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INTRODUCTION

The bridge superstructuresn O h i odad sydtem areftensteelstringerbeam designs

supporing various norconcrete bridge deck typeacluding timber, asphalt filled steel stay-

place forms, and fiber reinforced composite. Thede railsystemsurrently used on these

bridges aretypically sidemountedsteetpostandbeamdesignghataremouneddirectly onto

the steel fascia beam of the bridge superstructure. These designs have not been crash tested and
are thus ineligibledr use on Federal Aid projects. Further, there are no alternativensiaiet

systems currently available for mounting to the various bridge deck types used on the local road
system.

The minimum requirement for fedetaid eligibility is that the system musheetTest
Level 3 (TL3) crash performanceiteriaaccording tahe National Cooperative Highway
Research Program (NCHRP) Report 38350)or its successothe AASHTO Manual for
Assessing Roadside HardwdMASH). Theexisting bridge railesignghatcurrentlymeet
these standardsvolve mount desighthat attacldirectly to the top or side @afreinforced
concrete bdge deckadditionally there are a fevieligibleo bridge rail designs available for
fastening onto timber deckslongiardinil]l] The alvantage of having a bridge rail that mounts
directly to steel fascia beams is that it gives local bridge owners the option of building steel
bridges with loweicost bridge decks, while avoiding having to build excess deck width to
accommodate a temounteal bridge railing anchorage.

RESEARCH OBJECTIVES

The objective of this project wert design a steel fascia beawstmount for an existing L3
bridge rail systerand to select an appropridte3 transition system for connecting the bridge
rail to Ohid s-beam guardrail systems. The bridge rail system seléatéde baseline design
was the sidenounted lllinois twetube bridge rail.Detailed drawings for the baseline design are
shown in AppendiA. This system igurrentlyclassified as Report 36 Test Level 4 barrier

and isthuseligible for use on federalid reimbursemenprojects.

On May 12, 2012the FHWA instituted a new Federald Reimbursement Eligibility
Procesdor roadside hardware including bridge railings that is to be used for requesting
eligibility letters (i.e., formerly called acceptance letters). The new proetsss thesvaluation
procedures fonew hardware designs as wellfasevaluating modificabnsto currently
accepted designs. When evaluating already accepted harthveadgesign modificationare
categorizedn one oftwo classifications

1 Significanti a change thdtas the potential tadversely affect the crash performance of
the hardwareThese types of changes require that new crash tests be performed.

1 Non-Significanti are changes that are relatively minor but it is not clear if the changes
will adversely affect the safety performance. In these cadeste element analysis
using LDYNA can be used to demonstrate that the change does not adversely affect the
crash performance of the hardware.

In this caselte modifications to the baseline system were limited to therposhtdesign;
no changes were madeday part otthe bridge raiblesignabove the bridge deck surfacéhe

1



modi fied mount includes a structural steel tu
mounting plates welded to its ends. One end of therudnent is fastened to the steel fascia
beamofthebrdge superstructure using six 7/ 80 di ame
mount is fastenedtola. 00 t hi ¢ k unsoiunngt itmwgo pllda tdei amet er A3 25
t he mounting plate and two 5/ 80 dngplaedhedr A325
inch thick mounting plate is welded to the flange of the W6x25 bridge rail pbst cetailed

drawings for thanodifieddesign are shown in Appends and aditionaldesigndevelopment
detailsareprovided later in this reporthe modifed mount design was shown to provide
stiffnessequivalento the original mountesign and the crash performance of the sysiath

the modified mountvas shown to be the sametlat ofthe baseline systenThe following

sections of this report docuntahe analysis procedures and results of the study.

GENERAL DESCRIPTION OF RESEARCH

Selection of Baseline Bridge RaiDesign

A critical review of published literature and ongoing researchfinstconducted to investigate
performance aspects of variasidemounted bridge rail systems that may be applicable to this
project. The purpose of the review was to determine the most relevant bridge rail systems and
mounting options to serve as candidate designs for further evaluation. There were three primary
goals for the literature review:

1. To identify existing fascia mounted bridge rails currently eligible for use on Federal Aid
projects (e.g., consider adoption of the system without any further analyses),

2. To identify existing sidanounted bridge rails cuently eligible for use on Federal Aid
projects that could readily be modified to accommodate attachment to steel fascia beams
(e.g., consider modifying the mount and then seek acceptance under the original
eligibility letter using the new FederAld Reimlursement Eligibility Process),

3. Identify other sidemount designsot currently eligible for use on Federal Aid projects,
but that have potential for successful performance under MASH TL3 impact conditions
(e.g., consider modifyig an existing system anldeinperforming fullscale tests under
MASH crash teshg procedures).

The review was focused on existing side mounted bridge rail systems that meet FHWA
eligibility requirements for use on Federal Aid projects, but also included older systems that
were appoved under NCHRP Report 230 MLor AASHTO PL1. The testinggquirements
for these two testing procedura® similar to those of NCHRP Report 350 TL3, with the
primary differencesvolving vehicle type and/or impact speed for the large passenger test
vehicle. Important informatiowas, nevertheless, garneirfeaim those tests regarding structural
capacityof the bridge rail systenas wel as their various post moudesigns.

Based on the results from the literature revisae(referencgPlaxicol54 for details) the
lllinois Two-Tube Bridge Rail, which is a Report 350-fiLlsystem, was selected as the baseline
system for the project. A photo of the system is shoviigarel. This system has been full
scale crash tested and is thus eligible for modification and evaluation using finite element
analysis under the new Fedefat Reimbursement Eligibility Process (FAREP).



lllinois Two-Tube
(R350 TL4)

Figure 1. Candidate bridge rail selected as the baseline system for the project.

The lllinois Side Mount Bridge Rail consists of two structural tubes supported by W6x25
steelwidef | ange pos#3® omacednt @ -16160T H eo npyo satnsd aarree 46
mounted to the concrete bridge dmverkubesae ng 5/ 8
fabricated from 80x40x5/ 160 and 60x40x1/ 40 st
32 inches above the roadway surface. This system is included in the TF13 Bridge Rail Guide as
SBB31d [TF13SBB31H

This system was fulbcale crash testedthie Texas Transportation Institute (TTI) in
1993 under test conditions corresponding to the AASHTO 1989 GSBRRRIt293; Buth9y
Test 706935 involved a 1,808b 1981 Honda Civic impacting the bridge rail at 59.9 mph and
20.1 degrees. Test 7088 involved a 5,400b 1985 Chevrolet pickup impacting the bridge rail
at 60.4 mph and 20.4 degrees. The single unit truck (SUT) test (i.e., Tes?7j06%olved an
18,000Ib 1981 Ford SUT impacting the bridge rail at 51.4 mph and 14.7 degrees. The system
successfully passed all three tests thus meeting the requirements for AASHTO Performance
Level 2. The crash test reports for Test 7369706936, and706337 are included in
AppendicesC, D andE, respectively.

The small car test resulted in no noticeable damage to the bridge railing or bridge deck.
The pickup truck test resulted inidch permanent deformatiaf the top rail and 0.75 inches
deformaion of the lower rail. The flanges on two posts were deformed as well as the angle
stiffeners on the poshount. The SUT test resulted in moderate damage to the railing. The upper
and lower rails sustained gouges; the head of the lower bolt on the tapmad of the posts was
torn off; the angles at three of the post mounts were bent; the spacers at two post mounts were
knocked loose and down; and there was 2.5 inohdsformation to the upper rail. This system
was later given the NCHRP Report 350 igglency rating of TL4 in the FHWA memorandum
of May 30, 1997 FHWA97]


http://guides.roadsafellc.com/bridgeRailGuide/index.php?action=view&railing=61

Study Approach

The lllinois TwoeTube bridge rail was modified in this study to accommodate attachment of the
system to steel bridge fascia beanis.order to conform to the classifat i on -of a fAnon
significant changeo the modi-defleetiahresponsent desi gn
equivalent to the baseline pasbunt to ensure that the performance of the bridge rail is

unchanged for TL4 impact conditions. The basic approadiéostudy was to:

1) Determine the forceisplacement response of the original posiunt using engineering
calculations and physical testing,

2) Develop a modified mounting design(s) for attachment to steel bridge fascia beams,

3) Evaluate the forceeflectionresponse of the modified peastount(s) using FEA and
physical testing,

4) Ensure that the loads transferred into the bridge superstructure in vehicle crashes do not
result in excessive damage to the bridge superstructure,

5) PerformNCHRP Report 350est 412 smulation with impact conditions similar to the
original full-scale test to verify that the modifications do not adversely affect crash
performanceand

6) Perform MASH Test 30 and Test-31 impact simulations to assess crash performance
of the system undehe new crash testing procedures.

Steel bridge designs include various sizes of stringer beams, diaphragms and connection
elements; for example, stringer beams on rural bridges may vary from as small asti2al
sections to as large as W2#ihus, animportant part of this study was émsure that the bridges
structural element&.g., fascia beam, diaphragm and connectiemehts) are sized
appropriately for the loads imparted during vehicular crashedurthersafeguardhe bridge, a
failure mechanism was incorporated into plostmountdesign that would release the post from
the postmount during critical higlseverity impact cases.

The analysegin the study werearried out using a combination of engineering
calculatbns, pendulum testing and finite element analyigie. pendulum testing was performed
at the TurnefFairbank Highway Research Ce@teTFHRC) Federal Outdoor Impact
Laboratory (FOIL) in McLean, VirginiaThe finite element analyses were carried out usBg
DYNA, which is a nodinear, dynamic, explicit finite element code that is very efficient for the
analysis of vehicular impaeind is used extensively by automotive industries, as well as roadside
safetydesign engineers, to analyze crashworthinesglotles and hardware
designd.LSDYNA1b

Since the scope of work reliégavily upon finite element analysis, it was therefore
necessary to validate the mo@gto gain confidence in tlreresults. Detailed finite element
models for the original poshount design as well as several modified postint designs were
developed and used to simulate impact of a rigid pendulum striking the post at 15 mph. Each of
these simulated impact cases were tested at the Federal Outdoor Impact Laboratory (FOIL) and
compared with results of the analyses. Note that the validation of the complete baseline bridge
rail model and test vehicle was not performed for this engineering analysis approach; however,



the Test 412 analysis of the final modified design was compapdtieé baseline test to confirm
engineering analysis results.

A summary of the validation process is presented in the following section. Additional
details regarding development, validation and application of the finite element analysis (FEA)
models, as il as the details regarding the testing procedures will be included as part of the
di scussion presented in the AResultso section

Quantitative Validation Procedure

As part of the validation process, the validation procedures presentedHiRIN®G/eb Document
179 (W179) were used to assess the fidelity of the mddayll] The validation procedure has
three steps:

1. Solution verification: Indicates whether the analysis solution produced numerically stable
results (ensures that basic physicaldare upheld in the model).

2. Time-history evaluation: Quantitative measure of the level of agreement ehistoey
data (e.g., X, Y, z accelerations and roll, pitch, and yaw rates) between the analysis and
test.

3. Phenomena Importance Ranking Table (PIRTjable that documents the types of
phenomena that a numerical model is intended to replicate and verifies that the model
produces results consistent with its intended use.

Time-History Evaluation

The RSVVP (Roadside Safety Verification and Validattyogram) software, which was

developed as part of NCHRP Project22 computes the comparison metrics between analysis
results and fulscale test data. RSVVP computes fifteen different metrics that quantify the
differences between a pair of curves. ceimany of the metrics share similar formulations, their
results are often identical or very similar. Because of this, it is not necessary to include all of the
variations. The metrics recommended in Report W179 for comparinghtstaey traces from
full-scale crash tests and/or simulations of crash tests are the Sprague & Geers metrics and the
ANOVA metrics. The Spragu&eers metrics assess the magnitude and phase of two curves
while the ANOVA examines the differences of residual errors between thieendefinitions of

these metrics are shown below:

SpragueGeers:
2
Magnitude(M) = | =~ 1
1 .. Scm
Phasé¢P) = —cos' ———
p \/Sc”Snmy?
Compreherige (C) = VM ? + P?
ANOVA:



ResiduaError(g') = WG};

max

Standardeviation(s) = \/ES(m -c -€)°
n

Where,
¢, =calculatedjuantities

m =measureduanties
m..., =Maximummeasuredalue

€' =relativeaverageesiduakrror
s =relativestandardleviation
n =numberof datapoints

Time-History Evaluation Acceptance Criteria

Once a measure of comparison is obtained using a quantitaivie, it is necessary to establish

an acceptance criterion for deciding if the comparison is acceptable. Because of the highly
nonlinear nature of crash events, there are often considerable differences in the results of
essentially identical fulscalecrash tests$ this was demonstrated in the W179 report. Likewise,

a computational mod el may not match Aexactl yo
should be no greater than what is expected between physical tests. The approach taken in th
W179 was to determine the realistic variation in the deterministic shape comparison metrics for a
set of identical physical experiments and use that variation as an acceptance criterion. The
current acceptance criteria is based on the results of atgtimatcomparison of ten essentially
identical fullscale crash tests that were performed as part of the ROBUST project involving

small car impact into a vertical rigid wall at 200 km/hr and 25 degR@8[ST02; Ray]1The
resulting acceptance criteri@commended by W179 for assessing the similarity of two-time

history curves are:

1 SpragueGeers
0 Magnitude should be less than 40 percent
o Phase should be less than 40 percent
1 ANOVA metrics
0 Mean residual error should be less than 5 percent
o Standard deviatimshould be less than 35 percent.

Phenomena Importance Ranking Tables (PIRT)

The PIRT includes evaluation criteria corresponding to NCHRP Report 350 f8iiripacts

and is patterned after the figitale crash test evaluation criteria in NCHRP Report B58493

The values for the individual metrics from the fsitlale test and the computer analysis were
reported and both the relative difference and absolute difference for each phenomenon were
computed. If the relative difference is less than 20 penrahthe absolute difference is less
than 20 percent of the acceptance limit in NCHRP Report 350, then the phenomena are
considered to be replicated.



Typical Steel Bridge Structure Details

US Bridge provided construction drawings for several of thewipos bridge projects. This
information was used as guidance in selecting the bridge structure components to be used in the
analyses. In particular, those components considered critical in carrying the loads imposed on the
bridge structure through the nmunclude the fascia beam, the diaphragm, the diaphtagm

fascia structural connector, and to a lesser extent the bridge deck. A summary of these
components as defined in the construction drawings are sholvabial.

Table 1. Typical components used in steel bridge superstructures.

Stringer Beam Diaphragm Bolt Deck Mount | Stringer| Deck

Drawing Span Length |Connectol Connector Length | Spacing| Width
Number Size (ft) Material Size (ft) (fascia) | (stringer) Size Type (in) (in) (ft)
51694 W12x58 24 A709 Gr5p C8x11.5 3.4 WT5x22.5L5x3.5x3/8] 7/8" 3"x9" 5 ga. Corrugated Stegl 20.4 22.3 24
52943 | W12x58| 28 |A709Gr5pC8x11.5( 3.6 [WT5x22.5L5x3.5x3/8] 7/8" |3"x9"5 ga. Corrugated Steel 26.2 19.8 22
52455 | W14x30| 12 |A709Gr5pC8x11.5( 3.6 |WT5x22.5L5x3.5x3/8] 7/8" 5-3/16" Open Grid Decking 18.0 15.7 17
52784 W14x48 18 A709 Gr 5pC10x15.5 3.2 WT5x22.9L5x3.5x3/8] 7/8" 3x6 Timber 26.4 14.0 16
52805 | W16x36| 12 |A709 Gr5pC10x15.3 5.2 |WT5x22.9L5x3.5x3/8] 7/8" 5-3/16" Open Grid Decking 17.7 22.0 23
52092 W16x77 28 A709 Gr 50C12x20.1 6.3 3/4" 7" Precast Concrete 30.0 19.5 22
53021 W18x65 20 A709 Gr 5pC10x15.3 2.8 WT5x22.9L5x3.5x3/8] 7/8" 3x6 Nail Laminated Timbgr 34.0 22.2 25
52055 | W21x62| 30 |A709Gr5p C12x30[ 3.5 [WT5x22.9L5x3.5x3/8] 7/8" |3"x9"5 ga. Corrugated Steel 18.4 26.5 28
52966 W24x94 47 A709 Gr5p C12x30| 4.1 WT5x22.9L5x3.5x3/8] 7/8" 3"x9" 5 ga. Corrugated Stegl 24.3 22.0 24

RESULTS

AASHTO LRFD Strength Calculations for Baseline System

The original design for thilinois Two-Tube bridge rail design was evaluated according to the
strength calculations of Appendix A13 of the AASHTO LRFD Bridge Design Specifications
2012 AASHTO12 The calculations, which are shown in Appenéjxvere carried out based on
TL4 loadirg conditions considering only lateral loads. From Table A1302the AASHTO

LRFD Bridge Design Specifications, the design lateral load for the bridge railing is 54 kips. The
load is to be applied at 34 inches above the bridge deck surface, baseéftective height of

the vehicle rollover force as calculated from Equation A1l3.Phe shear resistance of the

W6x25 post for these load conditions was calculated to be 20 kips which corresponds to a
resultant moment of 680 kip. The ultimate resistaedor the baseline system was calculated to
be 58 kips which meets the TL4 requirements (i.e., >54 Kips).

These same calculations were also applied to the lllinoisTvib@ bridge rail design
with the post mounted 10 inches below deck surface (e.g., consistent with typical mounting
location onto fascia beari)see AppendidG for details. The mounting conneatievas assumed
to be rigid in these calculations. The shear resistance for the W6x25 post for this case was
calculated to be 15.5 kips and the total lateral load capacity was computed to be 54 kips, which
also meets TL4 requirements. However, in ordectoesve the same shear resistance of the
original post design (i.e., 20 kips), the minimum required plastic modulus for the post would be
24.5ir. Since changing the postsdé sectional di me
FAREP requirements reghng system modifications, the target shear and moment resistance of
the post was achieved by stiffening the post and mount below the deck surface.



Development of Fascia Mount Design

Although it does not occur frequently, it is possible that the bridgeithexperience impact
severities greater than TL4 at some point in time. It is therefore important to ensure that the
strength of the system is adequate for TL4 loading, but also thiatithetransferred into the
bridge structure duringpading, paritularly those of highempact severitiegjo not result in
excessive damage to the bridge superstructure.

From the LRFD calculations shown previously, the resistance of the post under TL4
loading conditions resulted in a lateral force of 20 kips appli€3# inches above grade, which
corresponds to a resultant moment of 680Gikghes on the mount. Since the pesinly 32
inches tallthe loading point had to be lowered in ortierthe strikeito make pysical contact
with the postthe load point s arbitrarily set to 25.75 inches above grade (i.e., 28.75 inches
above the top mounting bolt). To obtain a moment equal to 68ddhes (i.e., TL4 condition),
the required load applied under these conditions is 23.7 kips.

Physical testing was perfoed to more accurately determine the lateral load response for
the original postmount system. The test involved a 2,3B2igid pendulum impacting the post
at 25.75 inches above grade at 15 mph. More details of the test setup and conduct are presented
laterin the Strength Assessment of Proposed Design Options via Pendulurseaeists of this
report. The resulting post response is showfrigure2. The LRFD calculated load of 23.1pk
occurred at approximatelyidches deflection of the posthile the peak response at 8nches
deflection was 28.6 kips. Recall that the permanent deflection of the post in theafeltest
was measured as 2riches. The dynamic deflection was approximated from the crash test video
to be between 4 and 6 inches. Thus, the lower bound for the TL4 load condition was taken as
23.7 kip at 4inches post deflection, and the uppeund was taken as 27 kips an6hespost
deflection.

Lower Bound TL4 Upper Bound TL4 Upper Bound
(LRFD) 27 kip
35 24 kip / ——Test 15009A
30 4 )
= Peak = 28.6 kip

25 4
=
< 20
)
o
S 15
i

10

5 4

0 T | T

0 4 5 6 8.7 10 15

Displacement (in)

Figure 2. Load response of the original post design with load applied at 28.75 inches above grade.



Mount Design

The basic mount design concept consisted of a structural steel tube with mounting ptids wel
to each end, as illustratedkigure3. The width for the tube section was set to 6 inches, which
was equal to the width of the flange of the \@6)steel post.

Figure 3. Basic mount design concept.

The deck thickness was taken to be 8 inches which, when considering the flange
thickness of the fascia beam and allowing for a reasonable gap between the top of thabaount
and the fascia flange, results in the top of the mount being located approximately 10 inches
below the deck surface. For the upper bound TL4 loading condition of 27 kips applied at 25.75
inches above grade, the minimum plastic section modulus foulléar mount was calculated
to be 25.7 iR, as shown ifFigure4. The selected mountiftgbe sizes and their corresponding
section moduli are alsshown inFigure4.

Tube height, h =14 in
P = 27 kip (Max TL4) Pui = 27 kip —> —_—
F, = 46 ksi

M, = 27%43.75 =1,181 kip -in

Znin =M /F,=257in 3 435 in
10in
Selected Sections:
Tube Section (in3) (in3) (1B)]
12 X6 X Ya 33.2 20.6 8.59
14 X6 XY 42.3 234 9.59

Figure 4. Design options for tubular section for mount.



Post Stiffener Design

The increased length die modified postesultedn an increase moment on the post at the
mount connectionlTo compensate for this, stiffening plates were positioned betwedarniges
of thepost and welded in place. Two different designs were selected and optimized for

application with the 140 tall tubular mount:
1T Design A: Consisted of two plates 8.5 inc
positioned at the edges of the post flange. The top of the plate was positioned 5 inches
above the top of the tube moumth e t ot al area of the 10 plat

was 98 iR. The total weld length was 34 inches.

9T Design B: Consisted of four plates 10 thic
the postds fl anges. Thiaches abpve the taptofehe tubee r e p o
mount and the lower plates were positioned at ¥ inch above the top of the tube mount.
The total area of the 10 ste&Thetothlwdldes used
length was 45 inches.

Il n bot h c &plaesvas walded anto thé fresitle of the post to enable
connection to the mount structure. The two designs are showigure5 below.

DesignA Design B

Number of stiffeners: 2 Number of Stiffeners: 4

Stiffener size: 85"x54"x 0.25" Stiffener size: 288"x54"x 0.25"
Area: 91.8in2 Area = 62.2in2

Weld Length: 34in Weld Length = 45in

Figure 5. Post stiffener designs.
Strength Assessment of Proposed Design Options via Pendulum Tests

Dynamic pendulum impact tests were performed to measure thedieiteetion response of

select postnount designs. The purpose was 19:qompare the response of the new designs to

the original baseline design to ensure that the new designs have equivalent stiffness compared to
the original design and (2) to provide data for validation of the finite element models of the post
and mount sstems. The impact tests were conducted at the Federal Outdoor Impact Laboratory
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(FOIL) at the Turnefairbank Highway Research Center located in McLean, Virginia. The
physical testing performed in this taskolved arigid pendulum impaabg against thgost
mount designsvherethetubularmount was bolted onto a relatively stiff structure to create a
Agulisxedd boundary condition.

The test matrix included seven post mount designs, including the originahpast
design of the lllinois Twelube Bricge Rail system. The tests were set up to achieve a target
displacement of approximately 9 inches. The intent was to apply greater loading on the posts
than that measured in the Report 350 TL4 tests but not so excessive that the pendulum could not
be stoped by the postount system.

Test Article Designs

The postmount designs selected for the test program are shorigura 6 and were chosen

based on preliminary afyses that indicated that tferce-deflection response was

approximately equivalent to that of the baseline jpostint design. The details of the

prdiminary analyses can be found in Plaxetaal[Plaxicol58 The designs included two cress
section sizes for the mounting tube, i.e., HS
tube was expected to be sufficient for mounting to fascia beamessingmposed of W16x40

steel structural sections and larger, while the 12 inch tall tube would be used for mounting onto

steel fascia beams composed of W14x30 and larger W14 sections.

The designs also included two different post stiffener designs, laheRdst Stiffener A
and Post Stiffener B iRigure6. Photos of these two stiffer designs are also showigire?7.
Post Stiffener A consisted of two plates 8.5
positioned at the edges of the post flange. The top of the plate was positioned abwhethe

top of the tube mount. Post Stiffener Design
side, fitted horizontally between the postbds
above the top of the tube mount and the lower plage positioned at % inch above the top of

the tube mount. I n bot h cases;sideoftie@ostttcthi ck pl a
enable connection to the mount structure. The weld between the post mounting plate and the tube
mounting plate wasmaominal5/80 f i | | et at the top of the pl at e
All other welds (e.g., tube to mounting plate

The designs also included two different lengths for the HSS tube mounts: 15andhes
21 inches. The materials (including hardware), fabrication, and shipping of the test articles were
provided to the project by U.S. Bridge at no cost to the project. The detailed shop drawings for
the test articles are provided in AppenHixThe test ratrix for the study is shown ihable2.
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Figure 6. Drawings for the seven postount designs tested.

() (b)

Figure 7. Photos of (a) Post Mount Design A and (b) Post Mount Desidgh
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Table 2. Test matrix for Test Series 15008 lateral impact into scaled pier designs.

Test Articles Post Mount Mounting Bolts Impact Conditions
Mount | Tube Plate Top | Bottom |Pendulum Impact
Length| Post |Plate thk| Size |Lengthl Thick dia. dia. Weight | Speed
Design| Case |Test No] Size (in) |Stiffener| (in) (in) (in) (in) Type (in) (in) (Ib) (mph)
1 Baseline| 15009A| W6x25| 51 - - - - - A3251 1 5/8 2,372 15.0
14x6x
2 14A15m | 15009G| W6x25| 56 A 1 025 15 | 0.75 A3251 7/8 3/4 2,372 15.9
14x6x
3 14B15m | 150091 | W6x25| 56 B 1 0.25 15 | 0.75 A3251 7/8 3/4 2,372 141
12x6x
4 12A15m | 15009J| W6x25| 54 A 1 0.25 15 | 0.75 A3251 7/8 3/4 2,372 15.1
12x6x
5 12B15m | 15009K| W6x25| 54 B 1 0.25 15 | 0.75 A3251 7/8 3/4 2,372 14.9
14x6x
6 14B21m | 15009F| W6x25| 56 B 1 025 21 | 0.75 A3251 7/8 3/4 2,372 15.2
12x6x
7 12A21m | 15009H| W6Xx25| 54 A 1 0.25 21 | 0.75 A3251 7/8 3/4 2,372 14.5

A- Vertical stiffener plates
B - Horizontal stiffeneiplates

Test Setup

A schematic of the test setup is showirigure8 and a photo of the setup is shown in Figlire

The test fixture entails a 10 thick steel pl a
The material immediately behind the pit wall was composed of soil (properties unkndwn o

thick steel plate was laid on top of the ground approaching the pit. This plate was bolted to a
concrete foundation at one e ndplate.nAdthewoedtiahe d t o
of the postmounts, awo-inch thick plate was welded tmthe side of thewalp | at e . The 2
plate and the 10 wal l pl ate were then drilled
reduce the lateral deflections of the wgalkite at the lower edge of the mount during impact, two

45 inches long steellbes withcross ect i on 20x40x1/ 40 were orient
just below the 20 thickwplgel ate and then wel ded

Impact Conditions

The pendulum struck the face of the post flange at a nominal speed of 15 mph. The weight of
the peulum was 2,372 |b and the impact point for all cases corresponded to a height of 25.75
inches above the bridge surface. For the baseline case, in which the post would be mounted
directly to the side of a concrete bridge deck,ateesponding impact pai relative to the
centerline of the top mounting bolt was 28.75 inches, as illustrateéidune10. For all other

cases, in which the post would im®unted onto the side of the bridge fascia beam, the
corresponding impact point relative to the centerline of the top mounting&®IB85.75 inches.
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Bolts threaded

into wall-plate
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Concrete i
20 thick plate

(drilled and tapped)
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Figure 8. Schematic of the test setup.

" pederal Highway
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Figure 9. Photo of the test setup.
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Small Pendulum ==
Vel = 15 mph

28-3/4”

Baseline Post Mount Modified Post Mounts

Figure 10. Sketch of impact locations relative to the centerline of the top mounting bolts.
Equipment and Instrumentation

Pendulum Device

A 2,372Ib rigid pendulum was used in the tests. The penduiysact head included a semi
rigid nose nade of wood and covered with-faugesheet steel, as shownkigurell.

Figure 11. 2,372Ib pendulum device with semirigid nose.

Accelerometers

Impact forces were back calculated from accelerometer data. The accelerometers were mounted
onto the back of thpendulum mass to measure acceleration of the striker during impact. Two
accelerometers were used to record data in-tieextion (forward direction) and the third

recorded data in thedirection (vertical direction) Figure12 providesa schematic showing the
locations of the accelerometers.
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ACCELEROMETERS LOCATIONS AND CHANNEL ID

0,0 X

Y Pendulum
Front

1,2,3

Pendulum top view witccelerometer blocks

Y (cm)

CH. LOCATION X (em) From e, | . 2™ | SFRIATNO. | AXIS
rom frt. corner From ground

1 Rear Center of Pend. 430 127.0 71.0 D12748 -X

2 Rear Center of Pend 43.0 127.0 71.0 D12150 X

Rear Center of Pend. 430 127.0 710 D12820 -z

Figure 12. Schematic of the accelerometer instrumentation for the pendulum tests.

The xchannel accelerometer data located on the back of the pendalsiprecessed to
obtain various response measures from the impact fBlsésacceleration data was filtered using
an SAE Class 60 filter with a cutoff frequency of 100 Hhe impact forcdime history
response was approximated by multiplying the accelertitiom history curves by the total mass
of the pendulum. The acceleration data was then integrated to obtain vioeityistory, and
again integrated to obtain thesgiacementime history of the pendulumThis information was
used to generate foraeflection curves for the impact.

Photography Cameras

The tests were also recorded using five fégbed cameras with an operating speed of 500

frames per second andawligital video camera$@0 fps). The camera specifications and

locations are shown iRigurel3. The accelerometers and the higeed video wergiggered

using pressure tape switches when the pendulum contacted the test specimens. The test setup
and results were also documentdgth pre and postest photographs.
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NO.| CAMERA | LENS IE‘ESE ZOOM RE;IDL\E*LISIF‘ S(P;EPE:P LOCATION
1 | GX1 | MNkon | 1835 | 35 | 1280X1024 | 500 Right Perp
2| GX1 | Nikon | 85 g5 | 1280X1024 | 500 Left Perp
3| GX1 | Nikon |2485| 70 | 1280x1024 | s00 Left Rear Iso
4| GX1 | Nikon | 2485 | 24 1280 X1024 | 500 Right Rear Iso
5 K3R | Nikon | 85 g5 | 1280X1024 | 500 Rear Perp

Test Results

A summary of the test resuitsshown inTable3 which includes peak force, peak displacement
and/or displacement at failure of the postunt system. For several of the teatsinertial force

spike occurred upon impact with the post (refer to force history plots in the following sections).
This spile was associated with the mass and elastic properties of the pendulum, as well as those
of the pendulum head and the post (e.g., sikesge phenomena) rather than to the bending
resistance of the post. Thus, this initial spike was not considered wieemithatg the

maximum force values. A summary sheet for each test is shown in Appamdbsequential

Figure 13. Locations for the highspeed cameras used ifiest Series 15008.
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views for the tests are shown in Appendlix
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Table 3. Summary of results for Test Series 15009.

Impact Conditions Results |

Test Articles Post Mount Pendulum| Impact | Peak | Peak
Length| Post | Tube SizglLength| Weight | Speed | Force disp.
Design | Case |TestNo/| (in) [Stiffener (in) (in) (Ib) (mph) (kips) (in)
1 Baseling 15009N| 51 2,372 15.0 28.2 8.8
14A-15m 15009G| 56 14x6x25| 15 2,372 15.9 30.9 12*
14B-15m 150091 | 56 14x6x25| 15 2,372 14.1 30.2 9.2
12A-15m 150093 54 12x6x25| 15 2,372 15.1 28.3 9.4
12B-15m 15009K| 54 12x6x25| 15 2,372 14.9 27.8 9.7
14B-21m 15009F( 56 14x6x25| 21 2,372 15.2 30.6 8.8
7 12A-21m 15009H| 54 12x6x25| 21 2,372 14.5 28.1 9.3
A - Vertical stiffener plates
B - Horizontal stiffener plates
* The weld between the post mounting plate and the tube mounting plate fractured during the test.

Figure14 andFigurel5 show the forceleflection curves and forgeme history curves
for the test specimens involving t hmeountSS 140X
respectively, compared to the baseline ostint response. Excluding the initial inertial spike,
themaximum force for the modified tubmount designs ranged from 27.8 to 30.9 kiggl the
peak displacements ranged from 8.8 inches to 9.7 inches. These results compared well to the
baseline test which had a peak force of 28.7 kips and peak displacer@éhinahes, as
illustrated inFigurel6 andFigurel?. In Test 15009G (for Case 14¥%m) the weld broke just
as the pendulum was coming to a stop (which indicated that the weld strength was just below the
critical strength). That case ultimately resulted in a maximum deflection of 12.0 ikte®
18 andFigure19 show images from the higheed videos taken at the time of maximum post
deflection for each case, including the baseline case.
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Figure 14. Force vs. displacement and foreéime history response for test specimens involving the HSS
140x60x1/ 40 withumbdéfiedweldicorhpared with baseline response.
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Figure 18. Images from the highspeed videos at the point of maximum displacement and force for
(a) Baseline Case, (b) Case 1426m, (c) Case 14B.5m and (d) Case 14BR1m.

0\
i

(d)

Figure 19. Images from the highspeed videos at the point of maximum displacement and force for
(a) Baseline Case, (b) Case 1286m, (c) Case 12B.5m and (d) Case 1221m.
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ConclusionsRegardingPendulum Test&Rkesults

For t he l1noatimgtoxb e ,0 al | cases (e.g., Stiffener
resulted in equivalent or slightly higher peak force values than the baseliraqostsystem
with essentially equivalent overall forceflection respons&i mi | ar |l 'y, for the 12

mounting tube, all cases resulted in essentially equivalent peak force compared to the baseline
system, as well as resulting in essentially equivalent overall-tleftection response. In all

cases, the tubmounts were fastened to a semgid fixture. Thus, the stiffness response will be
somewhat reduced when fastened to the steel fascia beam.

Finite Element Model Development and Validation of PosMount

The pendulum impact tests conducted in Test Series 15009 were used to validate the finite
element models. Detailed finite element models of the seven designs were developed and the
finite element analysis code HIYNA was used to simulate the testsie @mponents of these
postmount designs are similar to those that waogleled and validated in previous research
projects Plaxico02; Plaxico07; Plaxicol3therefore, the modeling methodology and material
model characterization used in those studies wepéemented in this study where appropriate.

Figure20 shows various views of a typical finite element model that was used in the
study. The crosssection of the post wanodeled according to the dimensional specifications for
W6x25 structural gtel (i.e., depth = 6.38 in, flange width = 6.08 in, web thickness = 0.32 in, and
flange thickness = 0.455 in). The material properties were characterized based on ASTM A709
Grade 50 steel. The post was modeled with-ghiell BelytschkeT'say (BT) elementéType 2 in
LS-DYNA) with five integration points through the thickness. The part was meshed with a
nominal element size of 0.5 x 0.5 inches (12.7x12.7 mm).

The welded connection of the posts to thach thick mounting plate was modeled using
the *constained_general_weld_spot option in-D&¥NA. An example of the weldonstraint
connections between the top of the mounting plate and the post flange is shown in the left most
image ofFigure20. The forces in the weld connections were collected and monitored during the
analyses which will be used to determine the appropriate design strength for the welds. The 1
inch thick base plate was modeled withetihtayers of thiclshell elements with nominal size 0.5
x 0.75 x 0.33 inches with five integration points through the thickness of each element. The bolt
holes in the mounting plate were modeled with diameter of 1 inch and the elements around the
immediatesurface of the holes were meshed with nominal size of 0.35 x 0.35 inches (9x9 mm).

Two different tubular sections were used i
120x60x1/ 40. The tubul ar sections werhe model
material conforming to ASTM A500 Grade B. The minimum yield and tensile strength for this
material is 46 ksi and 58 ksi, respectively. The structural tubes were modeled wghahiBT
elements with nominal size of 0.5 x 0.5 inches.

The welded conection of the tubes to the 3idch thick mounting plate was modeled
using the *contact_tied option in EBYNA which creates an automatic constraint between the
nodes of the tube and the mounting plate. This connection assumes that these welds do not fail
during impact as was verified in the physical tests. Ther@t thick base plate was modeled
with two layers of thickshell elements with nominal size 0.7 x 0.7 x 0.3/8 inches with five
integration points through the thickness of each element. Thédiek for this mounting plate
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were also modeled with diameter of 1 inch with nominal mesh size of 0.35 x 0.35 inches (9x9
mm).

The bolts fastening the pestount plate to the tubmount plate were modeled explicitly
using beam elements to model the bolffishiad rigid solid elements to model the bolt head and
nut. The 0.24nch thick washers were modeled using thick shell elements with rigid material
properties. Contact between the bolts and the mount components were definddMNAS
using t het dimatnita cge meaur al 0 o gightersedin the afalyss pioo | t s v
to impact loading to ensure that no gaps wersgnebetween the contacting components.

i
L]
o]

3
S aeenaRReRmwe

Figure 20. Representative finite element model used ®imulate Test Series 15009.
Model Setup and Analysis Cases
A photo of the setup and the FEA model is showRigure 21. The back watblate was
modded with fixed boundary conditions around the edges of the plate. Tavech&s long

horizontal steel tubes withcresse ct i on 2 0 x 4 0 just Belbw posimounewittp | a c e d
spotweld constraints simulating the welds between the tube and wall.
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Figure 21. Photo of the test setup and FEA model.

The pendulum mass was modeled with solid e
modul us of 29,000 ksi and Poissonb6s ratio of
elementswvith wood properties characterized using *Mat_Wood_Pine #DYSIA with default
properties for D5 (i.e., Qual_T =1 in LSDYNA).

The pendulum struck the post at@@grees on the face of the post flange. The impact
speed was set as 15 mph for allesagote that the impact speed of the pendulum in the physical
tests varied slightly from test to test). The weight of the pendulum was 2,372 |Ib and the impact
point for all cases correspondedatteight of 25.75 inches above the bridge surface, cortsisten
with the physical tests. Refer to the previous chapter for more details on the impact conditions.
The analysis matrix is shown Trable4.

Table 4. Test matrix for validation analysis.

Impact Conditions
Test Articles Post Mount Pendulum!!mpact Speed (mpf

Weld |Length| Post | Tube SizglLengthl Weight
Design | Case |TestNo| Size | (in) |Stiffener (in) (in) (Ib)
1 Baseling 15009N - 51 2,372 15.0 15.0
14A-15m 15009G| 1/2" 56 14x6x25| 15 2,372 15.9 15.0
14B-15nm 150091 | 1/2" 56 14x6x25| 15 2,372 14.1 15.0
12A-15m 15009J| 1/2" 54 12x6x25| 15 2,372 15.1 15.0
12B-15m 15009K| 1/2" 54 12x6x25| 15 2,372 14.9 15.0
14B-21m 15009F| 1/2" 56 14x6x25| 21 2,372 15.2 15.0
7 12A-21m 15009H| 1/2" 54 12x6x25| 21 2,372 14.5 15.0
A - Vertical stiffener plates
B - Horizontal stiffener plates

Test FEA

oo~ lw|N

>lw|lw|>|wm|>]!

23



Results

A summary of results is shown Trable5, which includes a comparison of peak force and post
deflection for each case. Comparisons of the fdeféection curves as well as snapshots of the
impact event at 0.06 seconds of the imga@nt are shown in Figur@2 through28. Because of

the oscillatory nature of the data in the FEA results, the values for peak load were estimated
based on the average of the force values between peaks. The low frequency oscillations in the
FEA results were caused by the choice of ni@teharacterization for the wooden head on the
front of the pendul um. This component #dApul se
post with a frequency corresponding to its elastic stiffness. The wooden head of the pendulum in
the physical testrushed slightly during impact but did not show this low frequency behavior as
shown in the forcénistory curve. Although the FEA data contains these low frequency pulses,

the overall response of the model can still be adequately discerned from the result

The forcedisplacement response of the model matched very well with the physical tests
in almost all cases. The one exception was for Design 2 (Cas&3mAin which the weld
broke during the test resulting in additional displacement of the post. Howevenpdel
matched well with the test up to the point when the weld broke, as shdwgune23.

The quantitative agreement between the faoiroe histories of the FEA and physical
tests were also computed and are includelhinie5 as well as on the foreme plots in Figures
22through28. The RSVVP software was used to compute the Sprague and G&rari8
ANOVA metrics to measure the similarity between the fdnce histories of the analyses and
tests. Recallhat for ful-scale crash testghich have considerébdspread in test repeatabilitye
SpragueGeers metrics should be less than 40%, and the ANOVA metrics stamddh mean of
less than 5 percent aadstandard deviation of less thah percent. For the impactsgused in
this study (i.e., rigid pendulum into peastount), the test setp wasvery simple and the
repeatability of test resultgereexpected to be relatively high compared to-fdale crash tests.
There are no defined acceptance criteria for thgses of tests, so the quantitative metric values
are reported simply for completeness. However, the results of the quantitative metrics confirm
that the general shape (magnitude and mean) of the test and analysis curves are in very good
agreement (i.e.plv values) for all cases except for Design Il; while the phase and the standard
deviation are in less agreement (i.e., higher values) for all cases due to the low frequency
oscillations of the data cae by the pendulum model. Additional results and amspns are
provided in AppendiX.
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Table 5. Summary of FEA vs. Test.

2,372-Ib Pendulun Results
Test Articles Speed (mph) Peak Force Peak disp.
Test | FEA | Error| Sprague-Geers ANOVA Test | FEA | Error
Test FEA . . - . .
Design | Case |TestNo (kips) | (kips) | (%) |magnitude] phase | mean |std.dev.| (in) (in) | (%)

1 Baseling 15009N| 15.0 15.0 28.2 33 [17.0 1.9 8.2 -1.3 17.9 8.8 8.0 | -86

2 14A-15m 15009G| 15.9 15.0 309 | 341 [104| 242 134 | 16.2 | 28.1 | 12 8.6 | N.A.
3 14B-15m 150091 | 14.1 15.0 30.2 | 346 | 146| -01 6.6 -0.9 15.9 9.2 9.1 [ -14
4 12A-15m 15009J| 15.1 15.0 283 | 304 [ 74 7.4 6.8 4.6 18 9.4 93 | -11
5 12B-15m 15009K| 14.9 15.0 27.8 30 7.9 2.9 7 1.8 18.1 9.7 9.7 [ 0.0
6 14B-21m 15009F| 15.2 15.0 30.6 32 4.6 0.4 7.7 0.3 16.4 8.8 9.3 | 57
7 12A-21m 15009H| 14.5 15.0 28.1 31 | 10.3 =5 6.7 -2.9 14.6 9.3 94 | 11

A - Vertical stiffener plates
B - Horizontal stiffener plates
*Weld ruptured just as the pendulum was closing to a stop, allowing additional deflection.

40
35 —Test 15009A
30 - —FEA

(4]
1

(&)]
1

Force (kip)
= NN
o

0 2 4 6 8 10 12
Displacement (in)

S-G magnitude: 1.
S-G Phase: 8.2
ANOVA average: -1.3

ANOVA Std. Dev.: 17.9

Force (kip)

0.00 0.02 0.04 0.06 0.08 0.10
Time =0.06 seconds Time (sec)

Figure 22. FEA vs. Test for Design 1 (Baseline).
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Figure 23. FEA vs. Test for Design 2 (Case 14A5m).
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Figure 24. FEA vs. Test for Design 3 (Case 14B5m).
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Figure 25. FEA vs. Test for Design 4 with (Case 12A5m).
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Figure 26. FEA vs. Test for Design 5 (Case 12B5m).
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Figure 27. FEA vs. Test for Design 6 (Case 14B1m).
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Figure 28. FEA vs. Test for Design 7 (Case 1221m).
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Conclusions Regarding Model Validity

The finite element model of the various posbunt designs was validated by comparing the
analysis results to those of physical impact tests performed at the FOIL in Test Series 150009.
The following conclusions have been drawn regarding the validityediriie element model.

1) From a general comparison of the sequential snapshots of the test and simulation,
the general response of the FE model appears reasonable with regard to the basic
deformations of the post and mount for the given impact conditions

2) The comparison of the foradisplacement curves indicated that the finite element
models replicated the tests very well regarding magnitude and overall shape of the
curves.

3) The quantitative measurements to determine similarity between the analyses and
physical tests also confirmed that the model was sufficiently valid. It is believed
that the primary differences in the curves were primarily due to inadequate
material characterization of the pendulum head.

4) Thus, the finite element models for the W6x®ist, the mounting tube, the
mounting plates and the hardware are all considered valid for use in applications
where the posmount is subjected to similar or lower levels of deformation.

Evaluation of Modified PostMount Designs Including StiffnessEffects of
Bridge Structure Using FEA

The focus of this chapter is on the development of detailed finite element models of several
bridge superstructure designs and conducting finite element simulations of pendulum impacts for
selected postount design ptions. The purpose for the analyses was to further investigate the
stiffness response of the proposed mount designs presented in the previous chapters and to
conduct a more critical evaluation of the resulting loads and stresses imposed on the
superstruatre. The goals of this task were (1) to determine applicablenpasht design(s) for a

given bridge structure and (2) to determine the minimum size requirements for critical bridge
components to ensure that deformations of the bridge structure arebiegliyi/or acceptable

under impact loading of the bridge ralil.

A series of preliminary analysis cases were performed to identify trends related to sizing
of the critical bridge componentisat either (1) minimize the amount of strain &irbridge
comporents or that (2) force the damage onto a single component that could easily be repaired or
replaced, such as the structural Tee component that connects the web of the fascia beam to the
interior diaphragm elements. Based on the results of that studyalsearedidate poshount
andbridge designs were selected for further evaluation, which are lisiebla6. The
complete results for the preliminary evaluations study can be found in the technical report
prepared for the Ohio DOT by Plaxiebal[Plaxicol58 The following section®f this chapter
present detailed evaluations of these designs using a more detailed finite element model.
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Table 6. Study matrix for post-mount designs attached to bridge superstructures.

Fascia Beam Diaphragm WT Connector Mounting Tube
- - - Post-
Thickness Thickness Thickness Thicknesd Lenathl  stiffener
Analysiy Size (Flangd Web | Size [Flangg Web Size |Flangg Web Size @) (in? Desian
Case (in) | (in) (in) | (in) (in) | (in) 9
A W14x30] 0.385| 0.27 | C12x25( 0.501 | 0.387| WT6x36| 0.67 | 0.43 [ TS12x6x0.2f 0.25 15 A
(vert. plates
B | W14x48 0.385( 0.27 | C10x20| 0.436 | 0.379 | WT6x32.4 0.605| 0.39 | TS12x6x0.2 0.25 15 A
(vert. plates
C | W14x48 0.385| 0.27 [ C10x20( 0.436| 0.379 | WT6x32.4 0.605| 0.39 | TS12x6x0.2 0.25 15 B
(horz. plates
D | W16x40 0.385| 0.27 | C12x20.] 0.501 | 0.282 | WT6x32.4 0.605| 0.39 | TS14x6x0.2 0.25 15 A
(vert. plates
E | W16x40 0.385( 0.27 | C12x20.] 0.501 | 0.282 | WT6x32.4 0.605| 0.39 | TS14x6x0.2 0.25 15 B
(horz. plates
F | W16x40 0.385( 0.27 | C12x25| 0.501 | 0.387 | WT6x32.4 0.605| 0.39 | TS14x6x0.2 0.25 15 B
(horz. plates

Finite Element Model of Bridge Structures

Finite elemat models for each of the bridged postmount designs listed ihable6 were

developed. The models included a fascia beam and two rows of interior stringer beams modeled
as steel wide flange sections spaced at 4 feet on centers. The diaphragm elements between the
longitudinal fascia and stringer beams were modeled as stge el sections spaced at 6.25

feet on centers and positioned at each-pasint location. The diaphragms were connected to

the web of the fascia beam using a structural Tee section and to the web of the interior stringers
using a structural Angle sectioThe bolted connections of the Tees and the angles were

model ed with 7/ 80 di ame tlesteel. hhe bdtsandwiashdrswere oper t
model explicitly using the same methodology described in Chapter 8 for the post mount
connections. Thedek was mo d e | egdugecsrrugateBsteel tack dveldedbto the top

of the stringers. The tack welds were modeled using theasgldtoption in LSDYNA (no

failure conditions were included for the spaelds). The asphalt overlay was not includethe
analysis.

The bridge was modeled 31.25 feet long and 12.5 feet wide (e.g., approximately half the
bridge width). The 31.25 feet length is typical for rural roadway applications. Translational
constraints were applied at the lower flange at eacloktiee stringer beams and at the bolt
holes in the angle brackets located at the interior boundary of the bridge model.

The postmounts y st em was connected to the bridge s
bolts (i.e., three on each side of the mount)withe bol t s passing through
the tubular mounting plate, the web of the fascia beam and the flange of thenn@ctor. The
bolts were modeled using beam elements FDIYINA with material properties corresponding to
ASTM A325-1 and wergretightened to approximately 12 kips. The finite element model for
analysis Case C is shownhkigure29, and a close up view of the model is showRigure30.

The el ement size for the b mneadcgngonsent connectionsr e wa s
and 10x10 el sewher eat eTdh ed enteks hw afso rmotdheel ecdo rarsu g2 0
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ALL SUPERSTRUCTURE MATERIALS ARE MODELED AS ASTM A572

BRIDGE RAIL POST MATERIAL IS MODELED AS ASTM A572

HSS SECTION IS MODELED AS ASTM A500

BOLTS USED ON SUPERSTRUCTURE AND MOUNT ARE MODELED AS A325-1
. CORRUGATED DECKING IS ASTM A1011 GR50 (MODELED AS AASHTO M180)

e ﬁ — _\\ e 30 x dacCorrgated Steel Deck

W16x40

C12x20.7

WT6x32.5 L 5"x3.5"x3/8"

Translational constraints

/ on back L-brackets

Post-Stiffener A
HSS 14" x 6" x ¥4” 15” long

z

L

Translational constraints on
ends of stringers

Figure 29. Typical model for bridge superstructure and postmount used in the analyses.

:

Figure 30. Closeup view of finite element mesh.
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Loading Conditions

The loading on thpost was applied at 35.75 inches above the centerline of the top bolt of the
postmount corresponding to 25.75 inches above theB deck, as illustrated iigure31l. The

load was applied using the *Rigidwall_Geometric_Cylinder_Motion option HDYSIA with

the sinusoidal displacemetitne history shown ifrigure31. The 8inch diameter rigid cylinder
struck the post at 21 mph and reached a maximum deflection of 12 inches before unloading. The
12-inch deflection is much greater than the measured deflection of tieensyader TL4 impact
conditions Buth93. As discussed in Chapter 3, it is possible that the bridge rail will at some
point experience impact severities greater than TL4 and it is therefore important to ensure that
the loads transferred into the bridgausture during such loading conditions do not result in
excessive damage to the bridge superstructliee same loading condition was also applied to
the baseline poshount model at a height of 28.75 inches above the top mounting bolt (i.e.,
correspondingo 25.75 inches above the deck surface).

} Load Applied at 25.75 inches
above deck

} Rigid cylinder moving with initial
velocity of 21 mph

y  Sinusoidal loading with
maximum displacement of 12

inches
25.75
l 35

80 |

I N

~
ol

Displacer@ent (in)

SANvoNnsoO

Velocity (mph)

25
20
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5
0
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-15 4
-20 4

=
® o
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0 0.02 0.04 0.06 0.08 0.1 0.12
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0 0.02 0.04 0.06 0.08 0.1 0.12
Time (sec)

Figure 31 Loading conditions for the modified postmount and bridge model.

Solution Verification

The first stepn the Report W179 validation process is to perform global checks ahtigsis

to verify that the numerical solution is stable and is producing physical results (e.g., results
conform to the basic laws of conservatioRajy1] Table7 shows a summary of the global
verification assessment based on criteria recommended in Report Wgde 32 shows a plot
of the gldoal energytime histories from the analysis. This analysis waismodeled as a closed
system; that is, the massless rigid cylinder was given a displacéimerttistory, thus resulting

in accrued energy as

t pushes the @oisst .LS The

DYNA, should equal the total energy iretanalysis, which is the sum of the internal, kinetic,
and friction energies, plus the various numerical energies from the analysis (e.g., hourglass).
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Table 7. Analysis Solution Verification Table.

Change

Verification Evaluation Criter ia (%) Pass?

Total energyof the analysis solution must not vary more than 10
percent from the beginning of the run to the end of the run [from th 0% Y
external work].

Hourglass Energyof the analysis solution at the end of the run is le
thanfive percenbf the totalinitial energyat thebeginningof the run.
Hourglass Energyof the analysis solution at the end of the run is le
thanten percentf the totalinternal energyat theendof the run.

The part/material with the highest amounhofirglass energyat the
end of the run is less than ten percent of the total internal energyg 0% Y
part/material at the end of the run.

Mass addedo the total model is less than five percent of the total

0% Y

0% Y

0,

model mass at the beginning of the run. 0% Y
The part/material with the mostass addethad less than 10 percent ¢ 0% v
its initial mass.
The moving parts/materials in the model have lessfiliarpercent of

- . 0% Y
mass addedtb the initial moving mass of the model.
Any shooting nodesn the solution? N Y
Any solid elements witmegative volumes N Y

Energy Component

30 ;,c,———_____qu____ _F C F _A Kinetic Energy
E b B Internal Energy

—_ - _C Total Energy
£ D Hourglass Energy
£ 20 _E Sliding Energy
@ | B F External Work
1] //
& 10 —
® -~
-g _;B..—E./.
6 o TEA—eE Ao Ao Fv

A0 I 1 I I I
0 0.02 0.04 0.06 0.08

Time (seconds)
Figure 32. Plot of global energytime histories from the analysis.

As shown inTable7, all the solution verification parameters were satisfied so it can be
reasonably assumed that the solution represents a physically plausible loading event that obeys
basic conservation lawsThis is confirmed in th&igure32 which shows the total energy (blue
curve) is coincident with the external work (orange curve). The solution alktts
recommended global energy balance criteria and appears to be free of any major numerical
problems. This does not indicate that the simulation is necessarily valid, only that the results
adhere to the basic laws of physics and that the solutiamisnically stable.
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Results

Force-Deflection

The forcedeflection responses for each of the analysis casele are compared to the
baselinecase inFigure33. The vertical dashed line on the plot indicates the maximum deflection

of the rail in fullscale crash test 706, which was estimated from the testeos to be 4

inches. The horizontal dashed line on the plot indicates the minimum TL4 loading on the post
calculatecearlierusing the LRFD equations te 24 kips The forcedeflection response for all

the fascia mount designs was equivalent to or stiffeén the baseline case up to 4 inables

deflection of the post. Beyond 4 inchedgleflection Cases D, E and F (i.e., the W16x40 fascia
beam designs) resulted in equivalent or stiffer response than the baseline, while Cases A, B, and
C (i.e., W14x30 and W14x48 fascia beam designs) resulted in lower stiffness. However, the peak
forces in all casesxceeded the minimum TL4 force requirement of 24 kips. Based on these
assessments the modifipdstmountandbridge designs are expected to provide equal or better
stiffness for the bridge rail system in NCHRP Re@3&@ TL4 crashes, and thus should resul
equivalent or better crash performance for those cases.

35
30
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Figure 33. ForceDeflection for each of the analysis cases compared to the baseline case.
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(B) ©

®) (E) F)

Figure 34. Images showing deformations of p&i-mount and bridge at 4 inches post deflection (e.g., TL4
loading).

(D) (E) (F)

Figure 35. Images showing deformations of postnount and bridge at 12 inches post deflection.
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Plastic Deformation

The plastt straingn the fascia beamjabhragm, and the Tee connector were evaluated to assess
the level of damage in the bridge structuféigure36 shows sequential views of deformation

for the postmountandbridge structure for Analysis Case A with contours of effective plastic
strain. Figure§7 through39 show contours of effective plastic straif¥,drincipal strairand
maximum shear strain, respectively, for the critical bridge components at 4 afigiuess

deflection. Figureg0 through42 show contours of effective plastic straifi,drincipal strain and
maximum shear strain, respectively, at 12 inafgmst deflection. The range for the camto

scale is cubff at 0.01 in/in to assist visual identification of critical strain regions. The maximum
strain values for the individual components are also labeled on each plot. Images of the strain
contours for the remaining analysis cases are notrghoewever, a summary of the peak strain
values for all the analysis cases are listeflahle8 andTable9 for the effective plastic strains

and F' principal strains, respectively. These strains are also plotted in Fégif@®ugh46.
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Figure 36. Analysis Case A showingleformation and contoursof #Pr i nci pl e Strain at
deflection, 1206 post deflection and after unloading.
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Figure 37. Contours of effective plastic strain for Analysis Case A at TL4 loading conditions.
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Figure 38. Contours of *! principal strain for Analysis Case A at TL4 loading conditions.
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Figure 39. Contours of maximum shear strain for Analysis Case A at TL4 loading conditions.

Fringe Levels
1.000e-02

H = 9.000e03
= & Stringer Web = 0.04 MDBM:I

/ .(Y WT flange = 0.04 7000003 _
6.000003 _
5000003 _
WT web = 0.08, 1000603
Diaphragm = 0-98 (At edge of Wole 3.000e03 _
_ 2.0000.03

/ |

1.000e03 :I
0.000e+00

(at edge of bolt"'hole)

Figure 40. Contours of effective plastic strain for Analysis Case A at peak loading conditions.
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Figure 41. Contours of *! principal strain for Analysis Case A at peak loading conditions.
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Figure 42. Contours of maximum shear strain for Analysis Case A at peak loading conditions.
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Table 8. Values of effective plastic strain in critical b
deflection.
Case A (W14x30)| Case B (W14x48)| Case C (W14x48)| Case D (W16x40)| Case E (W16x40)| Case F (W16x40)
Component | 4" 12" 4" 12" 4" 12" 4" 12" 4" 12" 4" 12"
Fascia Beam| 0.0067 0.0428 | 0.0078 | 0.0422 | 0.0079 | 0.039 | 0.0107 | 0.0546 | 0.0107 | 0.0502 | 0.0109 | 0.0536
Diaphragm 0.0359 0.0822 | 0.044 | 0.08698| 0.0232 | 0.0483 | 0.0618 | 0.1053 | 0.0592 0.1 0.0388 | 0.0631
WT Flange 0.0164 0.0417 | 0.0115 | 0.03945| 0.013 | 0.0408 | 0.01711| 0.0492 | 0.0173 | 0.0465 | 0.0173 | 0.0507
WT Web 0.0349 0.0779 | 0.04511| 0.085 | 0.0246 | 0.0703 | 0.0316 | 0.0476 | 0.029 | 0.0456 | 0.0388 | 0.0638
Table 9. Valuesof®pr i nci pal strain in critical bridge component
deflection.
Case A (W14x30)| Case B (W14x48)| Case C (W14x48)| Case D (W16x40)| Case E (W16x40)| Case F (W16x40)
Component | 4" 12" 4" 12" 4" 12" 4" 12" 4" 12" 4" 12"
Fascia Beam| 0.0008 | 0.0069 | 0.0001 | 0.0049 | 0.0006 | 0.0048 | 0.0012 | 0.0081 | 0.0012 | 0.0071 | 0.0009 | 0.0085
Diaphragm 0.0160 | 0.0344 | 0.0173 | 0.0350 | 0.0124 | 0.0201 | 0.0254 | 0.0467 | 0.0246 | 0.0441 | 0.0151 | 0.0246
WT Flange 0.0004 | 0.0018 | 0.0005 | 0.0021 | 0.0004 | 0.0022 | 0.0004 | 0.0030 | 0.0004 | 0.0026 | 0.0004 | 0.0032
WT Web 0.0100 | 0.0236 | 0.0151 | 0.0284 | 0.0073 | 0.0212 | 0.0101 | 0.0166 | 0.0098 | 0.0158 | 0.0126 | 0.0215
0.1 -
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0] m Case F (W16x40
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Figure 43. Effective plastic strains in critical bridge components at TL4 loading conditions.
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Figure 44. Effective plastic strains in critical bridge components at peak loading conditions.
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Figure 45. 1% principal strains in critical bridge components at TL4 loading conditions.
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Figure 46. 1% principal strains in critical bridge components at peak loading conditions.

The following information was deduced from the analysis results:

1

The strains in the fascia beam were relatively low for all cases and should not
require repair, even for the peak loading case of 12 inches post deflection.

The most significant plastic strains in the bridge structure occurred at the edges of
the bolt holes in the web of the diaphragm and Tee connector caused by the
bearing load fronthe bolts. The highest value of effective plastic strain for the

peak loading cases was 0.1 on these components. For A572 Grade 50 steel the
strain at the onset of necking in tensile coupon tests is approximately 0.2 and the
failure strain is approximale0.4 (referto Figure4?).
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Figure 47. Stressi strain curve for A572 Grade 50 steel.

1 The strains in the diaphragm and the Tee connector were primarily compressive
and were localized to éhregion around the bolt holes. However, the stretching of
the bolt holes may require repair or replacement of the components in severe
loading conditions. This damage could be reduced by using larger bolts (e.g., 1

inch diameter) and/or adding an additi bolt near the top of the connection to
help carry the load.

Conclusions Regarding Post Loading and Size Requirements for Superstructure

The purposef this chaptewas to further investigate the stiffness response of the proposed
mount designs an@ tonduct a more critical evaluation of the resulting loads and stresses
imposed on the superstructurable10 shows the postndmount design spefitations, as

well as the minimum size requirements for the bridge diaphragm and Tee connector elements,
for various fascia beam sizes as determined from this study. Note that the bridge components
listed inTable10are minimums, thus larger structural sections may be used. However, the
W14x30 is the smallest structural section ttat be used for the fascia beam in order to

maintainadequatestiffness of the bridge rail without incurring excessive damage to the bridge
superstructure.

Table 10. Minimum size for bridge components corresponding to the specified pestount design.

Fascia Beam Diaphragm | WT Connector Mounting Tube
Min. Thicknes| Min. Thicknes Min. Thicknes . . .
Size Flangg Web Size |Flangg Web Size |Flanggd Web Size Thl(ciﬁ;es L((air;g);th HEERRIT RS
(in) | (in) (in) | (in) (in) | (in)

W14x30 - W14x43| 0.385| 0.27 | C12x25( 0.501 | 0.387 [ WT6x36( 0.67 | 0.43 [ TS12x6x0.2 0.25 15 A &
(vert. plates) (horz. plates

Wiaxagand largen ool (34 | c10x20| 0.436| 0.379 | WT6x324 0.605| 0.30 [TS12x6x0.2 025 | 15 A B
W14 sections (vert. plates) (horz. plates

Wibxd0and larget  5c | o 305 | c12x20.] 0.501| 0.282 | WT6x32 0.605| 0.30 [TS14x6x0.d 025 | 15 A B
section sizes (vert. plates) (horz. plates

41



Design andEvaluation of Release Mechanisnfior Post Mount under Ciritical
Loading

Mounting-Bolt Design

The post mounting bolts are to be sized such thatgheyde adequate strength for TL4 impact
cases but will fail prior to excessive loads being transferred onto the bridge superstiingure.
peak tensile forces of the bolts fastening the-4uo@ntingplate to the fascia beam and the bolts
fastening the post mounting plate to the tube mounting plate are shdahl@ll The forces
correspond to a peak deflection of 12 inches of the post with loading applied at 25.75 inches
above the deck. The locations for the bolts are identifi€dgare48. The bolts used for the
fascia beam mount were 7if8ch diameter A328., and those used for the post mounting plate
were kinch diameter A324.

Table 11. Forcesand resulting stressegor mounting plate bolts.

Fascia Mounting-Plate Bolts Post Mounting Plate Bolts
Force Stress (ksi) Force Stress (ksi)

Analysis (kips) 7/8" 7/8" (kips) 7/8" 1" 1-1/8"
Case | Upper Mid Upper Mid Upper Upper Upper Upper
A 53.1 35.3 115 76 88.7 192 146 116
B 52 30 113 65 91.3 198 151 120
C 52.6 29.5 114 64 89.5 194 148 117
D 54.6 35.6 118 77 95.7 207 158 125
E 54.2 34.9 117 76 90.1 195 149 118
F 53.5 34.6 116 75 85.8 186 142 112

A325-1 Bolts A325-1 Bolts
Upper post

mounting bol

Upper fascia
mounting bolt

Middle fascia
mounting bolt

Lower fascia
mounting bolt

Figure 48. Boltidentification for Table 11.

The yield strength and ultimate strength for A32bolts are 92 ksi and 120 Kksi,
respectivelylt is assumed that the primary failure mode of the bolts will be in tension and will
occur inthe bolt threads. The stress area for the bolts was calculated using the following
equation:

Ca s . ~ TBXTO
ot it Qo Y o T
0'Mi MKk ©é Q& 0 Qi N
ek €00 QDR QRDNEQ
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Wheren equals 9 threads per inch for #f&h diameterolts, 8 threads per inch for 1
inch diameter bolts7 threads per inch for1/8-inch diameter boltsand 12 threads per inch for
1-inch diametetJNF bolts.

It is important that the boltshich fasten theubemount to the fascibeamdo not fail
Failure of tlose bolts wouldesult indisconnedhg the diaphragm from the fascia beam and
possibly compromise the bridge superstructurés thereforenecessaryhat the releasef the
post occudue to sepation of thefront mounting platesit the possideof the mount The
analyses indicatetthat for 12inches deflection of the post (i.e., measured at the impact plognt)
forcesin the upper fascia beam mounting bolts weekwfailure specifications fothe A3251
bolts with peak stresses ranging from 113 to 118 ksi.

Theaxial forcesn themounting bolts at the front of the pasbuntranged from 86 96
kips. For the tinch diameter bolt this corresponded tpeak stress df42i 158 ksi,which
exceeds the failure streés the A325-1 bolt; while forthe :1/8-inch diameter bojthe
resultingpeak streseanged from 112 125ksi, which was relativelyow for the A3251 bolt It
should & noted here that these stress vatwesesponanly to the axial force in the bolt aridb
not account for the bending stresses that also déggarticularly for the bolts at the front
mounting platesAdditionally, thesestressvalues correspond the force in the bolat 12inches
deflection of the post.

Recall thathe deflection of the posb achievelL4 performancevasdetermined from
full-scale testing and LRFD calculations to be between 4 amchés, and the maximupost
deflectionto avoid damage to the bridgaperstructurevas defined as 12 ines Based on
those factors he failure condition for theeleasing the post from the mowmds thereforeset to
81 11 inches of post deflection.

Figure 49 shows aypical axial force response for the top mounting bolt of the post
mounting plate versus the lateral deflection of the post at the impact point for Analysis Case E.
The stress in the bolt atiBches deflection is approximately 9 percent less than thgssat 12
inches deflection. It was therefore decided that tireh diameter A328. bolt would be the
best candidate for providing sufficient strength for TL4 loading, but also meeting the desired
failure conditionsin order to confirm that this bolt @ets the desired failure conditions for the
postmount, physical testing (similar to the previous test program) was performed on the two
post mount designs (i.e., HSS 14x6x3/8 and HSS 12x6xB3e results are presented in the
following section.
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Figure 49. Axial force in postplate mounting bolt versus post deflection for analysis Case E.
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WeldDesign

The design weld size for the pdstplate joint was determined using simple strength of
materials calculations based on aigedoad of 145 kips (determined from finite element
analysis), a weld strength of 60 ksi, and weld length of 5.5 inches. Under these loading
conditions the weld typically fails in shear, through the throat of the weld. The designed throat
thickness of th weld was calculated to be 7{it&h, as shown ifigure50, which was rounded

up to %zinch throatthickness for the final design. This corresponds to ddegthof 5/8 inch for

the fillet weld. Alsg shown inFigure50 are the weld size calculations using LRFD methods.
These calculations include safety factors that reswtersizing the weld to prevent weld

failure; howeverin this application the failure of the weld is an inherent part of the design.

Weld Size Calculations

140 e s—e——— S ~—»"J |
o 12
£ 100 o Resultant Force
l 80 / on Weld
oo (from FEA)
2 40
4 ol
0 O.C{EIE ‘ 061 ‘ 0.015 ' 0.02 ‘ 0.025 ' 00
Time (sec)
Weld Size (Strength of Materials): Weld Size (LRED):
Total Force = 145 kips . o ~
Weld Length = 5.5 inches %oy T[S( 'QO i (T@)O ))
Assume material strength = 60 ksi ‘ \ L Nominal strength of weld
pT CQ"QT‘] i ~ Reduction Factor Effective Area
0 ((pTITQi GIB)Q} @ 0@t w'QQi Nominal Weld Strength = (0.6)*60 ksi
6an <o o7 twetd = 145kip = 09761
Aoro VT weld = 10.75)(0.6 « 60ksi) (5.5 in) "
The welds generally fail through the _ tweid )
throat, Ay = weld length * throat depth weldjey = cos(45) 1.38in

Figure 50. Weld size calculations based on strength of materials approach versus LRFD design
approach.

Dynamic Pendulum Testing of Failure Mechanisiesign

Dynamic pendulum impact tests wegainperformedon the postount design to verify that
the postmounting bolts and the wejdint between the postangeand postmountingplate
providethe required strength and failure characteristics for the mdin&.testsvereconducted
at the Federal Outdoor Impact Laboratory (FOIL) at the TulRaénbank Highway Research
Center located in McLean, Virginia. The physical testing performed in thisvaskmited to
pendulum impact on two peanhdmount design$i.e., HSS 14x6x3/8 and HSS 12x6x3y@jh
the same basic test setup used in the previous test pr{rgfanto Section title&trength
Assessment of Proposed Design Options via Pendulum).TEsesimpact conditions were
definedto achieve a target displacemdait the posof approximately 12 inches.
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Test Articles

Two postmount designs were included in the teassshown irFigure6. DesignType |

i ncluded an HSdesigh4ymxes olxl 1ion calnudd e dBothdesighsS S 1 2 0 x €
includedthe TypeBpostst i f f ener s composed of ¢aohsidefst eel p
thepost fitted horizont al | ytwbtepstieneplatesweee post 0s f
positioned at 5 inches above the top of the tube mount atddhewer stiffenerplates were

positioned at ¥ inch above the top of the tube mdaordothdesigns a 10 t hi ck pl at e
weldedontothefront flangeof the posto enable connection the mount structur@ he length

of the HSS tube mounts was 15 inches. The matenasiding hardware), fabrication and

shipping of the test articles wepeovided byU.S. Bridge. The detailed shop drawings for the

test articles are provided in Appendix

Type | Type ll
HSS1 4® ox1/ 40 HSS1 2x®6 ox1/ 4¢
15long 1 5long

W6x25
Grade 50

PL 2.87506 x _ 5 N i_560 PL 2.8750 X - 150 x 5l40y
. Two each side between flanges
Two each side between flanges
HSS 140x60X g \

HSS 140x60x 1

i V]

N\ X

PL 140 x 120 Pt H&@od x 120 xPL 140 x 120 Pk 13#0 x 1
(tube mounting plate) (post mounting plate) (tube mounting plate) (post mounting plate)

Figure 51. Drawings for the two postmount designs tested.

TestMatrix

The test setup was essentially the same astliaé previous & programn Test Series 15009
(referto sectiontitled Strength Assessment of Proposed Design Options via Pendulum Tests
The test matrix for thistudy shown inTable2, included10 tests:five tests fordesignType 1
andfive tests fordesignType Il. The complete test program included additional test cases
involving various weld sizes and bolt types, but only those corresponding to theefngh
options are included herein. A summary of the compésteprogram results is included in
AppendixM and Appendix\.

The tesimatrixincluded four tets on each mount type usidgnch diameteA325-1
bolts at the tofbolt position of the platéo-plate connection between the post and mount
(according to the proposed desigandone tesbn each mount typeasing 7/8inch diameter
A325-1 boltatthe topbolt position The purpose for performirthetest cases involving the #/8
inch diameterbolt&Yy as based on a ¢ onc e rthmestandadbolttsibee 7/ 80 |
usedon most steel bridges, may inadvertently be instatethe postmountduring construction
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in the field. It was therefore decided by the TAC that the consequences of sustakenie
clearly understood so that the correct plan of actarid be implemented to avoid it (e.g.,
circumvent by preassembling the pastdtmount in the shop prior to shipping to the field site

The Linch diameter top mounting bolts were tighteaedordingto the standard
specifications for bolt tightening on bridge structunsig the turrof-nut pretension method
which states thahe rotatiornof the nutfrom snugtight conditionshould benot more than 1/3
turn. It was difficult, however, tadentify the correct snutight starting point for the nut the
test site so a torque wrench was used to tightertaepemnounting bolts to 300-fb which
resulted in approximately 1/3 turn for all cases

Two different pendulunmassesvere used in thetudy, as illustrated ifrigure52. The
smaller pendulunveighed 2,372b and theheavier pendulunwveighed 4,500b. Impact
conditions were defined to achieve appnaately 28 kipft of energy; whiclresulted irtarget
impact speeslof 18.8 mph and 13.6 mph for the sm@dindulumand large pendulum,
respectively. Thesenpactconditions were determined through FEA to be sufficient for
rupturing the top mounting bolts

Table 12. Test matrix for evaluating postmount connection strength and failure characteristics

Top Mounting Bolts| Impact Conditions Result
Mount Test # Post-Plate| Mass Speed | Energy | Max Forcé Disp a}t Failurg AEQ&EZ(; Failure Mode
Design Diameter| Type | Weld Size| (kg) | (mph) | (kip-fty | P i (kip-ft)
16022A| 1" A325-1 5/8" 2,372 19.0 28.6 33.3 10.1 23.9 Bolt Rupture
Type 1| 16022B] 1" A325-1 5/8" 2,372 18.9 28.3 33.4 9.7 23.2 Bolt Rupture
(14" |16022G 1" A325-1 5/8" 4,500 13.1 25.8 39.3 N.A. 24.8 -
16022H 1" A325-1 5/8" 4,500 13.7 28.2 39.9 8.1 22.4 | Bolt Rupture
16016 7/8" A325-1 5/8" 2,372 16.0 20.3 34.0 6.2 13.3 Bolt Rupture
160220 1" A325-1 5/8" 2,372 18.7 27.7 30.2 8.4 18.8 Bolt Rupture
Type 2 16022D 1" A325-1 5/8" 2,372 19.0 28.6 30.4 9.0 19.9 Bolt Rupture
(12") 16022E| 1" A325-1 5/8" 4,500 12.9 25.0 31.7 9.3 24.3 Weld
16022H 1" A325-1 5/8" 4,500 13.5 27.4 315 9.5 25.0 Weld
160168 7/8" A325-1 5/8" 2,372 16.0 20.3 28.4 5.8 11.3 Bolt Rupture

* Maximum force occuring after inertial peak

- e —

RS S P 2
A v '4\\'7’“!" <

Test Results

A summary of the test results is showrable12 including peak force, post deflection at
failure, energy absorbed, and the characteristic motilafe. Figure53 shows the force
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deflection results forposhount Type | (i .e., theFiglrdbd x 60 X
shows the forceleflection results forposhount Type 11 (i .e., the 120
mount); andrigure55 shows the forceleflection results for post mount Types | and Il with a

7/8-inch diameter bolt in the tepolt position. As in the previous test program resultsirtiial

force spike(inertial) was not considered when determining the maximum force values.

Bolt Failures
45 «
in All Cases
40
35
E 30
= Test 16022-A 2,372-Ib Striker
Y Test 16022-B
E ~~~~~~ Test 16022-G
I 3 N - - |31 5 1 IS L Test 16022-H .
...... Test 160221 4,500-Ib Striker
BT L e —— e T G S B Test 16022-1
10
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0 e I___'_,.-"'. rres
0 2 4 6 10 12
Post Deflection (in) I\W—/
Target Displacement Range
Figure 53. Testresults forpostmount Type | (140 x 60 x 0.25
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,E 30
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- |
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Figure 54. Testresults forpostmount Type |1 (1206 x 60 x 0.2
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Figure 55. Test results for postmount Types lard | |

As shown in Figure§3 and54, the response for pestount designs Type | and Il both
met the target force artflectioncriteria (i.e., force > 27 kips and post deflection of BL
inches). The primary mode of failure was tensile rupture of-iineh diameter A324 boltsat
the topbolt position as shown ifrigure57(a); however rupture ofthe weladjoint between the
postflange and théd-inch thickpostmount plateoccurredn two of thetestcases (i.e., 16022E
and 16022F)as illustrated ifrigure57(b). This indicatedhat the 5/8nch weldsize and the-1
inch diameter A324. bolts provide similar failure strength for the ptistmount connection;
thereby, providing a second level of security for the bridge.

wi t h

7 /-@auntimgibatme t e r

Finite element analysavereperformedhatsimulated the exact test cotidins for Tess
160227 (Type | mount) and 16022C (Type Il mounffhe FEA model includedfailure strain
condition for the bolts set to 0.07 in/in. The fotore history and the force versus deflection
response for the FEA is compared to the testtesuFigure56, which shows thahe model
adequately replicatdle physical response
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For the tests in which the 7ZiBch diameter bolts were used in the top mounting bolt
location, the connection strength did not meet the desired failure conditions but did meet
minimum conditions for NCHRP repo350 TL4, as shown iRigure55. The force magnitude
exceeded 27 kips and the post deflection exceeded 6 inches. Thus, ifitieh dBimeter bolts
are inadvertetly installedatoneor more post mount locationthe strengtlof themount wil be
degraded buthouldbe adequate (e.g., not fair most impactonditiors.

o R & Ry
1 & - N / Wiy /
/

BN
PN
o 1 el

ure

(b) Weld rupture

Figure 57. Typical failure modes for the postmount connections
Report 350 Test 412 Simulation on Modified Illinois Bridge Rail System

Test 412 was simulated for the modified lllinois Twiabe bridge railvith impact conditions
similar to the original fullscale test to verify that the modifications do adversely affect crash
performance The analysis was also usedensure that all loading conditions for the post and
mount have beeaccounted for in its desigmA detailed finite element model of the bridge rail
was developed using the modified mourthwPost Stiffener Type AAn asphalt deck was also
included in this model with an overall depth of 8 inches. The bottom nodes of the aspdtalt
were merged with those of the corrugated steel tieckeate the bond between the two
components

The inpact conditions for the analysis corresponded to those eddale crash test 7069
37 in which an 18,00{b SUT impacted the bridge rail 2.3 feet downstream of a bridge rail post
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at 51.4 mph at 15 degrees. The total length of the test article wed.8&dr the analysis, the
bridge model developed sectionBridge Structure Loading and Damage Assessmastused
which included 31.2 feet of the bridge structure. €hds of the bridge stringer beams were
modeled with fixed constraints in the X, y, andirection. The brige railing was extended both
upstreamand downstream of the bridge to simulate continuation of the rail. The bottom of the
posts in the transition sections were also modeled with fixed constfaguse58 shows a side
view of the overall model; while detailed views are showRigure59.

%I 6.25 ft I%

D4 D5

Figure 59. Detailed views of bridge and bridge rail model.

Vehicle Model

The vehicle model used in analysis was the 8000S single unit truck model developed at the
National Crash Analysis Center (NCAC) in Ashburn, VA which has been further modified by
various researchers over the years to imprsfedelity in analysis of impet conditions
corresponding ttNCHRP Report 350est 412. [Miele05 Mohan07; PlaxicolBThe model of

the ballast was modified in order to calibrate the mass inertial properties of the vehicle model to
the properties of the test vehicle. The ballast wadatenl as a rigid block with dimensioof48
inches wide x 52 inches long x 30.5 inches tall. The exact type and overall geometry of the
ballast used in the fulicale test was unknown, but the crash test videosestsamd pouring

from the front of the o during the test.

A comparison of the dimensional and inertial properties of the test vehicle and FE model
is shown inFigure60. The most notabldiscrepancy in the dimensional properties (aside from

50



the type and size of ballast used) was the c.g. height. However, the value provided in the test
report corresponded to the location of the accelerometer and not the actual center of mass for the
vehicle.[Buth93

Vehicle Geomerty (mm)

Test FE Error
- Vehicle Model %
A - 2,440 -
T B 800 842 5.2
' (3 5,207 5,287 15
Q A D 3391 3337 -16
E 2311 2,409 42
1 l T - -
G 3,061 3,055 -0
- v H 1,067 1225 148
J 1537 1582 29
_ K 724 715 -12
L 1226 1,178 -39
M 807
N - - -
o 483 523 8.3
< . D
\ R - P 2,045
= : s Q - 1,847 -
: T R 1,016 988  -2.8
‘ R Y S A Y P O f S 597 557 6.7
| v NG | — Q) B
i Ol ! s v
G
|<—B C E
\(Ml Y M,
Mass -Properties Curb Test Inertial
Test FE Error Test Error
Vehicle Model % Vehicle FE Model %
My (kg) 2132 - - 3,366
M, (kg) 2771 - - 4,799 -
MTotal (kg) 4903 5360 9.3 8,165 8,164 0.0
ln (kg -m?) - - - - 6,164
Iz (kg-m?) - - - - 36,497
lsz (kg - m?) - - - - 35,847

Figure 60. Comparison of vehicle properties for FE model and test vehicle.
Simulated Impact Summary

The finite element analysis was conducted with a-sie@ of 1.0 microsecond for a time period
of 0.8 seconds. The acceleratiiime history results and the angular displacement results for the
analysis of the modified system and from the-fdale teson the original system are shown in
Figures61through66. Sequential views of the analysis and the test are shown in F&IES
and69from a downstream viewpoint, side viewpoint and overhead viewpoint, respectively.
Based on vigal inspection the model appeatedsimulate the basic kinematic behavior o t

truck and adecately capturedhe basic phenomenological events that oeclin the test

At 0.02 seconds after impact, the front left tire of the vehicle model contacted the bridge
rail, which was consistent with the test. At 0.06 seconds the vehicle model begaretu ee
the front axle began to slide along the leaf springs. From the test video and the acceleration
plots, it appeared that thebwlts that fastened the front axle to the leaf springs of the test vehicle
ruptured very soon after the front tire impeatthe rail (note the sudden acceleration drop at 0.06
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seconds in the-acceleration irFigure61). At 0.11 seconds the front axle of the vehicle eiod
contacted the rear shackle of the leaf spring, stopping further sliding of the axle. At 0.14 seconds
the ubolts holding the front axle to the leaf spring failed. At 0.20 seconds the front isigact

wheel of the vehicle model jammed into the wheell causing a deceleration spike in the
longitudinal direction. The rear tandems of the vehicle model contacted the rail at 0.285 seconds
and the vehicle was traveling at 42.9 mph. In thedcdlle test the rear tandems contacted the

rail at 0.283 secondmd the vehicle was traveling at 47.8 mph. The bridge rail reached a
maximum dynamic deflection of 4.3 inches at 0.33 seconds. The peak dynamic deflection was
not measured in the fuficale test. At 0.355 seconds of the analysis the front corner ofrtite ca

box set down on top of the rail. In the fgltale test the box set down on the rail at 0.331

seconds. At 0.46 seconds the rear tandems started to rebound away from the rail. The analysis
was terminated at 0.8 seconds, at which time:

1 The roll angle othe cargebox was 20 degrees and decreasing,

1 The pitch angle of the truck cabin was 3.9 degrees and starting to decrease,

1 The yaw angle of the truck cabin was 1 degree (toward the barrier) and constant,
1 The forward velocity of the vehicle was 58.2 mph.

= Test 7069-37
—FEA

X-acceleration (G's)
[6)] BN w N [ o [l N w

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (seconds)

Figure 61. X-acceleration timehistories from the c.g. of the vehicle for the modified system (FEA) and the
original system (Test) under Test 412 impact conditions.
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= Test 7069-37
—FEA

Y-acceleration (G's)
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (seconds)

Figure 62. Y-acceleration timehistories from the c.g. of the vehicle for the modified system (FEA) and the
original system (Test) under Test 412 impact conditions.
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Figure 63. Z-acceleration timehistories from the c.g. of the vehicle for the modified system (FBEA
and the original system (Test) under Test-42 impact conditions.
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Figure 64. Roll angle timehistories from the c.g. of the vehicle for the modified system (FEA) and
the original system (Test) under Test 4.2 impact conditions
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Figure 65. Pitch angle timehistories from the c.g. of the vehicle for the modified system (FEA) and
the original system (Test) under Test 4.2 impact conditions.
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Figure 66. Yaw angle timehistories from the c.g. of the vehicle for the modified system (FEA) and
the original system (Test) under Test 4.2 impact conditions.
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0.0 seconds

0.1 seconds

0.2 seconds

0.3 seconds

Figure 67. Sequential views for FEA and Test 70687 from downstream viewpoint.
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seconds

0.6 seconds

Figure 67. [Continued] Sequential views for FEA and Test 70687 from downstream viewpoint.
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0.0 seconds

0.1 seconds

Figure 68. Sequential views for FEAand Test 706937 from side viewpoint.
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0.2 seconds

0.3 seconds

Figure 68. [Continued] Sequential views for FEA and Test 70687 from side viewpoint.
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0.4 seconds

0.5seconds

Figure 68. [Continued] Sequential views for FEA and Test 70687 from side viewpoint.
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0.6 seconds

0.7 seconds

Figure 68. [Continued] Sequential views for FEA and Test 70687 from side viewpoint.
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0.00 seconds

0.10 seconds

0.30 seconds

Figure 69. Sequential views for FEA and Test 70687 from overhead viewpoint.
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0.40 seconds
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0.60 seconds
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Figure 69. [Continued] Sequential views for FEA and Test 70687 from side viewpoint.
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Comparing the results from accelerations and the sequemties veem to indicate that
the test accelerometer for the analysis may not have been positioned and/or mounted to the truck
in the same way that it was in the test. For example, from the angular displacement plots shown
in Figure64, the peak response for the roll angle was considerably higher for the analysis
compared to the test (e.g., 26 vs 15rdeg. The sequential views shownHkigure67, on the
other hand, showthe opposité that is, that the roll of the cardmx for the test vehicle was
considerably higher than the anatysiikewise, the yaccelerations start to diverge at
approximately 0.1 seconds, which is when the céa@ofor the test vehicle began its lateral
shift, ultimately sliding off the truak s  f-raila. irhés phenomenon was not possible in the FE
model, sice there was an additional brace placed near the front of thelmaxgo the model to
prevent lateral shifting of the box at that location. The addition of this lateral constraint aids in
keeping the truckbed from sliding off the main frammils durirg impacts and can have a
significant effect on theyhamics of the vehicle, as illustratedFigure 70 for tests on a single
slope concrete barrier thi(a) restrained an¢b) unrestrained cargo bex An example ok
typical lateral constraint bracket on a SUT vehicle is showFigare71.

The rdl position of the accelerometer mounted to the cdogo will directly affect the
magnitudes of the accelerations in the loecand zdirections because they measure
accelerations in a local coordinate frame. The method of connecting the bed tokle rinic
peculiar to vehicle type. For example, the test vehicles showigume70 are both GMC but
have different bedonnection strategies, whitdad to different kinematic responses from the
vehicle.

(@) o

Figure 70. Example of tests performed witha) front of cargo-box restrained (TTI Test 714717) and b)front
of cargo-box unrestrained (TTI Test 7147-16).[Mak98; Buth97]

The pitch of the vehicle was more positive in the test (due to the front tire of the test
vehicle starting to climb the rail upon impact); however, the overall magnitude of the pitch was
less than four degrees for both the test and the analysis whiclomsagered relatively
insignificant.

From this general comparison of the test and analysis, it was concluded that the
accelerometer in the fuicale test may have been positioned underneath thelvaxgoather
than inside). If so, it would explain wiilyere were notable differences in the timstory data,
while the sequential views showed relatively good correlation. In order to verify this, the
accelerometer model would need to be revised to match the exact positioning and mounting
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desgn used inhe full-scale test.The model of the ballast shoudtsobe revised to more closely
match the ballast used in the test (e.g., sandibatgsad of concrejeUnfortunately, this
information was not available in the test report and it could not be degatinom the test
videos.

Lateral co
bracket

Figure 71. C-channel welded to bedrame and bolted to main framerail for lateral support.
Damage to Bridge Rail

The damage to the baseline bridge rail in thedodle crash test was limited to gouging of the

rail by the lugnuts of the truck wheels, permanent deformation of the angles at Posts 3 through
5, several loose bolts due to the deformation of the rallfracture of a bolhead on one of the
bolts on the top rail, as shownhigure72. The dynamic deflection of the rail was not reported,
but the maximum permanent deflection was reported to be 2.5 inches.

The damage to the modified system in the FE analysis was simmianrty. The dynamic
deflection was 4.3 inches and the maximum permanent deflection was approximately 1 inch. The
tops of two posts were deformed and the top bolts were bent, as shéigara/3, which
occurred when the bottom of the cafgax impacted the top of the railing and snaggegtsss.

py

Figure 72. Damage to baseline bridge rail in fullscale test 706B7.
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Figure 73. Deformations at the top of two posts resulting from the cargbox snagging on the posts.
Damage to the Bridge Structure

Figure74 shows sequential views of the deformations of the bridge components at the location
of maximum loading (i.e., at Post 2) from an overhead viewpoint. The flanges of the fascia
beam and the diaphragm were made transparent to facilitate viewing. The makymamric
separation between the mounting plate and the fascia beam was 0.4 inches at 0.33 seconds of the
impact event. The maximum permanent separation was 0.12 {(néwSsinch). Figure75

shows contours of effective plastic strain in the bridge components at the location and time of
maximum loading. The hardware was removed from view in order to show the maximum strains
around the bolt holes in¢htee connector, the diaphragm and the fascia b&amTee

connector was removed from view in the third imagEigtire75to show the strains in ¢h

fascia beam web. The maximum plastic strain for the diaphragm and the web of the tee
connector was 0.055 and occurred at the edge of the bolt holes. The maximum plastic strain for
the flange of the tee was 0.018, and the maximum strain for the faseravwas 0.01. These

values are considered negligible and would thus not require repair or replacement after impacts
with similar or less severity. The forces in the bolted connections reached peak values of 33
kips, which corresponds to a maximum str@sgl ksi for a 7/dnch diameter UNC bolt. Recall

that the yield stress for A32bsteel is 92 ksi.

-
—

Time = 0.0 sec Time = 0.33 sec Time = 0.8 sec

Figure 74. Overhead view showing sequential views of maximum dynamic deformation and final permanent
deformation of bridge components at location of maximum loading.
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Figure 75. Contours of effective plastic strain for bridge components (with bolts removed from view) at
location of maximum loading.

Occupant Risk Metris

Accelerationtime histories and angular raiene histories were collected at the center of gravity
of the truck using the *Elemei@eatbelAccelerometer option in LB®YNA. [LSDYNA13] The
accelerometers were connected to the vehicle model using *RaigldtBody-Constraints

(NRB). The timehistory data was collected from each accelerometer in a local reference
coordinate system which rotates with the accelerometer in the same way that test data is
collected from physical accelerometers. The data was tedlet a frequency of 30 kHz which
was determined to be sufficient to avoid aliasing of the data in the numerical model.

The occupant risk assessment measwere computed using the y- and z
acceleration timénistories and angulaate time historiesollected at the center of gravity of the
vehicle. The Test Risk Assessment Program (TRAP) calculates standardized occupant risk
factors from vehicle crash data in accordance with the National Cooperative Highway Research
Program (NCHRP) guidelines ancetRuropean Committee for Standardization (CEHN)98]

Table13 shows the occupant risk measures from thesitdlle test on the baseline system
and the quantities computed from the FEA analysis for the modified system. The acceleration
data from theanalysis was filtered using the SAE Class 180 filter prior to input in TRAP. The
table shows the two occupant risk factors recommended by NCHRP Report 350, which include:
1) the lateral and longitudinal components of Occupant Impact Velocity (OIV) ahd 2) t
maximum lateral and longitudinal component of vehicle acceleration averaged over 10
millisecond intervals after occupant impact, i.e., the occupant ridedown acceleration (ORA).
Also shown in the table are the EN 1317 occupant risk factors, which inbleidéeoretical
Head Impact Velocity (THIV), the Post Impact Head Deceleration (PHD) and the Acceleration
Severity Index (ASI).

Table 13. Summary of occupant risk measures computed from test 706 and FEA simulation.

Occupant Rik Factors Test 706937 FEA (ORIL_15120] Preferred Limits
Occupant Impact Velocity | x-direction 14 3.3 9
(m/s) y-direction -2.9 -1.8 9
THIV (m/s) 3.3 3.3 9
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Ridedown Acceleration x-direction -4.4 -2.6 15
(g's) y-direction 6.3 -6.5 15
PHD (g's) 6.4 6.8 15
ASI 0.42 0.33
Max 50ms moving avg. acc, x-direction -1.4 2.4
(g's) y-direction -3.8 2.7
z-direction -2 -1.7
Maximum Angular Disp. Roll 16.2 26.2
(deg) Pitch 3.3 -4
Yaw -16.7 -17.3

The results indicate that the occupant risk factors for both thedalé test and the
simulationare of similar magnitudes and are both well below the preferred limits in NCHRP
Report 350. The occupant impact velocity in the longitudinal direction veaicped from the
simulation to be 3:8n/s (1.9 m/s higher than the test OIV of 1.4 m/s). In the transverse direction,
the occupant impact velocity predicted in the simulation wasnIsg1.1 m/s lower than the test
OIV of 2.9 m/s). Allvalueswere wellbelow the preferred limit of 9 m/s. The highest 0:010
second occupant ridedown acceleration in the longitudinal direction was 2.6 g (1.8 g higher than
the test ORA of 4.4 g). In the transverse directiba highest 0.0:8econd occupant ridedown
accelertion was 6.5 g (0.2 g higher than the test ORA of 6.3). Again, all were well below the

preferred | imit of 15 ,thednsaximuinddng noenghbveraggi t udi n a
acceleration value computed i n t &seredanrithefuly si s w
scale test. In the transverse direcfiiorh e maxi mum val ue computed in
compared to 3.8 gsbatetesteasured in the full

The omparison of the CEN metricsagso shown inrable13 which showery good
agreement between the test and analifmsexample, the differend®tween the FEA and test
for the THIV, PHD and ASI was 0 percent, 6.2%qamt and 21 percent, respectively.

Analysis Summary

The response of the modified Illinois Twabe bridge rail was evaluated under NCHRP Report

350 Test 412 impact conditions. The primary purpose for the analysis was to check for potential
issues for ta modified mounting system a simulated crash conditipand to ensure that all

loading conditions for the post and mount have been addressed in the study. For example, it was
important to determine how the modified system would respond when thebmergopacted

the top of the rail and snagged on the posts, as well as how the mount would respond to the
combined vertical, lateral and longitudinal load.

The results of the analysis were also compared to the results of thedidltest that was
performed on the baseline system. Because of differences in the way thb@amas fastened
to the truck frame in the FE mod=mpared to that of thest véicle, it was not possible to
make a direct comparison of the tihistory data. In particular, the cargox slid off the truck
frame during the fulkcale test which increased the roll angle of the box. This event affected the
overall dynamics of the Yécle, but it also affected the measured accelerations which were
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collected from accelerometers mounted directly underneath thelosaxgin the model, the

front of the cargdoox was rigidly constrained to the truck frame thus causing the-targand

the truck to move and rotate more as a single unit. No attempt was made to revise the vehicle
model to better match that of the test vehicle, since that effort was not in the scope of the project.
The primary purpose was to ensure that the basic behawtwe bfidge rail (e.g., barrier

deformations, potential for snags, etc.) was consistent with the baseline system and to ensure that
the loads transmitted to the bridge superstructure ux@etRP Report 350est 412 impact

conditions did not cause damagette bridge.

Comparison of the sequential views for the analysis and test of -I@sirdpact
conditions indicated that the response of the modified barrier, as well as the basic kinematic
behavior of the vehicle, was very similar to that of the bassligsem. The analysis indicated
that the modified system would safelgntain and redirect the 18,009truck impacting at 50
mph and 15 degrees. The damage to the posts and railing was minor with only 1 inch of
permanent deflection. The damage to thdd®isuperstructure was also considered minor, with
minimal plastic deformation of the bridge components. The tensile forces in theR/83251
bolts that connect the mounting tube, fascia beam and tee connector were of adequate strength to
prevent failire of the connection (i.e., to prevent disconnection of the diaphragm and fascia
beam).

MASH TL3 Crash Simulations

twas recent !l y ann decmca Comibiyee dnREHsidOafety (TCRS) that
by the year 2019 all bridge rails installed ontlagional highway system must mé&ASHTL3
conditions. It is uncertain how this will affeitte eligibility of the modified Illinois TweTube

bridge rail, since this system is only intended to be us€dion o 6 soadsystena Ikt was
therefore decidetb furtherevaluate the performance of the bridge rail with modified post mount
underMASH TL3 impact conditions using finite element aysad. The results of thanalyses

not onlyprovide additional crash performanogéormation butalsoprovideODOT with the
expected outcomghould ODOT eledo performfull-scale testing on the systexnha futuredate
MASH TL4 conditiong(i.e., 22,008b single unit truck impacting at 56 mph and 15 degrees)
were not considereid these analysesince it was exgcted thathe height of the barridr.e., 32
inches) would not be sufficient pyevent the single unit truck from rolling over the bridge rail
during impact

The analyses wegerformed under worsease conditions for the bridgewstture, which
correspndedto thelowest stiffness for thbridgesuperstructure, as well as for ghestmount
design optionsThe minimum bridge superstructure sistedas Case An Table6 was selected
for this evaluation, whicincludedthe W14x30 fasciaand stringebeans with C12x25
diaphragms, and WT6x36 Tee connectors. gdststiffener DesignB (seeFigure5) was also
included in this evaluation with the length of the posesetaximum lengtrcorresponding to a
maximum bridge deck thickness of 8 inches.

MASHrequres wo tests forassessing the crash performanceogitudinal barriers
Test 310 (i.e., 2,420b sedan impacting at 62 mph and 25 degrees) and Ts{iz., 5,00db
guadcab %ton pickup impacting at 62 mph and 25 degre@sje vehicle modelased for thee
analysesverethe YarisC_v1L model (based on a 2010 Toyota Yaris) and the SilveradoC_v3a
model (based on a 2007 queab Chevy Silverado). These vehicles closely represent the two
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test vehicles specified MASH [AASHT@9] Thevehiclemodds weredeveloped through the
process of reverse engineering by the membeBeorge Mason University (GMU) and were
initially validated based on NCAP frontal wall impé&eststhrough comparison with NHTSA
test data. The modehlso includealidated susension and steering subsystems. Sleerado
model has been continually improved®¥U, as well as theser communitysince its
development and has been used successfully in several studies involving crash analysis with
roadside safety hardwarEhe Yais model has not been exercised as much by the user
comnunity as the Silverado, but wagpected to provide reasonable resufigure76 shows an
example of the Silverado model impacting against the ODOM&0 portable concrete barrier.
The latest release of this model is the SilveradoC_v3a whiclobtasmed from GMU irMarch
2016.

Time = 0.1 seconds Time = 0.4 seconds Time = 0.67 seconds

Figure 76. Impact analysis of theSilverado model impacting against the ODOT 54nch portable
concrete barrier [Plaxico0g

Figure 77. GMU Yaris model

The model setup and boundary conditions were the same as those used for the SUT test in
the previous sectionThe general layound extenof the FEA model is shown irigure78.
The impact speed and angle for both cases were 62.1 mph and 25 degrees, respéetively.
impad pointwas3.6 feet upstream of the critical pdst Test 310 and 4.3 feet upstream bkt
critical postfor Test 311, as specified iMASH(refer toTable 26 in MASH.
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Figure 78. Overall model setup for the MASH Test3-10 and Test 311 analyses.

The Test 310 simulation analysis was performed @08 second®f the crash event, and
theTest 311 simulationanalysis was performed for 0.8 seconds of the crash.&snanalyses
were conducted using a tirséep of 1.0 mirosecond The performance of the bridge raihs
evaluated baseah structural adequacy, vehicle stability during andrafeirectionand
occupant risk. MASH requires that the bridge rail must redirect the vehicle without allowing the
vehicle to peneate the system, the vehicle must remain upright during and after redirection,
occupant impact with the interior of the vehicle must not exceed veloait#sft/s(12.2m/s)
and the longitudinal riddown accelerations of the occupant must not exceel®8006 Bata
from the accelerometer located at the center of gravity of the vehicle masiebllected and
entered into TRAP to calculate standardized occupant risk fatteegesults of the analysis
werealsocritically evaluated to identifgnydeficiencies in the arious components of the
system that may affect crapbrformancer cause unacceptable damage to the bridge structure

Sequential Views and Timelistory Plots

Sequential views of the analy$item an overhead and downstream view paratshown in
Figures79and80 for Test 310 and Test-31, respectivelyThe acceleratiotime historyplots

from the analyseare shown irFigure81. These include the ifdillisecond moving avege,

which is used to determine occupant ridedown accelerations; and-th#liS8ond moving

average accelerationsh& angularate anddisplacementime history plotsare shown irfFigure

82. The sequential views for both TesilB and Test-31 showed smooth redirection of the
vehicle from the barrier with minimal potential for snagging. The results also showed that the
small car remained very stabath minimalroll or pitchof the vehicle throughout the analysis.
The peak roll and pitch angle of the car waddegrees ané.7 degrees, respectivelyhe

pickup, on the other hand, remained stable but showed relatively high roll angle after exiting
from the bridgeail during redirectionThe maximum roll for the pickup wa8.8degreesand

was decreasing at the termination of the analysis at 0.8 seconds. The maximum pitch for the
pickup wasB.4degrees. These values were well below the crifiivats of 75 degreefor both

roll and pitch aspecified inMASH

Occupant Risk Metrics

Table14 shows the occupant risk measucafculated from the refta of the FEA analyse The
acceleration data wase-filtered usingan SAE Class 180 filtebeforeinput into TRAP. The
tablealsoincludesthe preferred and limiting values, according to MASH tier lateral and
longitudinal components of Occupant lagp Velocity (OIV) and the maximum lateral and
longitudinal occupant ridedown acceleration (ORA). Also shown in the é&ablthe EN317
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occupant risk factors, which include the Theoretical Head Impact Velocity (THIV), the Post
Impact Head Deceleration (BHl and the Acceleration Severity Index (ASI).

For Test 310 the occupant impact velocity in the longitudiaald lateratlirectiors were
2395ft/s (73 m/s) and32.81ft/s (100 m/s), respectively. The lateral Oalueexceeded the
preferred limit of 3(t/s (9.1 m/s)but was below the critical limit of 40 ft/s (12.2 mépecified
in MASH. The highest 0.08econd occupant ridedown acceleratiafuesin the longitudinal
and lateratlirectiors were8.8 g and8 g, respectivelywhich were alsovithin preferred limits of
15gin MASH. Thevaluesof CEN metrics aréncluded in the table for completeness, although
they are not part of the evaluation criteria in MASH.

For Test 311 the occupant impact velocity in the longitudinal direction W@386ft/s
(5.9m/s) and24.28ft/s (7.4 m/s), respectivelyThe highest 0.028econd occupant ridedown
acceleratiorvaluesin the longitudinabind lateratlirectiors were6.6 g and11.3g, respectively.
All occupant risk metrics for this case were within preferhemdlimits specified MASH. Again,
the CEN metricawvereincluded for completeness.

Damage to Bridge Rail

The damage to the bridge rail was moderate for both test cases, as shown in88ithumsyh

88. For Test 310, the dynamic deflection was 5.11 inches and the maripermanent

deflection was 1.20 inch. For Tesfl3, the dynamic deflection was 7.16 inches and the
maximum permanent deflection was 3.42 inchéigure88 shows the damages to the post
mount for both cases which was primarily limited to deformation of the front mounting plates.
The deformation resulted in a permanent-gaparation between the plates of 0.24 inches and
0.52 inches for Test-30 andTest 311, respectively. There was no failure of the mount
connections.
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Figure 79. Sequentialviews for the FEA simulation of MASH Test 310 from overhead and downstream
viewpoints.

72








































































