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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mmn?
ft2 square feet 0.093 square meters m?2
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft3 cubic feet 0.028 cubic meters m?®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1,000 L shall be shownin m
MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T shortton (2,000 Ib) 0.907 megagrams (or Mg/(or"t")
TEMPERATURE (exact degrees)
°F Fahrenheit of((lligg))llfB Celsius °C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mmn? square millimeters 0.0016 square inches in?
m?2 square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
me cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or At 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*S| is the symbol for the International System of Units. Appropriate rounding should be made to com@gatith 4 of ASTM E380.

\
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1 INTRODUCTION

1.1 Background

Curbs areoften requirecalong roadways$or functions such as drainage control, rigift
way reductionand sidewalk separation. Howevemhen placed near guardrail systemigbs can
adversely affect the interaction of errant vehicles with roadside bamndirscreag the propensity
for vehicle underride, override, and instabiliBurther, curbed road$es with soil backfill result
in increased system stiffnesses and rail loads, which may lead to rail ruptonesately, he
Midwest Guardrail System (MG®gasremainedcrashworthy whemstalledadjacent tcurbs

In early development, the MGas crah tested in combination with ar tall, AASHTO
Type B curboffset6 in. from the front face of the guardradls shown irFigurel [1-3]. The test
met the criteria oNational Cooperative Highway Research Prog(&l8HRP) Report 350est
designatiomo. 3-11[4].
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Figurel. MGS Offset 6 in. from 6n. AASHTO Type B Curb 1-3]

In 2020, the MGS placedif. behind a @n. tall cub wascrashtested to th@est Level 3
(TL-3) criteria found inthe Manual for Assessing Safety Hardwagecond EditiogMASH) [5].
In full-scale crash testinthe MGS safely redirected both the small car and pitkugk and met
the safety performance criteria of MASH test designation ra$. 8nd 311 [6]. Thus, the MGS
placed within @n. of a curb was deemed crashworthy to MABH3.

The oadsiddeaturessommonly used in combination with roadway @jguch as drainage
flumesor culverts,canpreventproper post placement within a run of guardrail. To atbase
obstructionsit is often desired to omit a post at the location of the obstruction. However, omitting
a guardrail post calead toincreased deflection$jgh rail loads, barrier pocketing, and vehicle

1
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instability. To evaluate the performance of the MGS with a single omitted post;schl# crash
test was performed according to MASH tdstsignationno. 3-11. During the testthe 2270P
pickup truckwas contained and smoothly redirected, and test no. MGEMEt the MASH safety
criteria[7].

Following the successfulevaluation of the MGSvith an omitted posand the MGS
adjacent taa curb, it was desired to evaluatke MGS in combinationwith both acurb andan
omitted postin 2017, the Midwest Pooled Fund sponsored a research project to condsicalill
crash testing on the MG8ith acurb and an omitted poatcording to the evaluation criteria of
MASH TL-3. As in the previous curb tests, theardrail was located 6 in. behind-#&n6tall curb.
During the first fultscale test, test no. MGSED the front of the 1100C small car wedgender
the W-beam rail causing combindateral and verticdbadingto the guardrail§]. Ultimately, the
rail ruptured at thesplice located within thelongatedspan,and the vehicle penetrated behind the
systemas shown irFigure2.

Subsequently, theystem desigmvas modified and 37 ft ¢ 6 in. of nested Wbeamwas
incorporated around themitted post locatiorto prevent rail rupture. The nested rail was
positioned to extend at leaste post spacingipstream and downstregnom the elongatedspan
created by the omitted posDuring test no. MGSCQ, the modified systemcaptured and
redireced the 1100Cvehiclewithout any observed rail teariri§]. The vehicle remained stable
and the occupant risk measures were within the MASH limits. Thus:aestGSCO2 passed
the safety performance criteria of MASH tdssignatiomo. 3-10.
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At the timetest no. MGSC& was completedylASH testdesignatiomo. 311 with the
2270P pickup truclkvasstill needdto complete the MASHL-3 evaluation of thenodifiedMGS.
However, he original project budget onincluded funds fotwo full-scale crash tests. Thus, a
continuation projectvas necessary to conduct the pickup truck test on the nested MGS in
combination with a 6n. tall curb ancan omitted post.

1.2 Objective

The objective of this researgioject wa to evaluate the performance of trestedVIGS
in combinatiorwith acurb and an omitted poatcording to MASH TLE3. Full-scale crash testing
and evaluatiorwere conducted according thIASH testdesignationno. 3-11 with the 2270P
pickup truck.In prior full-scale crash testing, the system met the safety performance criteria of
MASH testdesignatiomo. 3-10[8], and thetestdocumented hereicompletel the MASHTL-3
test matrix required for evaluation of the barrier system.

1.3 Scope

The research objective was achieved through the completion of severaCiaBkdetails
of thenestedMGSwith a curb andnomitted postvere createdBarrier VIl softwarewas used to
identify the critical impact poinof the system based ahe likelihood for rail rupturend ralil
pocketing. Fulscale crash testingas conducted according to MASH test deaigpn no. 311.
Next, the testresults were analyzed, evaluatednd documented Conclusions and
recommendations were then made pertaining to the safety performancae$tdeGS with a
curb and an omitted post.
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA

2.1 Test Requirements

Longitudinalbarriers, such as Weamguardrails must satisfy impact safety standanals
order to bedeclared eligible for federal reimbursementtbg Federal Highway Administration
for use orthe National Highway Systentor new hardware, these safety standards consist of the
guidelines and procedures published in MASH According toTL-3 of MASH, longitudinal
barrier systemmust be subjected tavo full-scale vehicle crash testss summarized ihablel.

Tablel. MASH TL-3 Crash Test Conditiorfer Longitudinal Barriers

Test Vehicle Impact Conditions ,
Test Desianation Test Weiaht Speed Anal Evaluation
Article g Vehicle g pee hgle Criteria®
No. lb mph deg.
Longitudinal 3-10 1100C | 2420 62 25 AD,FH,l
Barrier 311 2270P | 5,000 62 25 A,D,FH,I

1 Evaluation criteriaareexplained inTable3.

ThenestedVIGS with a curb and an omitted post veaash tested the previous phase of
this study and test no. MGSCQ met the safety performance criteria of MASH test designation
no. 310[8]. To complete the MASH T3 longitudinal barrier test matrimMASH test designation
no. 311 was required.

Test no. MGSCEB was conducted with a 2270P vehicle impactingMi@&S with a curb
ard an omitted postThe pickup truck was safely contained and rediredtimvever, thesoll
around the test installation was later found to be below the minimum MASH requireimrents
strong soils. Subsequentlthe test was deemed noompliant to MASH teshg conditions.
Details on this nomwompliancewere discussed with the project sponsors in an email dated
9/11/2019 9], and it was agreed to retest the system udiffSH compliant soil. Bst no.
MGSCO4 was then conducted aetailed herein. Details from the roompliant test, test no.
MGSCQO3, were not includedh this reportto save project fundand to focus on the MASH
compliant test.

2.2 Critical Impact Point

TheBARRIER VII computer programilf0] was utilized to select the critical impact point,
as recommended in Section 2.3.IMASH. An existingmodelof the MGS witha curb and an
omitted postcreated and validatexs part of the previous small car testing and evalufiowas
modified to include37 ft ¢ 6 in. of nested Wbeam gardrail at the location of the omitted post.
Impacts were then simulated on the model according to the impact conditMASSf test3-11,
with a2270P pickup truck impactinfpe systenat 62 mphand a25-degreeangle

Simulated impacts were conducted9a375in. intervals along the length of the barrier
system.For each simulated impact point, maximum dynamic deflections, maximum pocketing
angles, and the extent of wheel snag on posii4 were documented. Note, similar to the test
installation desched in ChapteB, post no.14 refers to the post at the downstream end of the

4
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elongated span created by the omitted pDsfflections were measured at the centerhaf t
guardail splice located within the elongated span, 37.0pstreanfrom postno. 14. Pocketing
angles were measured at the downstream end of the elongatebetpaen the guardrail splice

and posno. 14. Vehicle snag was measured as the lateral extent of the front tire beyond the face
of the post at the time of tht®-post contactTheanalysigesults arsummarizedn Table2, where

the impact poirgareidentified as a distance upstream from pustl4.

Table2. Barrier VIl Critical Impact PoinStudy Results

Impact Point Distance Maximum Maximum WheelSnagon
Upstreanfrom PostNo. 14 Deflectiorr Pocketing Angle PostNo. 14
in. in. deg. in.
300 18.28 14.73 -
290.625 20.56 15.55 -
281.25 22.79 16.5 0.60
271.875 25.49 17.54 2.35
262.5 28.8 17.07 3.46
253.125 30.24 17.14 5.46
243.75 27.08 16.83 4.02
234.375 29.32 16.6 5.05
225 31.16 16.5 5.61
215.625 32.94 16.52 5.92
206.25 34.15 16.45 6.51
196.875 35.09 16.53 6.47
187.5 35.7 16.51 6.57
178.125 35.73 16.62 6.31
168.75 32.3 15.61 6.12
159.375 32.34 15.54 6.25
150 32.06 15.44 6.31
140.625 31.57 15.2 5.93
131.25 30.98 14.79 5.89
121.875 30.24 14.35 5.37
112.5 29.26 13.79 4.87
103.125 28.18 12.89 4.07
93.75 27.3 12.28 2.61
84.375 26.23 11.28 1.39
75 25.25 9.63 0.08

*Deflections measured at the rail splice located within the elongated span length, 37.5 in. upstream fromi4ost

The maximum wheel overlap on the past, vehicle snag, occurred thesimulation with
theimpact point located 187.5 in. upstrefnom postno. 14. This impact location also resulted in
the second highest dynamic deflection at the guardrail splice, and a pocketing angle that was only
1 degree smaller than the highest pocketing angle of all the impact points. Thereforgictie
impact pointfor MASH test 3-11 on thenestedMGS with a curb and an omitted post was
determined to be 187i6. upstream from the post at the downstream end of the elongated span.

5
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Similar methodshad beenutilized to select the critical impact points foetbrevioussmall car
tests on the syster8|[

2.3 Evaluation Criteria

Evaluation criteria for fullscale vehicle crash testing are based on three factors: (1)
structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of theddiwit barrier to contain and
redirect impacting vehicles. In addition, controlled lateral deflection of the test article is
acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle.
Postimpact vehicle trajectory ismeasure of the potential of the vehicle to result in a secondary
collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the
occupants of the impacting vehicle and/or other vehicles. These evaluation criteria arezesnma
in Table3 and defined in greater detail M ASH. The fullscale vehicle crash test was conducted
and reported in accordance with the procedures providedBH.

In addition to the standard occupant risk measures, theliRpatt Head Deceleration
(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, THIV &idisAprovided in
MASH.

Table3. MASH Evaluation Criteridor Longitudinal Barries

A. Test article should contain and redirect the vehicle or bring the vehicle
controlled stop; the vehicle should not peatsty underride, or override tk
installation although controlled lateral deflection of the test article is accept

Structural
Adequacy

D. Detached elements, fragments or other debris from the test article shot
penetrate or show potential for penetrgtthe occupant compartment, or preg
an undue hazard to other traffic, pedestrians, or personnel in a work
Deformations of, or intrusions into, the occupant compartment should not g
limits set forth in Section 5.2.2 and Appendix BEVVASH.

F. The vehicle should remain upright during and after collision. The maximur
and pitch angles are not to exceed 75 degrees.

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.RIASH for

Oclgilépkant calculation procedure) should satisfy the following limits:
Occupant Impact Velocity Limits
Component Preferred Maximum
Longitudinal and Lateral 30 ft/s 40 ft/s

I.  The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A
of MASH for calculation procedure) should satisfy the following limits:
Occupant Ridedown Acceleration Limits
Component Preferred Maximum
Longitudinal and Lateral 15.09 6 s 20. 49
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2.4 Soil Strength Requirements

In accordance with Chapter 3 and Appendix BA&SH, foundation soil strength must be
verified before any fulkcale crash testing can occur. During the installation of a soil dependent
system, W6x16 posts are iabed near the impact region utilizing the same installation procedures
asthe system itself. Prior to fulicale testing, a dynamic impact test must be conducted to verify
a minimum dynamic soil resistance of 7.5 kips at post deflections between 5 emd2@sured
at a height of 25 inf dynamic testing near the system is not desiASH permits a static test
to be conducted instead and compared agtiasesults o previasly established baseline test.

In this situation, the soil must provideesistance of at least @@rcentof the static baseline test
at deflections of 5, 10, and 15 in. Further details can be found in AppendikBSif.
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3 DESIGN DETAILS

The barrier system consisted af MGS with a curb andan omitted postas shown in
Figures 3 through 17. Photographs of the test installation are showrrigure 18. Material
specifications, mill certifications, and certificates of conformity for the system materialscave
in Appendix A The test installation consisted of-jauge AASHTO M180 standard Weam
guardrail, W6x8.5 steel posts with timber blockouts, and MGS endeagds. The total system
length was 182 ft 3%z in. The system was installed with the face of the guardrail located 6 in.
behind a én. tall, AASHTO Type B curbA single post was omitted from the system near the
middle of the test installation, aBd fti 6 in.of nesedrail was placed at the omitted post location.

The test installation was constructed us28gyuardrail posts. Post nos. 3 through 26 were
standard72-in. long W6x8.5, ASTM A992 stel guardrail postsThe postsvere eabh embedded
to adepth of46in., which corresponded to the nominalh0 embedment plus the soil fill depth
of 6in. behind the curliPost nos. 1, 2, 27, and 28 wegrart of the MGS end anchoragédl posts
were embedded iooarse, crushed limestoaad were spaced 7B6.ion centerThe omittedpost
location wasbetween post nos. 13 and Bfeatinga 150in. elongated spanTimber blockouts
measuring 12 indeepwere used to block the rail away from the frlahgeof each steel post.
The W-beam guardrail was mountedthva toprail height of31in. measured from the surface of
the roadwayGuardrail pliceswerelocated at the midpan between posts aodented to prevent
vehicle snag, as shown kigureb5.

The37 fti 6 in. ofnested Wheam rail around the omitted post location was incorporated
to increase the rail strength and prevent premagulreupture The rails were nested such that the
two upstream rails were placed in front of the two downstream rails.

A 6-in. tall, AASHTO Type B curb spanned from post nos. 9 through 19. The curb was
located 6 in. in front of the face of the rail, as measured from the face of curb-la¢igind. Soil
was backfilled behind the cultringing the ground lindlush with the top of the curb. The soil
backfill extended a minimum of 5 ft behind the curb. A replica concrete gutter was created by
casting a 4n. deep by 48n. wide concrete slab in front of tiserb. Thecurb and gutteconcrete
had a minimum compressive strength of 4,000 gl he curb was reinforced by a single
longitudinal # rebar.

The upstream and downstream ends of the guardrail installation were configured with a
nonproprietary end ananrage systemi[l-14]. The guardrail anchorage systbad a comparable
strength toother crashworthy end terminals. The anchorage system consisted of timber posts,
foundation tubes, anchor cables, bearing platdyreeckets, and channel struts
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Figurel12. MGS BCT Anchor Cable, Test NMGSCO4
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Figure14. GroundLine Strut Details, Test NBIGSCO4
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Iheg] QTY. Description Material Specification Treatment Specification H(ggi\régre
- — |Soil - - -
al 15 |12'-6" 12—gauge W—Beam MGS Section AASHTO M180 ASTM A123 or AB53 RWMO4a
a2 2 [12'-6" 12—gauge W—Beam MGS End Section AASHTO M180 ASTM A123 or AB53 RWM14aq
a3 1 [6'-3" 12—gauge W—Beam MGS Section AASHTO M180 ASTM A123 or AB53 RWMOQ4aq
a4 | 24 [WxB.5 or W6x9, 72" Long Steel Post piRTM pese ASTM A123 PWEDG
a5 | 24 [6"x12714 1/4" Timber Blockout for Steel Posts MSHTC MISE sr SIF Grode AASHTO M133 PDB10a
ab 28 (16D Double Head Nail - - -
. : AASHTO M168 or SYP Grade
b1 4 |BCT Timber Post — MGS Height No. 1 or better AASHTO M133 PDFO1
b2 4 |72" Long Foundation Tube ASTM AS00 Gr. B ASTM A123 PTEOB
b3 2 |Ground Strut Assembly ASTM A36 ASTM A123 PFPO2
b4 2 |2 3/8” 0.D. x 6" Long BCT Post Sleeve ASTM A53 Gr. B Schedule 40 ASTM A123 FMMO2
b5 2 |8"x8"x5/8"” Anchor Bearing Plate ASTM A36 ASTM A123 FPBO1
b6 2 |Anchor Bracket Assembly ASTM A36 ASTM A123 FPAO1
cl 2 |BCT Anchor Cable = - FCAD1
d1 24 |5/8" Dia. UNC, 14" Long Guardrail Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329 FBBO6
d2 4 |5/8” Dia. UNC, 10" Long Guardrail Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329 FBBO3
d3* [112|5/8" Dia. UNC, 1 1/4” Long Guardrail Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329| FBBO1
d4 4 [5/8” Dia. UNC, 10" Long Hex Head Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329| FBX16a
d5 | 16 [5/8" Dia. UNC, 1 1/2” Long Hex Head Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329| FBX16a
dé 4 |7/8” Dia. UNC, 8” Long Hex Head Bolt ASTM A307 Gr. A ASTM A153 or B695 Class 55 or F1941 or F2329 —
el | 44 |5/8” Dia. Plain USS Washer ASTM FB44 ASTM A123 or A153 or F2329 FWC16a
e2 8 |7/8” Dia. Plain USS Washer ASTM FB844 ASTM A123 or A153 or F2329 —
1 1 [Curb f'c = 4,000 psi - -
f2 1 |#4 Rebar 819" Long ASTM A615 Gr. 60 - -
f3 45 |#4 Rebar 18" Long ASTM A615 Gr. 60 - -
g1 |[140|5/8" Dia. Heavy Hex Nut ASTM A563A ASTM A153 or B695 Class 55 or F1941 or F2329 -
g2 20 [5/8” Dia. Hex Nut ASTM A563A ASTM A153 or B695 Class 55 or F1941 or F2329| FNX16a
g3 4 |7/8" Dia. Hex Nut ASTM A563A ASTM A153 or B695 Class 55 or F1941 or F2329 =
* 2" Long Guardrail Bolts (FBB02) may be used in place of part d3 at nested splice locations.
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Figurel?. Bill of Materials, Test NOMGSCO4
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MwRSF Report NoTRP-03-433-21

Figurel8. Test Installatio Photographs, Test NMGSCO4
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