ 
z , 
~ , 
• 
~ 

~ 

Z 
~ 

iii 
C 

I< 
w 
> 

SIMULATED BUMPER TRAJECTORY 
NEl(4L.4500LB,l2.S0EG,5OMPH) 

",, ------ - - - ------; 

" 
'" /' • • -. . 
" 
" 

..... • • • 
• • 

• • • 

.......................... 
• • 

, wo~---------------------' .. ···C' -------

"J,~_"--_"c--,,c--,.---.,---.,--~,---.,---o,---:" 
LATERAl OFFSET (FT) 

SIMULATED BUMPER TRAJECTORY 
NE4(4L,4500LB,12.S0EG,S5MPH) 

" ~~ 

'" 
• • • • 

• " • -• 
• • 

'" • ~-• • • • • • • • • • 
V " 

" , -
, / , , , , • , , , , 

LATERAL OffSET (FT) 
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~ 

SIMULATED BUMPER TRAJECTORY 

" 

" , 
,7 , , 

NE5("L ... ~,20.00EG ,55MPH) 

- • 

-
• • • 
lATERAl OFFSET (F'T) 

• 
.......... 

• 

SIMULATED BUMPER TRAJECTORY 
NE6(61,18OOlB,5.00EG.45MPH) 

'" 
" • ••• 

~~ • • 

'" • 
• 

• 
z " ~ • , -w 

" • 
" I< • • .. -
~ " 

" , -, , , .S , "s , 
LATERAl OFFSET (FT) 
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SIMULATED BUMPER TRAJECTORY 
NE1{6L.181n.8,5.00EG,5OMPH) 

~,------------------------, 

:.~~~==~:=~--:=~=J o O.S I 1.5 2 2.5 3 3. 
LATERAL OfFSET (FT) 

SIMULATED BUMPER TRAJECTORY 
NE6(6L, I eoot.B.5.OIJf:G.55MPt1j 

~ 

• 
.............. 

• 
" • • • • • • .. - • 
~ • • 

~ • 
~" • 

• 
t; -
0 " " • ~-• " ~ 

" , .--
0 

0 0.' , 
'" 

, .. , .., • ., 
LATERAl OFFSET {FT} 



SIMULATED BUMPER TRAJECTORY 
HE 10(eL, llOOl8, 1 2.5I)EG,5OMPH) 

~'r-----------------~~-----....... • • • • • • • 
~- --• • 

-
~-

" -'17' 
"*,<--.,---.,---.,---'.C--,,C--C.r--C,.---.~--i. 

LATERAL OFFSET (FT) 



SIMULATED BUMPER TRAJECTORY 
HE 12(5l, l ilOOl.B,2Q.OOEG.45MPti} ., 

" • ••• • 
• 0'_ • • • • • 

'" • 
• • 

~ • 
z " • -~ • • // • 
c '" • u_ 

• • • • •• 
~ " 

" -, 
, , , • , , 

" " LATERAl OFFSET (FT) 
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SIMULATED BUMPER TRAJECTORY 
NE 13(~.leootB.20.0DEG.50MPH) .. 

" .. - • • , 
• • 

/ 
• • • .. 

'" • 
• 

~ • • " • -• • -Y • ~ " • ..-• • • • • " 
~ .. 

~ 

" -, 
:/ , , , • • • " " LATERAL OFFSET (FT) 

SIMULATED BUMPER TRAJECTORY 
NE14(6l.18OOlB.20.00EG,55MPH) 

" .~ . 
V 

.. - • • • • • • 
" • 

• 
• 

" • 
~ • z 

I~ ~'" 
~ • .. -v.. • 
I;; " 
~ 

" -, 
,1/ , , • , • " " LATERAL OFFSET (FT) 
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SIMULATED BUMPER TRAJECTORY 
NEl S(6l,4SOOLB,5 .0DEG.4SMPH) 

" • • • .. - • • 
30 • • • • • 

" • -~ 
z • e " • • !"-"" -

!l ........ .-
I< " w 
> 

" 
• --
0 

0 ,. , .. 2 ,. , 
LATERAl. OffSET (FT) 



SIMULATED BUMPER TRAJECTORY 
NE11(GL."5OOlB.S.OOEG,SSt.lPH) 

",,--------------,-;-:----, ......... 

t __ -------------------:··~ .. ~.-·~·~·~~--~ . 
• 

• • 
.' 

25 .. '" --. 

~ 20 ~7'''''' :·_· ____ --'., •• ~O""~'-______ _ 
!!l ...... ...... 
c 

" " ~ 

" 

:,~~-~~ 
o 05 1.5 2 2.5 a 3.5 4 

LATERAL OFFSET (FT) 

" 

SIMULATED BUMPER TRAJECTORY 

, 

NEI8(Q..4SOOlB.12.50EG,45UPH) 

, 

--

-
, . , 

LA 'fERAL OFFSET (FT) • , • 
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SIMULATED BUMPER TRAJECTORY 
NE19(6l.45OOlB,12.50EG,50MPH) 

" • 
• • • • . ...... 

'" • • • • 
" • -~ • • • / ~ " • ..-• 

~ • .. .. .... 
• " • 
~ 

" -, 
, , , • , , , , • LATERAl OFFSET (FT) 

SIMULATED BUMPER TRAJECTORY 
NE2O(6l.45OOlB.12.50EG .55MPtIj 

"r-~:===========~~::::.~.~. ~.~.~.~.~=C~ 30 V ....... .. .. .... 
~ : Vv'·-·-·-·-·-·-·--'-· ~· -'~",.------

· " ~ ,. 
, 17--/------"'-=----
, •• ~-,r--,,--,,--.r--,,--,c--c,c--o.--,.-~" 

LATERAl OFFSET (FT) 



~ 

~ 

" " 5 
~ • > 

SIMULATED BUMPER TRAJECTORY 

V 
~. • , 

, 
, 
7 , , , 

NEll (eL.45OOlB,20.00EG.!OMPIi) 

• • • 

•• 
• 

.. .. .. .. .. .. 
• • • !I • • • • • 

-
. , , 
LATERAl. OFfSET (FT) " 

SIMULATED BUMPER TRAJECTORY 
NE22(SS,1 eooI.8,s.ooeG.5OMPH) 

" 
" 

. ' • • 

.......... 
• • • • ~-

" ./ • • • 
" • 

• -'" ~., 
• .. -

" 
" • - -/' 
'0 1 1.5 2 2.5 , 

LATERAl. 0Fl'S£T 1fT) 
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SIMULATED BUMPER TRAJECTORY 
NE23(GS.1800L8,12.!OEG,.sMf>H) 

'" ......... • 
" • • • • • • .. - • 
30 / • • • • ~ • a" • 

• • -
B '" ,,;:; .. 

~-• Va ...... 
~ " 

" , - -
0 / 

0 ,. , ,. , ,. , ,. 
LATERAL OFFSET (fT) 



SIMULATED BUMPER TRAJECTORY 

' 7 
00 , , 

NE25(6S, I eooLB, ' 2.5DEG.SSMPH} 

, . , , 
LATEIW. OFFSET (FT) 

, , , 

SIMULATED BUMPER TRAJECTORY 

, , 
/ 

y . • • 
• , 

, 0 

, 
/' 0 

o , 

NE26(6S,18OOlB,20.00EG,5OMPH) 

• • 

~-
• • 

• 
• • -• ..-
-. , , 

LATERAL OFFSET (FT) 

• • • • • • 

" 

208 

" 

" 



SIMULATED BUMPER TRAJECTORY 
NE27(GS,4!OOlB,5.ODEG.5QMPH) 

" 
" ,. 

• • • 
,; " 

• 
• • 

~ " - • '" ~._.~.~.7'~'--__ ->"~~~"~~ ________ _ 
• " w 
> 

" , -
0 

0 1.5 2 2.5 
LATERAl OFFSET (FT) 

, 

SIMULATED BUMPER TRAJECTORY 
NE2tI[6S,45OOlB.12.5DEG,4$MPH) 

" -.-A .. " .... 

/ 
• • ,. • • • • 

" 
• -- r? ...... z .. -e" 

~ •• 
Ii: '5 
w 
> 

" -' 7 
0 

0 , , , • , , , 
LATERAl OFFSET (FT) 

• 

, 



SIMULATED BUMPER TRAJECTORY 
NE29(SS,.SOOLB,12.&1fG,roMPH) 

-
'7 
o±o~~,c---<,---.,----.C---,,---'.C---,,---~,c---j, 

LATERAL OFf SET (FT) 

SIMULATED BUMPER TRAJECTORY 
NE30{6S,-'SOOlB,12.5DEG.55MPH) 

~: ';:y •...• 
'" . . .. o ., 
~ 15 

--
" -
'7 
°o~----"------,. -----,.c-----"-----:"o-----:l,, 

LATERAL OFFSET (FT) 
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~ 
~ 
0 

ffi 
> 

SIMULATED BUMPER TRAJECTORY 

" 
" 
" V 
" .. 
" 
~ 

" , 
r7 , , 

• • • 

, 

NEll (as .• 5OOLB.20.00EG.50MPH) 

• 

.. 
• • • • • 

• " • • ..""" • 

-
. , . 

LATERAL OFFSET (FT) 

.. .. .. .. .. .. .. .. 

" " 
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APPENDIX F: 

"Non-Tracking" Example Input Set (Nr27) 

(6-in Type t Curb, 180 dec yaw, 1800 lb Vehicle) 
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O( ... n , ,.. l ~. , ... '_' . , . ," I) "M M.' , .. .M' .- ••• ••• • •• o 101 01.' , .. .M' ••• ••• • •• • •• "W ••• "u ••• , .. , .. , .. , .. , .. , .. ,,~ 

-.u:u (110,1. •• ".m .. '" ' .$$1 ;NoQ." stU.'" ,." •.•• I.D 
• H' _ .n 0." ~ .. n .s . ~ " .. • •• ... 12." 11.4 .~ 

on." m.' .... m .' .... ... -UIlS ... . ~ 
OI]I.ll l1l. ' '.n I .... . '.n , .. -5, ' '-' .-" .8 12. ' .. ~ H.' .. ~ )1 .' .. , ... •• •. ~ ... •. " U .S ' .11 ~ .. •. " , .. .m 
".0 ••• ' .R II.n ' .D R.' .. , ... .-"0.' II.' .. " m.' .. " _ .. 

1 •• ' ... .-. DO. -. o '" -. ~. .. ~ -. ' .m 1. 1' DIn . J.' ••• • •• · "' ... ,.S ' 1. ,." ·'.n ", IIS . I.' '.~ '.= ••• .~ , "' ••• 1." '.n ' .m I liZ . '.:IS · 1.111 -1. J . , . In ,t • ." -O. D '.8 .~ 1. II'S ] 111 
II.'" ' .D ••• ' .D • ZIZ ,.", ... • •• f II' 
" .m •. m ' .m I 114 
olin MT. .... 
01 . ' , .. , .. , .. ••• ' .D ••• · ~, "". . .~ ". "" .n 1Z.' ~ .. .. ~ -,'W •• I.D , ., 
ou., .. , ••• aM. .. " ••• '.M ••• , ., 
OYII ICll CllMI.oL .~ M.' ••• ., , .. ••• ••• · ., R.' , .. ••• ••• , .. ••• • •• • •• • •• , ., 
R.' ••• ••• ••• ••• ... • •• • •• • •• · ., R.' ••• ••• ••• • •• • •• • •• ... • •• .~ 
R.' ••• ••• ••• ••• ... ... • •• ••• · ., R.' ••• ••• ••• ••• • •• • •• • •• • •• · ., R.' ••• ••• ••• · ., 
DalJKMlO QB "'All! . ... 
m . •• n . u . , .. · ~, ,._. .~. •• . ~. · ,ze. • • . ~. ~ . •• ,-
.~. n . •• . ~. ,a. • • .~. 'M. •• · .. , . ~. 171 .:16 •• . ~ . 1~ .n •• .~. 177.76 •• · .. , . ~. * . •• . ~ . .... •• . ~. -. • • .-. -. .~. •• . -. - Ufl. • • .-. M. •• .-. _. n . •• .-. 'a. •• ..... ," . •• · .. , ._. l7'I .lt •• ..... 11'.n •• ..... '".76 •• ,-..... * . •• . ,,". .... • • . ,," . -. •• .-.lI2. -. •• · ]U. -120. •• -lU. ~. •• · .. , . "1. n . .. " -lIZ. 'a. ' .n · J\Z . ,". .." "w . su. m .56 .. " ' )11 174.12 -1. R -"1. 117. 76 -Z .6Io " -"" '2. * . -J . II · ]12. .... -' .tt ·nz. -. -I . U ,,-
0-2601. .~. •• . ~. -110. • • . ~. ~ . •• "-.~. n . .." . "'. ," . '.R . ~. ," . .." .-.~. m .lt .. " .~ . 174.12 · I.R .~. 177. 76 - 2. 610 " -..... * . -J . l l .",. .... -' .R . ",. -. 

- l.'U .-DIMI . .~. •• ~. -uo. •• ,". ~. •• ,,-"111. n . .." ~. ,". '.n ,". ,". '.M ..-OIMi . In.'' .. " ~. 114.12 ' I .R ,". 177 . ... · l . 64 ,,-
"". * . . J . Il ~. .... -1.92 ~. -. . l.'l.Z "~, -. . ~. •• -. · 120. •• -. ~. • •• ZI 1001 -. n . .." -. ,~. '.R -. ,~ . '.M " ~, -. 111 ." .. " -. m .. n · I.R .... In .... · l . 64 " ~, -. "'. · J . 12 -. .... · 1.92 .... .... . · Z. 52 X ~, 

". •• •• •• •• •• •• •• •• •• •• • • •• ,. •• , . ,. ,. , ~ 
G. ,. ,. ,. •• •• ,. ,. ,. ,. ,. ,. •• •• •• • • •• • • .~ 
G . •• ,. ,. ,. ,. ,. ,. ,. ,. •• •• •• •• •• , . ,. •• .~ 
G. •• ,. ,. ,. ,. ,. ,. •• •• •• •• •• •• •• • • •• •• .~ 
G . •• •• •• ,. ,. ,. •• •• •• •• , . •• •• • • .~ ". •• •• •• ". ". IJ . O. •• •• ,. ,. ". ". ". ,. ,. •• , ~ 



.. ~,., ...... , .. ,., ... . 
011. :!II. 17. 4. 6. O. 7. 7. I~. U. II. S. 7. O .•. •• ~. 14. ••.•.••.••.• ' . ~a ••• ' ••. • . • . •. L 
010. O. II. II. 23 . SO. U. 9. II . O. 12. O. 24. lZ. U. 10. 11. 1 . 
-"~ ..... ~.~ ..... ~. .. ~~.~.'.'~~a.~_ •••. 
01t..4. 17. It. 29. 17. 17. ZOo )0. 100. 29. 11. 11. 5. II. 21. 30. 19. . ~."._._L_." ....... . 
••• a ••• a~.a •• a ••••.• -... . .. ............. ~ .......... . 
•••••••• _a ••• " ••• " _.' .. ~.a.a.~"~._ .... . 
_.~'.a._.a ... _ ... , .. . 
040. J7. 29. 40. 41. 60. 40. $f. 29. " . 50. 41. 41. 39. 50. 41. 41. 61 • . , ........ ,', .•....... -...... ..•.....••.•. ~ ..•.•...•... -.-.......... ~ ..• -- ....... .. .. . -... ~ •. -... -•. ~ •.•... -•. 
047. S2. J7. ]3 . $f. 55. SO. 71. 49. O. 51. ". 51. 12. SO. 54. 31 . JS . 
0)9. 57. 51 . S5. ]9. 51. Sl. 74. 51 . S6. ]9. 17. 100. 59. 52 . 51 . 40. 60. 
_.~a •. a •.•.•.•. _., . • .•.•. • .•.•.•. -.. ....... ............. ........... . _ .••. ~ • . •. a •. _ ••• _ •••.•.•. _a_ .. _ .. _.,.~ __ ~~ ......... . _ ...................... . 
• . n .• ' .•.•.•. •.•.• '.a • . • . •.•.•.•. • .•. 
_ .•.•.•.•. n . •••••.•. • . •.•. •.•.•. 
_.n •.•.•.•• a ••••.•.•.•.•.•.•. _ .......... _ ........ .......... . . _ ......... ~_ ..... _.n ....... _. 
060.17. 11. 85 . 60. O. 12. O. 71. M. 
01. 1. Z. 2. S. S. 4. 4. 5. 5 ••••• 7. 1 • • ••• 9. 9 . 
.,.,.""." •• _ ••••.•.•.•. n . • . _ •. _ • . •• ~ __ •• n •.•.•.•.•.•. 
061. 71. 49. 54 . l7. D . D . 12. n. 1. 
OI.lflll ~1I101$ 
O· s.!l ·I.Z1 lll . S1 
00.0 · SO.O ·~ . 52 
02.66 ·1 . 56 2. 19 

15 . 66 ·4 .71 n .• 
' 519.36 ·765.1oa ' 49.' 
. 13 ••• II .• 

••• ••• 
• •• .0 

• , CMZ7, 1lIII0 10. 1111" i_ •• 

~*. 
I'I'.,CU l\,I.U 11111 DAIA 

IOn l M ~"ICIIS 

o ' 10' •• _ COO'.Ol bAIA 

stMI """' '0 • .OOGG at 
[NO 1111( II • Z.SOOO IlEt 
In(GHI101 loa_IT DIOXMo • .0010 at 

. .. , .. ... ... . .. ... . .. . .. .... 
" .. 12 '09 .. .. 
" .. .... .... .... .... .... 
m .. 
" .. ... ... 
24 SC19 ... 
u .. .... ... m .. 
~ .. 
" .. 
~ .. 

1 510 
Z 510 
3 SIO 
4 510 
.~ . ~, 
.w 
. w -

(OoVAilIAIU IU' _ · IDJl.IOI 
III(ao.IIOI ID)I! 

.... '.1 I.IDV ..... • _'D _ AXI.£ 
_ICIT ~"CII 

~,~ 

.• -
ID)I! • 1 ' 1' . ~.o.n1A 

llo '"CUI sn, _ ...... rc. 
0""'1 • .IIIIH at 

(00 I~n ~ IUSl'nSTOI, 

,- - , 

(00 10 CUI, 10 I I EEI Ot:GREE or ,-- ' )1· QM 

214 

(' I>4IUI (lUlU 01' ,~ . .. .".. 

QM IOTtWT101 lila . OfUC • . 00100 IlEC • co- .. _ 10 
11. 1'610 _10. PI_In _T. 01_. 



...... 'E. OPTIC. 

.... u'n ,OTE_T,OII ,lICIt. 
• 
• 

uo • -sn.56 '"'R~ 
_ MUS t .'. _,TIC. 

IInOCln 'Ill . ·765.411 IIlfSf'C 

..;l • · 49.110 IIIUC 

• 
SI'ItUIG IIM$ OIInnAHOII 

IIHocn, 110 • -4 .71 MOISEC 

10 • 49.110 DU/'SEC 

• MUll!. -a. n ,",5I:C 
UIm'ItUIIG MU 1'OS111C.S 

oEllOO • .ze ",st:e • MUll> • -.ze 'o,Ke 
OU4(l> • .96 lOI":C 

STEU .woLf 
"'HDO • .00 ot:GI$EC 

215 

• • .,~ .. .. .. .. 
:].0 Off 0100 .• , , ""lTf .. .. 
(4_ " .. ,IN"MITE " .. 

OflTl • 

IXil.l • O. 

IllTIlL COIOITIOI' 

.00 IICIiU 

TCOI' • ·500.00 I~S 

ZOOP • ·26.52 I~$ 

Pl IO • '5.1' ot:_U 

HIO • 155.500 OfCUU 

PU10. 2.U. IIICIIES 

OfL20 • -,,~ 'IItHU 

oEllO' 2.19 llCoES 

OfL40 • . U IlCllfl 

"'If,O' 9.00 sun VnOCITT 

1 ("tV. ,800 lb. ,110 ~ 
oc,,:en 

'''-' . 6-, .. $1 

VU,ClE IlAIA 

""'MEtATEO QM s..FlCE 

• • • 

• • 
" . • • • 
" . 
" . 
'W· • ••• 
1$1 • 

_MIS 
26.110 ,IItIl£S 
fltOllT l1li_ IIolSS 
63.7')(1 ,OCIlES 
lUll IIIISI'IIIIG M$S 
12.650 ,OCIlES 
• 10'UT 01' IlnTlA 
12.400 10ClES 
l _IT Of 1I1UTll 
5.4.000 IICIlES 
Z 00.:1. 01' HEI"A 
S1.'IOO IIC11:S 
n P'tOOUtT Of 1IIEUll 

• 000 1101 IJ$El) 
fltOl'l AXlE 00.:11 Of ,"EollA 

.000 IOl1 usar 
oW AIIl! _ .. Of IIlnTI ... 

• 000 1101 IJ$EO 
_11111 

" • • .000 lOll USED 

" .. • 1l5OO.OO [1-I OlloOD 
ACaUltllUU I POs'''OII 

• lO'IOO.OO lI'lI/loOD 

~, . .0000 MOT usn 

TlItE 1lA1 ... 

IM''''''L a.1IIC.S -. 
~, . - . 
III • 264J.810 LI-SlEr:-2·'N 

liZ • 9118.490 LI'SlEr:-2'1I 

Xl)a • 

'If • 

"'1 • , 
" 

" 

• 

• 
• 

• 

• 

.000 " ' $([O'02'I" 

.000 IOlT U$(lI 

.000 lOT UI:t:O 

_.400 '"/SlEr:-2 

5.00 IMC!iES 

.00 INc.t 

2.50 ,"a,n 
.00 'IOI!S 

WIICLE aJlTIOL 

f ltOllT ~(l X lOCATION 

lUll wtn • U'lC"'''1I 

fltOll1 I>'IUl Z lOC,l.11ON 

IW IM'U Z lOCAIJOII 

,1tOII1 WEEl TUCl' 

IW _n TlJ.O'. 

fill" Ion AlII' 

IW lOLL AllI S 

fltOllT SHlIIIt IIACI: 

__ 1111'; IlIAC( 

fJ(llT oWl[ lOLL STIFFIlESS 

IlLU oWl[ lOLL STlfFlESS 

n .... IOLL - snn COI!f. 



.CICIO lADIAII1 
ACal~'U l JIOSlTlOO 

. 000 UDIlI 

. 000 lAD/I ... · 2 

.000 UDIl ... ·) 

u 

II'~III' 5'5'f O 

• .00 IIICIES 

• .00 I":" 

_IT Of liD". XI". 200.000 lI'UC-:Z- II au_ '.ltTT(Il ,_ tI'$I>. l'O.OOO lI-l _ 
'"ltTlOO ...... tw'.m W/IIC 
-...... stIP un ...... ~.OOO ll-IIIJUD 
-...... stIP JIOSTTIOIL ~. .400 UDI.ws 
_IIC'Ul l lIPS. 1.100 IIICII'I 

• 11l0II"I SU$PEll$T(Il 

lIlll 

lIlll 

lI/T"'S 

1tISP(1IS100 lOT! 

o (1"'(11$100 nIP t;gf,.. 

w" 

[11;1101 

TICIES 

a-oIUt'OO STIP l00;.\1I00 

1101"'00 STIP lCItATTCIj 

\I SlIP (IE"" DIU'PATle. FotTCII. 
COOP. VIIC. _. t;gfl. ~. I 

lI'SEClII 

II/Sl~ 

ll·SECI'. 

"fl. A' , • ...- Of t;gfl. I 

VU. AT ,. _ Of t;gfl. 2 

ttW. y[lt • .-. COHo ~. , 

\I UTI. Y[SC. _. t;gff. ~. , 
ll'SlClII 

VU. A' TIl CIIoIIICf (II t;gf I. I 

D'" ... lit. _. CUI. ~. 2 
lI'SlClII 

Wl_ A' ,. ~ (II toIEI. 2 
'"/SEt 

ntl. Yilt . .-. _F. ~. 1 
It·st:ClII 

W1. AT ,. eUlOl (II toIEf. ) 
'"/SEC 
(I DTI ... lit. _. toIEF . ~. 4 
lI·st:Clil 

CIIUlCIII IIIClI(ll 

F_IClIe. I.M 

f'OIIEJ; II __ lAW _IIC 

(nlll, 1800 lb. 180 dot Itpocl. 
ClCTC._ 

WIIQ.l JlATA 

K . • 1S.SSG WI. - • l1I .900 WII 

K'~ • .IS' LI/I """5 

~ • l1I.900 Lilli 

00:'1 ' • .IS' LI""'" 

CIIIlGfe ° -2.05(1 .~. 

M~' ,.* ,_. 
~ • •. * 
CfJ(1) • '.Z5CI lI·.CI' " 

OVJ(1)' 12._ I./lfe 
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APPENDIX G: 

Simulated Angular Displacements (NTIO-27) 
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