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1 INTRODUCTION
1.1 Background

Bridge rails are commonly used to shield errant vehicles from falling into a hazard being
spanned by the bridg&o shieldthe ends of the bridge railingsd to provide guardrailinout
length upstream from the bridge hazamhshworthy guardrail systems with transitions and end
terminalsare frequently utilizedThe minimum length of guardhil required to shield hazardis
determinedusing lengthof-need (LON) formulas foundhe American Association of State
Highway and Transportation OfficialSAQSHTOO )s Roadside Design Guidgl]. In some
instances, the location of a bridge is very close to an intersestich, that the secondary or
intersecting roagay is within the guardrallON.

Shortradius guardraitystems werealesigned tgreventerrant vehiclegrom interacting
with the bridge hazard, as well as to provide a stiffness transition to a stiff bridgerddte, no
systems have yet passed frest Level 3TL-3) impact criteria identified in either the National
Cooperative Highway Research Program (NCHRP) Report No. 3p®r[ the American
Association of Highway Transportation Officials (AASHT®Janual for Assessingafety
Hardware (MASH) [3]. Most short radius systems were tested in accordance with NCHRP
Report No. 2304]. The Yuma County shoradius systemwas first tested in accordance with
the AASHTOGuide Specificationfor Bridge Railingg5], and was later approved for use with
NCHRP Report No. 350 TR impact condition§6].

Although shorradius guardrails have beeecommendedor use with rdii up to 30 ft
(9.1 m)in the FHWA Technical Advisory T5040.37][ the performance of systems with radii
larger than 10 ft (3.0 m) is not walbcumentedSystems with radii larger than previously tested
may not be as stiffsasystems with smaller radii. Increadkkibility during impact maydisrupt

beneficial bumpeto-rail engagement and culminate in vaultiogerrideor underride At very
1
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large radii, the guardrail stiffness may initially increases the rail tensile foes become
increasingly tangential.

Wisconsin DOTcommissioned a study to evaluaterrentlyaccepted designs short
radius guardrail systems witarger radiiof curvatureusingcomputersimulation Because crash
testing was beyond the scope of this @cbj no federal approval of tlikesignswill be pursued
It was believed that the research would provide guidance for safe intersection speed and radius
combinations and suggest potential improvements in the design of currentasiastguardrail
systemavhen used on large radius intersections
1.2 Research Objectives

The research objectivef this project wago evaluatemodifications to thedesign ofan
approved shostadius guardrail systems witlharger radi of curvature determine the
performance limit®f the systems, and evaludle limiting travel speeds on roadways for which
the simulated shortadius guardrail could still perform adequately
1.3 Project Outline

A series of tasks wemmnductedo complete the research objectives:

1. Evaluate existing shiradius guardrail designs which received approval from FHWA,;

2. Develop and alidate baseline models of shoadius guardrail systemssing crash test
results

3. Modify the validated short radius design wiginger radiiand different rail heighis

4. Determinethe maximum speecht which the largeradius designs were ktdetermined
to be crashworthy; and

5. Provide an approximate percentage of crashes which could be contained by various

radius and hardware configurations.
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2 LITERATURE REVIEW
Severalshortradiussystemswere successfullyested according to criteria presented in
NCHRP Report No. 23M]. The testedsystemstypically consisted of \Abeam guatrail with
radii between 8 and 10 ft (2.4 and) &) mounted on rectangular araular Controlled Release
Terminal CRT) posts with42-in. (1,06#mm) embedmentdeptts and anchorage<riteria
presented in NCHRP Report 230 required a minimum of four crashctstisicted at 60 mph
(97 km/h)
1) 4,5001b (2,041kg) sedarat O degrees, agerline aligned with stiff bridge rail
2) 4,500lb (2,04%tkg) sedan at 25 degrees, at the critical impact point (CIP) near the
transition
3) 4,5001b (2,04%kg) sedan at 25 degrees, centerline aligned wiithpoint of radius;
and
4) 1,900Ib (862kg) small car 820 degrees;enterlinealigned withmidpointof radius
The Yuma County shoradius guardrail system was tested in accordance with the
AASHTO Guide Specificationfb] Performance Level 1 (RL) impact conditions. A total afix
testsconducted at 45 mph (72 kmAvgre required:
1) 1,984Ib (900-kg) small car at 2@egreesat the CIP near the transition
2) 5,40%Ib (2,456kg) pickup truck at 20 degrees, at the CIP near the transition
3) 1,984lb (900-kg) small car at 20 degreesrderline aligned witlnidpointof radius
4) 5,40%Ib (2,450kg) pickup truck at 20 degrees, centerline aligned wwidpoint of
radius
5) 1,984lb (900-kg) small car at O degrees, centerline aligned with stiff bridgpamad

6) 5,40%lb (2,450kQ) pickup truckat O degrees, centerline aligned with stiff bridge rail
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No shortradius systembave beersuccessfully crash tested according to NCHRP Report
No. 350 P] or MASH [3] TL-3 impact conditionsSeventests were required according to
NCHRP Report No. 350 crash test conditions. NCHRP Report No. 350 impact conditions are
discussed in literaturé3{9].

A summary of previouslyested shortadius sgtems are shown in Tablésthroughb.
Bullnose systems, which share many similar features asrsltus systems, are summarized in
Tables7 throughl3.

2.1 Historical W-Beam Short Radius Systems

2.1.1Systems Tested to NCHRP Report No. 230

Two W-beam shortadius systems whictWere successfully tested accanglito NCHRP
Report 230 criteria included the Washingtd][and Texas Transportation Institute (TTI1]
designs. Each design consisted of curvedb&dm guardrail mounted on wooden breakaway
postsconnected to a downstream anchorage and rigid orsgichibridge railing.

Thefinal design of thaVashington shontadius design is shown Figurel. The system
consisted of a curved Weam end termination, 25 ft (7.6 m) ofFbéam including a Breakaway
Cable Terminal (BCT) end anchorage system with cable anchorsoneattached teeach BCT
post.The cables wersplicedtogether near the ground line. The guardrail radius 8f&$-in.
(2,59Emm), and 25 ft (7.6 m) of Wdeamguardrailwas used tdransition to a rigid bridge rail.

The system was configured such that the barrier adjacent to the secondary roadway was installed
parallel with the road, whereas the primary side of the system had a 10:1 flare upstream of the
bridgerail. Posts installed at the transition wéré. x 8 in. X 72 in. (152 mm x 203 mm x 1,829

mm) rectangular timber postand posts installed on the radius and secondary side of the system
were 6 in. x 8 in. x 72 in. (152 mm x 203 mm x 1,829 mm) rectamdDRT postsOne CRT

post on the primary roadway side and all six transition posts utbizedx 8 in. x 14 ¥ in. (152
4



Tablel. Summary of Short Radius Guardrail Systems

converted to 7-in.
diameter CRT

Post nos. 1

Post nos. 2-4, 6-ft 3-in.
spacing

Test |Reference| Secondary Road |Secondary Side| " . . . Post Details Post Details Post Details Post Details Post Details Post Details Post Details
No. No. Anchorage Rail Radius |Primary Side Rail A B c D E F G NOTES
Est. 6-in. x 8-in. x 7-ft |  10-in. x 10-in. x 7-ft
Buffer end section BCT pqst in concrete 6n. x 8in. x 7 ft long 4-in. xV6-|n. x 7-ftlong | 4-in. ><‘6-|n. x 7-ftlong [ BCT pqst in concrete Iong.tlmbgr post‘ (unk) Iong tlmbgr posts ,Wm W-beam End Shoe
. . " . footer with BCT cable N timber post timber post footer with BCT cable with 6-in. x 8-in. in. x 8-in. x 14-in. Attachment to Concrett
(curved, flattened W{12-ft 6-in. parallel 8-ft 6-in. radius| 25 ft with 10:1 timber post N ;
By y anchor anchor blockouts blockouts Bridge Rail
WA-1 beam piece) with BC|to road, 12-gaug 12.5-ft Long, 12|flare, 12-gauge Post No. 3, 6-ft 3-in. frofPost No. 4. 6-ft 3-in. fro
cabIeBg_r;chg;and 1 W-beam gauge W-bean beam Post No. 1 (Secondary Post Ng.oil ?\‘-: 3;”' fro Post No. 2 (start of Post No. 3 (center of [Post No. 5, 6-ft 3-in. froff Post Nos. 6-8, 3-ft 1.5-ijPost Nos. 9-11, 3-ft 1.| 1:2 Slope at Center of|
p Side) . radius) radius) Post No. 4 (end of radiu| spacing, 6-ft 3-in. from| in. spacing, 3-ft 6-in. Posts
Post No. 5 from Post No. 8
) BCT post in concrete Gin X8 X7HIONG |4 6 7t long | 4-in. x 6-in. x 7-ft long )
Buifer end section footer with BCT cable timber post with pipe timber breakaway pos| timber breakaway pos BCT post in concrete Same as WA-1, pipe po
(curved, flattened Wi anchor substituted for post-to-r. P P footer to-rai attachmeln’: Zsep d
WA-1IM beam piece) with BC| Same as WA-1 Same as WA-]1 Same as WA-1 attachment . . Same as WA-1 Same as WA-1 5
Post No. 3, 6-ft 3-in. froflPost No. 4, 6-ft 3-in. fro . secondary side BCT
cable anchor and 1 Post No. 1 (Secondary Post No. 2 (start of Post No. 3 (center of Post No. 5, 6-ft 3in. fro anchor
BCT post - Post No. 2, 6-ft 3-in. froi . - Post No. 4 (end of radiy
Side) radius) radius)
Post No. 1
Est. 6-in. x 8-in. x 7-ft |  10-in. x 10-in. x 7-ft
4-in. X 6-in. x 7-ftlong | 4-in. x 6-in. x 7-ft long R long timber post (unk) [ long timber posts with
10 timber breakaway pos| timber breakaway pos' BCT pcf)z:ﬁlgrconcrete with 6-in. x 8-in. in. x 8-in. x 14-in.  |Added 12-ft 6-in. W-beal
WA-2M Same as WA-IM [Same as WA-1i 52 35 WAY qume as WA Same asWAM | Same as WA-IM _ _ blockouts blockouts and two addional
im Post Nos. 3-5, 6-ft 3-in|Post No. 6, 6-ft 3-in. fro Post No. 7, 6-ft 3-in. fro breakaway posts to
from Post No. 2 (start ¢ Post No. 3 (center of s " .| Post Nos. 810, 3-ft 1.§ Post Nos. 11-13, 3-fff secondary side of syste|
. N Post No. 6 (end of radiy . . N . . .
radius) radius) in. spacing, 6-ft 3-in. fror{1.5-in. spacing, 3-ft 6-i
Post No. 7 from Post No. 10
BCT post in soil
Buffer end section foundation tube with BC| Second post converted
(curved, flattened W Same as WA- cable anchor attached BCT post with addl cabl
WA-3M beam piece) with 2|Same as WA-2 oM Same as WA-2I Same as WA-2M foundation tube Same as WA-2M Same as WA-2M Same as WA-2M Same as WA-2M Same as WA-2M anchor attached to
BCT cable anchors| foundation tube, spliced
and 2 BCT posts Post No. 2, 6-ft 3-in. fros first cable
Post No. 1
WA-4M Same as WA- Same as WA-3M with Bolt removed from pos
Same as WA-3M [Same as WA-3| aMm Same as WA-3I Same as WA-3M Same as WA-3M Same as WA-3M post-to-rail attachment Same as WA-3M Same as WA-3M Same as WA-3M | no. 6; final system desig|
WA-5M removed shown in Figure 1
. . 7-in. diameter timber
9-ft 4.5-in. straigh|  7-in. diameter timber 7-in. diameter tmber osts (attached to
25-ft with 14-ft 3 N 9 : 7-in. diameter CRT pos| BCT post with cable | 7-in. diameter CRT pos| BCT post with cable posts p . . -
25-ft parallel to | . W-beam, 12-ft 6-| posts bridge rail) Tubular W-beam transiti
25-ft Long turndown! in. radius, 25-ft|. anchor anchor P ;
1263-1 road, 12-gauge in. tubular W-beal . . . to stiff bridge rail (safety|
anchor long (90-deg - . | Postnos. 3-4, 6-ft 3-in. Post nos. 6-7, 6-ft 3-in. Post nos. 9-10, 6-ft 3-i .
beam transition, 12-gaud Post nos. 1-2, 6-ft 3-in} . . . N . Post Nos. 11-14, 3-ff shape concrete barrier|
bend) N . . spacing Post no. 5 (start of radi| spacing (along radius)| Post no. 8 (end of curvg from post no. 8, with 3-f| .
W-beam spacing (secondary sid 1.5, spacin 1.5-in. from Post No.
~>IN-SPACG 11 1.t 6.75-in. Spacin
Same as 1263-1 Same as 1263-1 | 7-in. diameter CRT pos
12632 Same as 1263-1 | Same as 1263-Same as 1263]1 Same as 1263-]  Same as 12631 | SCCPtANChorage dep) oo o 4554 | EXCEPLaNChOrage dep i Sameas 12631 | Sameas 12631 |F OS5t & converted fro
was increased from 38 was increased from 38 Post no. 8, 6-ft 3-in. BCT to CRT post
1 44 in. 44 in. spacing (end of radius
Same as 1263-2 wi Same as 1263-| Same as 1263{ Same as 1263-7
1263-3 nested W-beam with nested W-| with nested W-| with nested W- Same as 1263-2 Same as 1263-2 Same as 1263-2 Same as 1263-2 Same as 1263-2 Same as 1263-2 Same as 1263-2 Rail nested throughout|
beam beam beam
1263-4 Same ats li§3- Radius increased to cay
Same as 12633 | Same as 1263 =°%0 "L VS| same as 1263 Same as 12633 Same as 1263-3 Same as 1263-3 Same as 1263-3 Same as 1263-3 Same as 1263-3 | Same as 12633 | splces to occur at pos
1263-5 |ncreafste ° locations
Same as 1263-5, L . 7-in. diameter CRT pos Pos.t no- 2 converted to
excent that post no 7-in. diameter timber poj in. diameter CRT
1263-6 P P '| Same as 1263-Same as 1263-6 Same as 1263-5 Same as 1263-5 Same as 1263-5 Same as 1263-5 Same as 1263-5

Same as 1263-5

System shown in Figures

through 7
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Table2. Summary of ShotRadus Guardrail Systems Feficale Crash Testing

Test [Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
1978 Plymouth 60.0 mph | Centerline of vehicle with . .
WA-1 sedan . ) 27 Failed - vehicle vaulted systen
and 0 deg center point of radius
4,520 Ib
1978 Honda sma . . .
WA-1IM car 60.8 mph Angled hit into guardrail 27 Conditionaly Faied - I.or?grtudlna
and 23.7 de| qV exceeded limits
1,903 Ib
1977 Dodge seda 60.6 mph . . Failed - all posts on secondary 4
WA-2M 4789 Ib and 13.4 de Angled hit into guardrail 27 fractured
10
1978 Dodge seda 58.9 mph . . Failed - W-beam fractured durit
WA-3M 4,640 Ib and 16.6 de Angled hit into guardrail 27 impact
1978 Dodge sedd 58.8 mph . . Passed (despite yaw, back tirg
WA-aM 4,650 b and 14.6 de| Angled hit into guardrai 27 overriding system)
4,640 Ib 1978 | 59.0 mph | Centerline of vehicle aligne
WA-5M Plymouth sedan|and 1.1 ded with center point of radius 27 Passed
1987 Yugo GV 58.4 mph . i Failed - High occupant
1263-1 small car Center point of radius ~27.1 .
and 20.5 dej accelerations, overrode syste
1,970 Ib
1987 Yugo GV 59.0 mph . ) Failed - splice rupture, car
1263-2 small car Center point of radius ~27.1
and 20.4 de| penetrated system
1,970 b
1987 Yugo GV
1263-3 small car 60.2 mph Center point of radius ~27.1 Passed
and 20.7 de
11 1,970 Ib
1982 Cadilac 57.1 mph | 75 in. from end of concretg
1263-4 sedan and 24.7 de barrier ~27.1 Passed
4,500 Ib )
1985 Cadillac ! . .
1263-5 coupe sedan 58.5mph | Centerine qf vehlcle.wnh ~27.1 Failed - underride and roof crug
and 26.8 de| center point of radius
4,500 Ib
1983 Cadilac 58.3 mph | Centerline of vehicle aligne
1263-6 coupe . . . ~27.1 Passed
4500 Ib and 2.0 deg with bridge rail




Table3. Summary of Short Radius Guardrail Systdomni)

Test |Reference| Secondary Road |Secondary Side| " X . . Post Details Post Details Post Details Post Details Post Details Post Details Post Details
No. No. Anchorage Rail Radius |Primary Side Rail A B c D E F G NOTES
BCT posts in soil 6-in. x 8-in. CRT posts|
YC-1 foundation tubes, BCT| 6-in. x 8-in. timber posty 10-in. x 10-in. timber TVZOIE:J tzasllf;rw aetre
. _{12-ft 6-in. straig| " . .| cable attached to railaf Post nos. 3-5, 6-ft 3-in) with 6-in. x 8-in. x 14.25{ 8-in. x 8-in. timber post posts with timber P 9
BCT end terminal wit| 8-ft radius, 12-ff 18-ft 9-in. straigh A L L upstream anchor; one
. W-beam . . | postno. 1, BCT cable| post spacing (all on in. timber blockouts with timber blockout blockouts .
two wood posts in | . 6-in. long W- | W-beam with 10:: N . - attached to BCT bearin|
Ye-2 foundation tubes, twi (includes ancho beam, 12-gaugqflare, 12-gauge splced to first cable, radis) NiA NiA late at post no. 1, the
' |with 10:1 flare, 1. b 22-gaug ) 1egaug attached to post no. 2 Post nos. 6-7, 3-ft 1.5-if Post no. 8, located 3-f| Post nos. 9-11, 1-ft 6.7 p P Y
BCT cables 90-degree ben beam . . . . other was attached to i
gauge W-beal Offset post nos. A&B, | spacing, located 3-ft 1.4 1.5-in. from post no. 7| in. spacing, located 1-f| foundation tube at post
YC-3 Post nos. 1-2, 6-ft 3-inf  not attached to rail in. from post no. 5 6.75-in. from post no. § 2 P
6 post spacing (behind radius)
YC-4 6in. x8-n. CRT posts| & i1 g.in. timber posty 10-in. x 10-in. timber
25-ft straight W-| . . .| with 6-in. x 8-in. x 14.25] 8-in. x 8-in. timber post| posts with timber Secondary roadway sid|
- 6-in. x 8-in. CRT posts| Post nos. 5-7, 6-ft 3-in . . P .
YC-5 beam (includes| . in. timber blockouts with timber blockout blockouts lengthened to increase
Same as YC-1 throu ¥ | Same as YC-] Same as YC-1| Same as YC-1 througl post spacing (all on N
Yc-3 anchon wih 103 o gh ve-3 | through ve-3 Yc-3 Post nos. 3-4, 6-ft 3-in di NIA anchorage capacty
YC-6 flare, 12-gauge 9 9 ost.s a'cin 1 radius) Post nos. 8-9, 3-ft 1.5-if Post no. 10, located 3-{Post nos. 11-13, 1-ft 6.7]
W-beam p pacing spacing, located 3-ft 1.4 1.5-in. from post no. 7| in. spacing, located 1-f{ System shown in Figure
Offset post nos. A&B, . .
YC-7 ; in. from post no. 5 6.75-in. from post no. §
not attached to rail
12-ft 6-in. W- 7-in. diameter CRT pos 7-in. diameter timber |  7-in. diameter timber
1442-1 beam to thrie N 12-ft 6-in. thrie | 7-in. diameter wood po: : P posts posts _ X
..~ | 25-ft. thrie bean| . Similar to first TTI systen|
Wbeam turmdown | beam transtion| ¢ g 16.¢; [Peam and 6-ft 3+ Post nos. 2:8, 6t 3-n A /A /A tested, using thrie beam
anchor piece, 12-ft 6-in| . 9 nested thrie bear| Post no. 1 (at turndow! N y y .JPost nos. 9-10, 3-ft 1.5-{Post nos. 11-13, 1-ft 6.7] y y 9
. | radius, 10-gaug . spacing, located 6-ft 3-i . 0. N lieu of nested W-beam|
1442-2 10-gauge thrie transition, 10-gaug anchor) from post no. 1 spacing, located 6-ft 3-it in. spacing, located 3-f|
8 beam P ) from post no. 8 1.5-in. from post no. 8
1442.3 Post-to-rail atachmenty
Same as 1442-1 and 14 removed from posts on|
14424 Same as 1442-1 an| Same as 1442-| Same as 14421 Same as 1442-]1Same as 1442-1 and 14 2, except that post-to-r§ Same as 1442-1 and 14 Same as 1442-1 and 14Same as 1442-1 and 14 Same as 1442-1 and 14 Same as 1442-1 an radius
3 1442-2 and 1442-2 and 1442-2 and 1442-2 2 bolts removed from 2 2 2 2 1442-2
14425 several posts on radiu System shown in Figureg
through 14
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Table4. Summary of ShotRadius Guardrail Systems F8kale Crash Testing

Test [Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
1982 .Chevrolet 45 mph anq Centerline of vehicle with
Vel pickup 1.4 de tangent line to bridge rail 27 Passed
5376 bb 4 0eg g g
Volkswagen Rabb 50.3 mph | Centerline of vehicle with
ve-2 1978 b and 0.7 deq tangent line to bridge rail 27 Passed
vC-3 Chevrolet pickup| 44.8 mph | Centerline of vehicle aligne o7 Failed - rail released from BCT
5,380 Ib and 19.7 de with radius post
Chevrolet pickup| 44.9 mph | Centerline of vehicle aligne
- 6
ve-4 5381b  |and 20.1 de with radius 21 Passed
Centerline of vehicle with
YC-5 Vokswagen Rably 44.2 mph center of 2nd freestanding 27 Passed
1,980 b and 20 degd
CRT
Volkswagen Rabbl 51.1 mph .
YC-6 1,980 Ib and 19.4 de 13 ft upstream of bridge end 27 Passed
1982 Chevrolet
YC-7 pickup 45.2 mph 12 ft upstream of bridge end 27 Passed
and 20.7 de|
5424 b
1986 Chevrolet 60.9 mph | 3.5 posts upstream from| 31.625
1a42-1 2500 and 26.0 de| concrete barrier (thrie beam Passed
4409 b )
1442-2 1985 i:::;uevrolet 63.0 mph | Centerline of vehicle with| 31.625 Overrode system - rail formed
piekup and 25.6 de| center post of radius | (thrie beam ramp
4,409 b
14423 8 1988 Ford F250( 63.0 mph | Centerline of vehicle with 31.625 Overrode system - rail formed
4,409 b and 24.6 de| center post of radius | (thrie beam ramp
1988 Chevrolet 60.1 mph | Centerline of vehicle with|  31.625 Marginal pass - rail crushed
1442-4 Sprint . . . .
1978 b and 19.1 de| center post of radius | (thrie beam windshield
1442-5 1984 L'E:C;;In Towr 60.4 mph | Centerline of vehicle with| 31.625 [ Limited pass - rail released fro
4500 Ib and 24.5 de| center post of radius | (thrie beam terminal




Table5. Summary of Short Radius Guardrail Systems (cont)

anchors, located 3-ft 1.

in. from post no. 3S

Test |Reference| Secondary Road |Secondary Side| " . . . Post Details Post Details Post Details Post Details Post Details Post Details Post Details
No. No. Anchorage Rail Radius Primary Side Rail A B c D E E G NOTES
74t 10-n. radiug -2 1t €1n- straigh s.s-ln.o);tz-isr;lg—ftth;ZIBC 6-in. x 8-in. thrie beam E-in. x &in. thrie bea
25-ft straight W- 1ot 6-ir-\ on slotted, 12-gaug 6-in. x 8-in. thrie beam Ffjoundation tube CRT. osts Whh WO 6-i 6-in. x 8-in. thrie beam| CRT posts with two 6|
beam, 6-ft 3-in. - long, thrie beam, 12-ft 8-in. x 6-in. CRT posts|CRT post with two 6-in. p CRT posts with one 6-i] in. x 8-in. blockouts § .
. 90-degree ben(" . . N . X 8-in. blockouts (one R 2:1 slope break point
. |straight W-bean N in. straight, 12- with blockouts 8-in. blockouts (one X 8-in. blockout (one tapered)
FLEAT end terminall ; - slotted thrie 5 Post nos. 4-5 (start ai tapered) (SBP) at center of pos
SR-1 (secondary road sidg to-thrie transitior beam. 12-gaugd 92498 thrie bean| FLEAT end anchoragd tapered) end of radius) with
y 12t 6-in. straigh o ~2 99 "1 f1 6-in. thrie Post nos. 1-2, 6-ft 3-in] ! | Post nos. 10-13, 3t 1.4 Post nos. 14-17, 11 .
. reinforced with . secondary and primary Post nos. 6-9, 3-ft 1.5-i . " X i Shown in Figure 15
thrie beam, 12-| beam 10-gauge spacing Post no. 3, located 6-ft i . in. spacing, located 3-f{6.75-in. spacing, locat
nose cable & - b N side cable anchors, | spacing, located 3-ft 1. - N
gauge transition to stiff in. from post no. 2 R . 1.5-in. from post no. 9| 3-ft 1.5-in. from post
button swages| . : located 6-ft 3-in. from in. from post no. 5
bridge rail no. 5
post no. 3
SR-2 8-in. x 6-in. CRT posts|
- with blockouts Slope eliminated and poj
9,12 Same as SR-1 Same as SR-1] Same as SR-] Same as SR-1 Same as SR-1 Same as SR-1 Same as SR-1 Same as SR-1 Same as SR-1 Same as SR-1 | spacing between post n
Post nos. 1, 1.5, 2, 2.5, 1 and 3 halved
SR-3 . .
ft 1.5-in. spacing
8t 11E-n Non-proprietary W-bea 8-in. x 6-in. CRT posts 5'%:[’;2:'55(;;{‘{0::(12?; 6-in. x 8-in. thrie beam| 6-in. x 8-in. thrie beal
25-ft straight W- . ~. . | 37-ft 6-in. slotted P p Y . . with blockouts 8-in. x 6-in. CRT posts P CRT posts with two 6-i CRT posts with two 6|
. [radius, 12-ft 6-in| N . end terminal system (5.] 8-in. x 6-in. CRT posts| N tubes N . N
beam, 6-ft 3-in. thrie beamina | . . R y with double blockouts x 8-in. blockouts (one | in. x 8-in. blockouts
straight W-bean long, 90-degreq arabolc flare, 12 " * 7.5-in. BCT posts | with blockouts Post nos. 7S-9S, 6-ft 3- (one tapered) tapered) (one tapered)
FLEAT end terminall g. - . |bend slotted thri p ' "] soil foundation tubes wit L ! n P Post nos. 1P, 1S-2S (s P P Parabolic flare added t
SR-4 (secondary road sidg to-thrie transiton o 15 gaugq 93198 and 12t cable anchor)  |Post nos. 75-9, 6-ft 3 *P2S"Y located E-ft 3-i and end of radius) witt] rimary side of system
Y 12-ft 6-in. straigh . .’ 9 ‘g in. thrie beam, 10| L ’ . from post no. 10S  |Post nos. 3S-5S, 6-ft 3-i 4 Post nos. 2P-13P, 1-fi Post nos. 2P-13P, 1-| P Y %
. reinforced with ™ spacing, located 6-ft 3-i " .| secondary and primar X R X .
thrie beam, 12-| gauge transition f spacing, located 6-ft 3-i . 6.75-in. spacing, located 6.75-in. spacing, locat
nose cable & Post nos. 10S-11S, 6-ft from post no. 2 side cable anchors,
gauge stiff bridge rail N N Post no. 6S, 3-ft 1.5-in from post no. 6S . ft 6.75-in. from post noJ 1-ft 6.75-in. from pos
button swages| in. spacing located 3-ft 1.5-in. from|
from post no. 7S 1P no. 1P
post no. 3S
In test no. SR-5: extern
SR-5 cable anchor gdded tq
front of system; in test n
13 Same as SR-4 | Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 Same as SR-4 SR’G_’ Iexternal anchor W
modified such that it wa
SR6 entirely wnhlnvthe syste
(no external trigger in fro|
of system)
5.5-in. x 7.5-in. thrie BC’ Post nos. 1S, 1P conve
SR-7 post (post nos. 2S) an| to BSR posts (shown irf
BSR posts (post nos. 1 Figures 16 through 34);
14 Same as SR-6 | Same as SR-§ Same as SR-§ Same as SR-6 Same as SR-6 Same as SR-6 Same as SR-6 Same as SR-6 and 15)_ in ol foundatio Same as SR-6 Same as SR-6 plate washers added t
tubes with secondary a post nos. 1S-2S and 1H
SR8 primary side cable 4P; (3) thrie beam slot|

tabs reduced from 2 in

wide to 1 in.
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Table6. Summary of ShotRadius Guardrail Systems F8kale Crash Testing

Test [Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
1995 Ford F-250 61.5 mph | Centerline of pickup with 31.625 .
SR-1 pickup ) ) i Failed - rollover on top of syste
and 19.0 de| centerpoint of radius | (thrie beam
4473 b
1994 Chevrolet ! . .
SR-2 C2500 pickup 64.7 mph | Centerine (.)f plckup.wrth 31'625 Failed - rollover on top of syste
and 16.1 de| centerpoint of radius | (thrie beam
9 12 4,440 b
SR-3 Ford F250 pickupy 63.9 mph (Sc:eenrt]cteer;::neeo?f F;:;k::) V;r;he 31625 Failed - rollover on top of syste
4489  |and 0.9 deg PrMary=site! thrie beam P oSy
post no. 1
1999 Cheyrolet 66.0 mph Center_hne of p!ckup w.rth 33.625 . .
SR-4 C2500 pickup centerline of primary-side . Failed - tear in floorboard
and 1.8 deg (thrie beam
4,420 b post no. 1
1997 _Ford F250 63.3 mph Center.hne of p!ckup w.rth 31
SR-5 pickup centerline of primary-side . Passed
and 0.9 deq (thrie beam
13 4411 b post no. 1
1996 Geo Metro 61.8 mph nghf[ front. quarter pplnt o 31 Failed - windshield crushed by r
SR-6 small car vehicle with centerline of .
and 0.8 deg (thrie beam and hood
1,969 Ib nose
2002 I?odge Ran 62.3 mph | Centerline of pickup with 31 .
SR-7 pickup . . . Failed - rollover at end of even
and 18.1 de| centerpoint of radius | (thrie beam
14 4,989 b
SR-8 2002 [i)coli ge Ran 62.8 mph | Centerline of pickup with 31 Failed - vehicle overrode rail a
5p000 Fl)b and 17.9 de| centerpoint of radius | (thrie beam end of impact sequence

10
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Table7. Summary of Tested Bullnose Guardrail Systems

Test | Reference . . System Post Details Post Details Post Details Post Details Post Details Post Details
No. No. Anchorages Rail Configuration Dimensions A B c D E E NOTES
] Back side: Two 12-ft 6-in., straight W-beam (to 6-in. >.<8-|n: 'umber post: Concrete fil behind post]
Bl W-beam end anchorages witlanchor) . with 6-in. x 8-in. N ’
X . . . . 16 ft Wide R to simulate frozen soil
BCT cables adjacent to bridg{Nose: 12-ft 6-in., 5-ft radius asymmetrical nose blockouts, placed in holg o
15 N 5 . . N 30-ft Long (half - | N/A N/A N/A N/A N/A conditions
piers, front and back sides o Transition: Two 12-ft 6-in., 40-ft radius W-beam length) backfiled with lean
B2 system transitioning to straight guardrail concrete; 5 posts on bal .
; ; . ) Asymmetrical system
Front side: 12-ft 6-in., straight W-beam (to anchor) side, 7 posts on front si
W-beam end anchorages wit| s::;: 12t ., 4.3-ft radius W-beam (30-degree 8.6-ft Wide | timber post in concrete tmber z‘:\i‘h‘gfh cable blockouts and cable anchor
271 cable anchors at nose and e . . . 29.3-ft Long | footing at center of nos N/A N/A Symmetrical system
Front and back sides: Two 12-ft 6-in., straight W- . B
of system (half-length) Post nos. 3-4, 6-ft 3-in| Post no. 5-6, 6-ft 3-in.
beams Post no. 2, located 6-ft - . . .
Post no. 1 N spacing, located 6-ft 3-if spacing, located 6-ft 3-i
in. from post no. 1
from post no. 2 from post no. 4
6-in. x 6-in. Douglas Fif 8-in. x 6-in. timber posty 8-in. x 6-in. timber post|
W-beam breakaway cable |Nose: 12-ft 6-in., 4.6-ft radius W-beam with two rail iimber : st v?/'nh with 6-in. x 8-in. with 6-in. x 8-in. blockou
anchors at nose, W-beam er|strengthening cables 8.6-ft Wide breakawa pcable anch blockouts and cable anchor Series of design changd
275 anchorages with cable anchorTransition: 12-ft 6-in. rail with 10-degree bend 42.1-ft Long Same as test no. 271 Y N/A N/A made after gach 1esi
ends of system with swagedFront and back sides: Two 12-ft 6-in., straight W- (half-length) Post no. 2. located 6-ft Post nos. 3-6, 6-ft 3-in| Post no. 7-8, 6-ft 3-in.
fittings beams i spacing, located 6-ft 3-if spacing, located 6-ft 3-i
in. from post no. 1
from post no. 2 from post no. 6
16 8-in. x 8-in. timber post: Nine 3 ft diameter inertig
W-beam breakaway cable with 8-in. x 8-in. barrels used in center
anchors at nose, two-directior Same as test blockouts system
277 W-beam end anchorages wiSame as test no. 275 275 Same as test no. 275 Same as test no. 27§ Same as test no. 275 N/A N/A
cable anchors at ends of syst Post nos. 3-6, 6-ft 3-in. Steel angles used to
with swaged fittings spacing, located 6-ft 3-i support rail at each post
from post no. 2 the system
6-in. x 6-in. Douglas Fir 8in. x 8»|n: tlmbe‘r post
. N . with 8-in. x 8-in.
6-in. x 4-in. Douglas Fir| timber post in concretg - Sand barrels were
. - - . blockouts and additiong -
Same as test no. 277, except that steel brackets Same as test timber post in concretg footing with breakaway| breakaway hole driled| eliminated
278 Same as test no. 277  [used to retain buttons at ends of nose strengthenir 277 footing at center of nos cable anchor Y Same as test no. 277 N/A N/A
cables Post nos. 3-6, 6-ft 3-in Concrete footings resize
Post no. 1 Post no. 2, located 6-ft . o . to 24-in. diameter
K spacing, located 6-ft 3-i
in. from post no. 1
from post no. 2
5.5n. x 7.5-in. BCT pod5.5-in. x 7.5-in. BCT pog 6""‘I'v;h8;?ﬁ CXF;T"?OS‘S
Two-cable breakaway ancho with 1-in. slit, two with cable anchor blockoutsv Iaceci n Symmetrical system
attached to one post with doulfNose: Buffer head attachment on first post blockouts on each of fro| (attaches to rail concrete four? dations a 6-in. x 8-in. timber post: Y! 4
blockouts on both sides of pos{Flattened rail: 25-ft W-beam flattened and bent at § Approx 37.5 ft| and back sides, and tw/downstream of post no. - _
1 N slit N/A N/A Bent and flattened rail
front of system and one [post through post no. 5 long cable anchors (one to and slit Post no. 5, located 6-ft 5
. p . . . . X sections that came to
breakaway cable anchor on egStraight rail: 12-ft 6-in. straight rail to center of systg each side) . in. from post no. 4 . " \
Ny Post nos. 3-4, 6-ft 3-in point at "nose’
side at post no. 2 Post no. 2, located 6-ft
N spacing, located 6-ft 3-i
Post no. 1 in. from post no. 1
from post no. 2
. ; Same as test no. 1, exc/Same as test no. 1, exc|Same as test no. 1, exc| N
One breakaway cable anchor Similar to test no. 1, but geometry of bends and rail Approx 37.5 ft L Lo Minor tweaks to geomety
2 cable anchors were slit in post no. 2 was | slits in post nos. 3-4 we! Same as test no. 1 N/A N/A
17 each side at post no. 2  [flattening modified long - - and post reactions
removed modified modified
§-|n. .Xs-m' .CRT post 6-in. x 8-in. CRT posts
with 6-in. x 8-in. blockou| L . . -
Same as test no. 2, exc| laced in concrete with 6-in. x 8-n. E-in. x &-in. imber post
Similar to test no. 2, but geometry of bends and rail Approx 37.5 ft o P P . o blockouts and slit Minor tweaks to geomety
2A Same as test no. 2 . . Same as test no. 2 slit in post no. 2 was foundations and slit N/A !
flattening modified long modified Post no. 5, located 6-ft and post reactions
Post no. 3, located 6-ft P0§l no. 4, located 6-ft in. from post no. 4
N in. from post no. 3
in. from post no. 2
. S test no. 1, S testno. 1, S testno. 1, N
Similar to test no. 2A, but geometry of bends and rg Approx 37.5 ft ame as testno. 1, exg am‘eias estno. 1, exg §mg astestno. 1, exq Minor tweaks to geomet
4 Same as test no. 2 . - cable anchors were | slit in post no. 2 was | slits in post nos. 3-4 we| ~ Same as test no. 1 N/A N/A !
flattening modified long o o and post reactions
removed modified modified
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Table 8. Summary of ShotRadius Guardrail Systems F8kale Crash Testing

4,500 Ib

deg

attached to post no. 2

Test |Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
B1 1971 Chevrolet Vega smallc| 61.5 mphand 0| Centerline of vehicle with passed
2,290 b deg furthest extent of system
15 27
1969 Chrysler sedan 62.3 mphand 0| Centerline of vehicle with
B2 Passed
4,500 b deg furthest extent of system
o7 1968 Dodge Polara sedan| 41 mph and 0 dely Cer.1terllne of.veh|cle aligned 27 Failure - rail rupture permrtted vehic!
4,780 Ib with centerline of system penetration
275 1970 Mercury Monterey sed 63 mph and 0 dely Cer_1ter||ne of_vehlcle aligned| 27 Failure - vehicle st_ruck feature behi
4,960 Ib with centerline of system rail
16
277 1970 Mercury Monterey sed 50 mph and 0 dely Cerjterlme of.vehlcle aligned| o7 passed
4,960 b with centerline of system
Centerline of vehicle aligned . . .
278 1970 Mercury Monterey sed 64 mph and 10 déguith center of posts on traffia 27 Failure - rail formed ramp and vehic
4,960 Ib . vaulted rail
side flare
Small car 29.1 mph and 0| Centerline of vehicle aligned
1 2,400 Ib deg with centerline of system 27 Passed
2 Sedan 62.7 mph and O Centerline of vehicle aligned| 27 Deflection was greater than desire
4,520 b deg with centerline of system but passed
17
Sedan 62.7 mph and 0| Centerline of vehicle aligned
2A 4540 b deg with centerline of system 27 Passed
4 1976 Gran Fury sedan 57.4 mph and 24 At cable anchor rail connectid 27 Marginal - excessive deflection

12
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Table9. Summary of Tested Bullnose Guardrail Systems (cont)

no. 2 eliminated

bracket for the cable anchors attached to post no.
(both sides)

through BN-9

BN-9

BN-9

BN-9

BN-9

BN-9

Test | Reference . . System Post Details Post Details Post Details Post Details Post Details Post Details
No. No. Anchorages Rail Configuration Dimensions A B c IS E E NOTES
. - Symmetrical except tha
. . . . 6-in. x 8-in. timber post|
. . . 5.5-in. x 7.5-in. BCT pog . . 6-in. x 8-in. CRT post | . X R cable anchor at post no,
Anchor from post no. 1to |Nose: 12-ft 6-in., 12-gauge thrie beam with 5-ft rad p . . 6-in. x 8-in. CRT post | . ) P _ | with 6-in. x 8-in. x 14-in, P N
X . L . . . located at center of no§ 6-in. x 8-in. CRT post | X . with 6-in. x 8-in. x 14-in| only attached to primar
primary side of system (not | Transition: 12-ft 6-in., 12-gauge thrie beam with 25- . . with 6-in. x 8-in. blockou steel blockouts
. " . S Approx 10 ft | with anchor to primary steel blockout (upstream, or front) end
BN-1 secondary side), cable [radius and 30-in. rail height N/A
5 . N . . wide, 45 ft long| side of system Post no. 2, located 6-ft system and not secondg
anchorages on both ends of Straight rail: 37-ft 6-in., 12-gauge thrie beams with K Post no. 3, located 6-ft Post nos. 5-10, spaced
s o N ! in. from post no. 1 N Post no. 4, located 6-ft . (downstream, or back
straight rail in. height at post no. 6 in. from post no. 2 X ft 3-in. on center, locate| . .
Post no. 1 in. from post no. 3 . side) of system, ditch
6-ft 3-in. from post no. X
located in front of syste
Rail height lowered at pg
no. 2, primary-side cabl
Similar to test no. BN-1, excej Simiar to test no. BN-1, except that steel plates w¢q Similar to test no. BN-1| Similar to test no. BN-1] anchor removed from pg
BN-2 that the anchorage on post nqwelded to thrie beam at post locations to force ben| Same as BN-1 except cable anchor wg except that the rail heig| Same as test no. BN-1 Same as test no. BN-1 Same as test no. BN-1 N/A no. 1, and brackets weld
was removed occur there, and the nose was flattened at post nq removed was lowered to 27 in. to rail near posts to forc
rail to bend at post
locations
Similar to test no. BN-2, except that welded plates Welded plates remove
BN-3 Same as test no. BN-2 |adjacent to post nos. 1 and 2 (both sides) were Same as BN-2 Same as test no. BN-2 Same as test no. BN-2 Same as test no. BN-2 Same as test no. BN-2 Same as test no. BN-2 N/A from rail near post nos.
removed to prevent stress concentrations and 2 (both sides)
5.5-in. x 7.5-in. BCT pog
. . h [ h
5.5:n. x 7.5-n. BCT po: r:““u c;:ezri“? oer:lot Post no. 1 rotated suc
Anchor from post no. 2 on rotated and attached f| P P | that impact would engag
rimary side to rail upstream the rail through the weg| and blockout added to bending throu hweak~
BN-4 primary P Same as test no. BN-3 Same as BN-3 9 downstream face Same as BN-3 Same as BN-3 Same as BN-3 N/A pendng through we
post no. 3, cable anchorages axis (primary side only) axis, post no. 2 modified
both ends of straight rail P Y fracture more quickly by
Postno. 1 anchor rail until fracture|
18 Post no. 2, located 6-ft
in. from post no. 1
5.5-in. x 7.5-in. BCT pog
with cable attachment
; il upst f post no| -
Anchor from post no. 2 to rail rai upstream of post no Similar to test no. BN-4,
upstream of post no. 3 on bo! and blockout added t except that system
BN-5 .p P : Same as test no. BN-4 Same as BN-4 Same as BN-4 downstream face (botl Same as BN-4 Same as BN-4 Same as BN-4 N/A P Y
sides, cable anchorages on b sides) became completely
ends of straight rail symmetrical
Post no. 2, located 6-ft
in. from post no. 1
Same as test no. BN-5, exce| Pc;s";(‘nli):alttzgt;ne; sgz;r;c;
BN-6 excess length of BCT threafje Simiar (o test no. BN_—E_' except that the post bolt s Same as BN-§ Same as BN-5 Same as BN-5 Same as BN-5 Same as BN-5 Same as BN-5 N/A BCT rail attachment
rod cut off to prevent punchindat post no. 3 were eliminated
e threaded rod cut off, du
shear rupture in rail ;
to rail ruptures
BN-7 Same as test no. BN-§ Same as test no. BN-§ Same as test no. BN-§ P
Rail height increased to
Similar to test no. BN-6, except rail height was except that steel except that steel except that steel in. at post no. 2 and ste|
BN-8 Same as test no. BN-6 |, N ! 8 Same as BN-§ blockouts were used tq blockouts were used tq blockouts were used t Same as BN-6 Same as BN-6 N/A ! X
increased to 29 in. at post no. 2 (both sides) o ; ; blockouts were used ol
space the rail from thel space the rail from thel space the rail from the| ost nos. 1-3 (both side
BN-9 post post (both sides) post (both sides) P .
Anchor cable brackets attach Simiar (0 test nos. BN-7 through BN-9, except tha /::t(::;rezatz‘iabilr:ﬁ:(if
; le cl i for th hi BN-1 BN-7 th BN-7 th BN-7 th BN-7 th BN-7 th
BN-10 o rail due to cable anchor at pl cable clamps were substituted for the cable ancho| Same as Same as througl] Same as througl] Same as througl] Same as througl] Same as throug N/A cable anchor at post o,

eliminated and substitute

for cable clamps
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Table10. Summary of ShotRadius GuardraiSystems FullScale Crash Testing

Test |Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
Centerline of vehicle aligned
BN-1 4S:3d5a|?) 60 mph and O deg  with centerline of system :2 Epgz: 2 Failed - vehicle underrode barrier
' (NCHRP Report 230 test 41/1 p
Sedan 59.1 mph and 4. Ce_nterllne of_vehlcle aligned 27 (post 2)
BN-2 4333 b de with centerline of system 34 (post 6) Passed
: 9 (NCHRP Report 230 test 41/ ° \P
Small car 56.9 mph and 0 Cehterllne of.vehlcle aligned 27 (post 2) . . .
BN-3 1940 Ib de with centerline of system 34 (post 6) Failed - excessive decelerations
: 9 (NCHRP Report 230 test 52/4 °* P
Small car 61.0 mph and -4. anterllne of.vehlcle aligned 27 (post 2) . . .
BN-4 1990 Ib de with centerline of system 34 (post 6) Marginal - excessive deceleration:
: 9 (NCHRP Report 230 test 52/4 ° \P
Sedan 58.47 mph and - Cehterllne of.vehlcle aligned 27 (post 2)
BN-5 4675 b 0.5 de with centerline of system 34 (post 6) Passed
18 : 290 |(NCHRP Report 230 test 414 > P
BN-6 Sedan 59.5 mph and 18{ Critical impact point (NCHRP| 27 (post 2)| Marginal - vehicle came to rest on t
4,870 Ib deg Report 230 test 54) 34 (post 6) of system
Sedan 59.9 mph and 0. Ce‘nterhne of.veh|c|e aligned 29 (post 2)
BN-7 4665 b de with centerline of system 34 (post 6) Passed
: 9 (NCHRP Report 230 test 41/ > \P
BN-8 Sedan 61.4 mph and 19{ Critical impact point (NCHRP| 29 (post 2) passed
4,695 Ib deg Report 230 test 54) 34 (post 6)
Sedan 59.9 mph and 15{ Critical impact point (NCHRP| 29 (post 2) . .
BN-9 4,680 Ib deg Report 230 test 54) | 34 (post 6) Faied - rail ruptured
Sedan 59.9 mph and 15 Critical impact point (NCHRP| 29 (post 2)
BN-10 4,640 b deg Report 230 test 54) | 34 (post 6) Passed

14
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Table1l1l Summary of Tested Bullnose Guardrail Systéoast)

to 10-gauge and slotted to catch small car bumper:

BN-15

Te Referen . . m P Detail P Detail P Detail P Detail P Detail P Detail
est |Reference Anchorages Rail Configuration Syster ost Details ost Details ost Details ost Details ost Details ost Details NOTES
No. No. Dimensions A B C D E F
6-in. x 8-in. timber post| Rigid concrete backup
BN-11 . . X R
with 6-in. x 8-in. x 14-in, structure .
Post nos. 9-10 were removed Rigid concrete backup|
replaced with rigid concrete Same as test n| steel blockouts structure added to simul
BN-12 P 9 Same as test no. BN-10 Same as test no. BN-1 Same as test no. BN-1 Same as test no. BN-1 Same as test no. BN- Substituted for post nos
backup to simulate bridge pie| BN-10 . realworld bridge pier
. Post nos. 5-8, spaced § 10, 6-ft 3-in. attachmen|
(both sides) N . N attachments
BN-13 3-in. on center, located | spacing, located 6-ft 3-i
ft 3-in. from post no. 4 from post no. 8
Rectangular washers
Same as test nos. BN-11 through BN-13, except | Same as test]
BN-14 17 Same as test nos. BN11 throy rectangular washers were addegd 10 bost nos 2par 10s. BN-11 Same as test nos. BN-| Same as test nos. BN-| Same as test nos. BN-| Same as test nos. BN-| Same as test nos. BN-| Same as test nos. BN-]added to post nos. 2 an
BN13 N 9 ) . ) p : i through BN-13 through BN-13 through BN-13 through BN-13 through BN-13 through BN-13 to retain posts on rail al
retain posts with rail (both sides) through BN-13| .
reduce launching
Same as test 1 Same as test no. BN-1] Same as test no. BN-1| Blockouts removed fron|
BN-15 Same as test no. BN-14 |Same as test no. BN-14 ’ except blockout removel Same as test no. BN-14Same as test no. BN-14Same as test no. BN-I4Same as test no. BN-14 post nos. 1 and 2 (both
BN-14 except blockout removel . .
(both sides) sides)
BN-16 Same as test no. BN-15 |2/ (O test no. BN-15, except nose piece thicke| Same as test ) o, e o 1t 1o, BN-15Same as test no. BN-15Same as test no. BN-15Same as test no. BN-I5Same as test no. BN-15Same as test no. BN-15Final symmetrical syste
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Tablel2. Summary of ShotRadius Guardrail Systems R3tale Crash Testing

Test |Reference . Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
BN-11 Sedan 59.9 mph and 16 Critical impact point (NCHRP| 29 (post 2)| Vehicle came to rest on top of rail
4,305 Ib deg Report 230 test 54) 34 (post 6) passed
. Centerline of vehicle aligned
BN-12 Pl%k:got rIECk 55 ng and 0.1 with centerline of system 2491 Epgz: g Passed
: 9 (NCHRP Report 230 test 41/{ > P
Centerline of vehicle aligned
BN-13 Sln;e;I:)clzr 59.4 mph and with centerline of system gi Epgzt g Failed - excessive decelerations
. : (NCHRP Report 230 test 52/4 > \P
Small car 58.7 mph and 2. Cepterhne of.vehlcle aligned 29 (post 2) F{:uled - underride cau_sed rail to lcru
BN-14 1.800 Ib de with centerline of system 34 (post 6) windshield (due to vehicle bouncing
' 9 (NCHRP Report 230 test 52/4 P approach ditch)
Small car Ce.nterllne of'vehlcle aligned 29 (post 2)| Failed - underride caused rail to cru|
BN-15 1935 Ib 58.7 mph and with centerline of system 34 (post 6) windshield
: (NCHRP Report 230 test 52/4 > P
Centerline of vehicle aligned
BN-16 Slng!sclzr 60.2 mph and with centerline of system gi Epgzt g Despite windshield crush, passed
: (NCHRP Report 230 test 52/4 > \P

16
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Table13. Summary of Tested Bullnose Guardrail Systéoast)

Break

Br Steel Post
substituted for the origini

k Steel Pos
substituted for the origin

B
Br

Te Ri " . Post Detail Post Detail Post Detail Post Detail Post Detail Post Detail
est |Reference Anchorages Rail Configuration System ost Details ost Details ost Details ost Details ost Details ost Details NOTES
No. No. Dimensions A B C D E F
5.5-in. x 7.5-in. BCT pog . . _— -
Nose: 12-ft 6-in. long, 62 3/16-in. radius, slotted thrig R . with cable anchor and| §-|n, X 8-in. timber post BCT end anchorage wi Simiar to EN-?M system
Cable anchorage used at post| 5.5-in. x 7.5-in. BCT pog with rectangular blockot except ditch in front of
beam . y angled ground strut to ground strut o
2 and cable end anchor used| - . . " 14-ft 10-in. at end of radius system eliminated, post
MBN-1 N Transition: 12-ft 6-in. long, 34-ft 1.5-in. radius slotted . post no. 1 . N/A N/A .
end of system (symmetrical, bq , . wide, 53-ft long| Post nos. 3-9, 6-ft 3-in 1 shifted away from
sides) thrie beam Post no. 1 spacing, located 6-ft 3-i Post nos. 10-11, locate center of nose, and
Straight Rail: 37-ft 6-in. thrie beam : Post no. 2, located 6-ft pacing. ft 3-in. from post no. 9 . N
N from post no. 3 symmetrical constructiol
19 in. from post no. 1
6-in. x 8-in. timber post
5.5-in. x 7.5-in. BCT pog 6-in. x 8-in. CRT post | with rectangular thrie | BCT end anchorage wil
Similar to test no. MBN-1, except slot tabs in transif Same as test with thrie beam blockou with thrie beam blockol beam blockouts ground strut Post nos. 3 and 4 wer
MBN-2 Same as test no. MBN-1 |thrie beam were reduced, and slots were added td MBN-1 Same as test no. MBN{Same as test no. MBN{1 converted to breakawa]
of straight rail segments Post no. 3, located 6-ft | Post no. 4, located 6-ft {| Post nos. 5-9, 6-ft 3-in| Post nos. 10-11, locate posts (both sides)
in. from post no. 2 in. from post no. 3 | spacing, located 6-ft 3-if ft 3-in. from post no. 9
from post no. 4
6-in. x 8-in. CRT posts| 6-in. x 8-in. timber post
with 14.25-in. tall with 14.25-in. tall
Same as test n Similar to test no. MBN{ Similar to test no. MBN blockouts blockouts Blockout sizes reduced f|
MBN-3 Same as test no. MBN-2 |Same as test no. MBN-2 MBN-2 Same as test no. MBN{2, except blockouts wer 2, except blockouts we! Same as MBN-2 | post nos. 2-9, and post
2 reduced to 14.25-in. lor| reduced to 14.25-in. lor| Post nos. 4-5, 6-ft 3-in| Post nos. 6-9, 6-ft 3-in 5 converted to CRT
spacing, located 6-ft 3-if spacing, located 6-ft 3-i
from post no. 3 from post no. 5
Same as test no. MBN-3, except that steel cables Same as test Steel cables added to n
MBN-4 Same as test no. MBN-3 |added to middle and top corrugations of thrie beam| MBN-3 Same as test no. MBN{Bame as test no. MBN{Bame as test no. MBN{Bame as test no. MBN{Bame as test no. MBN{Bame as test no. MBN{3 to reduce rail rupture
nose potential
MBS Same as test n| Same design, but ne
Same as test no. MBN-4 Same as test no. MBN-4 MBN-4 Same as test no. MBN{ Same as test no. MBN{ Same as test no. MBN{ Same as test no. MBN{ Same as test no. MBN{ Same as test no. MBN{ series of tests & new
MBN-6 report
6-in. x 8-in. CRT post | 6-in. x 8-in. CRT posts 6-in. x 8-in. timber post:
Same as test no. MBN with cable anchor and| with 14.25-in. tall 6-in. x 8-in. CRT post with 14.25-in. tall BCT end anchorage wil
Same as test n : angled ground strut to blockouts with 14.25-in. tall blockol blockouts ground strut Two additional CRT post
Same as test no. MBN-5 an and MBN-6, except N -
MBN-7 MBN-6 Same as test no. MBN-5 and MBN-6 MBN-5 and standard BCT foundatid post no. 1 added to give additiona
21 MBN-6 twbes used Post nos. 3 through 6, 3 Post no. 7, located 6-ft | Post nos. 8-11, 6-ft 3-irf Post nos. 12-13, locate: strength
Post no. 2, located 6-ft { 1.5-in. spacing, located in. from post no. 6 | spacing, located 6-ft 3-if ft 3-in. from post no. 11
in. from post no. 1 | ft 1.5-in. from post no. from post no. 7
6-in. x 8-in. CRT posts| 6-in. x 8-in. CRT post | 6-in. x 8-in. timber post:
- 5.5in. x 7.5-in. BCT ith 14.25-in. ith 14.25-in. ith 14.25-in. BCT end anch (- .
MBN-8 Similar to test no. MBN-7, exce |n. X in, po: with 14.25-in. tall‘ with 14.25-in. tall. with 14.25-in. tall end anchorage wi Final system detais,
i with cable anchor blockouts (one straight| blockouts (one straight blockouts ground strut .
that the groundiine strut betwe| Same as test n approved according to|
.. “|Same as test no. MBN-7 Same as test no. MBN one tapered) one tapered)
post nos. 1 and 2 was elimina MBN-7 . NCHRP Report No. 35
(both sides) Post no. 2, located 3-f| Post nos. 9-12, 6-ft 3-if Post nos. 13-14, locate criteria
MBN-9 1.5-in. from post no. 1|Post nos. 3 through 7, 3 Post no. 8, located 6-ft { spacing, located 6-ft 3-ii ft 3-in. from post no. 12
1.5-in. spacing, located in. from post no. 7 from post no. 8
Universal Breakaway " . .
_ - _ _ _ 5.5n. X 7.5in. BCT pod Steel Posts with 14.25-| _"ersal Breakaway | WExS posts with &-in. x _
Nose: 12-ft 6-in. long, 62 3/16-in. radius, slotted thriq 5.5-in. x 7.5-in. BCT pog . N ; N Steel Post with 14.25-i in. x 14.25-in. straight | BCT end anchorage wif _. . .
Cable anchorage used at post| . . . X R .| in 70-in. soil foundation|  tall blockouts (one Similar to MBN-9 using
beam with reinforcing cables and swaged cable by . in 90-in. deep foundatiof N 5 tall blockouts (one blockouts ground strut .
USPBN 2 and cable end anchor used| L . . " 14-ft 10-in. ) tube with cable ancho straight, one tapered) . Universal Breakaway
22,23 . Transition: 12-ft 6-in. long, 34-ft 1.5-in. radius slotted . tube at end of radius straight, one tapered)
1 end of system (symmetrical, bq,, wide, 53-ft long| Steel Posts developed
sides) thrie beam Post no. 2. located 3-fl Post nos. 3 through 7. 3 Post nos. 9-12, spaced|Post nos. 13-14, locate MWRSE
Straight Rail: 37-ft 6-in. thrie beam Post no. 1 ™ X T an 7, Post no. 8, located 6-ft { ft 3-in., located 6-ft 3-in] ft 3-in. from post no. 12
1.5-in. from post no. 1| 1.5-in. spacing, located K
. in. from post no. 7 from post no. 8
ft 1.5-in. from post no.
Similar to USPBN-2 usin|
Similar to USPBN-1, Similar to USPBN-1, modified Universal
USPEBNI Same as except MWRSF's except MWRSF's Breakaway Steel Post:
2 24 Same as USPBN-1 Same as USPBN-1 USPBN-1 Same as USPBN-1 | Same as USPBN-1 modified Universal modified Universal Same as USPBN-1 | Same as USPBN-1 | developed at MWRSF

Approved according to
NCHRP Report No. 35
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Table14. Summary of ShotRadius Guardrail Systems R3tale Crash Testing

Test |Reference ) Impact . Rail Height
No. No. Vehicle Conditions Impact Location (in) Result
MBN-1 1989 Ford F250 pickup 63.0 mph and 0.] Centerline of vehicle aligned| 31.625 | Failure - rail rupture permitted vehic
4,404 b deg with centerline of system | (thrie beam penetration
19
MBN-2 1988 Ford Festiva small cal 64.2 mph and -3.| 1/4-point of‘f.set of vehicle wit 31.625 passed
1,953 b deg centerline of system (thrie beam
MBN-3 1990 Chevrolet C2500 picku| 62.2 mph and -1. Centerline of vehicle aligned] 31.625 | Failure - rail rupture permitted vehic
4,384 b deg with centerline of system | (thrie beam penetration
20
. d ) . )
MBN-4 1991 Chevrolet C2500 picku| 64.3 mph and 0.5 Centerllne of_vehlcle aligned| 3_1.625 passed
4431 b deg with centerline of system | (thrie beam
MBN-5 1993 Chevrolet C2500 picku| 64.0 mph and 13 Cer}terllne of vehlcle aligned| 31.625 passed
4,493 b deg with center point of nose | (thrie beam
1991 Chevrolet C2500 picku| 63.1 mph and 20 . 31.625 Failure - rail formed ramp, vehicle
MBN-6 4477 deg CIP along length of thrie bea ?thrie beam vaulted
1992 Chevrolet C2500 picku| 62.1 mph and 24 . 31.625 Failure - rail formed ramp, vehicle
- 21
MBN-7 4,488 b deg CIP along length of thrie bea chrie beam vaulted
1992 GMC 2500 pickup | 62.0 mph and 21 ) 31.625
MBN-8 4,482 b deg CIP along length of thrie bea chrie beam Passed
1990 Ford Festiva small cal 65.2 mph and 15] Centerline of vehicle aligned] 31.625
MBN-9 1,993 b deg with center point of nose | (thrie beam Passed
USPBN 2923 2000 GMC 2500 pickup | 63.2 mph and 22| Centerline of truck aligned witf  31.625 Failure - rail formed ramp, vehicle
1 ' 4474 b deg center of post no. 3 (thrie beam vaulted
USPBN 24 GMC 2500 pickup 62.9 mph and 21{ Centerline of truck aligned witf  31.625 passed
2 4,564 b deg center of post no. 3 (thrie beam

18
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mm x 203 mm x 362 mm) timber blockouts. The final design was determined to pass all crash

test criteria according to NCHRP Report No. 230.
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The TTI W-beam short radius system utilized round timber posts instead of rectangular
poss, and anchored the ¥Weam on the secondary roadway with ab®am turndown anchor
[11]. The TTI system is shown in Figurésthrough7. The Wbeam guardrail was nested
throughout the radius section. The transition utilized tubular, nested rail with an additional rail
mounted backwards against the post. A cable anchor was attached to the rail downstream of the
radius to devep tension in the transition region.

The TTI W-beam system was tested and evaluated according to NCHRP Report 230
evaluation criteria. The system performed acceptably during each crash test, with one exception.
After the 4,508b (2,041kg) sedan impactethe curved rail at 15 degrees and 90% of the
vehicleds energy was dissipated, the rail di s
front end, crushing the windshield. Although this performance was determined to be
unacceptable, researchers posadathat since this impact type was both infrequent and
relatively severe, the system would perform acceptably in the majority of impacts. Thus, the
system was recommended for use in locations with intersecting roadways.

2.1.2System Tested to AASHTOGuidance Spcifications

The Yuma County systeng][was designed specifically for one oblique intersection, with
a 5.5degree system flare. The successtdisted final system details are shownFigure 8.
Reseechers identified five different critical impact locations with associated impact angles to
assess system performance. Light truck impacts were used to assess structural adequacy and
pocketing near the transition and when impacted tangentially to theebadgin addition to an
angled impact on the nose. Small car impacts were used to evaluate the tendency to underride
when impacting tangentially to the bridge rail and at an angle to the nose.

The preliminary design of the Yuma County system performedpaably according to

AASHTO PL-1 criteria in all but one test, in which both of the secondatg anchorage BCT
20
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NOTE: 8~5/8" Splice nuts shall be t
The nuts must be tacked app
the outside of the tube.
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Figure5. Transition Details, TTI1 \ABeam Short Radius Systeri]
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ENTIRE SECTION CURVED AT 16'—-0" RADIUS

POST BOLT SLOT
/ 3/6 X 2-1/7

AL
- 7 -
1T X al a
[N
4 1/8 75" 78"
\

SPUCE_ BOLT SLOT
29/37 X 1-1/8

Figure6. CurvedRail Bend Details, TTI \ABeam Short Radius Systerii]
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Figure7. DownstreanCurvedRail Bend Details, TTI WBeam Short Radius Systerl]
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15" [3811—"] CENTER LINE BASE PLATE
™  ANCHOR & POST

W6X15.5

Two cables to 1
develop upstream 72 [ee]
and downstream
tension at post
nos. 1 and 2

28" [711]

5/8" H.S. POST
I HEX NUT & LOCK
WASHER

T————— MC 8x22.8

" [686]

12 GA. W—BEAM

12" [305]

2—#5 BAR
4 1/8" BOLTS X 1'-0"

Section A-A

T SECONDARY RoAD —.

10
g e 12 13 14 15
— 11 T I

=]

2 SPACES @ 75" O.C.=12'—6"L -—A

3 SPACES @ 25+
0.C.=6'-3" ~— PRIMARY ROAD—

Figure8. Yuma County ShofRadius Guardrail Systefinal Design Detail§6, 27]
posts fractured and the spliced tamble BCT anchor released, allowing the vehicle to encroach

behind the barrier system. Researchers lengthened the secondary side of the system to increase

anchoring capacity, and the system wagrmined to be successful.

2.2 Short Radius Systems Tested to NCHRP Report No. 350 and MASH

No short radius systems have yet been approved accorditige tdL-3 crash test
conditions required in NCHRP Report No. 350 or MASH. The majoritM@HRP Report No.
350 and MASHcompliant tests orshortradius systenwere conducted at either TTI or the

Midwest Roadside Safety Facility (MWRSF).
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2.2.1TTI Short -Radius Project

Researchers at TTI designedthaie beam alternativeo the TTI W-beam shortadius
systemsuccessfily tested according to NCHRP Report No. Z8). Final designdetailsare
shown in Figure® through14. Researchersbserved that the bending section of a nested 12
gauge (2.6nm) W-beam section was approximately equivalent to the bending strength of a 10
gauge(3.3mm) thrie beam section. Due to the broader capture area of the thrie beam, the higher
top mounting heightrad lower bottom corrugation height, and ease of construction relative to the
nested Whbeam guardrails particularly at splice locations, researchers postulated that the thrie
beam should perform approximately as well as thbé&m system.

Initially, the deggn was tested according tioe TL-3 impact conditions criteria presented
in NCHRP Report No. 350. The first crash test, consisting of a 2000P vehicle impacting the
system at 60.9 mph (98.0 km/h) and 26 degrees near the transition, was determined to be
successful. The remaining two tests conducted with a 2000P vehicle intoiednose of the
system were both determined to be failures, due to override and vaulting. Researchers concluded
that the system would require extensive modification to be condideashworthy according
NCHRP Report No. 350.

Testing commenced with the 1,800(816kg) small car and 4,50 (2,041kg) sedan
with angled hits into the center of the curved radius in compliance with NCHRP Report No. 230.
The two tests passed with rgaral performance due to the release of the rail from the upstream
turneddown anchor in the sedan test and underride of the small car. The marginal performance
of the system was unexpected, because the increased top mounting height of 31 in. (787 mm)
also resulted in a lower bottom mounting height I8 in. (330 mm), so underride was not

expected.
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Terminal Connection
(See Detail A)
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d | bl | |

T | ! : S—
K : 5
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eam

Section (RE—69-76) Termmol Connector
ELEVATION (RE-8-79)

. O ® F
|

2)_8"

SECTION A-A

DETAIL A
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FigurelO. Transition to Rigid Bridge Rail Details, TTI Thrie Beam Short Radius Systgm |
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Grade ]j,
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Figurel3. TurnedDown Anchor Details, TTI Thrie Beam Short Radius Syst8m
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Figurel4. CurvedNose Thrie Beam Section, TTI Thrie Beam Short Radius SysiEm |[
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2.2.2MwRSF Short-Radius Project

The Midwest Roadside Safety FacilitMwRSF) also attemped to develop a
crashworthy system according to the-Jltest criteria presented in NCHRP Report No. 350 [
12-13], as shown irFigure 15, ard subsequently tested the system to the criteria presented in
MASH [14]. The final design tested in compliance with MASH is shown in Figliéehrough
34. The shortradius systenwas based on previous research on the NCHRP Report No. 350
tested thrie beam bullnose systamd was constructed using curved thrie beam. Rectangular
CRT posts were used to support the rail othltbe primary and secondary sides of the roadway.

The curved nose piece initially had a 7 8% in. (2,381 mm) radius, which was later
changedto8ff11E i n. (2,727 mm) when a pakadylests i ¢ f |
utilized sloped teria behind the system to replicate r@adrld conditions with roadside slopes,
but the slopes were removed due to the increased risk of vaulting and artificial increase in
instability due to interaction with the back side of the sloped cutout during testing

A total of six tests were conducted in compliance with NCHRP Report No. 380téét
criteria 9, 12-13], and two tests were conducted in compliance with MASH3Tiest criteria
[14]. Impact conditions for each test are described in Tableand 13. Only one test was
determined to beuscessful, which consisted of a 2000P pickup truck impacting the system with
the centerline of the truck aligned with a tangent line to the bridge rail. The remaining tests,
primarily consisting of angled impacts with 2000P, 820C, and 2270P vehicletenterter of
the nose, failed due to vaulting, rollover, or underride.

Researchers concluded that while the system performed very well overall despite the
failure to comply with the evaluation criteria, it would likely be acceptable according-® TL
impact conditions. However, the system wascessively large on the primaand secondary

road sids and undesirable for a lower performance level, and no further testing was conducted.
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Figurel9. Primary Side Cable Anchorage Details, MWRSF Short Radius Design |
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Figure20. Secondary Side Cable Anchorage Details, MWRSF Short Radius D&4jgn [
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Figure23. Post Naming Conventions and Rail Heights, MWRSF Short Radius Déglign [
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Figure32. Thrie Beam Bend Details, MWRSF Short Radius DeElgh
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Figure33. Thrie Beam Bend Details, MWRSF Short Radius DeElgh
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