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I INTRODUCTION 

1.1 Problem Statement 

The Minnesota Department of Transportation as well as olher highway departmen ts have 

been consider ing the accommodation ofpedeslrians and bicycl ists along their roadways and bridges. 

One area of particular concern are bridges with standard height rails. A standard height bridge ra il, 

typ ica lly measu ring 8 13 111m in height, is not capable of restraini ng a bicycl ist during even a minor 

impact with the bri dge ra iling. To protect bicyclists, it is necessary to substantially increase the 

height of most TL-4 bri dge rails. Since lllaIlY existing ra ilings have been proven adequate fo r 

con tain ing veh icular impacts. th is rail heigh t ex tension could be uti lized on a number of different 

TL-4 barri ers once testing has showed the ex tension to be crashworthy. The traffic/bicycle bridge 

rail should provide an economical a lternative to the more cost ly option o f constructing a separate 

bicycle bridge or replacing exist ing bridge rai ls. 

1.2 Objective 

The objective o f the research project was to deve lop a combination traffic/bicycle bri dge rai l 

for use wi th concrete parapet bri dge rail s and to determine if the new rail could be feas iblely 

retrofitted to other existing bridge rails withou t add itional crash testing. This design was to add ress 

a ll structural concerns. aesthetic considerations. as well as to minimize the potentia l fo r spearing. 

snaggi ng, and problems assoc iated wi th hazardous debris. The bridge railing was developed to meet 

the Test Levcl4 (TL-4) safety performance criteria set forth in the National Cooperative Highway 

Research Program (NCI-IRJ» Report No. 350. Recommended ProceduresfiJ/" the Sqfely Perpmll{lI1Ce 

EV(llual ion o/J-lighway Fealures (1) . 



1.3 Scope 

The research object ive was accompli shed wi th a series of tasks. First. a literature search was 

performed to re view similar bridge rails. including the identification of key features of each des ign 

that would provide insight into hmv the combination bridge rail would perform during a veh icular 

impact. Second. an analysis phase was undertaken to determine which concrete parapetconfiguralion 

should be used as the basis of the combination ra iling system. Third, a design phase was conducted 

in order to determine the best method for attaching the bicycle raili ng to the traffic railing. Fourth, 

static component testing was performed on posts to optimize the post-weakening breakaway feature. 

After fi nal design and subsequent fab ricat ion. two full -scale vehicle crash tests were perfo rmed 

according to the TL-4 impact conditionsofNCHRP Report 350. The first test, MNPD-I , used a Ford 

F -250 3/4-ton pickup, we ighing approximate ly 2,000 kg, wi th a target impact speed and angle of J 00 

klll/hr and 25 degrees, respecti ve ly. The second test, MNPD-2. used a Ford 17-800 sing le uni t tTuck, 

weighing approximately 8,000 kg, with a targe t impact speed and angle of 80 km/hr and 15 degrees, 

respective ly. Final ly, the test resul ls were analyzed, evaluated, and documented. Conclusions and 

recommendations were then made lhat pert ai n to the safety performance of the new combination 

lraffic/b icycle bridge rai l. 
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2 LITERA T VRE REVIEW 

2.1 Pedestrian/l3icyclc Railings and Othc." Protection Fences 

Historically. very little research has been performed on the development and crash testing 

of pedestrian/ bicycle raili ngs. Speci fi cally. three pedestrianibicycJe railings and one vandal 

protection fe nce have been evaluated by full -scale crash testing (2-4), 

The fi rst pedestrian/bicycle railing or BR27D consisted of two hori zontal. tubu lar stee l rails 

suppo rted by venical , tubu lar steel posts and was attached to a rectangular concrete parapet (2-3). 

In addition. the BR27D ra iling system was constructed in two configurat ions - with and without a 

raised concrete s idewa lk. For both configurat io ns, the pedestrian/bicycle rail ing was evaluated using 

two nill-sca le vehicle crash tests and was dcterm ined 10 be acceptable accord ing 10 the Performance 

Level I (PL- l) cri teria found in the American Association of State Highway and Transportation 

Offic ia l's (AASI-ITO 's) GI/ide ,,'pecijicalioll /or Bridge Railings (~). 

The second pedestrian/bicycle railing or BR27C consisted ofa single horizonta l. tubular steel 

rai l supported by verti ca l, tubular steel posts and was attached to a rectangular concrete parapet (2.). 

The BR27C rail ing system was also construt:tcd in two configuratio ns - \.\,I ith and without a rai sed 

concrete sidewalk. For bo th configurations. the pedestrian/bicycle ra iling was evaluated using three 

futl-scale crash tests and was determined to be acceptab le acco rding to the AASI-ITO PL-2 cri teria 

The third pedestrian/bicycle rail ing consisted of two horizontal, tubular steel rai ls supported 

by ve rti ca l. tubular stee l posts and was attached to the Illinois 2399-1 tra ffi c ra iling system (,1). The 

pedestrian/bicycle railing system was eva luated using one full-scale crash lest and was determined 

to be acceptable 'lCcording to the AASHTO PL-I criteri a Q). Only a small car test was perfo rmed. 

3 



The vandal protection fence consisted of chain-link fence supported by pipe posts and 

attached to a New Jersey safelY shape bridge raiJing system (1). This vandal protection fence system 

\\'as evaluated using one fu ll -scale crash test and was determined 10 be acceptab le accord ing to the 

AASHTO PL-2 criteria (~). Small car and single-un it truck tests were not performed. 

2.2 Concrete Parapets 

From the li terature review, it was evident that only a limited number of crash tests have been 

perfo rmed on bicycle railings and guard fences. Therefore, it was necessary to review the results of 

past crash leslS on safety shape barriers and rectangular parapets in order to provide insight on how 

the impacting vehicles may potentially interact with the components of the combination 

traffic/bicycle ra ili ng system. 

Recent c rash tests on concrete barriers have revealed that the potential exists for a pickup 

truck or a single-uni t truck to extend over the top of the parapet and make contact with any 

bicycle/pedestrian railing attached to the top of the exist ing bridge railing (6- I 0). Pickup truck crash 

tests have not been perfonned on safety shape barriers according to the TL-3 criteria o f NCHRP 

Report No. 350 (1). However. it was bel ieved that safety shape barriers would not exhibi t the same 

magnitude or occupant compartment deformations that were fo und to occur during crash tests on 

rectangular parapets C2.:.ll). Therefore, the researchers believed that a bicycle raili ng attached to a 

safety shape rather than a rectangular parapet would provide increased safety due to reduced 

occupant compartment deformations. 
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J TEST REQUIREMENTS AND EVALUATION CRITERIA 

3. 1 Test Rcquil'cmcnts 

The safe ty performance objective of a bridge rai l is to reduce injury to and eliminate deaths 

of occupants in errant vehicles and to protect lives and properly all. adjacent to. or below a 

bridge (11). In order to prevent or reduce the severi ty of such accidents, special attention should be 

given to four major design faclors. These factors are: ( I) strength of the railtng to resist impact 

forces; (2 ) dTective raili ng height; (3) shape of the face of the railing; and (4) deflection 

characte ri sti cs of the railing (~). 

LongilUdinal barriers. s lich as a combinat ion trallie/bicycle bridge rail , must sat isfy the 

requirements provided in NCHRP Report No. 350 to be accepted for use 011 new construction 

projects or as a replacement for existing designs not meeting current safety standards. According to 

TL-4 ofNC I-I RP Report No. 350. a combinat ion bridge rai l must be subjected to three full -scale 

vehicle crash tes ts: ( I) a 8,00D-kg single-unit truck impacting at a speed or80 km/hr and at an ang le 

of 15 degrees: (2) a 2,ODO-kg pickup truck impacting at a speed of 1 00 km/hr and at an ang le of25 

degrees; and (3) an 820-kg small car impacting at a speed of 100 km/hr and at an angle or20 

degrees. The lest condi tions for TL-4 bridge rai lings are sumlllarized in Table I. 

Although three full-scale crash tests arc required for a TL-4 safety performance evaluation, 

the 820-kg small car crash test was deemed unnecessary for two reasons. Fi rst, rigid safety shape 

barriers when impacted by sillall cars have been shown to meet safety performance standards ( 13-

l.§.). Second. these crash tests have not revcciled a potentia l for small cars to extend over the top of 

the barrier and make con tact with the bicycle/pedestrian rai ling attached 10 the top of the existing 

bridge rai li ng. 
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Table J. NCHRP 350 Test Level 4 Crash Test Conditions (D . 

Im pact Conditions Eva luation Test Designation Test Vehicle 
Criteria I Speed (klll/hr) Angle (degrees) 

4-10 820C 100 20 A,D.F.H,I,K.M 

4-11 2000P 100 25 A,D,F,K,L,M 

4-1 2 8000S 80 15 A. D,G,K,M 

Eval uation criteria explained in Table 2. 

3.2 Evaluation Criteria 

Evaluation criteria fo r full-scale vehicle crash testing are based on three appraisal areas: ( I) 

structura l adequacy; (2) occupalll risk; and (3) vehicle trajectory after co ll ision. Cri teria for structural 

adequacy are intended to evaluate the abili ty of the barrier to contain, redi rect, or a llow controlled 

vehicle penetration in a predictable manner. Occupant risk eva luates the degree of hazard to 

occupan ts in the impacting vchicle. Vehiclc trajectory after co lli sion is a measure of the potential 

for the post-impact trajectory oC the vehicle to cause subsequent multi-vehicle accidents. It is also 

an indicator for the potentia l safe ty hazard fo r the occupants o f other vehicles or the occupants of 

the impacting vehicle when subjected to secondary collisions wi th other tixed objects. These three 

evaluation criteria are defined in Table 2. The full -scale vehicle crash tests were conducted and 

reported in accordance with the procedures provided in NCHRP Report No. 350 (1). 
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Table 2. Relevant NCHRP 350 Evaluation Criteria ill. 

Structural 
A. Test article should contain and redirect the vehkle; the vehicle should not 

Adequacy 
penetrate, underride, or override the installation although controlled lateral 
deflection of the test article is acceptable. 

D. Detached elements, fragments or other debri s from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians. or personnel in a work 
zone. Deformations of, or intrusions into, the occupant compartment that 
cou ld cause serious injuries should not be permitted. 

F. The vehicle should remain upright during and after collision although 

Occupan t moderate roll, pitching and yawing arc acceptable. 

Risk G. It is preferable, although not essential, that the vehicle remain upright during 
and after collision. 

I-I. Longitudinal and lateral occupant impact velociti es should fa ll below the 
preferred value of9111/s, or at least below tlle maxim um allowable value of 
12 m/s . 

I. Longitudinal and laternl occupant ridedown accelerations should fall below 
the preferred value of 15 g's, or at least below the maximum allowable 
va lue or20 g's. 

K. After coll ision it is preferable that the vehicle's trajectory not intrude into 
adjacent traffic lanes. 

Vehicle L The occupant impact ve locity in the longitudinal d irection should not 

Trajectory exceed 12 m/s and the occupan t ridedown acceleration in the longitudinal 
direction should not exceed 20 g's. 

M. The exi t angle from the lest arti cle preferably should be less than 60 percen t 
of test impact angle. measured at time of vehicle loss of contact with test 
dev ice. 

7 



4 BRIDGE RAIL SYSTEM DEVELOPMENT 

4.1 AASHTO Design Considerations 

Asdiscussed previollsly in Section 3.1. combi nation trafficlbicycle railings mllst be designed 

to meet the NCHRP Report No. 350 impact safety standards. However, other design factors must 

be considered in order to promote a safe environment for bicyclists traversing the bridge and to 

provide an aesthetically pleasing railing that offers freedom of view. Guidet ines address ing these 

design concerns are provided in three AAS I-ITO publications - the Guide 5iJec{jicalionsjor Bridge 

Railings (~) , the AASHTO LRFD Bridge Design Specif/cmions elf), and the Slandard Spect!icarions 

j()r Highway Bridges (11). More specifically_ recommendations arc provided for the selection of 

bicycle railing materials, geometries, and design loading. 

Material recommendations for bicycle rai lings include concrete, metal , timber, plastic , fiber 

reinforced plastic, or a combination thereor. Specific recommendations fo r the geometry of the 

bicycle railings are prov ided in each orlhe prev ious ly li sted AASHTO publications. For example, 

the mi ni mum height of the railing shall not be less than 1,372 mm, as measured from the top o rthe 

bicycle riding surface to the top of the upper rail. According to the Guide S/Jecijlcalions (2), with in 

a band bordered by the riding surface and a li ne 1.372 111111 above it, horizontal elements of the 

railing asse mbly shall have a maximum clear spacing of381mm. Vertical elements of the railing 

assembly shall have a maximum clear spacing o r 203 111m. However, if a rai ling assembl y uses both 

horizontal and vertical members . then the spac ing requ irements shall apply to one or the other, but 

not both. Accord ing to the Slandard S/Jecfjicaliol1s j()/' Highway Bridges (11), wit hin a band 

bordered by the rid ing surface and a line 686 nun above it, all members shall be spaced sllch that a 

I 52·mll1 sphere will not pass through any opening. For a band bordered by lines at 686 and 1,372 
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mm, all members shall be spaced such that a 203~mm sphere will not pass through any opening. If 

both ho rizontal and vert ical members are used. the spacing rule applies to one or the other, but not 

both. According to theAASHTO LRFD Spec{jicalions Clf), the rail may consist of horizontal and/or 

vert ica l members. However, the clear opening between elements shall not exceed 152 mill. When 

both horizontal and vertical members are used. the 152~mm clear openi ng shall apply to the lower 

686 mm of tile railing, and the spacing of tile upper region shall not be greater than 38 I mm or that 

determined using figures provided by AASHTO (11). All three publications state that the rail 

spacing requirements shall not apply for chain link fence. 

The design loading for the bicycle railing is stated to be 730 N/Ill transversely and vert ically, 

acting simultaneously on each rail C~,l1) . However, according to the LRFD Specijicalions ill), the 

design I.ive loading for the raili ng shall be the 730 N/m mentioned previollsly plus a 890~N 

concentrated load applied to any member and in any direction and acting simultaneously with the 

distributed load. The design load fo r chain link fence was a lso given as 718 N/m2
. 

4.2 Design Concepts 

Early in the research project, the Minnesota Department of Transportation (MnDOT) 

provided MwRSF with four combination tranic/bicycle bridge rai ling concepts that were currently 

included in their standard plans. Options one and two included a chain link fence railing supported 

by pipe posts which was attached to either a rectangu lar or safety shape concrete parapet and 

positioned in the middle of the top horizontal surface. Options three and four included a rail ing 

system consisting the two hori zonta l channel rails with vert ica l spindles placed wi thin and supported 

by nat plate pOSIS. Th is steel system was also attached to either a rectangular or safety shape concrete 

parapet and positioned in the middle of the top horizon wi surface. 
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Following a rev iew of Minnesota 's combination trafficlbicycle railings as well as crash tests 

on other bridge ra il ings, MwRSF engineers proposed several railing concepts to MnDOT that were 

constructed with flexible cables. These cable designs were initiall y selected since they would be less 

prone to extensive damage incUiTed by a truck extending over the parapet and snagging on the 

bicycle portion of the combination railing. Ii was also believed that the amount of bazar do us debris 

could be significantly reduced by llsing a more flexible, bicycle railing system. Fo llowing MnDOT's 

review of the cable designs, it was proposed that MwRSF researchers consider using a rail ing system 

more closely resembling MnDOTs' opt ions three and fo ur as previously described. 

Therefore, a bicycle rai li ng concept, consisting of horizon ta l steel rail s, vertical spind les, and 

stee l posts, was selected. However, the researchers were concerned with the potential for hazardous 

debris becoming di slodged fromlhe railing system and either penetrating the occupan t compartment 

or causing undue hazard to traffic and pedestrians below. This hazardoLis debris could occur when 

an impact ing vehicle contacts the bicycle rail and snags on the bridge rail components. During a 

vehicular impact , the railing system would likely deflect laterall y backward as the posts frac tured, 

allowing bridge railing members to breakaway from the barrier system. To address these concerns, 

it was necessary to move the bicycle rail to the back vertical face of the parapet and incorporate 

"weakened" posts that would reduce the potential for post snagging. It was al so reasoned that 

continuo LIS cables should be attached to the horizontal rails. These cables would reduce the potential 

fo r the rail s to penetrate into the vehicle's occupant compartment or for rail e lements to breakaway 

completely and present undue hazard below. Finall y, it was believed that the bicycle rai ling could 

be constructed in a modu lar fashion in order to simplify construction, reduce the required labo r costs, 

and fac ilitate the repair of the system fo (] ov·"ing a vehicular impact. 
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5 STATIC POST TESTING 

As ment:io lled prev iolls ly in Section 4 .2 . it was deemed necessary to incorpofalC "weakened" 

posts into the des ign of the combination traffi c/bicycle bridge railing system in order to reduce the 

potential for vehicle snagging or spearing of railing components into the vehicle' s occupant 

compartment Scvcraimcchanisms were considered for weakening the posts for lhe bicycle rai ling, 

such as drilling ho les or placing cuts to reduce the moment of inertia. However, it should be noted 

that final post-weakening mechanism must, at a minimwn, meet the mi nimum design load 

requirements provided in the AAS HTO LRFD S,Jecijicalions (1 2). Therefo re. stati c post testing was 

performed on several posts to detennine whether the weakened posts would provide the necessary 

structural capacity. 

Tubular steel posts were tested under a stati c load to determine the force-defl ection 

characteri sti cs of several post- weakening alternatives. Each post was fabricated using TS 102 x 5 1 

x 3.2 ASTM ASOO Grade B steel and was welded to an 12.7-mm thick stee l plate. The posts were 

auached to the back-s ide vert ica l face o f the safety shape concrete barrier using four 22.2-mm 

diameter ASTM A307 bolts, as shown in Figure I. As given in Figure I, a load cell was attached to 

the back-side face of the post while a string potentiometer was attached to the traffic-side face of the 

POSI. Fina ll y. various hole sizes and CUI lengths were examined during the stati c testing phase to 

determine the optimum post weakening alternati ve. The di stance between the applied load and the 

drilled hole or sawcut was 362 mm. 

Eight static tests were performed and arc summarized in Table 3. Typical damage to the 

tubular steel posts is shown in Figure 2. Following an analysis of the lest results, a 34.9-mm 

diameter hole located 25.4 111m above the 101' orthe steel mounting plate was se lected fo r usc in the 
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Figure 1. Static Testing Setup 
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because it provided the preferred failure characteristics without damage to the post-to-barrier 

attachment hardware but. still maintained the necessary stnlctural capacity, The maximum static force 

for the 34.9-mm diameter alternative was 22.0 kN, while all the other alternatives produced maximum 

static forces above that produced with the larger hole size, as shown in Table 3. The post with 34.9-

mm diameter hole also had a maximum static moment of 7,943 kN-mm whi le the maximum static 

moment for the other alternatives was above 8,022 kN-mm. 

Table 3. Stat ic Post Testing Results. 

Weakening 
Peak Deflection at Maximum 

Test No. Load Peak Load Moment Failure Location 
Alternative 

(kN) (mm) (kN-mm) 

MNS P-I IS .9-mm $ hole 26.7 45.7 10349 base material of post at weld 

MNSP-2 19.2-mm ¢ hole 28 .8 35.6 11163 base material of post at weld 

MNSP-3 25 .5-mm ¢ hole 28.3 33.0 10248 lhrough hole 

MNSP-4 30.5-mm ¢ hole 25.4 25.4 9186 through hole 

MNSP-5 3 1.8-mm ¢ hole 23 .0 21.1 83 16 through hole 

MNS P-6 34.9- rnm ¢ hole 22.0 21.1 7943 through hole 

MNSP-7 3.2-mm cut l 25.0 22 1 9050 along cut 

MNSP-8 6.4-mlll cut l 22.2 23 . 1 8022 along cut 

l1le cut was placed on the tension side o f the post. 
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6 COM BINATION TRAFFIC/BI CYCLE RAILING DES IGN DETAILS 

The towl length of the combination bridge railing installation was 36.58 m. The test 

installation, as shown in f igures 3 through 9. consisted o[two major components: (1) the traffic 

ra il ing; and (2) the bicycle rai ling. The traffic railing consisted of a 36.58-m long New Jersey shape 

concrete parapet. The bicycle ra iling consisted of three major components: (1) stee l rail panels; (2) 

steel posts; and (3) cables for con taining hazardous debris. 

6. 1 Traffic Rail 

Due to past crash testing of the standard New Jersey shape concrete bridge rail. it was 

deemed unnecessary to construct the concrete parapet on a simulated. c8milevered bridge deck. 

Therefore, the concrete bridge rail was rig id ly attached to the existing concrete apron using Grade 

60 epoxy coated rebar, The vertical rebar were placed into ho les drilled verlica ll y inlhe surhlce and 

filled with an epoxy adhesive, The spacing and size of both the longilUdillal and vertical steel 

reinforcement is shown in Figure 3. 

The 810-111111 high concrete bridge rail was configured with the New Jersey safety shape on 

the front face and a flat vertical surface on the back-s ide face. as shown in Figure 3. The top and 

boltom widths or the concrete parapet \vere 230 and 460 mm, respecti ve ly. The concrete bridge was 

constructed wi th two separate pours, each 18.29-mlong. In addition, vCI1ica i dcflect ionjoints were 

placed in the upper reg ions of the concreLe ra il and spaced 6. 10 m on-center. as shown in Figure 3. 

All concrete (30 percentlimcstone and 70 percent sand-gravel mix) had minimum 28-day concrete 

compressive strengths of 41.J 7 MPa. 
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6.2 Bicycle R~,il 

The combination traffic/bicycle bridge rai l design details are shown in Figures 4 through 7. 

Additional photographs of the bridge rai ling system are shown in Figures 8 and 9. 

Eleven stee l railing panels were fabricated from two horizontal steel tubular rails wi th so lid 

steel sp indles placed vertica ll y ben .... een the tubu lar rails. as shown in Figures 3 through 9. Five of 

the railing panels included expansion joil1l's while six of the panels were continuous. The ra iling 

panels were supported by twelve. tubular steel posts. Each steel post was welded to a steel plate 

which bolted to the back~side vertical face of the concrete bridge rai ling. Steel wi re rope cables. vvith 

nominal strengths of 43.59 kN. were placed wi thin each o f the tubular rail s and horizon tall y through 

each of the steel posts. At each end of the test installation, the tubular ra iling system was sloped 

downward. This was done for several reasons. sllch as to reduce the potential lor veh icular snagging 

on the end of' the tu bes, shield the 7.9-ml11 diameter wire rope cables (lype 7x 19) from vehicle 

con tact, and allow for the anchorage of the cubics behind the concrcte barrier. The cable anchorage 

hardware and uttaclullcnt detail s are shown in Figures 3 through 4, 7, and 9. 

The horizo ntal rail s we re fabricatcd with TS 76-ml11 x 51-111111 x 3.2-111 111 ASTM ASOO Grade 

B structural stcel tubing. Vertical spindlcs, consisting of l 5.9~mm ASTM A36 square bars spaced 

1 68-ml11 on-centers, were welded between the upper and lower rails, thereby fonning the modular 

p~lI1el sections. as shown in Figures 4 and 8 through 9. Expansion tu bes for the panels were 

lilbricated using TS 64·111111 x 38~ml11 x 6.4-111111 ASTM A500 Grade B stcclmcmbers, as shown in 

Figurcs 4, 6. and 9. The ASTM A500 Grade B stee l posts, TS 102 111111 x 51 111m x 3.2 mm. were 

fabricated 800-lllill long and spaced 3.048 III 0 11 cenlcrs. as shown in figures 4,5, and 7 through 9. 

1\ 12.7-111111 th ick ASTM A36 steel plate was welded to the base or lhc post to allow for a rigid 
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attachment to the concrete bridge rail , as shown in Figures 4,5. and 7 through 9. In addition. four 

bent steel plates were welded to the sides or each post to provide a mechanism for supporting the 

l110dular railing panels between posts. As shown in FigLlres 4 and 5, the mounting height of the uppe r 

mil was 1.38 111. as measured rrom the concrele surface 10 the top of the upper rail . 
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7 TEST CONDITIONS 

7. 1 Test Facility 

The testing fac ili ty is located at the Lincoln Air-Park on the Wend o f the Lincoln 

Municipal Airport and is approx imately 8.0 km NWofthe Uni vers ityofNebraska-Lincoln. The site 

is pro tected by an 2.44-m hig h chain- link security fe ncc. 

7.2 Vehicle Towing a nd G uidance System 

A reve rse cab le lOw system with a 1:2 mechanica l advantage was used to propel the test 

vehicles. The d istance traveled and the speed of the tow vehicle are one-Iml f that ohhe test vehicle . 

The test vehicle was released fro m the tow cable before impact with the bridge rail. A fi fth wheel , 

built by the Nucleus Corporatio n, was located on the tow vehicle and used in conjunct ion with a 

digital speedometer to increase the accuraC)' of the test vehicle impact speed. 

A vehi cle! guidance system developed by Hinch (lID was used to steer the test vehicle. A 

guide-nag, attached to the fron t- left wheel and the gui de cable. was sheared o ff before impact. The 

9.5-111 111 diameter g uide cable was tensioned to approx imatel y 13.3 kN. and supported laterall y and 

vertica ll y every 30.48-111 by hinged stanchions. The hi nged stanchio ns stood upright while ho lding 

up the g ui de cable. btu as the vehicle was towed down the line. the g ui de- flag stmck and knocked 

each stanchion to the gro llnd. The vehicle guidance system was approximate ly 457-m long for test 

MN PD- I and 6 10-m long for lest MNPD-2. 

7.3 Test Vehicles 

For test MNPD- l. a 1988 Ford F-250 ¥..-ton pickup t'fuck. test vehicle designation 2000P. 

was used as the test vehicle. The lest inert ial and gross slatic weights we re 2.00 I kg . The test vehicle 

is shown in Figu re 10 . and vehicle dimensions are shown in Figu re 11 . 
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Figure [0 . Test Vehicle, Test MNPD-[ 
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Date; 4/3/97 

Make; EORD 
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Note o.ny dOMo.ge prior t o test: ____________________ _ 

Figure 11 . Vehicle Dimensions, Test MNPD-l 
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For test MNPD-2, a 1988 Ford F-800 single unit truck, test vehicle designation 8000S, was 

llsed as the tcst vehicle . The test inertial and gross static weights were 8,002 kg. The test vehicle is 

shown in Figure 12, and verucle dimensions are shown in Figure 13. 

The Suspension Method (12) was usee! to determine the vertical component of the center of 

gravity for the 2000P test vehicle. Tlus method is based on the principle that the center of gravity 

o f any freely suspended body is in the vertical plane tluough the pain! of sllspension. The vehicle 

was sllspended sliccessively in three posi tions, and the respective planes containing the center of 

gravi ty were estab li shed. The intersection of these planes pinpointed the location orthe center of 

gravity. The Elevated Axle Method (20) was L1sed to determine the vertical component of the center 

of gravity fo r the 8000S lest vehicle. Thi s method converts measured wheel weights at different 

elevations to the location of the vertical component of the center of gravity. The longitudinal 

component of the center of gravity for both test vehicles, and the vertical component of the 8000S 

test vehicle. were determined lIsing measured axle weights. The location of the final centers of 

gravi ty are shown in Figures 11 and 13. 

Square. black and white-checkered targets were placed on the vehicle to aid in the viewing 

and analysis 01" the high-speed tilm, as shown in Figures 10, 12, and 14 thro ugh 15. Round, 

checkered targe ts were placed on the center a/" grav ity on the driver's side, the passenger' s side, and 

on the roo /" of the vehicle. The other square targets were located at convenient reference locations 

for viewing from the high-speed cameras lor film analys is. 

The !i·ont wheels of the test vehicle were aligned for camber, caster, and toe· in va lues ofzern 

so that the veh icles would track propedy along the guide cable. Two 58 flash bulbs were mounted 

on bo th the hood and roof of the vehicles to pinpoint the time a/" impact with the bridge railing on 
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the high-speed film. The flash bulbs were fired by a pressure tape switch mounted on the front face 

of the bumper. A remote controlled brake system was installed in the test vehicle so the vehicle 

could be brought safely to a stop after the test. 

7.4 Data Acquisition Systems 

7.4.1 Accelerometers 

One triaxial piezoresistive accelerometer system with a range of ±200 G's was used to 

measure the acceleration in the longitudinal , lateral , and vertical directions at a sample rate of I 0,000 

Hz. The environmental shock and vibration sensor/recorder system. Model ED R-4M6, was 

developed by Instrumented Sensor Technology (1ST) of Okemos, Michigan and includes three 

differential channels as well as three single-ended channe ls. The EDR-4 was configured with 6 Mb 

of RAM memory and a 1,500 Hz lowpass filler. Computer software, "DynaMax I (OM-I)" and 

"DADiSP" were used to digiti ze. analyze, and plot the accelerometer data. 

A backup triaxial piezoresistive accelerometer system with a range of±200 G'S was also used 

to measure the acceleration in the longitudinal , lateral , and vertical directions at a sample rale of 

3,200 Hz. The environmental shock and vibration sensor/recorder system, Model EDR-3, was 

developed by Instrumented Sensor Technology (1ST) of Okemos, Michigan. The EDR-3 was 

configured with 256 Kb of RAM memory and a 1.120 Hz lowpass filter. Computer software, 

"DynaMax I (DM-I)" and "DA DiSP" were ll sed to digitize, analyze, and plot the accclerometcrdata. 

7.4.2 Rate Transducer 

A Humphrey 3-axis rate transducer with a range 01'250 deg/sec in each of the three directions 

(pitch, roll , and yaw) was used to measure the rates of motion of the test vehicle. The rate transducer 

was rigidly attached 10 the vchicles near the center of gravity of the Icst vehicle. Rate tnmsducer 
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Figure 12. Test Vehicle, Test MNPD-2 
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Figure 13. Vehicle Dimensions, MNPD-2 
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signals , excited by a 28 volt DC power source, were received through the three single-ended 

chatmcls located externally on the EDR-4M6 and slored in the internal memory. The raw data 

measurements were then downloaded for analysis and plotting. Computer software, "DynaMax i 

(DM-I)" and "DADiSP" were Llsed to digitize. analyze, and plot the rate transducer data. 

7.4.3 High-Speed Photography 

For test MNPD-i , five high-speed 16-mm Red Lake Locam cameras, with operating speeds 

of approximately 500 frames/sec, were Llsed to film the crash test. A Locam, with a wide-angle 12.5-

mill lens, was placed above the test installation to provide an overhead field of view perpendicular 

to the ground. A Locam, with a 76-mm lens. a SVHS video camera, and a 35-mm sti ll camera were 

placed downstream from the impact point and had a field ofvicw paralle l to the barrier. A Locam, 

with a zoom lens. was placed on the traffi c side of til e barrier and had a fie ld of view perpendicular 

to the barrier. A Locam, with a zoom lens, and a SV I-I S video camera were placed downstream and 

behind the barrier. A Locam. with a zoom lens, was located behind the barri er and upstream of 

impact. A schematic of all eight camera locations for test MNPD-I is shown in Figure 16. 

For test MN PD-2, four high-speed 16-111m Red Lake Locam cameras. with operating speeds 

of approxinwtely 500 frames/sec. were ll sed to fil m the crash test. A Locam. with a wide-angle 12 .5-

I11Ill lens, was placed above the test installation to provide an overhead fi e ld of view perpendicular 

to the ground. A Locam, with a 76-ml11 lens , a SV HS video camera, and a 35-ml1l still camera were 

placed downstream from the impact point and had a field of view parallel to the barrier. A Locam, 

with a zoom lens, was placed downstream ancl behind the barrier. A Locam. with a zoom lens, was 

placed on the traffic side and had a fie ld o/'vicw perpendicular to the barrier. A SVI-IS video camera 

was placed upstream of impaci tlnd behind the barrier. A schemat ic of all seven camera locations for 

lest MNPD-2 is shown in Figure 17. 
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The film was analyzed using the Vanguard Motion Analyzer. Actual camera speed and 

camera divergence factors were considered in the analysis of the high-speed film. 

7.4.4 Pressure Tape Switches 

For tests MNPD-l and MNPD-2, five pressure-activated tape switches, spaced at 2-m 

intervals, were used to determine the speed of the vehicle before impact. Each tape swi tch fired a 

strobe light which sent an electronic timing signal to the data acquisition system as the left front tire 

of the lest vehicle passed over it. Test vehicle speeds were determined from electronic timing mark 

data recorded on "EGAA" software. Strobe lights and high-speed film analysis are used only as a 

backup in the event that vehicle speeds cannot be determined from the electronic data. 

7.4.5 GuardraillnstrullIcntation 

7.4.5.1 Strain Gauges 

For test MNPD-I, eight strain gauges were installed on the two critical posts, nos. 4 and 5, 

to measure post strain at se lected regions. The four gauges on each critical post were centered on 

each side at 38-111111 above the top of tile breakaway ho le in the post Two additional gauges were 

mounted on the cable turnbuckles to measure cable tension. The strain gauge positions are shown 

in Figure 18. For test MNPD-2, two stra in gauges were installed on the turnbuckles to monitor the 

cable tens ion. The stra in gauge positions are shown in Figure 18. 

Par bo th tests, weldable strain gauges were lI sed and consisted of gauge type L WK-06-

W250B-350. The nominal resi stance of the gauges was 350.0 ± 1.4 ohms with a gauge fac tor equal 

to 2.02. The operating temperature limits of the gauges was -195 to +260 degrees Celsius. The strain 

limits of the gauges were 0.5% (5000 1J.f,) in tension or compression. The strain gauges were 

manufactured by the Micro-Measurements Division of Measurements Group, Inc. ofRaJeigh. North 
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Figure 18. Strain Gauge Locations, Tests MN PD-l and MNPD-2 
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Carolina. The install ation procedure required thallhe metal surface be clean and free from debris and 

oxidation. Oncc the surface had been prepared, the gauges were spot we lded to the test surface. 

A Measurements Group Vishay Model 23 10 signal conditioning amplifier was used to 

condition and ampl ify the low-level signals to high-level Oll tPllts for multichannel. simulwneous 

dynamic recordi ng on "Test Point" software. After each signal was amplified, it was sent to a 

Keithley Metrabyte DAS-1802HC data acquisition board. and then stored permanently on the 

portable computer. The sample rate for a ll gauges was 10.000 samples per second (10,000 I-Iz), and 

the duration of sampling was 8 seconds. 
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8 C RAS H TEST NO. ] 

8.1 Test MNP]}·] 

The 2,00 \. kg pickup truck impacted the combination tTaffic/bicycle bridge rail at a speed of 

105 .2 km/hr and an angle of 25.5 degrees. A summary of the test results and the sequential 

photographs are shown in Figure 19. Additional sequential photographs are shown in Figure 20. 

Documentary photographs of the crash test are shown in Figures 21 and 22. 

8.2 Test Descr iption 

Initial impact occurred 2-111 upstream from the center afpost no. 4, as shown in Figure 23 . 

Upon impact \'vith the bridge rail , the left-fron t corner of the pickup crushed inward, except fo r the 

engine hood which protruded over the top of the bridge rail. At 0.038 sec aftcr impact, the left-front 

tire climbed up the face oflhe concrete rail , and the hood protruded into the plane of the bicycle 

portion of the bridge rail. At 0.056 sec, the engine hood snagged on post no. 4. This contact twisted 

the hood and pushed it back into the windshie ld , thus causing it to crack. After 0.1 J 2 sec into the 

crash event. the top of the driver's side door opened, and the left-rear tire impacted the bridge rail 

and became airborne. At 0.226 sec, the truck was parallel with the bridge rail and had a veloc ity of 

40.91 km/h!". At that same instance, the right-rear tire became airborne, resulting in the en tire truck 

being ai rborne. At 0.360 sec, the pickup truck reached a maximum height above the concrete surface 

with the hood popped open and rotated upward. At thi s same lime, the truck exited the bridge rail 

at a speed of 15.34 km/hr and an angle 01' 1.7 degrees. By 0.620 SeC. both fron t tires landed on the 

ground, and at 0.888 sec the rear of the truck contacted the ground. At 1.024 sec, the truck reached 

its maximum roll ang le of 7.2 degrees. The vehicle ' s post-impact trajectory is shown in Figure 19. 

The vehicle came 10 rest 63.8 III downstream from impact and 9.8 m laterally behind a line projected 

parallel to the Ira f'/"ic side of tile bridge rail. 

40 



8.3 B:uTicr Ounmgc 

Damage to the combination trafficlbicycle bridge rail was minimal. as shown in Figures 24 

and 25. Damage to the concrete rail consisted oftire marks and minor gouging. No concrete cracking 

was found to have occurred during the crash test. The damage to the bicycle rail included light 

contact marks on the rail between the downstream side of post nos. 3 to the downstream side of post 

no. 4. Plastic defo rmati ons were observed in post nos. 3 and 4. Damage to spindles on the upstream 

side of post no. 4 ranged from moderate deformations to complete fraclUre of the welds at the top 

and bottom of one spindle. The cables inside the upper and lower rails of the bicycle rail did not 

J-i'acture during the crash test and were found to be taut. The maxi mum dynamic deflections for posts 

and rail were 69 mm at post no. 4 and 55111lll at the midspan between post nos. 4 and 5. respectively. 

8.4 Vehicle D.,mllge 

Vehicle damage was moderate. as shown in Figures 26 and 27. The front bumper, left-front 

quarter panel. and left-front inner fender well were crushed inward. The engine was twisted and 

shoved toward the right side of the vehicle. During impact, the left-front wheel assembly became 

dislodged ~I S the a liter steel rim fractured away from the inner region attached to the wheel hub. The 

ti re was ripped and deflated. The left door bent outward at the top. causing a crease near the keyhole. 

The hood di sengaged at the right-side attachmcnt, was crushed severely on the left side, and shoved 

into the left side of the windshield which cracked. Longi tudinal deformations, duc to vehicle-rail 

interlock, were observed along the vehicle's left side. The steel frame was bent and twisted a long 

its en tire length. causing the box to contact and crease at the right rear of the cab. Maximum 

occupant eompartmentdeformations to the floorboard andlor firewall in the lateral. longitudinal. and 

vertical directions were 203 111111. 146 mill, and 108 111111 . respectively, as shown in Figure 26. 
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8.5 Occupant Risk Values 

The normalized longitudinal and lateral occupant impact velocities were detcrmined to be 

6.58 mlsec and 7.83 m/sec , respectively. The maximum O.OIO·scc average occupant ridedown 

decelerations in the longitudinal and lateral directions were 5.06 g's and 7.57 g's, respectively. It is 

noted that the occupant impact veloc ities (aIV) and occupant ridedown decelerations CORD) were 

within the suggested limits prov ided in NCHRP Report No. 350. The results oflhe occupant risk, 

determi.ned from the accelerometer data, are summarized in Figure 19. Results are shown graphically 

in Appendix A. The results from the rate transducer arc shown graphically in Appendix B. 

8.6 Discussion 

The analysis of the MN PD·1 test results showed that the combination bridge rai l adequately 

contained and redi rected the vehicle with controlled lateral displacement of the bridge rail. Minor 

deformations to the occupant compartment were evident but not considered excessive enough to 

calise seriolls injuries to the occupants. The vehicle remained upright both during and after the 

collision. Vehicle roll, pitch, and yaw angular displacements were noted, but they were deemed 

acceptable because they did not adversely innuence occupant safety criteria or cause rollover. After 

collision, the vehicle ' s trajectory intruded slightly into adjacent traffic lanes but was determined to 

be acceptable. [n add ition, the vehicle ' s exit angle was less than 60 percent of the impacl angle. 

Therefore, test MNPD· 1 conducted on the Minnesota Combination Traffic/Bicycle Bridge Rail was 

determined to be acceptable according to the NCHRP Report 350 criteria. 

8.7 Barrier Instrumentation Results 

For test MNPD-l, strain gauges were located on the cable anchor turnbuckles and post nos. 

4 and 5. The results of the strain gauge analysis are provided in Table 4. The maximum turnbuckle 
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load was determined to be 4.79 kN, while the maximum measured post stra in was found to be 2,383 

~l stain. Results are also shown graphically in Appendix C. 
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Figure 19. Summary afTest Results, Test MNPD-l . 
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Figure 20. Addit ional Sequential Photographs, Test MN PD-1. 
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Figure 2 1. Documentary Photographs, Test ifNPD-1 
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Figure 22. Documentary Photographs, Test MNPD-I 
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Figure 23 . Impact Location, T est MNPD- l 
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Figure 24 , Barrier Damage, Test MNPD-l 
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Figure 25. Barrier Damage, Test MNPD-1 (Continued) 



Figure 26. Vehicle Damage, Test MNPD-l 



Figure 27. Vehicle Damage, Test tv1NPO-1 (Continued) 
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Table 4. Strain Gauge Results. Test MNPD-I 

• 

Hardware 
Strain Strain Maximum Maximum Maximum 

Type 
Gauge Gauge f.I Strain ' Strcss~ Loadl Comments 

No. Location (mm/mm) (M Pa) (kN) 

Cable 1 Note~ NA NA 4.79 Upstream end- Upper rail cable 

Turnbuckle 2 Note' NA NA 3.55 Upstream cnd- Lower rail cable 

3 Post 4 1533 317.0 NA Upstrcal11-side6 

4 Post 4 2383 NA NA Tramc-side6 

5 Post 4 953 197.1 NA Down strea Ill-S ide~ 

(, Post 4 1656 NA NA Back-side~ 

Post 
7 Post 5 258 53.4 NA Upstream-side6 

8 Post 5 686 142.0 NA Trnffic-side6 

9 Post 5 263 54.4 NA Downstream-side~ 

10 Post 5 746 154.4 NA Back-side6 

All strain values are shown in the absolute val ue only. 
All clastic stress values are shown as the abso lute value only and calculated by mu lt iplying the strain by the 
modulus of elasticity equal to 207,000 MPa. Minimum yield stress for the post is 317 MPa. 
All iolld val ues are shown in the absolute value on ly. 
Strain gauge location is the cable turnbuckle on the upstream end of the upper rail cable. 
Stmin gauge location is the cnbJe turnbuckle on the upstream end of the lower rail cable . 
Strain gnugc location is 559 111111 from the top of the pOSI. 

NA· Not Available 
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9 CRASH TEST NO.2 

9.1 Test MNPD-2 

T he S.002-kg single-unit truck impacted the combination traffic/b icycle bridge rail at a speed 

o f 82. 1 km/hr and an angle of 14.7 degrees. A summary of the lest results and the sequential 

photographs are shown in Figure 28. Additional sequential photographs are shown in Figure 29. 

Doculllentary photographs of the crash lest are shown in Figures 30 through 32. 

9.2 Test Description 

Initi al impac t occurred 2-m upstream li'OIll the center of post no.3. or O.S6-m upstream from 

the fi rst bridge rail spli ce. as sho\'\,11 in Figure 33. Upon impac t, the left-front tire and bumper corner 

began to deform. After 0.043 sec after impact. the left-front tire climbed to its maximum height on 

the face o f the concrete bridge mil , and the len-front fender rode on top of the concrete bridge rail 

as the front bumper crushed inward. At 0.1 18 sec. the fron t of the truck pitched upward, the left-front 

fender raised off the top ofthe bridge rail. and the ri ght-front tire became ai rborne. At the same time, 

the len-frol11 fender began to contact the bicycle rai ling. At 0.204 sec after impact, the left- rear Lire 

contacted the bridge rail wh ile the truck box rolled toward the rail , thus causing the right-front tire 

to become airborne. At 0.212 sec, the ri ght- fro nt fender was elevated to a height above the top of the 

bicycle rail. At that time, the left-front co rner of the box impac tcd and deformed the bicycle ra il , 

thereby causing Illost of the damage to the bicycle ra il. At 0.427 sec, the (nick rolled 

counterclockwise toward the rai l while the righ t-rear tirc came off the ground. Simultaneously. the 

len-froll t tire Was pushed back and inward. twisti ng the front ax le and turning the right-front tire 

nearly perpendicular to the truck 's path of travel. At 0.702 sec, the twisted right -frolll tire struck the 

ground. and at 0.756 sec the truck box reached its maximum ro ll angle of26.9 degrees while leaning 
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over the lOp of the bridge rail. At 1.058 sec. the right- rear tires contacted the ground as the truck 

began to roll away from the bridge rail At 1.504 sec after impact, the truck exited the bridge rai l. 

At 2.35 1 sec, the left-from comer of the truck coDlacted the ground, and the truck continued in a 

stable upright position. The vehicle ' s post-impact trajectory is shown in Figure 28. The vehicle came 

to rest 68.3 III downstream from impact and 4.39 m away from Ihe traffic side of ihe bridge rail. 

9.3 BarrieI' Oanulgc 

Damage to the combination traffic/b icycle bridge rai l was moderate, as shown in Figures 34 

through 38. The damage consisted of ti re and gouge marks on the concrete bridge rail , permanent 

deformat ions in the steel bicycle rail, and permanent se t in the steel posts. Contact marks were found 

on both the concrete and the steel rail. Defonnation to the steel rail included spindle deformations, 

fracture of the spindles away from the rail tubes. and extension oflhe gaps between rail splices. As 

measured in the field. the maximum gaps between mil splices in the top and bottom rails were 24 1 

mm and 203 mill. respective ly. 

Post damage occurred to all posts, except nos. I. 2, I I. and 12. Contact marks were found 

on the bicycle rai l between post no. 3 thro ugh II. Post no. 3 fractured on the traffic-side face near 

the breakaway hole. Post no. 4 also frac tured on the traffic-side at the breakaway hole and was bent 

backward. Post nos. 5 and 6 ruptured almost through the ent ire depth and bent nearly 90 degrees 

from the ve rtical. Post no. 7 sustained the most damage as it was completely broken off. Poslno. 8 

ruptured a long lhe welds connecting the post to the stee l plate. Post no. 9 fractured halfway through 

the breakaway ho le while post no. 10 ben t at the breakaway hole. The cables inside the upper and 

lower stee l rails exhibi ted no damage and constrained the large pieces ofloose steel rail. A tolal of 

nineteen spindles were detached from the bicycle railing - seven teen on the back side and two on the 
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traffic side of the bridge railing. The maxi mum dynamic post and rail de fl ections were 4 15 111m at 

post 110 . 4 and 456 mOl at the midspan between post nos. 4 and 5. respecti vely. 

9.4 Vehicle O'lnIllge 

Vehicle damage was moderate, as shown in Figure 39. Most of the vehicle damage occurred 

near the left-fra n! corner of the vehicle. consisti ng primaril y of damage to the fender, hood, bumper, 

and running board. T his damage also included di sengagement of the fron t ax le assembly. resulting 

in the vehicle coming to a stop on the fronl springs. The left-frollt corner of the truck box was 

severely worn due to contact with the bridge rai l. The truck rail under the left side of the box was 

twisted and benl. In addition. the truck box was pushed forward against the cab. There was no 

occupant compartment de formations to the interior of the cab nor fracture of the windshield. 

9.5 OCCUP~lnt Ilisk Va lues 

The no rmali zed longitudi nal and lateral occupant impact velocities we re determined to be 

2.37 Ill/sec and 2.69 Ill/sec. respecti vely. The maxi mum O.O ID-sec average occupant ridedown 

decelerations in the longitud inal and lateral d irections were 5. 18 g's and 4.30 g's, respecti vely. It is 

noted that the occupant impact velocities (01 V) and occupant ridedown dece lerations (ORO) were 

within the suggested limits provided in NCHRP Report No. 350. The results o Fthe occupant ri sk, 

de termined from the accelerometcrdata. are summarized in Figure 28. Results are shown graphica ll y 

in Appendix D. The results from the rate transducer are shown graphically in Appendix E. 

9.6 l>iseussiol1 

The ana lys is of the MN PD-2 lest results showed that the combination bridge rail adequately 

contained and redi rectcd the vehicle with con tro ll ed latera l di splacement o f the bridge ra il. No 

deformations were found to have occurred to the occupant compartment. The vchicle remained 
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uprigh t both duri ng and after the collision. Vehicle roll. pitch. and yaw angular displacements were 

noted, but they were deemed acceptable because they did not adversely influence occupant safety 

criteria or cause ro llover. After co lli sion, the vehicle' s trajectory intruded slightly into adjacent 

traffic lanes but was determined to be acceptab le. In addition , the vehicle's exit ang le was less than 

60 percent orlhc impact ang le. Therefore. test MNPD-2 conducted on the Minnesota Combination 

Traffic/Bicycle Bridge Rail was determined to be acceptable according to the NCHRP Report 350 

criteria. 

9. 7 B~lrricr I nstl"Ument:ttion Results 

For test MNPD-2, stra in gauges were located 011 the cable anchor turnbuckles. The results 

ortlle strain gauge analys is are provided in Table 5. The maximum turnbuckle load was determined 

to be 46.74 kN. Results are shown graphically in Appendix F. 
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n.115sec 0.205 sec 0.273 sec 

I---------M.~ m'---------1 

• 
• 
• 
• 
• 

• 
• 
• 
• 

• 

Test Number 
OllIe . 
Appurtenance .... 

.. r..1NPD-2 

.. 4/15/97 

.. Minne~oi;l Comhination TralliclBicycle 
Bridge Rail 

Tolul knglh ..... . . ]6,6 III 
Concr..:tc Tramc Rail ...... ... Nc:w Jerse~' Salety Shape 

Length ....... . ...... 6. 1 III 
Height .... •.. 810 mm 
Base Width . . 460 nun 
Top Width .. .. . 2]0 mill 

Stl,."C1 Rail . . . . . . . . . . . . . .. . TS 76 x 51 x ] nun - A500 Grade 8 
Steel Spindles .. ..... 16 nun Square Bars· A36 
Stl,.'C1 PoSL.. . , . TS 102 x 51 x 3 mm - A500 Grade 8 
Vi!hidc Model .............. 1986 Ford F-800 Single-Unit TnL~k 

Curb .. ' . , . . ...... 5,254 kg 
Test lnertia . . . 8,002 kg 
Gross Stati~ . R,002 kg 

Vehicle Speed 
Impact 
Exit ... 

82. 1 km/hr 
.. ..... NA 

Figure 28 . Summary of Test Results. Test MNPD-2. 

• 

• 
• 

• 

• 

• 
• 
• 

1 
4.» '" 

L • -.---
Vehicle Angle 

Impact ... .. ....... 14.7 deg 
Exit .... .. NA 

Vehicle SUlhility ......... Satislilctory 
Occupant Rid ... 'tlO\\11 Deceleration (10 IIlsec avg.) 

Longitudinal .... . ....... 5.IS G's < 20 G' s 
Later/II (nol required) ..... 4.30 G's 

Occupant Impuct Velocity (Nonnalized) 
Longitudinal . . . . . . . . 2.37 IIIls < 12 IIIls 
Lat..:ntl (nol required) . 2.69 IIIls 

Vehicle Damage . . . . . . . . . Moderate 
TAD!I ........ ... l l -LFQ-3 
SAE:! .. . .............. ll-LFWU 

Vehicle Stopping Distance ..... 68.3 11\ downstream 
4.39 III lalcml 

Bridge Rail Damagc , . , . Moderate 
Maximum Dcllections 

PenlHlIIcnt Sci 
Dynamic ... 

... NA 

. .. 456 mill 

0.3 40 sec 

'1CI ... :uo_ 

r- r- n .J. __ 

"~ 

<== ~ 
V 
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0.000 sec 

0.043 sec 

O.118sec 

0.204 sec 

• • 

0.212 sec 

Figure 29. Additional Sequent ial Photographs, Test MN PD·2. 
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Figure 30. Documentary Photographs, Test MNPD-2 
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Figure 31 . Documentary Photographs, Test MNPD-2 



,;.~ • .. 

Figure 32. Documentary Photographs, Test MNPD-2 
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Figure 33. Impact Location, Test MNPD-2 
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Figure 34 . Barrier Damage, Test MNPD-2 
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Figure 35 . Barrier Damage, Test MNPD-2 (Continued) 
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Figure 36 Barrier Damage, Test MNPD-2 (Continued) 



., 

Figure 37. Post Damage, Test MNPD-2 



Figure 38. Post Damage, Test MNPD-2 (Continued) 



Figure 39. Vehicle Damage, Test MNPD-2 



Table 5. Strain Gauge Results, Test MNPD-2 

Hardware 
Strain Strain Maximum 

Type 
Gauge Gauge Load l Com ments 

No. Location (kN) 

Cable I Note~ 46.74 Upstream end of cable for lower rail 

Tumbuck le 2 Notel 18.24 Upstream end of cable for upper rail 

All load values are shown in the absolute value only. 
Strain gauge location is the cable turnbuckle on the upstream end of the lower rail cable. 
Strain gauge location is the cable turnbuckle on the upstream end of the upper rail cable. 
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10 SUMMARY AND CONCLUSIONS 

The combination traffic/bicycle bridge railing system described in this report was developed 

and successfully evaluated according to current impact safety standards. The bridge railing system 

\vas configured with a standard New Jersey safety shape bridge rail , tubular sleel rail s, tubular steel 

posts with breakaway mechanism, and so lid vertical spindle bars. Two longi tudinal wire ropecabJes 

,-vere also incorporated into the design to prevent the bicycle railing from railing below after impact 

and to eliminate the poten tial for penetration oflhe vehicle's occupant compartment by dislodged 

railing members. 

Two full-scale vehicle crash lests were performed according to the TLA criteria found in 

NCHRP Report No. 350. Test MN PD- l. performed with a pickup truck impacting the rail ing system, 

was determined to be acceptable according to the safety performance criteria presented in NCHRP 

Report 350. Following this crash test, the steel bicycle rail ing was repaired and made ready for the 

second crash test. Test MNPD-2, performed wi th a single-unit lTuck impacting the ra iling system, 

was also determined to be acceptable according to the TL-4 safety performance criteria. A summary 

orlhe safety performance evaluat ions for the two crash tests is provided in Table 6. 

Therefore. a combination traffic/bicycle bridge rail has been sllccessfully developed and 

meets currenl saFety standards. Full-scale crash testing has indicated that acceptable impact 

performance is poss ible; although, large dynamic rai l and post de fl ections can occur when impacted 

by single-unit trucks. However. it is noted that the combinat ion traffic/bicycle bridge railing can 

easil y be rep,lired due to its modular-type construction. 
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Table 6. SlUllmary of Safety I>crformance Evaluation Results 

Eva luation C rite ria 

A. Test arti cle should contai n and redirect the vehi cle: the vehicle should 
not penetrate, underridc. or override the installation although contro lled 
latera l deflection of the test article is acceptable. 

D. Detached e lemen ts. fragments or other debris from the testanicle should 
not penetrate or show potential for pcnet"fating the occupant 
compartment, or present an undue hazard to other traffic, pedestrians, or 
personne l in C\ wo rk zone. Deformations of. or intrusions into. the 
occupant compartmentlhat could cause seriolls injuri es should not be 
permitted. 

F. The vehicle should remain upright dur ing and after collision although 
moderate roll. pitching and yawing are acceptable. 

G. It is preferab le, although not essentia l, that the ve hicle remai n upright 
during and afte r colli sion. 

H. Longitudinal and latera l occupant impact ve loc ities should fall be low the 
preferred value of 9 m/s. or atieasl be low the maximum al lowable value 
of 12 I11 /S. 

I. Longitudina l and latera l occupant ridedown accelerations should fa ll 
below the preferred value of IS g's, o r at least below the maximu m 
allowable value of 20 g ·s. 

K. After co ll ision it is prefe ra ble Ihat the veh icle's trajectory not int rude 
into adjacent tra mc lanes. 

L. The OCCUp<lllt impact ve loc ity in the 10 ll g itudina l direction should nOI 
exceed 12 Ill /s and the occupant ridedow n acce lerati on In the 
longitudina l direction should not exceed 20 g' s. 

M . The exi t angle from the test an icJe prefe rably should be less than 60 
percent of test impact angle. measured all ime ofvchicJe loss of contact 
with test dev ice. 

S - Sati sfactory 
M ~ Margina lly passed 
U· Unsatisfactory 

Test Test 
MNPD- I MNPD~2 

S S 

S M 

S S ' 

S' S 

S' S' 

S' S' 

M M 

S SI 

S S 

I Results of evaluation repofted here even though it is not required by NCHRI' Report No. 350 U) 
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11 RECOMMENDATIONS 

For combination traffic/bicyc le railing systems, such as the one developed and described in 

this report, signiJicant contact can occur between the impacting vehic le and the bicycle railing 

components. For example. when the single-unit truck struck the attached bicycle rail , several vertical 

spindle bars became dislodged from the railing system. Therefore, it is recommended that 

consideration be given to modify ing the design in order to reduce the potential fo r the vertical 

spind le bars li'om releasing from the system and decrease any hazard from flying debris. These 

design considerations may include the following: ( I) increasing the strength or the connection 

between the tubular rails and the spind le bars; (2) attaching a longitud inal railing member to the 

traffi c-side face of the spindle bars and at the mid-height between the two rail s; (3) reduc ing the 

mass of the spindle bars by using small tubes; and (4) moving the spindle bars to the back side of 

the tubular ra ils to increase the strength of tile welded connection. 

The researchers believe that other combination traffic/bicycle bridge ra iling concepts may 

be developed to meet the NCI-IRP Report No. 350 and AASHTO LRFD criteria. However. those 

concepts may not provide the same level of Jesthetic appeal as provided by thi s system. In addition, 

newly deve loped combination traffic/bicycle bridge railing systems can only be verifi ed through the 

use of full-sca le vehicle crash testing. 

Finally. the authors believe that this combination traffic/bicyc le bridge rai ling can be adapted 

to other safety shape bridge railings (i.e .. F-sllape and single slope) or vert ical parapets of similar 

height and top width with only minor modifications. Additionally, it is beli eved that no further 

test ing wi II be req uired since the F -shape and single-slope barriers are considered to behave sl ightly 

bettcr than the New Jersey shape in crash testing &.8.,ll). 
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APPENDIX A 

Accelerometer Dat:. Analysis - Test MNPD- I 

Figure A- J . Graph of Longitud inal Decelerat ion, Test MNPD- I 

Figure A-2. Graph of Longitudinal Occupant Impact Velocity, Test MNPD-I 

Figure A-3. Graph of Longitudinal Occupant Disp lacement, Test MNPD-I 

Figure A-4 . Gra ph of Lateral Deceleration, Test MNPD-I 

Figure A-S . Graph of Lateral Occupant Impact Velocity, Test MN PD- I 

Figure A-6. Graph of Lateral Occupant Displacement , Test MNPD- l 
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LONGITUDINAL DECELERATION · TEST MNP0·1(EDR-4) 

30 

20 •••• 

10 

0· 

fJ\ 

· 10 

o.o 

~- •·­

\~ 

. 
' i . 

• • ·····-·· ······ · ••• •I 

! 

' ' ' 
' 
' ·-- _,~ 

' 
' ' 
' ·----···-· .. ··-.. -; ---- ... 

~ ~ 
. . 

• • • ! 
I t I t 

: " ' l : J : ~ 1~ r-- J ~~rv (\ l , 1 i i - \1\ 1 

. I \j :~ \ I \ . . : : ~""' . " . .\..
1 
.................. -.... V .... rA\j ............. ~ .. Lp~;:.r-,.__.,~ ~~!.... .. .......... vf\ .. ~, .;. 

. \ : ~~..../ "\) . V; ! : ~ 
\ : ; : : : . 

0. 1 

• I I I I 

0.2 0.3 

. . . : : ' 

. 
' ' -~ . --···----------··· ........... . 

0,4 

So~ 

0.5 

.. . ··---------··· 
' 

o.s 0.7 

Figure A-J. Graph of Longitudinal Deceleration, Test MNPD-1 
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Figure A-2. Graph ofLongitudinal Occupant Impact Velocity, Test MNPD-1 
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Figure A-4. Graph of Latera] Deceleration, Test MNPD-1 
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LATERAL. OCCUPANT DISPLACEMENT · TEST MNPD-l (EOR-4) 
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AI'PEN"DIX B 

Rate T.-ansducer Data Analys is · Tesl MNPD-I 

Figure 8 - 1. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MNPD-I 
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A PI'EN DIX C 

Strain Gauge Data Analys is - Test MNPD-I 

Figure C-I. Graph ofTop Rail Cable Anchor Load, Test MNPD- I 

Figure C-2. Graph of Bottom Rai l Cable Anchor Load, Test MNPD-' 

Figure C-3. Graph of Ups Ire am-Side Post NO. 4 Strain, Test MNPD-l 

Figure C-4. Graph of Traffic-Side Post NO.4 Slrain, Test MNPD-I 

Figure C-5. Graph of Downstream-Side Post No. 4 Strain, Test MNPD- l 

Figure C-6. Graph of Back-Side Post NO. 4 Strain, Test MNPD-I 

Figure C-7. Graph of Upst ream-Side Post NO. 5 Strain, Test MNPD-I 

Figure e-8. Graph of Traffic-Side Post NO.5 Strain, Test MN PD-I 

Figure e-9. Graph of Downstream-Side Post NO. 5 Stra in , Test MNPD-I 

Figu re C-IO. Graph of Back-Side Post No. 5 Strain, Test MNPD-I 
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APPENDIX D 

Accelerometer Data Analysis - Test MNPD-2 

Figure D- l . Graph of Longitudinal Deceleration, Test tvtNPD-2 

Figure D-2. Graph of Longitud inal Occupant Impact Velocity, Test MNPD-2 

Figure 0-3 . Graph of Longitudinal Occupant Disp lacement, Test MNPD-2 

Figure 0-4. Graph of Lateral Deceleration, Test MNPD-2 

Figure D-5 . Graph of Lateral Occupant Impact Velocity, Test MNPD-2 

Figure D-6. Graph of Lateral Occupant Displacement, Test MNPD-2 
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Figure D-5. Graph ofLateral Occupant Impact Velocity, Test MNPD-2 
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AI'PENDIX E 

Rat e Transducer Data Analys is - Test MNPD-2 

Figure E- i. Graph of Roll , Pitch, and Yaw Angu lar Displacements, Test M NPD-2 
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APPENDIX F 

Stmin Gauge Da(;l Analysis - Test MNPD-2 

Figure F- I . Graph of Bottom Rail Cable Anchor Load, Test MNPD-2 

Figure F-2. Graph of Ta p Rail Cable Anchor Load, Test MNPD-2 
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