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1 INTRODUCTION

1.1 Problem Statement

Long-spanguardrail systems have been recognized as an effective means of shielding
low-fill culverts. These designs are popular due to their ability to safely shield the culvert while
creating minimal construction effort and limiting culvert damage and repair adrapared to
other systems requiring post attachment to the top of the c{idv8}t However, previous lonrg
span designs were limited by the need to use long sections of nested g{u@rédl prevent
rail rupture and the need for providing large lateral offsets between the barrier and the culvert
headwall[10-11]. The MGS longspan guardrail, as shown Fkigure 1, eliminated those two
shortcoming by applying the benefits of the Midwest Guardrail SysttGS) to a longspan
design[12-13]. The MGS longspan allowed for increased vehicle capture and stability through
increased rail height, limited the potential for pocketing and wheel snag through the use of
Controlled Release Terminal (CRT) posts adjacent to the unsupported span, and greatly
increased the tensile capacity of the rail through the movement of splices away from the posts
and the use of shallower post embedment. These feaaveshe MGS longpan guardrail the
ability to perform safely without nested raéind the minimal barrier offset made this new barrier

a very functional and safe option fitve protection of lowfill culverts.
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Figurel. Midwest Guardrail System 26 Long-Span Design

The currentMGS long-spandesignprovided the capability to span unsupported lengths
up to 25 ft(7.6 m) Although a 25ft (7.6-m) span length has many applications, there are several
culvert structures that fall outside the span length of the MGSdpagsystemIn addition, the
Midwest Roadside Safety FacilityM(vRSF) has recommended a minimub2-in. (305mm)
longitudinal offset between guardrail posts and underground obstructions to allow for proper
postsoil interactionsThese limitations further rede the culvert applicationsherethe MGS
long-span desigcan be implementedther solutions for mounting guardrail to culverts exist
but mounting hardware to culverts can alsmatedifficulties. If the longspan can be adjusted to
accommodate loreg spans, the difficulties associated with mounting hardware to the culvert can
be avoided.

The use of the MGS lorgpan design for unsupported lengths longer than gaGtm)
was not recommended following the original research project without furthersenahd full
scale crash testing. However, the excellent performance of the MGSpangsystem in the full
scale crash testing program suggested that longer span lengths may be possible with the current

2
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design. In addition, it may be possible to modife barrier system for significantly longer
unsupported span lengths, if so desired. However, this may require substantial and costly
changes to the barrier system.
1.2 Research Objectives

The objective of this research effort was to design and evaluate tH& IM@span
design for use with unsupported spans greater than (256fim) The research effort could be
focused in one of two directions. Research could focus on determination of the maximum
unsupported span length for the current lspgn designor it could focus on evaluating
potential modifications that may allow for significantly longer unsupported spans. The increased
unsupported spalengthswill be designed to meet thigest Level 3 TL-3) safety criteria set
forth by the American Association &tate Highway and Transportation Officials (AASHTI®)
their Manual for Assessing Safety Hardw&kASH) [14].
1.3Scope

The proposed research beganhvatreview of previous longpan systems for extending
unsupported guardrail over culverts. The computer simulation softwa@YDNA® [15] was
used todevelop andcsimulate the currer@5-ft (7.6-m) MGS longspan systemSimulations of
the 25ft (7.66m) MGS longspan system were then compared againststidle crash test nos.
LSC-1 and LSG2 to determinehow well the model predicted the behavior of the losgan
system. LSDYNA was then used to investigate the MGS l@apgn guardrail system at
increased span lengths. Simulations of the MGS-kpan system at increased span lengths
showed promise with the current design and, thus, there was no reason to pursokerargt p
modifications to the system that might allow for longer unsupported span lengths.

A desired span lengtlvas selected witlinput from the projecsponsorsand further

simulations were performed to determine critical impact points (CIP). Th&tiPstvas selected
3
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to test the structural capacity of the guardrail system as well as to evaluate the potential for rail
rupture. The second CIP evaluated the potential for vehicle instabilities by selecting an impact
point that maximized the interaction thfe frontwheel of the pickupvith the wingwall of the

culvert. Finally, conclusions were made that pertained to modeling the MGSpangdesign at

increased span lengtrend recommendations were provided for-&dhle crash testing.
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2 BACKGROUND
2.1 Literature Review

For safety reasons, culvert structures are oftkielded with a crashworthy barrier
system.Systems designed to shield large culvert structures have included-ptrsinguardrails
with steel posts bolted the top of the culvertlf0-11], guardail with nested sections of rail and
reduced post spacin@][ and longspan guardrail systems which shield the hazard with a length
of unsupportd guardrail over the culverd{9,12-13]. Many culvert installations praode very
little soil fill above the culvert for guardrail post embedmeéirash testing has demonstrated that
posts with very shallow embedment depths cards#lypulled out of the ground, thus resulting
in vehicle snagging or vaitig, which can creatgotentially disastrous resultd-p]. Crash
testing has also demonstrated that posts attached to the eub/sgverely deformed and often
pulled loose, causing significant damage to the culvert as well as expensive repaiB]costs [
Long-span guardrail systems provide certain benefits over other shielding desighsas not
requiringadditional construction effort and repairs dugtstattachment to the culvert, nor do
they have to consider the very shallow post embedment depth hazard posedibglverts.

A design for shielding lowill culverts with longspan guardrail was developed
previously at the Texas Transportation Ing&t(TTI) [4-5]. The longspan system sted was
designed for culverts between 2 6 in. and 18 fti 9 in. (3.8 m and 5.™) long. This long
span design provided an improved and economical guardrail system. However, saeral
Departments of Transportation encountered situations wheuoppmged lengths excess of 18
ft 7 9in. (5.7m) and up to 25t (7.6 m) were required. In addition, designs descriimg4-5]
were craskested according to the evaluation criteria provided by the National Cooperative
Highway Research Program (NCHRP) Report No. Zr,ommended Procedurfes the Safety

Performance Evaluation of Highway Appurtenanf&s. Consequently, these existing designs
5
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can no longer be installed on Fedeaml highways unless shown to meet current impact safety
standards, and any new designs with unsupported lemgéhcess of 18 fi 9 in. (5.7m) must
also be subjected to crash testing.

In 1999, MWRSF researchersleweloped a longpan system compliant witNCHRP
Report No. 35017] andcapable of shielding culvert lengths up tof267.6 m) long [7-9]. This
system was based on standatdongpost W-beam guardrailused 100 ft (3&.m) of nested W
beam guardrailand incorporatecbreakaway wood CRT posts adjacent to the unsupported
guardrail sectionDesign recommendations for the system stated that the back face of the
guardrail be placed no leizan 4 fti 11 in. (1.5 mJawayfrom the front face of the culvert head
wall.

At TTI in 2006, anested Wheam longspan design was developed to meet NCHRP
Report No. 350 criteria and be less expensive to construct than existing designs at the time [
The system consisted ofiB. x &in. (152mm x 203mm) wood posts with blockouts and two
layers of 12gauge Wbeam nested over a length of 37 § in. (11.4 m) that extended over the
long span. The longpan system had an unsuppdriength of 18 fi 9 in. (5.7m) and was
evaluated according to NCHRP Report No. 350destgnation no3-11 [17]. The test failedas
the guardail element ruptured and allowed the vehicle to penetrate through the barrier,
subsequently causing the vehicle to roll onto its side. The rupture occutrexlsimgle layer of
W-beam guardrail at the splice location between the nested rail and single rail elements.

In 2001, a nonpoprietary guardrail systemknown as the Midwest Guardrail System
(MGS), was developed in order to improve the safety performdac high centepf-gravity
light trucks. The MGS has shown marked improvement over tHee&vh guardrail in a variety
of crash tests18-21]. In 2006, researchers at MWRSF applied the MGS to the design of the

existing longspan guardrail system to make the barrier more efficient while improving the safety
6
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perfformance 12-13]. The system was euwsted according tdL-3 of the Update to NCHRP
Report No. 35032] undertestdesignatiomo. 3-11, which utilized the 2270P vehicle to generate
higher rail loads and dynamic deflectiorihe MGS longspan design met all of the safety
requirements set forth in MASH undiestdesignation no3-11. The MGS longpan guardrail
eliminated the need for the nested guardeailwel as allowed the bac#f the inline posts to be
placed 12 in. (305 mmgwayfrom the front face of the culvert head wdlhis configurationwas
a signifcant improvement over the 4.9 (1.5-m) offset recommended with the previous
MwRSF longspan design79].

In 2009, TTI provided a technical memorandum thatresked guidelines for Weam
guardrail post installations in rocR3]. In this studyfinite element simulations were performed
on W-beam guardrawith one, two, and threeonsecutive posts missing. The researcfaarsd
that the simulations with up to three missing posts successfully redirected the vehicle without
any significant deterioration in the guardrail performance. In addition, the siomulasults
indicated no significant difference in barrier performance with variations in critical impact
points. The researchers had doubts about the sensitivity of the model to missing posts and its
ability to predict guardrail performance. They conchlidieat although the simulations suggested
either improvements or worsening of ¥deam performance, the results were not discerning
enough to make a fApasso or dAfail o judgment
post installation in rock. Severatodifications and improvements were made to the model to
improve its sensitivity in predicting guardrail performance with compromised posts, but the issue
was not resolved.

Details of theaforementionedong-span systems and the correspondingdadle crash

test results have been tabulated in Tablasd?2, respectively.

n



Tablel. Test and System Information

Testin Testin Test Unsupported| Nested Sectior| Installation Ref
TestNo. Date Or aniza%ion Standirgs Designation Span Length Length No
9 9 ft (m) ft (m) ft (m) '
Texas NCHRP
4714702 | 9/25/1990 | Transportation| Report 10 12.5 25 150 (5]
Institute | No. 230 (3.81) (7.62) (45.7)
Texas NCHRP
4714704 | 5/28/1991 | Transportation| Report 10 18.75 37.5 150 [5]
Institute No. 230 (5.72) (11.4) (45.7)
Texas NCHRP
4714705 | 5/30/1991 | Transportation| Report 10 18.75 37.5 150 [5]
Institute No. 230 (5.72) (11.4) (45.7)
Midwest NCHRP
OLS1 |10/15/1997 Roadside | Report 311 (3562) (;8%) (1458965) (7]
Safety Facility| No. 350 ' : :
Midwest NCHRP
OLS2 | 4/21/1998| Roadside Report 3-11 (356(2)) (éLg%) (51??%) [7]
Safety Facility| No. 350 ' : -
Midwest NCHRP
OLS3 | 5/26/1999| Roadside | Report 311 (356-8) (3%805) (;;%) (8]
Safety Facility| No. 350 ' . -
Texas NCHRP
4051601-1 | 5/25/2006 | Transportation] Report 311 18.75 37.5 150 [6]
Institute No. 350 (5.72) (11.4) (45.7)
Midwest
LSC1 | 4/21/2006| Roadside |A0SHTO | 311 o2 Unnested | 1% | [12
Safety Facility : :
Midwest
: AASHTO 25.0 175
LSC-2 6/7/2006 Roadside MASH 3-11 (7.62) Un-nested (53.3) [12]

Safety Facility

7T-OTE-E0dHION Hoday 4SHMA
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Table2. Full-Scale Crasfest Results

Max. Max. Workin Impact
Dynamic Permanent rxing b ImpactAngle | Exit Speed | Exit Angle | Pass/
Test No. , : Width Speed :
Deflection | Deformation ft (m) mph (km/h) deg mph (km/h) deg Fall
ft (m) ft (m) i
3.1 2.4 62.7 42.2
47147062 (0.9) (0.7) NA (100.9) 24.5 (67.9) 11.0 Pass
3.1 2.3 56.2 43.4
4714704 (0.9) (0.7) NA (90.4) 24.0 (69.8) 12.3 Pass
3.2 2.5 60.9 44.2
4714705 (1.0) (0.8) NA (98.0) 25.1 (71.1) 10.4 Pass
OoLS1 NA NA NA 62.9 25.4 NA NA Fail
(101.3) '
4.4 3.1 63.8 41.1 :
OoLS-2 (1.3) (0.9) NA (102.7) 24.5 (66.2) 16.7 Fail
4.8 3.3 63.9 43.6
OLS3 (1.5) (1.0) NA (102.9) 24.7 (70.2) 9.4 Pass
Rail . 20.9 62.4 :
4051601-1 Ruptured Rail Ruptured (6.4) (100.5) 24.8 NA NA Fail
7.7 2.4 7.8 62.4 35.2
LSC1 2.3) 0.7) 2.7) (100.5) 24.8 (56.7) 1.0 | Pass
6.5 4.5 7.0 61.9 33.7
LSG2 (2.0) (1.4) (2.1) (99.6) 24.9 (54.3) 18.8 Pass

yT-OTE-E0dHION Hoday 4SHMA

¥TOZLT Jequiadaq



December 1,/2014
MwRSF Report NoTRP-03-310-14

2.2Test Nos. LSG1 and LSG2

Two full-scale crash testsere perfamed on the MGS lorgpan guardrail system, test
nos. LSCG1 and LSG2 [12-13]. In test no. LSEL, the vehicle impacted the barrier near the-mid
span of the unsupported lengétiowing for evaluation ofvheel snag, vehicle pocketing, and the
potential for rail rupture. In test no. LSX the vehicle impacted the barrier 3% post spaces
upstreamfrom the unsupported span lengifhis test maximized the interactions between the
vehicle and downstrearwingwall of the culvert thereby evaluating the potential for vehicle
instabilities.

Both tests showed successful performance of the MGS-émagn system, but the barriers
experienced more damage than seen on other MGS systems. There were CRT posts in the impact

region that rotated completely out of the soil, some without fracturing, as shé&igune?2.

Figure2. CRT Posts Btated Out of Soil, Test No. LSZ

10



December 1,/2014
MwRSF Report No.TRP-03-310-14

There were a considerable number of posts disengaged from the guardrail through both
systemsas shown irFigure 3. In test no. LS€L, the guardrail released from the méjpof the
posts downstrearftom the unsupported span length. Similarly, in -3@he guardrail released
from every post upstrearftom the unsupported span, including the anchors. Deisavior

illustrates thathe MGS longspan guardrail system is sensitive to rail release.

(a) Test No. LS€l (b) Test No. LS

Figure3. Guardrail Released from Posts T&st No. LSEL and (b) Test No. LS@

Both tests experienced large anchor displacemastsiown inFigure4. In test no. LSE
1, there were 9n (229mm) soil gaps recorded at the downstream anemat in test no. LS@,
there were 5n. (127mm) soil gaps recorded at the upstream anchor. Both systems had

anchorages #twere partially raised out of the ground.

11
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(b) Upstream Anchor, Test No. LSZ
Figure4. Large Anchor DisplacemeritsTest Nos. LSEL and LSG2

12
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The damage imparted to the barriers during test nos:1.8@& LSG2 indicated that the
25t (7.6-m) unsupported lengtimay be the limit of the MGS longspan design. However,
despite the posts rotating outtbk soil, the considerable number of posts disengaged from the
guardrail, andhe large anchor displacements, both systems exhibited smooth redirection of the
2270P vehicleBased on the successful performance of the MGS-d¢pag design, it was
speculated that the MGS losgpan system could perform at the Test Level 3 conditions with

unsuppored span lengths in excess off267.6 m)

13
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3 DEVELOPMENT OF 25-FT MGS LONG-SPAN BASELINE MODEL

A finite element model of the standard MGS guardrail system was modified to develop a
model of the MGS longpan system for use in culvert applications. The initial development of
the MGS long span model and some of its comporaetsutlingl herein.
3.1 Midwest Guardrail System Model

The standard MGS guardrail system has been successfully modeled and validated with
full-scale crash testif@4-25]. This MGS model was a secegdneration model which included
improved end anchorages, a refined mesh for more realisticrb@efiectionsand an improved
vehicleto-barrier interactionA list of MGS model parts and associated-R8NA modeling

parameters are shownTable3.

14
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Table3. Summary of MGS Parts and {LBYNA Parametersd4]

Element Element Material Material
Part Name , :
Type Formulation Type Formulation
BelytschkeSchwer, | 6x19 % in. Moment,
Anchor Cable | Beam Resultant Beam Wire Rope | Curvature Beam
Anchor Post Solid Constant Stress Sol ASTM A307 Rigid
Bolt Element
Anchor Post -
Bolt Heads Shell BelytschkeTsay | ASTM A307 Rigid
Anchor Post Solid Constant Stress Sol ASTM E844 Rigid
Washers Element
BCTP,ggtchor Solid | Fully Integrated, S/R Wood PlasticKinematic
Bearing Plate | Solid | Constant Stress Soli - gy agg Rigid
Element
Blockout Solid | Fully Integrated, S/R Wood Elastic
Blockout Bolts | Shell BelytschkeTsay ASTM A307 Rigid
: . DRO=Translational Spring,
Bolt Springs | Discrete Spring/Damper ASTM A307 Nonlinear Elastic
GroundLine Piecewise,
Strut Shell BelytschkeTsay ASTM A36 Linear Plastic
Post Soil Tubeg Shell BelytschkeTsay qug\éﬁlent Rigid
. : : DRO=Translational| Equivalent Spring,
Soil Springs | Discrete Spring/Damper Soll General Nohnear
W-Beam AASHTO
Guardrail Shell Fully Integrated, | M180, 12Ga. Piecewise,
: Shell Element Galvanized Linear Plastic
Section
Steel
Fully Integrated, | ASTM A992 Piecewise,
W6x9 Post Shell Shell Element Gr. 50 Linear Plastic

3.22270P Silverado Vehicle Model

A Chevrolet Silverado vehicle model (2270R¥s shown irFigure 5, was used as the
impacting vehicle during the initial development of the MGS {epgn modelThe Silverado

vehicle model was originally developed by the National Crash Analysis Center (NCAC) of The

15
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George Washington Universjtyhich was later modified byMwRSF personnel for use in
roadside safety applications. This particular vehislea reducedrersion 3Silverado model
which contain®248,915 elementsas opposed to the 930,000 elements indigtailedversion 3

Silverado model

Figure5. Reduced Chevrolet Silverado Version 3 Finite Element Model

3.3 Modeling the Long Span

The initial MGS longspan model was created by omitting three posts from the center of
the original MGS model, creating a-#57.6-m) long spanas shown irFigure6. All simulation
efforts were performed using metric units and, therefore, all reported dimensions in English

standard units henceforth are appmations based on the metric conversions.

Figure6. Three Steel Posts Omitted to CreateftA7.6-m) Unsupported Span Length
16
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3.3.1CRT Post Assembly

The MGS longspan design utilize€RT posts directly upstream and downstreaom
the long sparnf-ull-scale crash testing has shown that the placement of CRT posts adjacent to the
unsupported span functioned wellreduéng wheel snag angdocketing[7-9, 12-13]. The CRT
postsincludedtwo 3%zin. (89-mm) diameter holes drilled through the weak axis to promote
fracture in those regions. These holes were locd2eahd 47% in(813 andl,213 mm) from the
top of the post. Whethe CRT posts were embedded in soil the groundline bisected the top hole
of the CRT post. Thus, the bottom hole in the CRT post was completely embedded in soil.

The posts were meshed with aifz (12.5mm) mesh. The region surrounding the top
hole was giva a failure criterion to allow fracture in that region. However, the rest of the post
was constructed of the same material, ftutwas not given any failure criterion. This
configurationimproved the modeling of the wood posts. A physical wooden post ahd
during loading; however, wood does not fail easily in compression. The material modérused
modeling the CRT posts failequally in compression and tension. Therefore, to eliminate
element failureoutside ofthe fracture region of the post, the upped lowerportiors of the
CRT postwerenot given any failure criteria

3.3.1.1CRT Blockouts

The CRT posts were connected to-ia2 (305mm) deep blockouts similar to the
blockouts used with the steekline posts. Aphysical CRTblockout assembly utilizes a single
guardrail bolt which connects the guardrail to the blockout and extends all the way through the
blockout and CRT post. Fuiicale crash testing has shown that the blockout and CRT post do
not generally disegage during impactlp-13, 26-28]. This behaviorallowed for the posbolt

mockling to be simplified. Instead of modeling one guardrail bolt through the entire blockout and
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CRT post, only the front portion, includingetthead of the bolt, was modeledth a rigid
material.

An exploded view of the complete CRilockout assembly ishewn in Figure 7. The
front of the CRT blockoutvas slightly modified to accommodate the simplification made in the
postbolt connection. A small section of the blockout, surrounding the bolt hole, and the
guardrail bolt itselfwere modeled using a rigid material. The rigid portion of the blockout was
merged with the surrounding mesh of the deformable blockout. The rigid portions of the
blockout and guardrail bolt were rigidly constrained together. This simplified connetttbe
CRT postanimicked the guardratblockout connectiownf in-line steel psts. Finally, the back of
the blockout and front of the CRT post were connected through a single merged node, in line
with the guardrailbolt. The connection through a single node allowed the blockout to rotate in

the same way as if it were connected vaitsingleguardrailbolt through its center.

Figure7. CRT Assembly Exploded View
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3.3.1.2Wood Material Model
The wood material model used for the CRT posts was developed using afpklasto
material with a failure criterion basexh a maximum plastic strain. The material model was
representative of Southern Yellow Piméhich is the material used in the manufacturing of CRT
posts.The parameters used in the wood material madeshown inTable4. The CRT posts
were constructed of solid elements with a fully integrated, selectively reduced element

formulation.

Table4. CRT Post Properties

Density [Youngos Poi ss Yield Tangent Plastic Failure
kg/mn? GPa Ratio Strength Modulus Strain
GPa GPa
6.274 EO7 11.0 0.30 6.0 E03 250.0 EO3 120.0 EO3

3.3.1.2.1 Bogie Simulations
Bogie simulations were used to calibrate the plastic failure criterion used imoti
material model. A bogie vehicle impacted a CRT post, constrained in a rigid sleeve, in the strong
and weak axis (90 degrees from the strong axis) at a speed of 15 mph (24.Akstbngaxis
bogie impact is shown ifrigure 8. The CRT postds energy absor
calibratedin both the strong and weak a&xsince fultscale crash testing has shown that CRT

posts fail in a combingtn of strong and weakaxis bending12-13, 26-2§.
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Figure8. LS-DYNA Simulation of CRTBogie Tesing

Simulation data from the bogie tests were compared against physical bogiedatiiong
match the engy absorption during deflectioior both the weak and strong axes, as shown in
Figures9 and 10 [29]. The plastic strain failure was the only parameter changed between runs
and thesimulated failure strains wef®08, 0.10, 0.12and 0.15. A mstic failure strain of 0.12
was selectedbecause this value fell within the range of test data for both the sandgveak

axis tests.
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6 CRT Post Strong Axis: Energy-Deflection

Test No./Strain

_A MNCRT-1
B MNCRT-2
L _MNCRT-3
_D_Fail: 0.08
_E Fail: 0.10

—E_Fail: 0.12
-G _Fail: 0.15

Deflection [mm]

Figure9. EnergyDeflection for CRT Posts abo&trong Axis

Energy [kJ]

3.5

CRT Post Weak Axis: Energy-Deflection

Test No./Strain

~A_MNCRT-4
B _MNCRT-5
—C MNCRT-6
~D_Fail: 0.08

_E_Fail: 0.10
_E _Fail: 0.12
_G Fail: 0.15

300

Deflection [mm]

Figurel0. EnergyDeflection for CRT Posts aboMVeak Axis
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3.3.1.2.2 Validation
The bogie simulations penfmed on the strong and weak sx& the CRT posts were

compared against physical bogias shown in Figurekl and12, respectively
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Figurell StrongAxis CRT Post Impact, L®YNA Simulation vs Bogie Test
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60 ms

90 ms

120 ms

Figurel2. WeakAxis CRT Post Impact, L®YNA Simulation vs Bogie Test
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In both strong and weakaxis bogie tests, the posts began to facturhetgrountdne
near the breakaway hole. The CRT post continued to rotate and lose strength as the wood
fractured. Similarly, the CRT posts in the simulation began to fracture at the breakaway hole in
both the strongand weakaxis impacts. As the CRT posts rotated backwards, elements began to
erode on both the front and back of the post due to tensiocoamgression, and as the elements
eroded the post lost strength. Based on the correlation with the physical bogiedezpees of
deflection and modes of failurethe wood material model used for the CRT posts was
considered validated.

3.3.1.3CRT Soil Tubes

The CRT posts, like the steel posts, rested in rigid tubes connected to discrete spring
elementswhich attempt to model soil resistance. The soil tubes were constrained to prevent any
translation or twisting of the CRT post. The only motions allowed werddhgitudinal and
lateral rotatios of the postsThe discrete spring elementgere attached to the top of the soil
tubes These springs providehe soil resistance and followed separate loading and unloading
curves. Once a physical post rotates throsgjhand the load is removed, the soil resistance on
the post significantly decreases. Thus, separate load curves in the model provided the appropriate
resistance during loading but followed a much steeper curve during unlpatiiich prevented
the springelement from recoilingnd lowered theesistance on the post.

Theoriginal soil tubes had to be modified to accommodate the larger-seati®n of the
CRT post. In addition, the height of the Isnibes had to be increasedjtist below the top hole
in the CRT post. The increased height of the soil tubes helped promote fracture at the top hole in
the CRT postThe soil tubes were not raised to the height of the groundiseause they were
only meant to promote failure in the fracture region of thegoddtey were not meant to provide

a precise fracture line through a specific region of the post. The fracture location of the CRT post
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was a function of the soil tube heigftherefore, it was necessary to increase the height of the
soil tube suchthatit promoted fracture in the region of the post that was consistentradtiure
observed irphysical testing.

Once the CRTposts were developed, the blockouts were connected, the soil tubes were
modified,andthe CRT post assemblies wehenimplemented into the MGS system. The MGS
long-span design contains a total of six CRT posts directly adjacent tentgported span
Thus, CRT posts replaced three steeline posts on either side of the unsupported span, as

shown inFigurel13.

Figurel3. MGS LongSpan with CRT Posts Adjacent to Unsupported Span

3.3.2Implementation of Culvert and Ground Profile
There were twdull-scale tests performed on the MGS leaman guardrail systenand
due to the naturef thetess, slightly differentculverts were constructddr each. As a result of
the different culvert structures, the surrounding ground profiles had to be de/sieparately as
well.
3.3.2.1Test No. LSG1 Configuration
Test no. LSEL contained a sing wingwall culvert that was 9n. (229 mm) thick and

spanned a total distance of #3i 11 in. (7.3 m) with the wingwall flared at 45 degrees, as
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shown inFigure 14. This test impacted the system near the center of the unsupported span
length and therefore the upstream portion of the culvert was inconsequential. The culvert was
constructed from rigid shell elements wi2.0-in x 2.0in. (50mm x 50mm) meshused to
capture thechamferededgealong the top of the culvert. The culvert was agsed concrete

material properties.

N . 25

’/I

Figurel4. SingleWingwall Culvert, Test No. LS€l

Due to the impact location in test no. L8Cthe vehicle only interacted with the
downstreanwingwall as it exited the system. Since the véhitever interacted with the ground
upstream of the culvert nor penetrated past the fartlo@st @f the culvert, it was urecessary to
model any sloping ground contours. Thus, a simple ground configuration composed of finite

planar rigidwalls was suffient, as shown ikigure15.
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Figurel5. Test No. LSE1 Ground Profile Constructed from Finite Planar Rigidwalls

3.3.2.2Test No.LSC-2 Configuration
Test no. LS used a doublevingwall culvert which had a9-in. (229mm) thick head
wall with both the upstream and downstreamgwalls flared at 45 degredsr a total lengthof
30 fti 3in. (9.2 m) as shown irFigure 16. Similarly, the culvert was constructed from rigid
shell elements with a 2id x 2.0in. (50-mm x 53mm) mesh and assigned concrete material

properties.

Figure 16. DoubleWingwall Culvert, Test No. LS
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The ground profile used to model test no. ES@as more complex than that used with
the singlewingwall culvert. In test no. LC&, the ground had aF81V slopethat started 24.0 in.
(610 mm) behind the back face of the guardrail posts, anditiggvalls were modified to match
thesoil slopg[12-13]. The choice of the slope profile was based on choosing the flattest slope of
the typical culvert installations submitted by the sponsoring states atnaeTthe choice of the
flattest slope maximized the potential for vehicle interaction withwtimgwalls of the culvert
during the impact event.

Development oftie groundorofile around the doubleingwall culvert was too complex
to accomplish using finitglanar rigidwalls. A series of contours, camspd of rigid shell
elements, shaped the ground around the doalrigwall culvert, as shown ifrigure 17. The
contact between the ground shells and vehicle tires was achieved using the
*CONTACT_ENTITY definition. This contact definition treated impacts between deformable
bodies and rigid bodies with a penalty formulation, which was analogous tmitiwall contact

formulationused to model test no. LSTC

Figurel?. Test No. LSE2 Ground Profile Costructed from Shell Elements
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3.3.3Modeling Issues

During the development of the MGS lesgan modelspecific modeling issues occurred
which required careful consideration. This section documents the issues encountered in
generating the CRT post assemblies and the techniquestdekedress them.

3.3.3.1CRT Post-Blockout Connection

As the CRT posts fractured and began releasing from thethailblockouts began to
separate from the CRT peddue to the simplifications made in the blockout connection. The
CRT post was constructed with a significantly finer mesh than the blockout. As a result, the
blockout mesh was much stiffer than the CRT poesh. Thischangecaused the post mesh to

distort unrealistically as the blockout attempted to separate from theapastown irfFigurel8.

Figurel18. Unrealistic CRT PosBlockout Separation

A material modification was made to stiffen the region of the CRT post used in the
connection with the blockout. Thimodificationwas accomplished by increasing the density and
elastic modulus for the four solid elements surrounding the node used in the blockout
connection. These parameters were increased enough to prevent the elements from distorting and
mimicked the properties of steel. The locations of the elements used in thismettéc
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modification are shown iRigure19. This modification still allowed rotation of the blockout, but

it did not allow any posblockout separation.

]
e
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f\/\\A/
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Figure19. CRT PostBlockout Attachment Modification

3.3.3.2 Fracture Region of CRT Posts

The soil model consists of discrete spring elements (soil springs) and solil tubes. The soil
tubes are a way of connectipgsts to soil springs fprevent post translation amdist. The top
of the soil tubes surrounding the TRosts preseata sharp edge in the fracture region of the
post. Thisedgeresulted in poor contact behavi@s seen by the excessive penetration of the
CRT post through the back side of the soil ftaseshownn Figure20. Interpenetration between
the soil tube and CRT posbuld cause a local lIdwp between partsvhich would preventhe
post from sliding along that edge. This cattawas initialy modeled with a
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACEontact definition. Contact between
the CRT post and soil tube would register anelvpnt penetrations if the outeost surface of

the post contacted the soil tube. However, onceothier elements orthe backside of the post
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reached their plastic strain failurthe elements would deletexposing the inner layer of
elements. Meinner elements did not hawentact defined with the soil tube under this contact

definition, and thus, excessive penetoatiof the soil tube ensued.

Figure20. CRT Posit Soil Tube Contact Interference

The contact between the post and soil tube had to include the elements on the surface of
the post as well as the inner elementghef post. As theuter elements reached their plastic
strain failure limit and deleted, the inner elements were exposed to the soil tube. Therefore, it
was important that these new elements be included in the contact definition between the post and
soil tube to keep the #o tube from penetrating through the postA
*CONTACT_ERODING_SINGLE_SURFACEontact definitim was implemented to remedy
the contact issue. In the eroding singlerface contact, the contact surfagmatesas elements
on the free surface are deleted adowy to the material failure criterion. Théwvee, once the
contact surface veaupdased, the new layer of elements wa@nsidered in the contact defined
between th&€RT post and soil tube, and the excessive penetrations of the soil tube into the post

were reducegas shown irFigure21.
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Figure21l. New Contact Definitin in Fracture Region @RT Post.

Although the erodingingle-surface contact definition significantly improved the contact,
some penetration of the soil tube into the CRT post was still present. The top of the soil tube
provided a sharp edgand thattype of contact penetration is typicaider thee conditbns. The
interpenetration of the soil tube and CRT post was ultimately corrected by rounding off the top
edge of the soil tube, thywevening the sharp edgieom digging into the postA ¥~in. (12.5
mm) radius lip was added to the top of the soil tubeshown inFigure22. The removal of the
sharp edge in the contact region eliminated all excessive penetrations between the soil tube and

CRT post.

Figure22. 1/2-in. (12.5mm) Radius Lip around Top Edge $bil Tube
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4 SIMULATING TEST NOS. LSC-1 AND LSC-2
4.1 Correlation between Baseline Models and FulEcale Crash Tests
Once baseline models of the MGS lesfgan weraleveloped, the simulation results were

compared against fuicale crash test BOLSCG1 and LSG2. In additionto a visual analysis, the

velocity profiles, maximum barrier deflections, maximum pocketing angles, and occupant risk

values were used to evatadahe baseline simulations.

A postnumberingconvention was developed for the MGS lesman design thaill

become more impaahtas inline posts are removed during the investigation of increased span

lengths.However, b maintain consistengyhe postnumbering convention will be introduced
here and maintained throughout the remainder of this sagdighown irFigure 23. The inline
posts are nhumbered from the unsupported length to the anchors. Posts upBtearhe
unsupported length are denoted {B#), and similarly the posts downstream are denoted#pPS

Missing post locations throughout the unsupported length are deivifg).

Figure 23. Post Numbering Convention fMGS LongSpan Design

The impact locations fathe baseline models occurred f£75.2 m) upstreanfrom post
no. DSP1 for test no. LSA, and 28in. (711 mm) downstreanfrom post no. USP4 fa test no.
LSC-2, as shown irFigure 24. If the simulations correlate to tests nos. LS@nd LSG2, the

baseline models can then be modified to develop longsupported span Those simulations
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will be used to draw reasonable conclusions about the MG Ssloeng system at increased span

lengtls.
\___/
E— i i i i i i i i i i | 1 i ] i i i i i ] i i Fe—
LSC-1
E X

Figure24. Impact Location$ Test Nos. LSEL and LSG2

4.1.1Graphical Comparison

Sequentiad of test nos. LSEl and LSG2, along with their corresponding baseline
simulations, are presented in Figusthrough 28, respectively.The LSCG1 baseline model
accurately captured the vehicle and system behavior exhibited in treedldl crash test. The
vehicle in the simulation did exit thestgm sooner than the vehidtethe fullscale testwhich
produced some discrepancies in therdrail and vieicle behavior after 600 ms.yBhat time
the vehicle had already been redirected.

In the LSG2 baseline modethere were noticeable differences in vehicle behavior and
barrier deflections. The rear of the vehicle in the-$athle crashest dropped down below the
culvert headwall as the vehicle redirected. However, in the-2®@seline simulatigrthe rear
of the vehicle pitched upwardhe effects wex most noticeable at the 520, 610, and 700 ms
markers. In addition, the simulationddnot accurately capture the barrier deflections or vehicle

extent over the culvert
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0 ms 0 ms

106 ms 100 ms

214 ms 210 ms

300 ms 300 ms

Figure25. Test No. LSG1 and Baseline L®YNA Simulation Sequentials
36



December 1,/2014
MwRSF Report No.TRP-03-310-14

410 ms

520 ms 520 ms

610 ms 610 ms

700 ms 700 ms

Figure26. Test No. LSC1 and Baseline L®YNA Simulation Sequentials (continued)
37



December 1,/2014
MwRSF Report No.TRP-03-310-14

302 ms 300ms

Figure27. Test No. LSGC2 and Baseline L®YNA Simulation Sequentials
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700 ms 700 ms

Figure28. Test No. LSGC2 and Baseline L&DYNA Simulation Sequentials (continued)
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In test no. LSEL, the guardrail disengaged from severffahe inline posts downstream
from the culvert. The degree of guardrail disengagement obserwedest no. LSEL was
accurately predicted by the LSCbaseline model. However, the number ofime poststhat
disengaged from the guardrail was considerably hightest no. LSE than in test noLSC-1,
as every post upstreafnom the unsupported length disengaged from the guardrail. This
phenomenon was not predicted by the LEBGaseline model. In the LSZbaseline simulation,
only fourin-line posts disengaged from the guarddaivnstream from thensupported length

4.1.2Velocity Profiles

Velocity profiles from onboard transducers were compared between the vehicles in the
baseline simulations and test nos. LSGand LSG2, as shown in Figure29 and 30,
respectively. The longitudinal and lateral accelerations from the simulations were processed the
same as the accelerometer data obtained from thachilk tests to ensurbet curves were
comparableThe longitudinal velocity comparisons between the baseline simulation and test no.
LSC-1 matched the closesDverall, the simulations tended tonder predict the change in

longitudinal velocity anaverpredictthe change in laral velocity.
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LSC-1 Baseline: Velocity Profile Comparison
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Figure29. Velocity Profile Comparisons between Baseline Simulation and Test Ne1LSC

LSC-2 Baseline: Velocity Profile Comparison
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Figure30. Velocity Profile Comparisons between Baseline Simulation and Test Ne2LSC

The differerce invelocities was based on how the systehsorbed thémpactenergy.

As seen in test nos. LSCand LSG2, there were CRT posts that rotated out of the soil without
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fracturing. t is not possibléo simulate the soil and wood post behavior with a high degree of
correlation using current modeling techniques. In the simulatienCRT posts fractured earlier
in the event and out ifront of the vehicle. Once the CRT posts fractured, they no longer
provided any resistive force. During the fgltale testthe CRT posts rotated in the ksoi
providing alower resistive forceover a longer duration of time. Thus, the CRT posts in the
physical testmay haveabsorbed more energy than the CRT posts in thelation. In the
physical testthe guardrail wrapped itself around the front corner of the vehicle more so than in
the simulations because the CRT posts did not fracture ouffromt of the vehicle. This
phenomenon is known as pocketing and resultedginenilongitudinal decelerations.

4.1.3Barrier Deflections

The maximum dynamic deflections recorded during thesitdile crash tests and baseline
simulations are shown ifiable 5. Both simulationsunder predictedhe dynamic deflections
obtained in test nos. LSC and LSG2. The LSGl baseline modelunder predictedthe
maximum dynamic deflection by 21pkrcent,and the LSE baseline modealnder predicted

the maximum dynamic deflection by 2%drcent

Table5. Maximum Dynamic DeflectionsBaseline Models

Test No./ Maximum Dynamic Deflection
Simulation in. (mm)
Full-Scale Crash Test
LSC1 92.2 (2,343)
LSC-2 77.5 (1,968)
Simulatiors
LSC1 72.5 (1,843)
LSC-2 54.7 (1,390)

Significant differences in the dynamic deflections are likely attribtiettie softer soll

conditions and large anchor displacements obtained in thechllk crash tests. Although test
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nos. LSCG1 and LSG2 used soil compaction methods within the standards at the time, the tests
did not use the current solil strength requiremdrasare containeith MASH [14]. Thus, he soil
compaction methods employed at the time of test nos-1.86d LSC2 were not as consistent
as thecurrent standard. As a resuhe full-scale crash tests performed on the MGS span
system exhibited lower pasbil resistive forceswvhich played a factor in the barrier damage and
barrier deflections observed during those tdstxontrast the airrent LSDYNA model of the
MGS was validated against ftdtale crash test24-25] that were performed using the current
soil standard in MASH.

4.1.4Pocketing Angles

Maximum pocketing angles measured for the baseline simulations arstdldl crash
tests are presented irable 6 and Figure 31. Both simulationsunder predictedhe maximum
pocketing angles obtained test nos. LS€ and LSC2. The LSCG1 baseline modelinder
predictedthe maximum pocketing angle by 2&2rcent or 7 degrees, anthe LSG2 baseline
modelunderpredictedthe maximum pocketing angle by 1Jpé&rcent or 3 degrees. The LSE
baseline snulation accurately predicted the time and location of the pockéthe.maximum
pocketing angles measured in both the-$gtle crash tests and baseline simulations were within
the limit recanmended by the researchersMivRSF. A study on MGS transitiosystems
suggested that the critical pociket angle for the 2270P vehicle may be as high as 30 degrees

[30-31].
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Table6. Maximum Pocketing AnglesBaseline Models

Test No./ . Time .
Simulation Pocketing Angle (ms) Location
Full-Scale Crash Test
LSC-1 25.13° 346 Upstream fronDS-P4
LSC-2 27.46° 588 Upstreanfrom DS-P2
Simulatiors
LSC-1 18.05° 300 Upstream fronDS-P3
LSC-2 24.42° 590 Upstreanfrom DS-P2
Recor_nmende( 530 . 0,
Limit

Discrepancies inhie maximum pocketing angles can be attributed to the behafvibe
CRT posts. In the fulscale testshe CRT posts rotated backward i il and did not fracture
as farout in front of the vehicle as the CRT posts did in the simulations. Therefore, larger
pocketing angles developed as the vehicle approatleedRT posts in the fuicale crash tests.
Since the wood posts fractured well front of the vehicle in the baseline simulatiprise

pockets were wable to develop large pocketing angles.
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Time= 300

(a) LSC-1

Time= 580

(b) LSC-2

Figure31l LS-DYNA Baseline Models: Pocketing Angle Comparisons

4.1.50ccupant Risk

The calculated occupant impact velocities (OIVs) and occupant ridedown accelerations
(ORASs) in both the longitudinal and lateral directions for the baseline simulations and test nos.
LSC-1 and LSG2 are shown imable7. The baseline simulatioreser predictedthe OIVs and
ORAs in every case except the longitudinal OIV recorded in test no-2.8Gich produced the
largest discrepancy. However, despiteeste differences the occupant risk values were

comparable between the simulations andduodle tests.
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olv ORA
Test No./ s (m/s) gs
Simulation
Longitudinal Lateral Longitudinal Lateral
Full-Scale Crash Test
-9.58 10.60
LSC-1 (-2.92) (3.23) -6.48 5.91
-16.08 13.42
LSC-2 (-4.90) (4.09) -7.34 4.24
Simulation
-10.89 -13.58
LSC-1 (-3.32) (-4.14) -9.11 -8.66
-10.53 -13.35
LSC-2 (-3.21) (-4.07) -8.31 -6.75
- O 40 O 40 .
MASH Limits (12.2) (12.2) O 20 O 20.

4.2 Discussion

Several metrigsincluding a visual analysis and comparisons between velocity profiles,
barrier deflections, pocketing angles, and occupant risk valuese used to evaluate the
baseline MGS longpan simulations against ftdtale crash test nos. LSCand LSG2. The
LSC-1 and LSG2 baseline simulations produced results that were comparable with tsedidl
crash tests. Howevgthere were significanmodeling assumptions that resulted in discreganci
betweensimulations and fulscale tests. The pest-soil modeling technige could not capture
the behavior observed in ftdkcale crash testing. Since the simulations could not capture the
behavior ofthe CRT posts rotating out of the ground, the pocketing observed in test neg. LSC
and LSG2 wasunder predictedby the baseline simulations. Similarly, the behavior of the CRT

posts influenced the longitudinal and lateral velocity profilesaddition,the simulations could
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not recreate thdarge soil gaps around the anchorages recorded in the physicawiests
helped reduce the maximum barrier deflections predicted by the baseline simulations.

A significant amount of guardrail disengagaday from the inline posts during both
full-scale tests. The LSC baseline modehccuratelypredicted the degree of rail release
observed in test no. LSC, butthe LSG2 baseline modednly predictedfour disengaged posts.
The guardra#to-post connection was not detailed enough in the MGS-$épagn model to
capture the amount of guardrail disengaged in test n@-4.SThe current bolted connection
technique was sfi€ient for the base MGS model, bilte dtachmentwas sensitive tohe long
span system. Thigesultprompted an investigation into the modelimigthe bolted connections
between theyuardrail and posts. Details aleveloping an improved bolted connection between
thepost and guardraikipreseted in Chapter 8.

Simulating test nos. LST and LSC2 with a high degree of correlation wiaspossible
due to themodeling limitations presentedHdowever, the velocity profiles predicted by the
simulations were still relatively close to the velocity gexfiproduced during the fedicale tests.
Similarly, even though the simulatiomsder predictedhe maximum barrier deflections, the
overall redirection of the vehicle was similar to the redirections observed in test nes. &/8C
LSC-2. The occupant risvaluescompared well btween the simulations and fgitale testsand
the maximum pocketing angle predicted by the t5RBaseline simulation closely matched the
pocketing observed in the fidcale test. Therefore, despite some discrepancies between the
baseline simulations and test nos. LE@nd LSG2, these modslcan be usedo modify the
current longspan design and draw reasonable conclusions about the performance of the MGS

long-span system

47



December 172014
MwRSF Report No.TRP-03-310-14

5 SELECTION OF A 2270P VEHICLE MODEL
The \ehicle model used to evaluate the MGS lepgn system was the Chevy Silverado
truck developed byNCAC. Three different versions of the Silverado model were investigated to
determine which model most accurately represented the vehicle behavior and sgxtense
observed during the fulicale crash test no. LSC The three Silverado modelgere the
Silverado Version 2 (Silveraen®?), Version 3 (Silverade3), and reduced Version 3 (Silverado

v3r), as shown ifrigure32.

Silverado-v2 Silverado-v3 Reduced Silverado-v3

Figure32. NumericalSilverado Models

There are advantages and disadvantages associated with each of the vehicleFarodels
example the Silveradev3 and-v3r models have steering while the Silveradodoes not. The
Silveradev2 has a softer tire model that more accurately captures the behavior of a physical tire;
however, thistire modelcan lead to contact instabilities if the tires experience significant
deformation. The Silverade3 and-v3r have a stiffer tire model that is more robust to contact
instabilities, butt cancorrespond t@n exaggerated response during impact. The Silverado
has significantlyffewer elements than the Silverad@ or-v3, which leads to considerably lower
computation times. Detailed information onshe v ehi cl e model s can be

website[32)].
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5.1 Simulation Cases
There were a total of six different simulation cases performed with the three Silverado
models. In test no. LSE during redirectionthe leftfront tire disengaged as the vehicle
interacted with the downstreamingwall of the culvertTo capture tts behavioyit was assumed
that the leftfront tire would disengage as it impacted the downstre@amgwall of the culvert.
Thus, he Silverado modeal were evaluated withsuspension failurdor the LSG2 impact
location The six simulation cases were ads:
1 Silverado Version 2 (V2)
1 Silverado Version 2 with LefEront Tire Suspension Failure (M&F)
1 Silverado Version 3 (V3)
1 Silverado Version 3 with Leferont Tire Suspension Failure (V&)
1 Reduced Silverado Version 3 (V3R)
1 Reduced Silverado Version 3ttv Left-Front Tire Suspension Failure (V3&F)
Simulating suspension failuie accomplished by terminating the joints that connect to
the tire once the forces indbe joinsincrease considerably due to an impact event. The forces at
which those jointsrealistically fail are unknowrand therefore, simulating suspension failure is
not predictive modeling. However, suspension failure can be asedtool to obtain stronger
correlation with physical testing where tire disengagement had occurred. Sidedingdire
disengagement is not actually predictive failure, this technique is used sparingly and with
caution.
5.2 Correlation between Silverado Models and Test No. LS@
The Silverado cases wesemulated at thé.SC-2 critical impact locatiorand compared
against the fulcale crash tesVarious metricsincluding a visual analysis and comparisons of

velocity profiles, barrier deflections, pocketing angles, vehicle behavior, and occupant risk
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values were used to evaluate each Silverado vehicle mde@sk no. LSE was chosen due to
the interactioawith the culvertand potential for vehicle instabilities.

5.2.1Graphical Comparison

Sequentials oéach Silverado caseompared to test no. LSEZ; areshown in Figure83
through38. The barrierdid not deflect as far in the simulat®rand thesimulatedvehicles did
not drop down over the culvers thephysicalvehicle did in the fullscale crash test. Out of
these cases, th&ilveradev3r-SF showed the highest deg of visual correlatiomwith test no.
LSC-2. The Silveradev2 simulation without suspension failure terminated at B¥0due to
contact instabilities. Thisesult occurred as théeft-front tire was contacting the downstream
wingwall andwas likelya result othe softer tire moel.

A closeup comparison at the moment of impact with the downstreargwall of the
culvert is presented iRigure39. There was strong contact withe wingwall in both Silverade
v2 cases. Since there was no steering in the Silveradoodel, the leffront tire was squared
up with thewingwall during impact. Conversely, in the Silvead3 andiv3r models with
steering the tire was turnedwhich resulted in a less severe, glancing impact into the
downstreanwingwall. In the Silveradev3r-SF, the upper and lower control arms connectimg t
left-front tire fractured due t@ontactwith the upstream CRT post§his behaviorallowed the
left-front tireto drop down below the culvert headwall as the vehicle traversed the unsupported
span. The case of the Silveradev3r-SF provided the highest degree of contact with the

downstreanwingwall and mostccurately represented what occurred in the physical test.
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Figure33. Sequentiai Test No. LSC2 andLS-DYNA Simulation with Silveradev2
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Figure34. Sequentiadi Test No. LSC2 andLS-DYNA Simulation with Silverades2-SF
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Figure35. Sequentiadi Test No. LSC2 andLS-DYNA Simulation with Silveradev3
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Figure36. Sequentiadi Test No. LSC2 andLS-DYNA Simulation with Silverades3-SF
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Figure37. Sequentiadi Test No. LSC2 andLS-DYNA Simulation with Silveradev3r
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Figure38. Sequentiai Test No. LSC2 andLS-DYNA Simulation with Silveradev3r-SF
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Silveradev2

Silveradev3

Silveradoev3r

(2) No Suspension Failure (b) Suspension Failure

Figure39. ImpactComparisonsvith DownstreantCulvertWingwall, Silverado Models
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A contact issue between the Hfbnt tire and the upstreamingwall of the culvert was
discovered during the analysis of the Silverado models. Thdrdett tire of the simulated
vehicle tended to ramp the upstreaimgwall due to a contact thicknesdfdrential between the
shell elements that made up the ground and the shell elements that made up the culvert. The
difference in contact thicknessesombined with the stiffer tire model associated with the
Silveradeva3r, caused the truck to ramp tiengwall and preverdd it from dropping down into
the culvert. The difference in contact thickness was corrected by including the ground and
culvert in a single contact definition. Further discussion on modeling the ground contacts is
presented in Chaptér

5.2.2Velocity Profiles

The longitudinal changdn velocity from all six simulation cases were compared against
transducer data obtained during test no. 125Gs shown inFigure 40. The longitudinal
accelerations from each of the simulation cases were processed the same as the accelerometer
data obtained from the fudicale test to ensure the curves were comparg&hie.of all the
simulation casesthe Slveradev3r-SF had a longitudinal velocity profile that most closely
matched thabbserved irthe full-scale test. Overall, there was a larger drop in the longitudinal

velocity during the fullscale test thaabservedn the simulation cases.
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Longitudinal Velocity Profile

2
Case
0 g A V2
i B V2-SF

7 c V3
T 2 D _V3-SF
< E V3R
2 4 E_V3R-SF
o
S G Lsc-2
S i
>
z 6
£
£ i
£ -8
o
c L
3

-10

12 | | | |

0 200 400 600 800

Time [ms]

Figure40. Longitudinal Velocity Profiles, Silverado Models and Test No. £5C

5.2.3Barrier Deflections

Maximum barrier deflections wereecordedfor each ofthe simulation cases and
compared against the ftdtale testas shown inTable 8. The maximum dynamic deflection
measured in test no. LSZwas 77.5 in. (1,968 mpmwhereaghe maximum dynamic deflection
recorced from the snulation cases vgonly 63.0in (1,599 mm) with the Silverade3, a
difference of 19ercent The barrier deflections compared well between vehicle models with less
than a 2in. (50mm) difference between the caseBhere were larger anchor deflections
observed in the fullscale test that were not present in the simulatidmdy due to the simplified
soil model. In addition, theimulatedvehicle did not drop down below the culvert headwall in
the simulations asbserved inthe physical vehicle for the full-scale crash test. These factors
contributed to the larger dynamic deflections measured in test no2l&&Compared to the

barrier deflections obtained in these simulation cases.
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Table8. Maximum Dynamic DeflectionsSilverad Models

Test No. / Maximum Dynamic Deflection
Silverado Model in. (mm)
Full-Scale Crash Test
LSC-2 77.5 (1,968)
Simulatiors
V2 62.1 (1578)
V2-SF 62.6 (1591)
V3 62.9 (1599)
V3-SF 61.9 (1572)
V3R 61.0 (1550)
V3R-SF 61.7 (1551)

5.2.4Pocketing Angles

Maximum pocketing angles and locations were calculated for each of the simulation
cases and compared to overhead film footage of test no1l. 8€shown inable9 andFigure
41. The maximum pocketing angle obtained with the Silvers@ithad nearljthe exact same
pocketing angle as test no. L&Cwith less than Yercentdifference. Similarly, the pocketing
angles obtained with the Silveradl8r in both cases, with and without suspension failure,
matched the test within 2 degredf&aximum pocketingangles for these three cases occurred at
the same post location as the physical test and at approximately the same time after impact. The
high degree of correlation in the maximum pocketing angles can be seen from the overhead

comparison.

60



December 172014
MwRSF Report No.TRP-03-310-14

Table9. Maximum Pocketing AnglesSilverado Models

Silv-lt;?;tjcl)\llc\)/i{) del Pocketing Angle -{r'g:; Location
Full-ScaleCrashTest
LSC-2 27.46° 588 Upstreanfrom DS-P2
Simulatiors
V2 16.71° 80 Upstreanfrom US-P2
V2-SF 22.40° 680 Upstreanfrom DS-P3
V3 27.56° 560 Upstreanfrom DS-P2
V3-SF 22.09° 680 Upstreanfrom DS-P3
V3R 25.78° 580 Upstreanfrom DS-P2
V3R-SF 25.97° 580 Upstreanfrom DS-P2
Rec?_m?nded 530 . 0,
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Figure41. PocketingComparison, Silverado Models
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5.2.5Vehicle Stability

The vehicle dynamics and parallel times recorded for each simulation case and test no.
LSC-2 are shown irTable 10 and compared in Figure® through44. The simulation cases
captured thenaximum pitch and rolinglesof the physicalvehicle in test no. LS@ to within a
few degreesThe smulations tended tover predictthe vehicle rollmotioninto and away from
the barrier as the vehicle traversed the culvert and exited the system, respectively. None of the
vehicle models accurately simulated the vehicle dropping down below the cudaehvll as
observedn the fulkscale crash tesAs a resultthe simulations did not fully capture the pitch
behavioras the vehicle rode up and out of the culvEhie simulations did accurately capture the
yaw motion of the vehicle up through the pkelatimes, but began to diverge #we vehicle
exited the system. Discrepancies in the vehicle behavior bmamartially attributed to
simplifications made in the vehicle suspension componeititich make it difficult to simulate

vehicle dynamics with a high degree of correlation.

Table10. Vehicle Behavior Silverado Models

Test No./ Roll Pitch Yaw Parallel Time

Silverado Model Angle Angle Angle (ms)
Full-ScaleCrash Test
LSC-2 -10.72 6.74° 42.92* 368
Simulatiors
V2 -8.99° 2.28° 28.16° 346
V2-SF -7.88° 2.86° | 31.27* 343
V3 -14.67° -3.07° 29.02° 329
V3-SF -11.40° | 3.30° | 31.36% 327
V3R -12.21° 4.45° 29.20° 334
V3R-SF 9.49° 2.88° | 32.01* 337
MASH Limits <75° < 75° N/A

Aviaximum value not reached prior to conclusion of simulation.
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Figure42. Vehicle RollAngle, Silverado Models and Test No. LSC
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Figure43. Vehicle PitchAngle, Silverado Models andlest No. LSG2
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Figure44. Vehicle YawAngle, Silverado Models and Test No. LSC

5.2.60ccupant Risk

The calculated occupant impact velocities (OIVs) and occupant ridedown accelerations
(ORAS) in both the longitudinal and lateral directions are showrable11. The Silveradev3r-
SF had the closklongitudinal OIV and ORA, and similar lateral ORA valuascompared to
test no. LSE. There were difficulties obtaining lateral accelerations from the onboard
accelerometers in each of the vehicle mottes$ were comparable to test no. L8CAs a result,
the lateral velocity traces and lateral OIVs did not correlate well with the transducer data

obtained during the fulbcale crash test.
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Tablell Occupant Risk ValuesSilverado Models

olv ORA
Test No./ ft/s (m/s) g's
Silverado Model o o
Longitudinal Lateral Longitudinal Lateral
Full-Scale Crash Test

-16.08 13.42

LSC-2 (-4.90) (4.09) -7.34 4.24

Simulatiors

-15.03 2.59

V2 (-4.58) (0.79) -12.75 -4.74
-14.53 2.43

V2-SF (-4.43) (0.74) -8.27 5.98
-15.35 2.76

V3 (-4.68) (0.84) -11.31 -6.98
-14.76 2.72

V3-SF (-4.50) (0.83) -11.28 7.43
-15.16 1.54

V3R (-4.62) (0.47) -9.12 -8.55
-16.34 1.94

V3R-SF (-4.98) (0.59) 8.13 -5.20

- O 40 O 40 - .
MASH Limits (12.2) (12.2) 020.49 O 20.

5.3 Discussion

Various metricsincluding a visual analysis and comparisons of velocity profiles, barrier
deflections, pocketing angles, vehicle behavior, and occupant risk vaieiesused to evaluate
eachof the three Silverado vehicle modelfie MGS longspan model did not accurately predict
the maximumbarrier deflections measured in test no. EB®@ith any of the Silverado models
The larger anchodisplacementsobserved in the fulscale test were not gsent in the
simulationslikely due to the simplified soil model. In addition, teenulatedvehicle did not
drop down below the culvert headwsdl the same degree the simulations asbserved irthe

full-scale crash teswvhich resulted in different vacle kinematics Overall, the simulations did
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predict the samegeneral behavior of thphysicalvehicle, butit over predictedroll angleand
under predicted pitch angle as the simulated vehicle traversed and exited the culvert,
respectively.

The Silveralo-v3 model had the highest barrier deflections and predicted a maximum
pocketing angle that was withingercentof the calculated pocketing angle for test no. L5C
Although the Silverade3 model had the highest barrier deflections, the range of maximu
barrier deflections predicted byl a&ix simulations were within 1. (51 mm)and at least 19
percenfower than the deflections observed in the-fdale crash test.

Based orthe evaluatednetrics the Silveradev3r-SF model most accurately represente
the vehicle behavior and system resg® observed in test no. L&The Silveradev3r-SFhad
the closet redirection behavior based on the graphical comparison and longitudinal velocity
profile. In addition, the Silverada3r-SF most accurately capturéte interactions between the
vehicleand thedownstreanwingwall of the culvert This model predicted aaximum pocketing
angle within 2 degreeat the same time and at the same post location as test n&. [13@

ORA and longitudinal OIV values calculated for the Silvera8pSF correlated with the full
scale crash test better than any of the other simulat@wuerall, the Silverade3r model
contains less tham third of the elementsas the Silveradev3 mode] which allowed for
considerably faster computation timdtsis thereforerecommendedhat the Silverade3r with

suspension failurbe used for simulations involving the MGS lesgan nodel.
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6 INCREASED SPAN LENGTHS OF THE MGS LONG-SPAN

6.1 Development of Longer Span Lengths

Once the 28t (7.66m) MGS longspan baseline model was developed and a suitable
Silverado vehicle model was selected, increased span lengths of the M&pdondesign were
evaluatedThe LSG2 baseline model was selected to investigate longer span lengths because the
culvert geometry was suitable for impacts located anywhere along the system. The culvert design
in the LSC1 baseline model did not contain an upstresimgwall or the 3H:1V slope that
maximized the potential for vehicle interaction with thiegwalls of the culvet

Increased span lengths of 314437 ft, 43%ft, and 50ft (9.5 m, 11.4 m, 13.3 m, and
15.2 m)were developed by removing anline steel post and shiftintpe three CRT post3his
ensured that three CRT posts remained adjacent to the unsupported length on either side. The
removal of inline posts alternated betweatcurring downstream and upstream frahe
unsupporteddngth for each new span lengthis helped maintain symmetry within the system
and attempted to evenly distribute the load during redirection.
6.2 Analysis of 25ft, 31%ft, and 37%2ft MGS Long-Span Systems

Initial investigations into the increased span length for the MGSdpag design looked
at removing one to two additional posts to create a-fBlafad 37%ft (9.5m and 11.4m)
unsupported span length, respectivdlge 31%ft and 37%ft (9.5m and 11.4m) span systems
were compared against the baselinet25.6-m) span system to determitige effects of longer
unsupported span lengths. These systems were evaluated at the Test Leved)3angphact
conditions, 62 mph (100 km/h) and 25 degreesising thecritical impact pointsthat were
determined for test nos. LSCand LSG2 [12-13]. Other impact locations were investigated, but

theyrevealed no further insight into the behavior of these three systems.
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A total of six cases were investigatedth three span lengths amdo different impact
locations, as shown iRigure45. Suspension failure was only implemented at the 2S@pact
location due to interactions witthe wingwall of the culvert. Impacts at the LSCimpact
location did not assure tire disengagmt and, therefore, suspension failure was not
implemented in those simulations.

25-ft Span
| ‘

' i i 'l 1 1 i 1 ] ] i i i i ' 'l i i

LSC-1
& y LSC-2

31.25-ft Span
A V%

37.5-ft Span |

Figure45. Simulation Cases f@5-ft (7.6-m), 31Y«ft (9.5m), and 37%ft (11.4m) Spars

6.2.1Graphical Comparisons

The 25ft, 31Y«ft, and 37%ft (7.6-m, 9.5m, and 11.4m) span systemsuccessfully and
smoothly redirected the 2270P vehicle at both the-L2@d LSEC2 impact locationdn general,
as the usupported span length increasttitre was a higher level of barrier damage, as shown in
Figures46 through51. In the 31%4ft and 37%ft (9.5m and 11.4m) span systemand usinghe
LSC-1 impact location, the guardrail disengaged fronrew®st downstrearfrom the culvert
and the downstream inner BCT post fractured in both systems. Overall, the vehicle behavior
during redirection was acceptapbéad there was no indication of potential vehicle instabilities in

any of the cases.
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Figure46. Sequential$ LS-DYNA Simulation, 25ft (7.6-m) Spamat LSG1 Impact Location
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Figure47. Sequentiai LS-DYNA Simulation, 25ft (7.6-m) Span at LS€ Impact Location
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Figure48. Sequentiai LS-DYNA Simulation, 3¥ft (9.5m) Spanat LSG1 Impact Location
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