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ABSTRACT

Recent fullscale crash tests of the weadist Wbeam guardrail system have resulted in
unsatisfactory collision performance as evaluated by the National Cooperative Highway
Research Program (NCHRP) Report 350. Since acceptable esagetformance is
required in order to use a guardrail on a Fed&mlHighway in the United States, the

poor performance of the wegdost W-beam guardrail is a significant problem to those
states that use it. The goal of this project was to improvirtpact performance of the
weakpost Wbeam guardrail system so that it satisfies the requirements of NCHRP

Report 350 at test level three.



TABLE OF CONTENTS

1 INTRODUGCTION. .. i e e e e e e e e e e e e e e e et eeeeeeeeeeeseeeeeeesammnsnenn 1
2 LITERATURE REVIEW..... it emameeeeeeeeeavenvseennennes 2
2.1 INtroduCtioN.......ccvviiiiiiiiiiiicc e Error! Bookmark not defined.
2.2 Full-Scale Crash tESES......c.coiuiiiiiiiiii e 6
2.3 Finite element MOdeliNg........coooeiiiiiiiiiiiieecce e 21
3 PERFORMANCE OF GUARDRAIL SPLICES........cocoiiiiienieesieeme e 23
0 A [ 011 7 To [N T 1o o OSSP PP PO PUPPPTRRIPP 23
3.2 Laboratory uniaxial tenSile teSIS.......covviiiiiiiiiiii e 24
3.3 Finite element model of the splice connection............cccceevvviecceviieee e, 31
3.4 Simulated uniaxial te3ile teSt.........coociiiiiiiiii e 36
3.5  Simulation CharaCteriStiCS..........uuuviiiiee e e 41
3.6 Evaluation of finite element model of the splice..........ccocvvviiiiicciiiiennne a7
3.7 Submodel of postand ¥Beam with splice..........cccccevvviiiiiiieeec i 49
3.8 Characteristics of splice faillures..........ooooeeiiiiiiccc e 55
3.9 CONCIUSIONS. ...ceiiiiiiiie ettt ettt e e e e ettt e e e e s s ab b b e e e e e e e smmme e 58
4 POSTRAIL CONNECTION . ...ciititiiiteiiieitie s rmeme ettt em e 59
o R [ 10T [ o 1o o PRSP 59
4.2 EXISHNGCONNECHON ....cciiiiiiieiiiiie et ieae ettt smmnr e saaee s 61
4.3 IMProved CONNECHION. .......iuiiiiiiiii et eee ettt emmmeb e 66
4.4 Full-scale crash test (TTI 473780 ........cooiiiiiiiiiiiee e 71
4.5 SUMMAIY. ..ttt ememee e e nsennneensnem e d D
5 GUARDRAIL RUPTURE ..ottt rtmmee et eeme et 80
L 700 R ] oo 18 ox 7o o SO UPP R SOUPPPPPR 80
5.2 Full-scale finite element Model...........cooviiiiiiiiiicemie e emmmeed 81
5.3 SUBMOGEL......ceiiiiiiiiii e e 86



5.4 Conclusions from SiMUIAtIONS...........uuuiiiiiiiiieteemee e e 99

5.5 Submodel with backup plate............ccviiiiiiiiiicee e 100
5.6 CONCIUSIONS. ....uuiiiiiiiieii ittt ettt mmnr et e e e e s s st e e e s e e as 105
5.7 Full-scale crash test (TTI 47375 .......cooiiiiiiiiiiiieieene e 106
6 GUARDRAIL MOUNTING HEIGHT ..ottt e s 114
6.1 Full-sale finite element SIMUIAtIONS............ccoviiiiiiiiiecce e 114
6.2 Full-cale crash test (TT1 473750 ....ccoiuriiiiiiiee et 118
T RESULT S s e e e e e e e e as 127
8 CONCLUSIONS. ...ttt ettt ememr ettt ekt reemt et ettt e b e nbenmmne 129
9 REFERENCES ... ..ottt ettt emmma e e et e e snee e ente e e rneme e e 132



LIST OF FIGURES

Figure 1: Wealpost Wbeam guardrail System. (7).......ccceeviiiiiiiiiieece e 5.
Figure 2: Cash sequence at tig6.3 seC (TTI 71421).......cceviieeeeiiiieieiiieanee e 10
Figure 3: Cash sequence at timB.5 seC (TTI 71421).......ccevveeeiiiiieeeiieenee e 10
Figure 4: Cash sequence at tigB.6 SEC T 7147-21).....ceeeiiiiieeeiiiieeeiiieene e 10
Figure 5: Cash sequence at tigB.8 SeC (TTI 7142L).....c.cceeviieeeeiiiiireeiiieanee e 10
Figure 6: Ruptured rail element at splice in TTI Test 405822A6)...........cccceeeeernnee 13
Figure 7: Ruptured rail element at splice in TTI Test 471230(19).........cccccevvvnenen. 17
Figure 8: Uniaxial tensile teStB/........uuiiieii it e e eeeeme e e e e e 22
[ 1o [ LI R TS | ] LS PP PUSRUPIt 23
Figure 10: Failed splice CONNECHON...........ueiiiiiiii e 24
Figure 11: Guardrail damage caused by-belhd and nut tearing material............... 25
Figure 12: Uniaxial tension test forcisplacement graphs.............cccceeeeeviceecneeenn. 26
Figure 13: The right Wheam guardrail SEON...............eeeveieiiiiiiiceneeiee e 29
Figure 14: Model of the splice hole..........c.cooiiiiiiiiiieee e 29
Figure 15: Model of the splice balt............cccviiiiiiiic e 30
Figure 16: Model of the SpliCe NUL...........ouiiiiiiiiiieee e e 30
Figure 17: Fronview of assembled guardrail splice model...........ccoouiiiiiiaccennns 31
Figure 18: Backview of assembled guardrail splice model...............cccooviviccinneens 31
Figure19: Nut pushed against the shoulder of the balt..............ccccovvieeei e, 33
Figure 20: Forcelisplacement curves for uniaxial tension tests of splice (experimental
AN SIMUIALION).....eieiiiiiee s emn e bree e 37
Figure 21: Von Mises stress (freview) in the uniaxial splice pull simulation........... 39
Figure 22:Von Mises stress (baekiew) in the uniaxial splice pull simulation........... 39
Figure 23: Rotating bolt in the uniaxial splice pull simulation...............ccccoovieeee. 40

Figure 24: Guardrail material deformations in the uniaxial splice pull simulation..40
Figure 25: Stress concentratigundef. view) in the uniaxial splice pull simulatian..41

Figure 26: Stress concentration factors around splice holes.............c.oooveeeineeen 41



Figure 27: Axial Von Mises stresses and bending MOmMenis............cccuveeviieeeeeenens 42

Figure 28: Submodel of post and SpliCe...........oooviiiiiiiiiec e a7
Figure 29: Fronview of suBmMOdel...............oeeeiiiiiiiieemieeeeeeieeeee v L AT
Figure 30: Fronwiew of deformed stmodel..............ccooiiiiiiicee 47
Figure 31: Von Mises stress contour plot at time 34 MSEC........ccccvevviviveccmniieeeen £ 49

Figure 32: Von Mises stress contour plot at time 34 msec. showing back layer of

[0 U E= T [ = T PRSP 49
Figure 33: Von Mises stress contour plotiate 39 msec. showing back layer of

[0 TUE= 1o | = | OO PSP PU PP PP 50
Figure 34: Effective Plastic Strain plot at time 42 msec. showing back layer of gusidrail
Figure 35: Closeip view on ruptured rail.(17)........cocuveeeriiiieniimeneesiieee s siieee s 53
Figure 36: Location of splice failure and interesting Q&7)............ccccveeeeeeeeiiicennns 53
Figure 37: Ruptured rail element in TTI test 40584¢8)...........c..eeveveeeiiiiiiieecieeennn. 53
Figure 38: Test setup for the 30/0 degree load.test...........ccovvveeiimmivieeiiiieee e, 59
Figure 39: Test setup for 30/15 degrees l0ad teSt.......cuvveviiiiiiiemiiceeiiieee e 59
Figure 40: Result of test 99072001 and 99072002 showing the failed................. 61
Figure 41: Result of test 99073001 showing the failed components..................... 6l
Figure 42: The result of test 99100701showing the failed components................ 63
Figure 43: Forcalisplacement graph for test 99100701...........ccccceevvviviccneeeennnn 63
Figure 44: Force verses "jerkisplacement graph foest 99100602...............c..eee.... 64
Figure 45: Result of test 99101102 shows the failed components.............cc....... 66
Figure 46: Forcalisplacement graph for test 99101102..........cccceeevivieiicmnneeennnne 67
Figure 47: Postail connection detail showing onendm diameter bolt and two square

2] =T E T ) SO PP PPPPPPRRIN 69
Figure 48: Pstrail connection detail showing two nuts and a circular................... 69

Figure 49: Guardrail installation of a modified Sgstem with splice connection between

PO ettt 69
Figure 50: Crash sequence just before rail rupture (TTI 473Y50........cccccoveeeirunnns 70
Figure 51: Crash sequenaerail rupture (TTI 47375Q)......cccciiiniiieeniiiieecmieeeenes 70



Figure 52: Crash sequence after rail rupture (TTI 47350.........ccccovivvieeiiiieenennee 71

Figure 53: TOrn guardrail............cc.ueeeeiiiei i e e e 71
Figure 54: Damage looking tgiream from the impact point.............cccccoeviiieeennen. 72
Figure 55: Postest view of connection components.(9)...........covvvveeeriimeereeeriiveeenns 72
Figure56: Guardralil tear initiated at @ POSt.(Q).....cccoruvereiriririmiee e 74
Figure 57: Rail deformation at @ POSt.Q).......ceeeeieeiiiiiirieeeiieee e rmmeieeee 74
Figure 58: Simulated crash test with the interesting post marked......................... 80

Figure 59: Fullscale finite element model of a standard<y&tem modified with the
NEW CONNELION AELAIL.........cciiiiiiiiee e ceeme e e 80

Figure 60: Closeip view of study post showing a nick at the lower edge of the.raBl

Figure 61: Closeaip view of the study post showing Von Mises stresses............... 81
Figure 62: Submodel of the StudY POSL........cooiiuiiiiiiie e 83
Figure 63: Submodel mesh of thetisdy post and rail...........ccccceoviiiiiiicenrene s 84
Figure 64: Mises Stress CONtOUr PIQL.........cooiiiiiiiiiieec e emmne e 89

Figure 65: Location of shell element No. 5449 shown in a Von Mises stress con@plot.
Figure 66: Von Mises stress verses time graph for shell element No..5449......... a0
Figure 67: Effective plastistrain contour PlOLt...........cccuuuviiiiieiiicriiiee e 92
Figure 68: Location of shell element 5453 shown in an ef. plastic strain contour. pibt.
Figure 69: Effective plastic strain verses time graph for shell element No..5453..93

Figure 70: Effective plastic strain contour plot shogvantear initiated at the lower edge

OF TN T .eeiiiiice e e 94
Figure 71: Submodel with backup plate............cooiiiiiiiieen e 96
Figure 72: Von Mises stress contour PlOt..........c.eueveveeeeiiicmriieee e 97
Figure 73: Von Mises stress verses time graph for shell element No..6015......... 98
Figure 74: Effective plastic straimiotour plot...........ccceiiiiiieiiiceee e 99

Figure 75: Effective plastic strain verses time graph for shell element No..6022100
Figure 76: Von Mises stress contour plot of the study post............cccccvvveccennnes 101
Figure 77: Backup plate behind rail. (17).........cooviiiiiiiiiieen e 102

Vi



Figure 78: Guardrail and backup plate modrme a 6mm diameter bolt with increased

1= oo | 1 PRSP 103
Figure 79: Eliminated shelf DOlt.............ooiiiiiiicee e 103
Figure 80: Crash sequence at tig@.2 sec (TTI47375@). ....occvveiiiiiiiiniiiieeieeeene, 104
Figure 81: Crash sequence at tig@.3 sec (TTI47375Q@). ....occveriiiiiiiiniiiieiieeenne, 105
Figure 82: Crash sequence at tim@.4 sec (TTI 47375Q@). ....ocovveiiiiiiiiniiiiie e, 105
Figure 83: Crash sequence at tisn@.6 sec (TTI 47375Q). .....ccovvviivveeiiiiiies e 106
Figure 84: Crash sequence at tig@.7 sec (TTI 47375Q). ....occvvriiiiiiiniiiiee e, 106
Figure 85: Crash sequence at timn@.9 sec (TTI47375Q). ....occevveiiiviieiiiiiiesieennn 107
Figure 86: Typical backup plate mage.(17).......c.cuveveeeeeriiiiiiiieeneee e 107
Figure 87: Crash sequence at tisn@.06 sec (test designatiorl)..............cceeenneee. 111
Figure 88: Crash sequence at tis@.16 sec (test designatiorlB)..............cc.eeenneee. 111
Figure 89: Crash sequence at tisn@.25 sec (test designatiorlB).............ccceeeenneee. 111
Figure 90: Crash sgience at time 0.58 sec (test designatiorlB)..............ceeeeeeeee. 111
Figure 91: Crash sequence at tis@.07 sec (test designatiorld)..............cceeeenneee. 112
Figure 92: Crash sequence at tisn@.55 sec (test designatiorld).............ccceeeenneee. 112
Figure 93: Crash sequence at tin@.95 sec (test dggnation 311)..........ccceeevueveeee. 112

Figure 94: Splice connections located between posts. Backup plates behind the rail at

Figure 95: Postail connection detail showing onen8m diameter bolt and two square
WSS, ..o e 115

Figure 96: Guardrail and backup plateunted on an-8nm diameter bolt with increased

length tightened with two nuts behind a circular washer..................... 115
Figure 97: Shelf DOIt...........eooii e s 115
Figure 98: Crash sequence at tim@.18 sec (TT1 473758). c...ccoovvvvniivieieiieeniien. 117
Figure 99: Crash sequence at tim@.30 sec (TT1 473758). c...ccoevvviiiieiiieiieeniienn. 117
Figure 100: Crash sequence at tin@.50 sec (TTI1 473758). ....coovvvvveeiiiiieeniiiriaee 117
Figure 101: Crash sequence at tun@.77 sec (TTI 473758). .....cevveeeviiiiiineeenenince 117

vii



Figure 102: Crash sequence at tink.20 sec (TT1 473758). ...ooevviiiieiiiiireeniiiiaee 119

Figure 103: Crash sequence at tin2. 73 sec (TTB737503). ...cevvvrvreeeiiieeeeniiriaee 119
Figure 104: Posts pulled out from the ground............ccoooiiiiiieeecne e 121
Figure 105: POStESt CIOSEUDP ON POSL.......vviiiiiiiiie it emmie et e e 121

viii



LIST OF TABLES

Table 1: Laboratory test results for AASHTO M180 guardrail steel.(17).............. 14
Table 2: Uniaxial tension test results for a guardyaliice.................ccoceviiiiieccriinen. 25
Table 3: Material and element data for AASHTQOL80 Class A Type Il guardrail

S (1] (5 OO PEPPR PRI 35
Table 4: Characteristics of fedicale crasttest splice failures...........cccceeiiiiiiiiiceneen. 54
Table 5: Tensile strength of 7-9dm diameter A307 galvanized bolts................... 57
Table6: Summary of test results for existing connNection..............ccccovvveeeceriveeeenne 60
Table 7: Summary of test results for design alternative. L.............cccvvviiieace s 63
Table 8: Summary of test results for improved connection.2..............cccceeiveeeeennn. 66
Table 9: Material and element data for AASHTGL80 Class A Type Il guardita

5] (1] I ) OO RR PR SORRP 87
TaDIE 10: SUMIMAIY......tiiieiiiiiiee s iiieee s immnreee et e e s st e e s ssbinnme e s sbe e e e abb et e e antbeeesmmneses 101
Table 11: Comparison between the standares@&2em and the modified G3/stem

tested in the fulbcale crash test (TTI 473758). .....cevvvveeeiiiiiiiiiiieecen 114



1 INTRODUCTION

Full-scale crash tests have demonstrated that the-pest\tbean guiderail system
does not meet current safety standards for use on Federadlgd highways.(3) (11)
The_unsatisfactorperformance of the system has been attributédetproblems with
the postrail connections, splice failure, inadequate anchoddglee system, and the

mounting height of the Weam on the posts.

The posts in the weghost Wbeam system are only intended to hold thé&dm in

position until a vehicle impacts it. The rail should be mounted high enough to ensure that
the first railvehicle contact happens at the bumper and fender of the vehicle. During
impact the rail should release from the posts and remain in contact with the impacting
vehicle until the vehicle has been redirected away from the system. In some cases,
however, the \Abeam does not separate from the posts and is pulled to the ground during
impact allowing the vehicle to override the guiderail and penetrate behind the system. In
other cases failure has occurred when thba&&m ruptures at a splice location where

individual sections of \Abeam are joined together.



2 LITERATURE REVIEW

2.1 THE SYSTEM

As shown in figure 1, the current wepkst Wbeam guiderail system (@3/stem) is
connected to the post with am@n diameter bolt and a square washer under the bolt

head The bolt is tightened with a nut that clamps the post, rail and washer together. The
rail is 2.67 mm thick, and its center is mounted 610 mm above the ground. An additional
14-mm diameter bolt with nut is located below the rail to support the rail .ambey

loading. The posts are spaced 3810 mm apart. The splice connections between each rail
section consist of eight 4®m diameter bolts and the splices are located at every post.
The 8mm diameter postail connection bolt is supposed to fail at an eathge of an

impact to prevent the rail from being pulled down with the post and effectively reducing

the height of the guardrail.(2)

The AASHTOAGC-ARTBA Highway Barrier Hardware Guide includes drawings of the
G2-system (designated SGR02a in the Hardv@u&e as shown in figure 1), thespace

W-beam guardrail and material specifications for guardrail steel.(7)

2.2 USAGE
Ray and McGinniglescribe the history, geographical distribution, geometry and
performance of the G&ystem.(2) The weagost Wbeamguardrail system shown in

figure 1 is used in the eastern part of the United States in particular. New York,



Pennsylvania and Connecticut use this system. Wierd post Wbeam guardrails were
once common in midvestern states like Ohio and Minnesota, &y are still used in
Ontario, Canada. Systems similar to the wpagt W-beam guardrail are used in the

United Kingdom and other European countries.

2.3 Crash Test Requirement

Ross, Sicking and Zimmer present recommended procedures for safebtionabd

highway features in the National Cooperative Highway Research Program (NCHRP)

Report 350.(12) The authors specify impact conditions and evaluation criteria for full

scale crash tests of longitudinal barriers. Two different tests are requiretddoiex to

pass in order to meet test level 3 conditions. Test designafi@nc8nditions involves an

820-kg passenger car impacting the Length of Need (LON) at the Critical Impact Point

(CIP) at a speed of 100 km/h and an angle of 20 degrees. Testadiesid311

conditions involves a 200Ky pickup truck impacting the LON at 100 km/h and an angle

of 25 degrees.

New guidelines for fullscale crash testing of highway longitudinal barriers were issued

by the Federal Highway Administration (FHWA) in 19@3.) These requirements are
specified in the National Cooperative Highway Research Program (NCHRP) Report 350.
Since May 16, 1994, all newly developed barrier systems have had to meet the
requirements of NCHRP Report 350 before they could be installézsberally-funded

highways, whereas, older barrier systems that had previously passed NCHRP Report 230



requirements were temporarily exempt from this new testing requirement. However,
effective October 1, 1998, all new installations of barriers on fdgdtaided highways
(including all existing and newly developed systems) must satisfy the requirements of

NCHRP Report 350.

The safety evaluation of a barrier according to NCHRP Report 350 is performed on the

basis of three factors. Structural Adequacyc@ant Risk and Vehicle Trajectory.(12)

criterion-which-states thatthiet e s t+—ar t ¢l e —shouyld—contain a

lateral deflection—of the test article is
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2.4 Fultscale crash test

Results from fullscale crash tests with the weadist W-beam system and other systems
essential for this research are presented in this section of the literature review. The tests
are divided in two different groups dependent of the nature of theylartfailure. The

first group contains crash tests where the barrier failed to meet the test requirements
because the vehicle overrode the barrier, and the second group contains crash tests where

the barrier failed to meet the requirements because tliele/@enetrated the barrier.

The weakpost Wbeam guardrail system performed acceptably in previousdale

crash tests at test level 2 but failed to meet all test level 3 conditions.(3) (11) The barrier




passed test designatiofilB but failed test dégnation 311.(2) In some tests the vehicle

penetrated the barrier and in others the vehicle overrode the barrier. ThestER

mainly failed because it did not meet the Report 350 Structural Adequacy evaluation

criterion whi ch ickeshaudemtaih dndredirgcthhe vehidleetlset art

vehicle should not penetrate, underride, or override the installation although controlled

| ater al deflection of the test article is

The objective of this project was to improve the imgmrformance of the wegbost W

beam guardrail system so that it satisfies test level three requirements of NCHRP Report

350. Since the weafiost Wbeam system already passed test designatidhtBe task of

this project was to improve the current weaadst W-beam system so that it satisfies the

requirements of test designatiori 3.

Specific issues related to the performance of the vpeak \WW-beam system were:

e Preventing ruptures at splice connections,
Developing a more reliable pesdil connection,
Reducing the chance of rail ruptures, and
Preventing vehicles from vaulting over the guardrail.

Vehicle override failures
Bronstad and Burketescribe five fullscale crash tests performed in 1968 for the Ohio
Department of Highways with a timber wepkg W-beam system.(1) This system used

timber posts instead of steel, and the purpose of these tests was to determine if the system



met the thercurrent crash test requirements. Post size, notching of existing strong timber

posts and pogb-rail attachmentvere the variables. The Ndeam guiderail used in the

timber weakpost system was the same as used in the steelpeostlsystem. The post

rail connection in test ODH was composed of a 7-9dm diameter bolt with front and

rear washers and a nut behind plost. The vehicle, a fullize 2008kg four-door sedan,

impacted the system at a speed of 110 km/h and an impact angle of 25 degrees. The
connection was supposed to fail by shearing the bolt, but instead the bolt and rear washer
were pulled throughthepot . The authors conclude that: 1
redirected, loss of rail height and lack of sufficient post strength allowed it to straddle the
rail. This contributed to multiple roll ovel
occurred only at thposts in the immediate impact area, was due to forcing the bolt and

rear washer through the post material.o(1)

One reason for the poor behavior of the system was that the guardrail was not released

from the posts quickly enough but followed the posthéoground allowing the vehicle

to straddle the guardrail. Pulling the bolt and washer through the post required

more time and displacement than shearing the bolt. The problem with theibost

connection was solved using a steel insert pipe in the evoothterial and a thinner 6-:35

mm diameter bolt instead of the former 71/®n diameter bolt. The steel insert pipe was
inserted to fiprovide a shearing surface si
G2 standard post . 0 (hdajed offinstead off pujled thlowwh. b o | t wa:

Despite these improvements, the timber wpakt guardrail postail connection was



found unreliable in the field and quickly became obsolete.(2) This system has now almost

totally disappeared from highways in the U.S



Mak and Albersomresent a fulkscale crash test (TTI 71471) with a G2system

performed in 1993 by Texas Transportation Institute.(3) This test was performed at

NCHRP Report 350 test level three conditions (i.e., a 2@0pickup truck impacting #h

guardrail system at the impact speed of 100 km/h and 25 degrees. The authors stated that:

i The | eft front, | eft rear and right fron:
exited only when the end of the guardrail installation was reachadevident from

reviewing the higkspeed video that, had there been a longer run of guardrail, the vehicle
would Iikely have vaulted over the guardra

the G2 guardrail system was 3herefore cons

What is happening here is that the vehicle straddled the guardrail as can be seen in figure

2 to 5. The authors explain thabeamilals t he v
element dropped and began to dig into the ground at 0.732 second68second, the

|l eft front tire began to mount the guardrai
The maximum deflection before failure was 2.4 m. The pictures of the collision show that

the ralil starts to drop just a little bit, which at trasge deflection is enough to let the rail

come in contact with the front right wheel and the vehicle starts to climb the rail.

10



Figure 2: Cash sequence airhe~ 0.3 Figure 3: Cash sequence at time 0.5
sec (TTI 714721). sec (TTI 714721).

Figure 4: Cash sequence at time 0.6 Figure 5: Cash sequence at time 0.8 sec
sec (TTI 714721). (TTI 7147-21).
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Vehicle penetration failures

Kilareski, EFGindy, St. John and Peacheux report the results of thresdale crash

tests with the GBystem performed in 1998 by Pennsylvania Transportation Institute.(11)
These tests were at NCHRP Report 350 test level three conditions (i.e. -lag20i@Rup

truck, 100 km/h, 25 degrees). The first two tests did not confortest level three since

the impact speed was lower than the required 100 km/h. The third test, however, did

12



conform to test level three conditions. The test vehicle impacted the system between post

5 and 6. The rail ruptured at the splice at postd’tha vehicle penetrated the barrier.

The authors conclude that: 0The system per-
splice rupture occurring at the splice on post #7. The rupture occurred approximately

0.228 s after impact and occurred when the riginitfcorner of the test vehicle was

bet ween post 8 and 9.0(11) The maxi mum def

Ross, Bligh and Menges report the results of adcdile crasttest (TTI 4724867) with a

modified strongsteel post \Wbeam systm (G4(1S)system) performed by Texas

Transportation Institute.(15) The system was modified with routed wood blockouts

instead of the standard W150X12.6 steel blockouts. The test was performed with a 4X4
2300kg Pickup Truck at the impact speed of 110 kamid the impact angle was 20

degrees. This was not a standard NCHRP Report 350 test. The vehicle impacted the
installation 0.7 m upstream of post 17. The rail ruptured at the splice at post 19. The
authors describe the i mefafiolttressoaggedanpost a s :

18, and at 0.106 s, post 20 moved. The left front tire separated from the vehicle at 0.126

s, and at 0.154 s, the vehicle reached post 19. By 0.158 s, post 21 moved, and by 0.176 s,
the rail tore from the top of theralm downwar d direction at pos
rail separated from post 19 and the vehicle was travelling at 86.6 km/h at an angle of 5.9
degrees. At 0.216, the rail ruptured. 0(15)
rail tore was 0.68 m. The vethé climbed the rail but remained upright during and after

the collision.

13



Buth, Zimmer and Menges present a-idhle crash test (TTI 40542) with a modified
G4(1S)system.(16) Stronger W150X17.9 steel blatks were used instead of the

standard W15R12.6. The test was performed at NCHRP Report 350 test designation 3

11 conditions. The vehicle impacted the installation 672 mm upstream of post 17. The
authors describe the impact scenari o as: i
front tire contacted post 18 at 0.087 s, and the tire began to turn toward the guardrail. By
0.192 s, the WWbeam rail element ruptured near the splice at post 19 as the vehicle was at

a 14.30 degree angle to the rail. The maximum deflection of the rail elemera befor
rupture occurred was 1.00 m.o(16) The vehi
behind the guardrail. The failed guardrail
analyses (ASTM A370) were performed on three specimens taken from the torn rail

segnent near the tear. Yield strength was 436 Mpa, tensile strength 514 MPa, and the

percent elongationin5tm gauge | ength was 25 percent. o
obtained at three locations, between post 15 and 16, between post 18 and 19 and between
post22 and 23, from strain gauge bridges. The tension in the rail between post 18 and 19

was about 130 KN when the splice failure occurred. Worth mentioning is that the post

rail connection bolt tension was measured at post 17 and 18 and the splice dispgiaceme

was measured at post 15, 19 and 23. The splice displacement was measured with splice
displacement transducers. The splice displacement at post 19 was about 50 mm at

maximum and 35 mm when the splice failure occurred.
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Figure 6: Ruptured rail element at splice in TTI Test 405422. (16)
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Mak, Bligh and Menges report the results of four fsltale crash tests conducted with

four different vehicles, a Ford Taurus, Chevrolet Lumina, Plstmdleon and a Dodge
Caravan.(17) A modified G4(1S)ystem was used in these tests. The installation was

modified with timber blockouts instead of the standard W150X12.6 steel blockouts. The

crash test with the Chevrolet Lumina (TTI 472588(resulted in a splice failure at post

15. The 150€&kg vehicle impacted the rail 0.84 m upstream of post 14 with an impact

speed of 98.4m/h and an impact angle of 25.0 degrees and contacted post 14 at 0.041
sec. This was not a standard NCHRP test. T
redirect at 0.043 s and post 16 moved at 0.080 s. At0.112 s, a tear appeared at the lower
edgeoftheWb eam r ai | at post 15 and, at 0.115 s
W-beam rail el ement ruptured at 0.122 s.o0o(1

ended up on its roof behind the guardrail installation.

Research was performed tetdrmine the cause of the splice failure. Fifteen laboratory
tests were conducted using coupons cut from the ruptured rail element to determine if the
material met the AASHTO M180 specifications (i.e. 482 MPa in tensile strength). The

results in Table 1 giw that the tensile strength was just above the specifications in all
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cases but one. The zink coated rail coupons of tHee¥n material tested in the
independent | aboratory was just below the
are significant diierences in terms of tensile strength and percent elongation between the
Trinity Laboratory testing results and the mill certificate. When compared to the testing
results from the independent testing laboratory, the differences are even more striking.
There are no apparent reason for such discrepancies and the differences are too large to

be random variation. o(17)

Average Yield Average Tensile  %Elongation
Strength (MPa) Strength (MPa)
Independent Laboratory
e Zinc coated rail 416 476 25
e Non zinc coatd rail 415 486 23
Trinity Industries 453 572 23
Mill Certificate 445 529 31

Table 1: Laboratory test results for AASHTO M180 guardrail steel.(17)

The authors also stated that: oeéntdidinat bel i e

materially contribute to the rail rupture.:

The investigators continued with the effort to determine what caused the splice failure by

l ooking at the test data. They cl ai med tha-
excessive deflectioar general pocketing at the splice. The upstream anchor was barely
disturbed, indicating that there was not excessive tensile load on the rail prior to
ruptureé However , i t-spéedcamdras ldaatedfbehmarthetrdiie t wo
that, shortly aftr impact, a hard point on the vehicle (apparently the frame horn) began to

flatten the lower corrugation of the rail and continued with the flattening as the vehicle
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proceeded down the guardrail. A localized pocket was formed at the splice post, which
ledto a tear on the lower edge of the rail element and the eventual rupture of the
rail.o(17) They also conclude that #Ait is

uni que or repeatable, or what can be done

Mak, Blighand Menges report the results of three crash tests conducted on the2MELT
terminal.(18) In one of the crash tests (TTI 40584 performed at NCHRP Report 350
test designation-34, which involves an 82Rg passenger car impacting the CIP at a
speed of @0 km/h and an angle of 15 degrees, thd&dm ruptured at a splice. The
vehicle impacted the MEL-P terminal at post 2. The vehicle began to redirect at 0.035 s.
The right corner of the vehicle reached po:
0.091s, the rail element began to tear at the lower bolt hole of the splice at post 3. The
maximum dynamic deflection of the rail element just prior to the tear was 0.53 m. The
rail element began to deform around post 4 at 0.116 s and then buckled attfh4®4 a

S . By 0.122 s, the rail element was compl

vehicle penetrated the rail.

Mak and Menges report the results of four-Bdhle crash tests performed with a Mini
MELT terminal for use with the G&ystem.{9) The purpose of this crash test was to
evaluate the adequacy and strength of the transition from thepesak\beam system
to the strongpost MiniMelt terminal. The second test (TTI 471428) was performed at

NCHRP Report 230 Test Designation S3hditions (2008kg passenger car, impact
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speed 100 km/h and impact angle 25 degrees). The vehicle impacted the guardrail
terminal 4.6 m upstream of the last wooden post of the terminal (post 5). The numbering

in this test was different from the standardeTpstream engost of the terminal was

numbered 12 and the second post from the upstream end was numbered 11 and so forth.

The vehicle contacted post 3 at 0.055 s,

W-beam rail element ruptured at theisplat post 5 (last wood post of the terminal

section). A(19) The maxi mum dynamic defl ect

W-beam element is shown in figure 7.
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Figure 7: Ruptured rail element at splice in TTI Test 471473. (19)

The majo conclusion from these fulicale crash tests is that the wqalst W-beam

guardrail system does not meet the NCHRP Report 350 test level three criteria.-The G2
system cannot contain and redirect an impacting 2@08ickup truck in a safe and

stable wayas required by NCHRP Report 350 test designatidh.35ometimes the
guardrail ruptures and the vehicle penetrates the barrier and sometimes the guardrail
drops and the vehicle overrides the barrier.(3) (11) A review of videos of priecchlé

crash tets showed that one cause of the guardrail dropping and allowing the vehicle to
override the barrier was the inconsistent failure of the-goktonnection. An

investigation of the postil connection is performed in this research.

Another conclusioris that barriers occasionally rupture at the splices irsitdlle crash
tests with barrier systems other than thegg&tem. Splice failures have been observed in

tests with the strongost Wbeam system, the MELT Terminal and the IWMELT
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Terminal. (19 (16) (17) (18) (19) Essentially all \Weam barriers use the same type of
eightbolt splice connection to connect thetWam sections, and all such systems
experience splice failures occasionally. An investigation was performed in this research
to explorethe performance of the splice in detail and to suggest modifications to
guardrail systems that uses this connection that would prevent the rail from rupturing at

the splice.

2.1 Finite element modeling

Finite element analysis is a good tool to simulatedots. Laboratory tests and crash tests

are often time consuming and expensive to carryTlduts, H is thusoften useful to

perform a simulated test before performing a physical test. This way weak spots in a

structure can be identified at an early sta§the development process, saving money

and time. The finite element program-C8BY NA i s an fAexplicit three
element code for analyzing the large deformation dynamic response of inelastic solids

and structur es 0 alatidns i this prajest. YLDV NArhastbéer s i mu

used with good results in cragst simulations for years.

Plaxico, Patzner and Ray describe techniques they used in developing a finite element
model of the guardrail posbil interaction.(4) The interdon was modeled using springs
between post and soil below grade. The model was compared with a pendulum test of a
strongpost and the simulated results corresponded well to test data. These modeling

techniques were used in the research described in fug.re
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Wright and Ray describe techniques for modeling steel materials-DYI$A for

guardrail materials.(5) Quasi static laboratory tension tests were performed on AASHTO
M-180 guardrail steel coupons and compared with finite element solutions ofithe sa

test. LSDYNA material parameters were optimized to achieve the best correlation

between laboratory tests and-Ests. Two different LIDYNA material models were

used for modeling guardrail steel, the kinematic/isotropic elpsdistic material model

(Type 3) and the ratdependent tabular isotropic elagtiastic material model (Type

24).(5) There were two different sets of properties for material model Type 3,-one bi

linear set covering elongations up to 11 percent and one ghasfectly plasticset

covering elongations from 11 percent up to failure, which happens at about 25 percent
elongation. Both sets of properties are accurate as long as they are used in the appropriate
range of elongations. The aut Aypes8and2dme t o
are not adequate for modeling strain rate effects for AASHFO®80 guardrail 0o a

did therefore not include straimate effects in the models.(5)

22



3 PERFORMANCE OF GUARDRAIL SPLICES

3.1 Introduction

Weakpost Wbeam guardrail sectis are connected together with eightriith
diameters bolts and nuts. The splices are located at every post in-fyst@a (figure

1). One problem that has been observed in the field and iedalé crash testsith-theis
that the Wbeam rail sometimeasiptures at the splice allowing the vehicle to penetrate

the barrier.(11)

This problem is not unique to the wepest Wbeam system. Occasionally the rail
ruptures at the splice in stropgst Wbeam systems, guardrail terminals and guardrail
bridge ral transitions.(15) (16) (17) (18) (19) The configuration of the splice connection
is the same in all these systems although the location of the connections varies in each

system.

In this chapter, reasons for rail rupture and ways to mifigate this prohilétre
discussed. A combination of laboratory tests and finite element simulations were used to
explore the performance of splices in the wpakt Wbeam system. A finite element

model of the splice connection was developed.

First, a series of uniadigensile laboratory tests were performed to explore the response
of the splice connection to uniaxial loadings and to collect data for evaluation of a finite

element model of the connection. The model of the splice was used to explore the
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performance oftte connection The results from this simulation were used to explain why
W-beam rails sometimes rupture at the splices. The theory was compared with the results

from previous fullscale crash tests for validation.

3.2 Laboratory uniaxial tensile tests

A seiies of quasstatic laboratory uniaxial tensile tests of theb@am rail splice was
performed using a Tiniu®Isen 178&kN (400,000lbs) load test machine. The purpose

of the uniaxial tensile test was to examine the uniaxial failure mechanism and ultimate
strength of the splice and to collect data for validation of a finite element model of the

splice.

Special grips to hold the ends of the rails were designed and fabricated. These grips had
to be able to withstand larger loads than the bolted splice ciiomend the rail cross
section. Each grip consisted of three steel hemispherical bars welded to a plate that was
designed to fit in the grips of the load tester. Twertg 12.7mm diameter A307 bolts

were used to attach the rail to each grip fixture.d_plate washers were used between

nuts and rail to increase the friction. Figures 8 and 9 show the test setup and the grips.

Three uniaxial tensile tests were performed with this setup. The first test was interrupted
since the bolts used for the gripddd at around 390 kN. Originally, 3#Bm diameter
bolts and small round washers were used to attach the rail to the grips. The grips were

improved by using stronger 12r@m diameter bolts and long plate washers between nuts
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and rail. The tensile tests veeconducted with the modified grips and completed
successfully. The failure mechanism and maximum pulling force were consistent for the

three tests.

Figure 8: Uniaxial tensile test setup.

25



Figure 9: Test grips.

When the splice was loaded axially, the splice bolts rotated and bent the edges of the
splice holes (figure 10). The sharp edge of the bolt head and nut tore the material around
the holes on both layers of rail (figure 11). Finally, the bolts started to tear through the
rail material around the holes and were pulled through the holes alldvérgplice to be
pulled apart completely. At the end of all three tests one of the outer splice bolts tore the
guardail material completely. The results from the uniaxial tension tests are summarized
in Table 2. The splice failed at approximately the sdisplacement and force in all

three tests. The foredisplacement curves differed somewhat, (see figure 12) because the

26



connection is sensitive to how the two layers eb@am are lined up relative to each
other. The splice holes are actually slots dradforce direction response will be affected

by where in the slot the bolt is positioned.

The highest tension measured in the rail upstream of the impact point irsedigllcrash
test of a wealpost guardrail system is usually below 300 kN.(9) Thustwhhappening

at 400 kN in a uniaxial laboratory test sobably not what happens in a real impact. The
laboratory test is not a good representation of a real splice failure, but the force
displacement curves for the tests are valuable for calibrdtenfinite element model of

the connection.
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Figure 10: Failed splice connection.
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Figure 11: Guardrail damage caused by bothead and nut tearing material.

Test Failure Mechanism Max. Pulling Displacement at max
Force (kN)  force (mm)
991222 01* Splice bolts pulled through 438 NA
splice holes
000117_01 Splice bolts pulled through 408 22.86
splice holes
000322_01 Splice bolts pulled through 409 24.13
splice holes

*Interrupted and continued after redesigning the test fixture. Displacement data Ic
when test interrupted.

Table 2: Uniaxial tension test results for a \WWbeam spice.
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Figure 12: Uniaxial tension test forcedisplacement graphs.

It is difficult to perform a laboratory test that replicates closely the loadings on the splice
in a full-scale crash test since the loadings and deformations are very complex. Instead, a
finite element model of the splice was developedaraduated. The model was later

used in a sutnodel consisting of a wegtost and the radectionwith the splice

centered on the post. Using the gubdel, the performance of the splice in a-Bdble

crash test could be simulated and studied in detail.
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