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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 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 

yd2 square yard  0.836 square meters  m2 
ac acres  0.405 hectares  ha 

mi2 square miles  2.59 square kilometers  km2 

VOLUME  
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 

ft3 cubic feet 0.028 cubic meters m3 
yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 
lb pounds 0.454 kilograms kg 

T short ton (2,000 lb) 0.907 megagrams (or ñmetric tonò) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION  
fc foot-candles  10.76 lux lx 
fl  foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 
lbf/in2 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 
mm2 square millimeters 0.0016 square inches in2 

m2 square meters  10.764 square feet  ft2 
m2 square meters  1.195 square yard  yd2 

ha hectares  2.47 acres  ac 

km2 square kilometers  0.386 square miles  mi2 

VOLUME  
mL milliliter   0.034 fluid ounces fl oz 

L liters  0.264 gallons  gal 
m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 
kg kilograms 2.202 pounds lb 

Mg (or "t")  megagrams (or ñmetric tonò) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION  
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl  

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 

kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 INTRODUCTION  

1.1 Background 

National Cooperative Highway Research Program (NCHRP) Report 350, ñRecommend 

Procedures for the Safety Performance Evaluation of Highway Features,ò was published in 1993 

to guide testing and evaluation of roadside safety features [1]. However, due to continuously 

changing traffic conditions, an evolving vehicle fleet, and new knowledge gained through 

extensive research, sections of NCHRP Report 350 required updates. NCHRP Project 22-14(2), 

ñImprovement of Procedures for the Safety-Performance Evaluation of Roadside Featuresò and 

NCHRP Report 665, ñIdentification of Vehicular Impact Conditions Associated with Serious 

Ran-off-Road Crashes,ò updated impact conditions and test vehicle specifications, and determined 

evaluation criteria to more accurately represent the current transportation climate [2]. In 2009, the 

American Association of State Highway and Transportation Officials (AASHTO) published the 

results of NCHRP Project 22-14(02) as the first edition of the Manual for Assessing Safety 

Hardware (MASH) [3]. The second edition of MASH was published in 2016 and implemented 

changes to several test vehicle dimensions, test documentation requirements, and developed a new 

matrix for the testing of cable barriers on slopes [4]. 

1.1.1 MASH Implementation 

In December 2015, AASHTO and the Federal Highway Administration (FHWA) released 

a joint implementation agreement. The purpose of the agreement was to encourage state 

departments of transportation and hardware developers to advance their roadside safety device 

designs. The agreement established sunset dates for the evaluation of roadside safety features to 

MASH 2016 on the National Highway System (NHS). The sunset dates included in the agreement 

are presented in Table 1. 

Table 1. MASH 2016 Implementation Sunset Dates 

 

1.1.2 Federal-Aid Eligibility Letters  

Traditionally, FHWA has reviewed details of new roadside safety hardware and delivered 

eligibility letters to those systems that were considered crashworthy to the applicable crash testing 

standards at the time. These letters provided state departments of transportation (DOTs) with the 

Month Day Year

Dec. 31 2017

Jun. 30 2018

Dec. 31 2018

Note: Temporary work zone devices, including portable barriers, manufactured after December 31, 

2019, must have been successfully tested to the 2016 edition of MASH. Such devices manufactured 

on or before this date, and successfully teste to NCHRP Report 350 or MASH 2009, may continue 

to be used throughout their normal service lives.

Sunset Date

W-beam barriers and cast-in place concrete barriers

Roadside Safety Features

Dec. 31 2019

Bridge rails, transitions, all other longitudinal barriers including portable 

barriers installed permanently, all other terminals, sign supports, and other 

breakaway hardware

W-beam terminals

Cable Barriers, cable barrier terminals, and crash cushions
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justification needed to receive federal reimbursement for safety hardware installed on NHS 

construction projects.  

In a May 2017 open letter, FHWA established the following significant changes to the 

eligibility letter process:  (1) for manufacturers and states to qualify for an FHWA federal-aid 

eligibility letter, all roadside hardware devices must complete the full suite of recommended tests 

as described in AASHTO MASH, and (2) FHWA will no longer provide federal-aid eligibility 

letters for modifications made to an AASHTO MASH-crash tested device [5]. The result of this 

letter was that systems that may be crashworthy to MASH 2016 would not be qualified to receive 

an eligibility letter without first being evaluated through expensive crash testing. Also, 

modifications made to systems currently holding an eligibility letter would not be awarded another 

letter without crash testing of the additional modifications.  

However, in another open letter dated April 8, 2019, the FHWA clarified that design 

modifications may be considered for an eligibility letter if the modification occurs whilst the 

system is undergoing applicable crash testing, and the crash test laboratory documents the 

following in the test report accompanying the eligibility letter submission: (1) revision details to 

explain the type and extent of any revisions, (2) engineering rationale with adequate detail to 

explain the purpose of any revisions, and (3) engineering assessment of the expected performance 

on crash tests conducted on the device where design revisions were not present at the time of those 

tests [6].  

FHWA has also stated that transportation agencies do not need an eligibility letter to obtain 

federal reimbursement. It will be up to agencies to work with their divisional FHWA offices to 

ensure that roadside hardware is crashworthy and, therefore, eligible for reimbursement. Thus, a 

review of the sponsoring agenciesô permanent concrete barrier standard plans was necessary to 

determine barrier crashworthiness and provide the documentation and justification required to 

obtain federal reimbursement through the FHWA divisional offices. 

1.2 Objective 

The objective of the research effort was to perform a literature review and compile a crash 

testing database of currently crash tested permanent concrete barrier systems. The information 

gathered was used to synthesize a methodology to evaluate permanent concrete barrier systems to 

MASH 2016 without physical crash testing. Permanent concrete barriers submitted by Midwest 

Pooled Fund Program member states were reviewed, and the evaluation methodology was applied 

to determine barrier compliance to MASH 2016 criteria.  

1.3 Scope 

The scope of the research effort was to perform a literature review and determine a 

methodology for the evaluation of permanent concrete barriers to the provisions of MASH 2016 

without expensive crash testing. A survey was administered to collect permanent concrete barrier 

standards and specifications from the sponsoring agencies. Permanent concrete barriers were then 

selected and analyzed according to the established methodology, and evaluations were prepared 

with justifications for MASH 2016 compliance. 
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2 LITERATURE REVIEW  

2.1 MASH Updates from NCHRP Report 350 

MASH overhauled many sections of NCHRP Report 350 to more accurately represent real-

world and worst-practical impacts on the current highway system. The overhaul largely affected 

the test matrices for TL-3 and TL-4 impacts on longitudinal barriers. The effects included, but 

were not limited to, new test vehicles, more severe impact conditions, and modified evaluation 

criteria. The MASH test matrices for TL-3 and TL-4 crashes are presented in Table 2 [4]. 

Table 2. MASH Recommended Test Matrices for TL-3 and TL-4 Longitudinal Barriers [4] 

Test 

Level 

Barrier 

Section c 
Test No. Vehicle 

Impact 

Speed a 

 mph 

Impact 

Angle a 

deg. 

Acceptable 

IS Range a 

kip-ft 

Evaluation 

Criteria b 

3 

Length-of-

Need 

3-10 

3-11 

1100C 

2270P 

62 

62 

25 

25 

Ó 51 

Ó 106 

A, D, F, H, I 

A, D, F, H, I 

Transition 
3-20 d 

3-21 

1100C 

2270P 

62 

62 

25 

25 

Ó 51 

Ó 106 

A, D, F, H, I 

A, D, F, H, I 

4 

Length-of-

Need 

4-10 

4-11 

4-12 

1100C 

2270P 

10000S 

62 

62 

56 

25 

25 

15 

Ó 51 

Ó 106 

Ó 142 

A, D, F, H, I 

A, D, F, H, I 

A, D, G 

Transition 

4-20 d 

4-21 

4-22 

1100C 

2270P 

10000S 

62 

62 

56 

25 

25 

15 

Ó 51 

Ó 106 

Ó 142 

A, D, F, H, I 

A, D, F, H, I 

A, D, G 
a See Section 2.1.2 in MASH 2016 for tolerances on impact conditions. 

b See Table 5-1 in MASH 2016. 

c See Figure 2-1 and Section 2.3.2 in MASH 2016 for impact point. 

d Test is optional in MASH 2016 

2.1.1 MASH Test Designation No. 10 

Test 10 is intended to test the ability of a barrier to safely contain and redirect small 

passenger cars. Primary concerns in the test are underride, snagging of wheels, rollover, and head 

slap. MASH replaced the 820C test vehicle of NCHRP Report 350 with the 1100C test vehicle. 

This change resulted in an increase in vehicle mass from 1,808 lb to 2,420 lb. The impact angle of 

the test also increased from 20 to 25 degrees. The speed remained constant at 62 mph. These 

changes caused the lower limit of the impact severity of the test to rise 102 percent, from 25.2 kip-ft 

to 51.0 kip-ft. The large increase in impact severity has raised concern over the increased 

likelihood of snagging, which may contribute to greater occupant compartment deformations. 

2.1.2 MASH Test Designation No. 11 

Test 11 is a strength test for TL-1 through TL-3. In addition, this test is required for all 

barrier configurations and test levels due to the high frequency of pickup truck rollovers observed 

in previous crash testing studies. MASH replaced the 2000P test vehicle of NCHRP Report 350 

with the 2270P test vehicle. This change resulted in an increase in vehicle mass from 4,409 lb to 

5,000 lb. The impact angle of the test remained constant at 25 degrees. The speed remained 

constant at 62 mph. These changes caused the nominal impact severity of the test to rise 13 percent, 
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from 102.7 kip-ft to 106.0 kip-ft. The increase in impact severity resulted in greater impact forces 

than the forces presented in Section 13 of the AASHTO LRFD Bridge Design Specifications [7]. 

2.1.3 MASH Test Designation No. 12 

Test 12 is performed to appraise the ability of a barrier system to resist the forces of a heavy 

single-unit truck (SUT). MASH replaced the 8000S test vehicle of NCHRP Report 350 with the 

10000S test vehicle. This change resulted in an increase in vehicle mass from 17,637 lb to 

22,046 lb. The impact angle of the test remained the same at 15 degrees, but the speed increased 

from 49.7 mph to 56 mph. These changes caused the lower limit of the impact severity of the test 

to rise 65 percent, from 85.9 kip-ft to 142 kip-ft. 

2.1.4 Evaluation Criteria  

The evaluation criteria for longitudinal barriers remained principally consistent between 

NCHRP Report 350 and MASH 2016. Barrier systems are assessed on three main categories: 

structural adequacy, occupant risk, and post-impact vehicular response. Post-impact vehicular 

response was referred to as vehicle trajectory under NCHRP Report 350. No changes were made 

to the structural adequacy criterion under MASH. 

A minor change in the occupant risk criteria was the 0.49 g increase in the maximum 

allowable ridedown accelerations to 20.49 gôs in MASH. In addition, MASH established 

maximum occupant compartment deformations for various locations in a test vehicle. Previously, 

the test agency was responsible for justifying the risk to occupants due to compartment 

deformations, and instituting specific deformation criteria eliminated the subjective component of 

this assessment. The maximum allowable occupant compartment deformations are listed in 

Section 5.2.2 of MASH and are shown in Table 3. 

Table 3. MASH Maximum Allowable Occupant Compartment Deformations 

Location 

MASH 2016 

Allowable Deformation 

in. 

Wheel Well & Toe Pan Ò 9 

Floor Pan & Transmission Tunnel Ò 12 

A-Pillar Ò 5 

A-Pillar (Lateral) Ò 3 

B-Pillar Ò 5 

B-Pillar (Lateral) Ò 3 

Side Front Panel (in Front of A-Pillar) Ò 12 

Side Door (Above Seat) Ò 9 

Side Door (Below Seat) Ò 12 

Roof Ò 4 

Windshield Ò 3 

Side Window 
No shattering resulting from contact with 

structural member of test article 
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MASH modified the post-impact vehicular response section by redacting Criteria K 

through M, which previously applied to the TL-3 and TL-4 test matrices for longitudinal barriers 

under NCHRP Report 350. Criterion K stated a preference that the vehicleôs post-impact trajectory 

not protrude into adjacent traffic lanes. Criterion L contained the OIV and ORA limits for pickup 

truck impacts, which was moved to Criterion H and I with the small car impact limits. Criterion 

M stated that exit angle not exceed 60 percent of the impact angle. MASH noted that excessive 

exit angles are not desirable, and adapted the concept of the ñexit boxò directly from European 

Committee for Standardization (CEN) standards. The ñexit boxò restricts the area in which the test 

vehicle may exit after impact and the box dimensions are determined from the length and width of 

the vehicle as seen in Figure 1, which appears as Figure 5-1 in MASH. 

 

Figure 1. Exit Box for Longitudinal Barriers [4] 

2.2 MASH TL -3 Minimum Height, Effective Height, and Design Impact Force Research 

Research conducted under NCHRP Project 22-20(02) defined the TL-3 impact load 

correlating with the new MASH 2270P pickup truck vehicle [8]. The study verified the previously 

recommended impact force of 54 kips using the commercial finite element (FE) software 

LS-DYNA [9] to run simulations with the NCHRP Report 350 pickup truck model, the 2000P 

vehicle. Moving forward, the 2000P model was exchanged for an upgraded 2270P model, and a 

similar simulation was used to determine the impact load of the MASH vehicle. Using 50-

millisecond average forces, the maximum force achieved by the 2270P vehicle on a 32-in. tall 

vertical barrier was 70 kips, which represented a 30 percent increase from NCHRP Report 350. 

As documented in the AASHTO LRFD Bridge Design Specifications, the minimum 

recommended height for TL-3 barriers under NCHRP Report 350 was 27 in. [7]. In research 

conducted at the Texas Transportation Institute (TTI) under NCHRP Project 20-07(395), bridge 

rails of various sizes, shapes, and materials were computationally analyzed to MASH standards. 

As part of the project, a new minimum rail height for TL-3 impacts was investigated using 

LS-DYNA [10]. The study simulated pickup truck crash tests into rigid vertical barriers with 
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heights of 27, 28, and 29 in. The 27-in. tall barrier resulted in a rollover. The 28-in. tall barrier did 

not result in rollover but was deemed to have severe potential for instabilities. Therefore, 29-in. 

was selected as the minimum MASH TL-3 rail height to maintain test vehicle stability throughout 

impact. 

In addition to TL-3 vehicle stability, the transverse impact force (Ft) and resultant impact 

height (He) were also studied. According to simulations, MASH and NCHRP Report 350 TL-3 

pickup truck impacts are expected to generate impact loads of 71 and 61 kips, respectively. The 

effective load height from the FE simulations was calculated to be 19.5 in. and 18 in. respectively.  

2.3 MASH TL -4 Minimum  Height, Effective Height and Design Impact Force Research 

Since the original publication of MASH, researchers have suspected changes would need 

to be made to current design methodologies. In recent years, efforts have been made to quantify 

these changes for the varying test levels. These efforts have included studies performed to identify 

new minimum barrier heights to prevent vehicle instabilities, and to estimate new design impact 

forces to ensure structural integrity of barriers. 

The first study was published in 2011 by the TTI [11]. Sheikh et al. utilized LS-DYNA to 

test and identify a minimum height for vehicle stability in MASH TL-4 crashes. As part of the 

simulations, the SUT model was modified to better represent critical parameters. Chief among the 

modified parameters was the reduction of track width, which led to a more unstable model and 

yielded more conservative results. 

Sheikh et al. then ran simulations of the SUT model impacting single-slope barriers with 

heights of 42, 39, 38, 37, and 36 in. in accordance with MASH TL-4 impact conditions. Through 

an evaluation of the roll, pitch, and yaw angles of the simulations, all barrier heights were deemed 

sufficient. However, 36 in. was considered to be marginal in the categories of stability and rollover 

potential, with the rear wheels nearly passing over the top of the barrier, as shown in Figure 2 [11]. 

Therefore, no further simulations were conducted, and 36 in. was declared the minimum TL-4 

barrier height to prevent vehicle instability according to FE simulations. 

 

Figure 2. Simulated Impact of SUT on 36-in. Tall Single-Slope Barrier [11] 
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The results of the FE simulation were verified by conducting MASH test designation no. 

4-12 on a Texas Department of Transportation (TxDOT) 36-in. tall Single-Slope Traffic Rail 

(SSTR) [11]. In test no. 420020-9b the barrier system met MASH criteria. As in the FE simulation, 

the rear wheels rose near the top of the barrier. It was noted that the crash tested single-slope barrier 

shape is known to reduce vehicle climb as compared to New Jersey and F-shape barriers due to 

the presence of a barrier toe. However, due to the larger vehicle mass and wheel radius of the SUT, 

the effect was expected to be insignificant. With these considerations, 36 in. was recommended to 

be the minimum TL-4 height for all barrier types. 

In addition to minimum barrier height, TL-4 impact forces were studied [11]. Impact forces 

were determined using LS-DYNA simulations at each of the 36-in. to 42-in. heights previously 

used for the minimum height determination. The simulations showed that the 50-millisecond 

average force of initial impact did not increase with height. However, as height increased, the tail-

slap impact (i.e., rear axle contact with the barrier due to redirection) increased and became critical. 

It was noted that the force associated with the recommended minimum height should not be 

selected as the design force, as barriers may be designed at greater heights that meet TL-4 

standards. Therefore, 80 kips was selected as the design force, which corresponds to a 42-in. tall 

barrier and is the minimum height for a TL-5 barrier [11].  

This effort to quantify the peak force and location on TL-4 barriers continued in NCHRP 

Project 22-20(02), beginning with a simplified dimension analysis of a mass-spring system to 

estimate a new impact load. This analysis used ratios of the systemôs stiffness, mass, lateral 

acceleration, impact angle, and center of mass to calculate an impact load of 80.3 kips for TL-4 

crash tests. Another method used to estimate the TL-4 dynamic load was Newtonôs Second Law 

of Motion. The total mass of the vehicle multiplied by the lateral acceleration yielded an impact 

load of 99 kips. Neither method addressed vertical force distribution along a barrier face, and 

therefore, a resultant height of the force could not be determined, so FE simulations in LS-DYNA 

were also employed. 

The FE simulations were conducted on 36 in., 39 in., 42 in., and ñtallò vertical rigid 

barriers. The ñtallò barrier had a height greater than the height of the SUT and was used to 

determine a maximum transverse force (Ft) for longitudinal barrier impacts. The maximum total 

transverse impact force for each barrier was quantified as well as the distribution over the height 

of the barrier. Transverse force distributions over barrier faces were utilized to compute an 

effective height (He) by taking the weighted average of the force over the height of the barrier. The 

longitudinal impact forces (FL), longitudinal force distribution length (LL), vertical impact forces 

(Fv), and vertical force distribution length (Lv) were also analyzed and estimated from the 

simulations. The results of the study for TL-4 impacts led to the recommended parameters 

summarized in Table 4. Impact forces were only determined for barrier heights of 36 in. or greater 

due to the stability issues observed in earlier research.
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Table 4. Recommended Design Parameters for MASH TL-4 Impact [8] 

Design Force and 

Designations 

TL-4 

36-in. Barrier Height >36-in. Barrier Height 

Ft, Transverse 70 kips 80 kips 

FL, Longitudinal 22 kips 27 kips 

FV, Vertical 38 kips 33 kips 

LL 4 ft 5 ft 

LV 18 in. 18 in. 

He 25 in. 30 in. 

2.4 Stand-Alone Foundations 

TTI recently conducted FE simulations and crash testing on structurally independent 

moment slab and concrete beam foundations for the TxDOT SSTR barrier [12]. The SSTR is a 

36-in. tall barrier with an 11-degree single-slope traffic face. Preliminary designs were developed 

for concrete beam, moment slab, and concrete beam-and-slab foundation systems, and a parametric 

study was conducted to optimize the design of each foundation system. All simulations were 

conducted in LS-DYNA to MASH TL-4 impact conditions and the native soil properties found at 

the TTI proving ground testing facility were modeled rather than typical well-compacted soils used 

in crash testing. Following the parametric study, the preferred moment slab configuration was 

evaluated in a full-scale MASH TL-4 crash test.  

Six concrete beam foundations were simulated with varying section dimensions, segment 

lengths, and ditch characteristics. The results of the FE simulations conducted on the concrete 

beam foundations are summarized in Table 5. 

The concrete beam foundation with a 30-ft segment length was selected as the most 

favorable beam foundation design, and TxDOT designed reinforcement details for this option, as 

seen in Figure 3. The barrier is longitudinally reinforced with eight #4 bars and vertically 

reinforced with #4 stirrups spaced at 6 in. The foundation measured 16 in. wide and 33 inches 

deep, and was reinforced with four #5 longitudinal bars and #4 stirrups spaced at 8 in. The barrier 

is connected to the foundation with #4 U-bars, also spaced at 6 in. The system was detailed to 

permit the foundation and the barrier to be poured separately. 

Table 5. MASH TL-4 FE Simulation Results of Concrete Beam Foundations [12] 

Width 

in. 

Depth 

in. 

Segment 

Length 

ft 

Ditch 

Slope 

Ditch 

Offset 

ft 

Result 

19 33 15 1V:2H 0 
Unacceptable barrier deflection and  

test vehicle was not contained or redirected 

19 33 20 1V:2H 0 Test vehicle was not redirected or contained 

19 33 20 1V:2H 1 Test vehicle was not redirected or contained 

16 33 30 1V:2H 1 Barrier performed acceptably 

18 27 50 N/A N/A Barrier performed acceptably 

13 10 50 N/A N/A Barrier performed acceptably 
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Figure 3. Reinforcement Details for TxDOT SSTR with Concrete Beam Foundation [12] 

Three moment slab foundations were simulated with varying section dimensions, segment 

lengths, and ditch characteristics. The moment slab simulation results are summarized in Table 6. 

Smaller segment lengths were preferred for ease of casting and handling, therefore, the moment 

slab foundation with a 20-ft length was selected as the most favorable design. Reinforcement 

details were determined, and the system underwent full-scale crash testing. In test no. 469689-3-

3, the moment slab foundation with a 36-in. TxDOT SSTR barrier was crash tested to MASH test 

designation no. 4-12. The concrete barrier was vertically reinforced with #4 stirrups spaced at 6 

in. and longitudinally reinforced with four #4 bars on both the front and back sides of the barrier. 

The barrier was anchored to the 12-in. deep by 60-in. wide moment slab by #4 U-shape bars spaced 

longitudinally at 6 in. All occupant risk factors were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 4-12 

[12]. 

Table 6. MASH TL-4 FE Simulation Results of Concrete Moment Slab Foundations [12] 

Width 

in. 

Depth 

in. 

Segment Length 

ft 

Ditch 

Slope 

Soil Restraint 

in. 
Result 

36 8 50 N/A 8 Barrier performed acceptably 

60 12 15 N/A 0 

Excessive barrier deflection 

Test vehicle was not redirected or 

contained 

60 12 20 N/A 12 Barrier performed acceptably 
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Two hybrid concrete beam and slab foundations underwent FE simulation. After the first 

simulation produced an acceptable result, section dimensions were reduced, and crash testing was 

again simulated. The second simulation also produced acceptable results, and the more critical 

dimensions of the second simulation are reported in Table 7. 

Table 7. MASH TL-4 FE Simulation Result of Concrete Beam and Slab Foundation [12] 

Width Depth 
Segment 

Length 

Ditch 

Slope 

Soil 

Restraint 
Result 

31.3 in. 12 in. 
Not 

Reported 
N/A 12 in. Barrier performed acceptably 

Additional TL-4 FE simulations were conducted on the TxDOT SSTR barrier on top of a 

stand-alone retaining wall configuration [13]. The barrier and retaining wall dimensions are shown 

in Figure 4. The simulations resulted in soil pressures of 20 psi, which was greater than the 

allowable soil pressure of 12.2 psi. However, due to the dynamic nature of an impact load being 

applied over a short time period, Williams et al. asserted that these pressures would not cause 

significant performance issues. Therefore, the FE simulations led to the conclusion that a barrier 

on top of a retaining wall would be stable when impacted under MASH TL-4 conditions, but it 

was also recommended to conduct further simulations to confirm these findings.  

 

Figure 4. TxDOT SSTR Retaining Wall Foundation [13] 
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2.4.1 Moment Slab and Wall Coping Analysis 

Moment slab and wall coping anchorage systems have been tested to MASH test 

designation nos. 3-11 and 4-12 under test nos. 475350-1 [14] and 510602-EWP1 [15], respectively. 

Test no. 475350-1 was conducted on a 32-in. tall precast vertical barrier with a cast-in-place 

moment slab, as shown in Figure 5. The moment slab featured five #4 longitudinal bars near the 

top of the slab and was connected to the precast barrier via #6 L-shaped bars spaced longitudinally 

at 10 in. Joints in the moment slab were spaced at 30 ft. The barrier system met the evaluation 

criteria of MASH test designation no. 3-11.  

 

Figure 5. Test No. 475350-1 Moment Slab and Wall Coping Dimensions [14] 

Test no. 510602-EWP1 was a crash test performed on the GRAVIX® barrier, a proprietary 

precast barrier and moment slab assembly manufactured by Earth Wall Products, LLC [15]. The 

GRAVIX® barrier currently holds FHWA Eligibility Letter B-249 for compliance with MASH 

TL-4 crash testing. However, due to Earth Wall Productôs proprietary rights, details of the barrier 

are limited except for the overall shape. 

Research conducted under NCHRP Projects 22-20 and 22-20(2) [8, 14] established design 

guidelines for moment slabs subjected to MASH impacts, including the minimum widths 

summarized in Table 8, and calculation criteria for sliding and overturning limit states. In addition 

to providing the minimum width, the moment slab length must be at least 20 ft and the joints 

between slabs must be joined with a minimum of two #9 steel dowels to transfer loads. 

Table 8. Minimum Width for MASH TL-3 and TL-4 Moment Slab Anchorage [8] 

Test Level TL-3 TL-4 

Width  Ó 4 ft Ó 4.5 ft 

Notes: 

Moment slab length must be Ó 20 ft 

Joints joined by at least two #9 steel dowels 
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NCHRP Project 22-20(02) recognized two limit states for barriers in a moment slab 

configuration: sliding and overturning. The sliding limit state is evaluated according to Equation 1 

below, in which the factored static resistance (űP) must be greater than or equal to the factored 

equivalent static load (ɔLs). The equivalent static load was investigated for each test level and the 

results are presented in Table 9. 

•ὖ ὒ (1) 

Table 9. Equivalent Static Loads for MASH TL-3 and TL-4 Moment Slab Design [8] 

Test Level TL-3 TL-4 

Ls  23 kip 28 kip 

The overturning limit state is evaluated using Equation 2 below, according to the results of 

NCHRP Project 22-20(2). The equation requires the factored moment resistance of the barrier-slab 

system (űM) to be greater than or equal to the moment induced by the equivalent static load. 

•ὓ ὒ Ὤ έὶ Ὤ  (2) 

The moment arm (hA or hB) was found to vary depending on the expected rotation of the 

barrier during overturning. Barriers with moment slabs tended to rotate about one of two locations, 

identified as points A and B in Figure 6. The barrier will rotate about point A when the top of the 

mechanically stabilized earth (MSE) wall is isolated from impact with the coping. The isolation 

can be created by an air gap or adequate condensable material. The barrier will rotate about point 

B if the wall coping sits directly atop the MSE wall panel. 

 

Figure 6. Points of Rotation for Overturning Barrier-Moment Slab Systems [8, 14] 

2.5 Grade Separated Barriers  

A grade separated barrier is a barrier in which the elevations of the surfaces on opposite 

sides of the barrier differ. A cross-section of an example grade separated barrier from the 

Minnesota Department of Transportation Standard Details is displayed in Figure 7. 
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Figure 7. Minnesota Type 42 A Grade Separated Barrier Example [16] 

A design of a 112½-in. tall grade separated barrier was researched and developed by TTI 

[17]. An original design submitted by the Tennessee Department of Transportation featured a split 

single-slope median wall design, but analyses were conducted on several different barriers: (1) a 

grade separated 112½-in. tall single-slope median barrier, (2) a 51-in. tall single-slope median 

barrier, (3) a 112½-in. tall grade separated vertical barrier with a single-slope back face, and (4) a 

51-in. tall vertical barrier with single-slope back face. A simulation of MASH test designation no. 

3-11 was performed on an 80-ft section of all four barrier configurations. All four barriers were 

observed to adequately contain and redirect the 2270P vehicle and were deemed to be satisfactory 

to MASH test designation no. 3-11.  

Additional segment length optimization simulations were performed to MASH test 

designation no. 4-12 on barriers (1) and (2) described above. These simulations were performed 

on a 35 ft section of the 112½-in. tall grade separated single-slope median barrier and a 60-ft 

section of the 51-in. tall single-slope median barrier. In both cases, the barriers were deemed to 

have adequately contained and redirected the 10000S test vehicle. However, when the simulation 

ended for the 51-in. tall barrier, the barrier was still displacing backward. Silvestri-Dobrovolny et 

al. believed that the additional movement was minor and did not pose a threat of intruding into the 

opposing lane. Additionally, the simulation was considered conservative due to not modeling a 

1½-in. thick asphalt keyway anchorage typically used in the design and modeling a 1½ in. reduced 

height of the barrier design. Therefore, Silvestri-Dobrovolny et al., concluded that the 51-in. tall, 

single-slope median barrier had met MASH evaluation criteria. 

An additional segment length optimization simulation was performed to MASH test 

designation no. 3-11. The simulation was performed on a 24-ft section of the 112½-in. tall grade 

separated single-slope median barrier. The simulation resulted in the barrier adequately containing 

and redirecting the 2270P vehicle.  

In addition to the FE simulations, some of the barriers were also computationally evaluated 

for sliding, overturning, bearing capacity, and strength. The strength was evaluated through a yield 
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line analysis. Based on the results of the FE simulations and computational analysis, Silvestri-

Dobrovolny et al. provided recommendations for the minimum segment lengths of each barrier 

type. 

2.6 Post-and-Beam Barriers 

Section 13 of the AASHTO LRFD Bridge Design Specifications [7] provides plots in 

A13.1.1-2 and A13.1.1-3 to assess the shapes of post-and-beam barriers. These plots, reproduced 

in Figures 8 and 9, provide guidance on the relationship between barrier geometry and the potential 

for impact with a post that could lead to excessive damage to the vehicle and risk to the occupant. 

The plots are based on post setback distance, vertical clear opening, and the ratio of contact width 

to total height. 

 

Figure 8. Potential Impact of Post with Wheel, Bumper or Hood [7] 

 

Figure 9. Post Setback Criteria [7] 
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Although these plots, originally developed under NCHRP Report 230 guidelines, are 

somewhat archaic, NCHRP Project 20-07(395) indicated these plots may remain relevant for 

crashworthiness assessments of post-and-beam and other similar systems [10]. In some instances, 

systems that plotted in the hatched regions or even in the ñnot recommendedò spaces of Figures 8 

and 9 did still meet the requirements of crash tests. However, this behavior was erratic. All  NCHRP 

Report 350 or MASH tests that plotted in both the ñlow potentialò region of Figure 8 and the 

ñpreferredò region of Figure 9 met the applicable safety performance criteria. The research results 

are summarized in Table 10 and illustrated in Figures 10 through 13. Therefore, in NCHRP Project 

20-07(395), a successful evaluation of a post-and-beam barrier required the barrier to plot in the 

ñlow potentialò area of Figure 8 and the ñpreferredò area of Figure 9.   

Table 10. Concrete Beam-and-Post Rail Systems and Geometry [10] 

Bridge Rail System 
MASH or  

NCHRP Report 350 

Post 

Setback 

Distance 

in. 

Vertical Clear 

Opening 

in. 

Ratio of 

Contact 

Width to 

Height 

TxDOT T223 Bridge Rail MASH 4.5 13.0 0.60 

TxDOT T224 Bridge Rail MASH 3.5 12.0 0.70 

T202 Bridge Rail NCHRP Report 350 1.5 13.0 0.52 

Modified T202 Bridge Rail NCHRP Report 350 4.5 13.0 0.52 

Natchez Trace Bridge Rail NCHRP Report 350 2.0 9.5 0.71 

Nebraska Open Bridge Rail NCHRP Report 350 2.0 13.0 0.55 

Type 80SW Bridge Rail NCHRP Report 350 4.0 11.0 0.65 

 

 

 

Figure 10. MASH and NCHRP Report 350 Passenger Car Post-and-Beam Data: Ratio of Contact 

Width to Height vs. Post Setback [10] 
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Figure 11. MASH and NCHRP Report 350 Passenger Car Post-and-Beam Data: Vertical Clear 

Opening vs. Post Setback [10] 

 

Figure 12. MASH and NCHRP Report 350 Pickup Truck Data: Ratio of Contact Width to Height 

vs. Post Setback [10] 

 

Figure 13. MASH and NCHRP Report 350 Pickup Truck Data: Vertical Clear Opening vs. Post 

Setback [10] 
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2.7 Textured and Aesthetic Barriers 

Textured and aesthetic barriers feature a facing without a smooth finish. The texturing is 

applied as an aesthetic finish to improve the appearance of the roadside safety feature. Many 

textured barriers have been crash tested in accordance with NCHRP Report 350 by the California 

Department of Transportation in FHWA/CA/TL-2002/03 [18]. The report documented eight 

NCHRP Report 350 crash tests: three tests conducted according to test designation no. 3-10, and 

five tests conducted according to test designation no. 3-11. Based on the crash test data, 

architectural guidelines for single-slope and vertical textured barriers were determined. 

Suggestions included: 

(1) Sandblast textures must have a maximum textural relief of Ȩ in. 

(2) Images and patterns inset into a barrier face must have a maximum depth of 1 in. and 

must contain chamfered or beveled edges of 45 degrees or flatter to prevent wheel 

snagging. 

(3) Texture and patterns of any length and shape may be inset into the barrier face without 

chamfering the edges up to a maximum depth of ½ in., but the width must be limited 

to a maximum of 1 in. 

(4) A texture featuring gradual undulations must conform to a maximum relief of ¾ in. 

over a length of 11¾ in. 

(5) Gaps, slots, grooves, and joints may have a maximum width of ¾ in. with a maximum 

surface differential of įù in. 

(6) No textures or patterns shall have any long upward-sloping edges or ridges which may 

induce vehicle climb. 

(7) Patterns beginning 24 in. from the base of the barrier and extending to the top of the 

barrier may have a maximum relief of 2½ in., but leading edges must be rounded or 

sloped to minimize propensity for snagging. No part of the texture located above 24 in. 

may protrude past the plane of the lower portion of the barrier. 

These guidelines were reported in NCHRP Report 554, Aesthetic Concrete Barrier Design, 

for single-slope and vertical barriers [19]. The report also provided a plot to assess the 

crashworthiness of asperities in the traffic face of safety shape barriers, as seen in Figure 14. The 

plot is based on the internal energy of the floorboard rather than occupant compartment 

deformation. However, these guidelines were developed for NCHRP Report 350 impact severities, 

and the increased impact severities in MASH may require more stringent regulations of textures 

and aesthetic features.  
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Figure 14. Design Guidelines for Aesthetic Surface Treatment of Safety Shape Concrete Barrier 

[19] 

Four MASH TL-3 crash tests were recently performed on barriers with aesthetic surface 

treatments [20ς21]. The testing was conducted on two barriers, both with a ½-in. inlay. In test nos. 

H34BR-1 and H34BR-2, the barrier had a 26.6-degree beveled edge and an asperity width of 60 in., 

which plots in the acceptable range of Figure 14. In test nos. H42BR-1 and H42BR-2, the barrier 

had a 63.4-degree beveled edge and an asperity width of 6 in. This barrier is more difficult to plot 

according to Figure 14, and it could be close to the ñnot recommended/acceptableò limit for the 

specified angle. However, both aesthetic barriers were deemed crashworthy to MASH TL-3 

standards. Therefore, it appears that the guidance in NCHRP Report 554 may still hold relevance 

for MASH evaluations but could be revisited to establish better guidelines. 

2.8 Crash Testing Database 

A crash testing database was compiled of 120 crash tests. The database was populated with 

crash tests conducted according to various standards: six NCHRP Report 230 crash tests, 21 

AASHTO Guide Specifications for Bridge Railings crash tests, 52 NCHRP Report 350 crash tests, 

and 41 MASH crash tests. Details of the MASH crash tests compiled within the database and used 

for evaluations are provided below. 

2.8.1 MASH Single-Slope Barrier Crash Tests 

In test no. OSSB-1, a 42-in. tall, 10.9-degree single-slope concrete barrier was crash tested 

to MASH test designation no. 3-11 [22]. The concrete barrier was entirely unreinforced and was 

anchored by a 1-in. thick by 8-ft wide asphalt keyway. The crash test resulted in negligible 

permanent set displacement, and all occupant compartment deformations were within the 
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allowable limits established in MASH. The barrier successfully contained and redirected the 

barrier according to MASH test designation no. 3-11 [22]. 

In test no. 140MASH3C16-04, a 36-in. tall, 9.1-degree single-slope concrete barrier was 

crash tested to MASH test designation no. 3-10 [23]. The section was longitudinally reinforced 

with four #5 bars on both the front and back sides of the barrier, and was vertically reinforced at 

the ends with #4 stirrups spaced at 6 in. The end anchorage consisted of a 10-in. deep by 9.8-ft 

long footing reinforced longitudinally by four #5 bars. Damage to the barrier was minimal, and all 

occupant risk values were within MASH limits. The barrier successfully contained and redirected 

the vehicle according to test designation no. 3-10 [23]. 

In test no. 420020-9b, a 36-in. tall barrier with an 11-degree single-slope traffic face was 

crash tested to MASH test designation 4-12 [11]. The section was longitudinally reinforced with 

five rows of two 0.4-in. diameter welded wire reinforcement (WWR) and vertically reinforced 

with Ȩ-in. diameter WWR spaced at 6 in., respectively. The barrier was fixed to a slab with #4 

stirrups spaced at 6 in. on center. The barrier had cosmetic damage only, and all occupant risk 

values were within MASH limits. The barrier successfully contained and redirected the barrier 

according to test designation no. 4-12 [11].  

In test nos. 469467-3-1 and 610221-01-1, a 42-in. tall barrier with a 10.8-degree single-

slope traffic face was crash tested to MASH test designation no. 4-12 [24ς25]. The section was 

reinforced with 6 x 8ïD20 x D9 welded wire reinforcement bent into a U-shape. The system was 

anchored with a 1-in. thick by 9-in. wide asphalt keyway. The segment lengths were 75 ft for test 

no. 469467-3-1 and 40 ft for test no. 610221-01-1. In both tests, the barrier experienced minimal 

damage, negligible permanent set deflection, and all occupant risk values were within MASH 

limits. The barriers successfully contained and redirected the barrier according to test designation 

no. 4-12 [24ς25]. 

In test no. 510602-EWP1, a 36-in. tall barrier with an 11-degree single-slope traffic face 

was crash tested to MASH test designation no. 4-12 [15]. The barrier consisted of 8-ft precast 

sections with an unspecified amount of reinforcement. Each precast section had an 18-in. thick by 

8-ft. long moment slab wall coping system and resulted in a 1¼-in. permanent set deflection. All 

occupant risk factors were within MASH limits, and the barrier successfully contained and 

redirected the test vehicle according to MASH test designation no. 4-12 [15]. 

In test no. 490027-2-1, a 42-in. tall barrier with a 10.8-degree single-slope traffic face was 

crash tested to MASH test designation no. 4-12 [26]. The barrier consisted of 30-ft precast sections 

reinforced with 6 x 14ïD22 x D20 welded wire reinforcement bent into a U-shape. The barrier 

system was anchored by a 13-in. tall slot at the bottom of the section. The slot was fitted over #8 

rebar embedded 5¼ in. into the deck using Hilti RE-500 V3 epoxy. The #8 bars were spaced at 

72 in. and protruded 12 in. above the concrete deck. All occupant risk values were within MASH 

limits, and the barrier successfully contained and redirected the test vehicle according to MASH 

test designation no. 4-12 [26]. 

In test no. MAN-1, a 49¼-in. tall barrier with a 9.1-degree single-slope traffic face was 

crash tested to MASH test designation no. 5-12 [27]. The barrier was vertically reinforced with 

M20 rebar spaced longitudinally at 15¾ in., and longitudinally reinforced by five M15 bars on 

both the front and back sides of the barrier. The barrier was anchored to a bridge deck by M15 
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U-shape bars spaced at 15¾ in. All occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 5-12 

[27]. 

In test no. 420020-3, a 36-in. tall barrier with an 11-degree single-slope traffic face was 

crash tested to MASH test designation no. 3-11 [28 ]. The barrier was reinforced with 6 x 6-D11 

x D14 welded wire reinforcement bent into a U-shape. The barrier was anchored to a pan-formed 

bridge deck using 1-in. diameter threaded rods that were embedded into the barrier and bolted to 

the bottom of the deck. Anchorage was also provided near the non-traffic face by #4 bars epoxied 

using Hilti HIT RE-500 epoxy. All occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 3-11 

[28]. 

In test no. 469468-6-1, a 42-in. tall barrier with a 10.8-degree single-slope traffic face was 

crash tested to MASH test designation no. 4-12 [29]. The barrier was reinforced with 6 x 8-D20 x 

D9 welded wire reinforcement bent into a U-shape. The barrier was anchored to a concrete deck 

using two #6 L-shaped bars spaced at 12 in. Anchorage was also provided by a 1-in. by 9-ft asphalt 

keyway on both sides of the median barrier. The system also featured a light pole mounted to the 

top of the barrier. All occupant risk values were within MASH limits, and the barrier successfully 

contained and redirected the test vehicle according to MASH test designation no. 4-12 [29]. 

In test no. 405160-13-1, a 32-in. tall barrier with a 10.8-degree single-slope traffic face was 

crash tested to MASH test designation no. 3-11 [30]. The barrier was vertically reinforced with #4 

longitudinal bars spaced at 12 in., and longitudinally reinforced with five #5 bars on both the front 

and back sides of the barrier. The barrier was cast in 20-ft long sections connected by grouted 

rebar-grid slot connections. Anchorage was provided by a 10-in. deep soil keyway. All occupant 

risk values were within MASH limits, and the barrier successfully contained and redirected the 

test vehicle according to MASH test designation no. 3-11 [30]. 

In test no. 4CBR-1, a 36-in. tall barrier with a 2.9-degree single-slope traffic face was crash 

tested to MASH test designation no. 4-12 [31]. The barrier was vertically reinforced with #4 

stirrups longitudinally spaced at 12 in., and longitudinally reinforced with four #5 bars on both the 

front and back sides of the barrier. Anchorage was provided by embedding the vertical #4 stirrups 

into the concrete deck. All occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 4-12 

[31]. 

2.8.2 MASH Vertical Barrier Crash Tests 

In test nos. 130MASH3C13-02, 130MASH3P13-01, and 110MASH2C14-01, a 32-in. tall 

vertical barrier was crash tested to MASH test designation nos. 3-10, 3-11, and 2-10, respectively 

[32]. The barrier was vertically reinforced with two #5 L-bars spaced longitudinally at 8 in. and 

16 in. The longitudinal reinforcement consisted of six #5 bars on both the front and back faces of 

the barrier. The barrier also included a 14-in. tall by 12-in. wide top beam and a metal pedestrian 

handrail atop the barrier. Anchorage was provided by extending the vertical reinforcement into the 

concrete deck. The tested system included an 8-in. tall elevated sidewalk cast in front of the barrier 

[32]. Note, the 32-in height was measured from the top of the elevated sidewalk. 
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In test nos. 130MASH3P13-01 and 110MASH2C14-01, all occupant risk values were 

within MASH limits, and the barrier successfully contained and redirected the test vehicle 

according to MASH test designation nos. 3-11 and 2-10, respectively [32]. 

In test no. 130MASH3C13-02, the recorded ridedown accelerations originally appeared to 

be larger than the limits established by MASH. The increased accelerations were believed to have 

been caused by the presence of the sidewalk reducing the flail space of the occupant before contact 

with the barrier. However, after further investigation conducted under an Interlaboratory 

Comparison (ILC) through AASHTO Task Force 13 (TF13), ridedown accelerations were 

determined to have been incorrectly calculated from the time when the vehicle struck the sidewalk 

curb. The ridedown accelerations should have been calculated starting at contact with the barrier. 

After the correction of the error, AASHTO TF13 determined the test to be successful according to 

MASH test designation no. 3-10 [32]. 

In test no. 469467-1-1, a 36-in. tall vertical barrier was crash tested to MASH test 

designation no. 4-12 [24]. Longitudinal and vertical reinforcement were provided by 6 x 6-D17 

xD17 welded wire reinforcement bent into a U-shape. The system was anchored to a concrete deck 

utilizing #4 U-bars spaced at 6 in. All occupant risk values were within MASH limits, and the 

barrier successfully contained and redirected the test vehicle according to MASH test designation 

no. 4-12 [24]. 

In test no. 490024-2-1, a 32¾-in. tall vertical barrier was crash tested to MASH test 

designation no. 3-11 [33]. The barrier was vertically reinforced with #4 stirrups spaced 

longitudinally at 6 in. Longitudinal reinforcement in the barrier was provided by four rows of two 

#4 bars. The barrier was unconventionally anchored to the bridge deck by a ¾-in. thick steel plate 

bolted through the deck. The plate was welded to five #5 bars that were embedded into sections of 

the barrier. The plate-bar anchorage configurations were longitudinally spaced at 48 in. All 

occupant risk values were within MASH limits, and the barrier successfully contained and 

redirected the test vehicle according to MASH test designation no. 3-11[33]. 

In test no. 475350-1, a 32-in. tall vertical barrier was crash tested to MASH test designation 

no. 3-11 [14]. The barrier was vertically reinforced with alternating #5 bars spaced at 10 in. 

Longitudinal reinforcement was provided by five rows of two #4 bars. The system was anchored 

by a 15-in. tall by 10-ft wide moment slab and wall coping. The moment slab was covered by 9 in. 

of soil and was connected to the barrier section by #6 L-shaped reinforcing bars spaced at 10 in. 

All occupant risk values were within MASH limits, and the barrier successfully contained and 

redirected the test vehicle according to MASH test designation no. 3-11 [14]. 

In test nos. H34BR-1 and H34BR-2, a 34-in. tall aesthetic barrier was crash tested to 

MASH test designation nos. 3-10 and 3-11, respectively [20]. The barrier was vertically reinforced 

by two #5 longitudinal bars spaced at 6 in. on the traffic side and 12 in. on the non-traffic side. 

The vertical reinforcement extended 8 in. into the concrete deck to provide anchorage to the 

system. Longitudinal reinforcement was provided by four rows of two #5 reinforcing bars. In test 

nos. H34BR-1 and H34BR-2, all occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicles according to MASH test designation nos. 

3-10 and 3-11 [20]. 
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In test nos. H42BR-1 and H42BR-2, a 42-in. tall vertical barrier with asperities was crash 

tested to MASH test designation nos. 3-10 and 3-11 [21]. The barrier was vertically reinforced 

with two #5 longitudinal bars spaced at 6 in. and 12 in. on the traffic-face and non-traffic face, 

respectively. Longitudinal reinforcement was provided by four rows of two #5 bars spaced 

vertically at 12 in. The system was anchored by extending the vertical reinforcement 8 in. into the 

concrete. All occupant risk values were within MASH limits, and the barrier successfully 

contained and redirected the test vehicle according to MASH test designation nos. 3-10 and 3-11 

[21] 

2.8.3 MASH New Jersey Barrier Crash Tests 

In test nos. 2214NJ-1 and 2214NJ-2, a 32-in. tall, New Jersey barrier was crash tested to 

standards equivalent to MASH test designation nos. 3-10 and 4-12, respectively [34ς35]. The 

barrier was vertically reinforced with #5 stirrups spaced longitudinally at 8 in. Longitudinal 

reinforcement was provided by four rows of #8 reinforcing bars. Test nos. 2214NJ-1 and 2214NJ-2 

were performed before the publication of MASH 2009, but test parameters were similar to the 

requirements that were later published within MASH with one exception. It does not appear that 

the SUT test vehicle in 2214NJ-2 utilized the ballast per MASH 2016 standards. However, the 

mass of the SUT was 22,047 lb, which falls in the acceptable range for the 10000S test vehicle in 

MASH 2016. 

In test no. 2214NJ-1, all occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 3-10 

[34]. In test no. 2214NJ-2, the test vehicle rolled over the top of the barrier, landing on its side on 

the non-traffic face side of the barrier. The observed failing behavior was attributed to insufficient 

height of the barrier to contain and redirect the vehicle. Therefore, test no. 2214NJ-2 was not 

deemed crashworthy to MASH test designation no. 4-12 [35]. 

In test no. 401761-SBG1, a 42-in. tall, New Jersey barrier was crash tested to MASH test 

designation no. 5-12 [36]. The barrier was vertically reinforced by two 12-mm (0.5-in.) diameter 

glass fiber reinforced polymer (GFRP) reinforcing bars spaced longitudinally at 300 mm (11.8 in.). 

Longitudinal reinforcement was provided by five rows of two 16-mm (0.6-in.) diameter GFRP 

reinforcing bars. The system was anchored by extending the vertical reinforcement 195 mm 

(7.7 in.) into the concrete deck. Additional anchorage was provided by a headed 16-mm (0.6-in.) 

diameter GFRP reinforcing bar running parallel to the lower, sloped section of the barrier. The 

headed end of the bar was cast into the deck. All occupant risk values were within MASH limits, 

and the barrier successfully contained and redirected the test vehicle according to MASH test 

designation no. 5-12 [36]. 

In test nos. 476460-1-4 and 476460-1b, a 32-in. tall, New Jersey barrier was crash tested 

to MASH test designation nos. 3-11 and 4-12, respectively [37]. The barrier was vertically 

reinforced with #5 stirrups placed longitudinally at 8 in. Longitudinal reinforcement was provided 

by four rows of two #4 reinforcing bars. Anchorage was provided by embedding the vertical 

reinforcement into the concrete deck below. In test no. 476460-1-4, all occupant risk values were 

within MASH limits, and the barrier successfully contained and redirected the test vehicle 

according to MASH test designation no. 3-11. In test no. 476460-1b, the test vehicle rolled over 

the top of the barrier and attained a maximum roll angle of 101 degrees before the test vehicle 

reached the end of the barrier and the vehicle was able to right itself. However, Bullard et al. 
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believed that the test vehicle would have continued to roll over the top of the barrier if the test 

article had had additional length. Therefore, test no. 476460-1b was deemed not crashworthy to 

MASH test designation no. 4-12 [37]. 

2.8.4 MASH F-Shape Barrier Crash Tests 

In test no. 469467-5-1, a 32-in. tall, F-shape barrier was crash tested to MASH test 

designation no. 3-11 [29]. The barrier consisted of 30-ft long precast sections with an unreported 

amount of reinforcement. The segments were connected to adjacent sections by J-J Hooks® end 

hooks. The precast sections were each anchored by four 1¼-in. diameter pins placed into sleeves 

in the traffic face toe of the barrier. The pins were driven 5½ in. into unreinforced concrete deck 

at an angle of 40 degrees from horizontal. All occupant risk values were within MASH limits, and 

the barrier successfully contained and redirected the test vehicle according to MASH test 

designation no. 3-11 [29]. 

2.8.5 MASH Miscellaneous Barrier Crash Tests 

In test nos. 490025-2-3, 490025-2-2, and 490025-2-1, a 42-in. tall post-and-beam barrier 

was crash tested to MASH test designation nos. 5-10, 5-11, and 5-12, respectively [38]. The barrier 

had a 9-in. tall curb section and a 21-in. tall beam placed on posts. The post sections were 12 in. 

tall and were 32 in. wide on the traffic face. The sides of the post were tapered to increase the post 

setback and reduce the potential for vehicle snag. The curb was anchored to the deck with #5 

V-shaped bars spaced longitudinally at 12 in. Each interior post was vertically reinforced with #5 

bars spaced at 6 in. on the traffic face and 12 in. on the non-traffic face. The beam section was 

longitudinally reinforced with five rows of two #6 reinforcing bars confined by #5 stirrups spaced 

at 6 in. In test nos. 490025-2-3, 490025-2-2, and 490025-2-1, all occupant risk factors were within 

MASH limits, and the barrier successfully contained and redirected the test vehicles according to 

MASH test designation nos. 5-10, 5-11, and 5-12 [38]. 

In test nos. 607451-1, 607451-2, and 607451-3, a 44-in. tall Pulaski Skyway Bridge Parapet 

was crash tested to MASH test designation nos. 4-10, 4-11, and 4-12, respectively [39]. The barrier 

featured an 18-in. tall curb and 7-in. tall beam placed atop 8-in. wide posts spaced at 14 in. on 

center. The curb was anchored to the concrete deck by #5 and #6 bent reinforcing bars and 

longitudinally reinforced by five #5 reinforcing bars. Each interior post was vertically reinforced 

by two #6 stirrups. The beam was longitudinally reinforced with three #5 reinforcing bars confined 

by #3 stirrups spaced at 6 in. In test nos. 607451-1, 607451-2, and 607451-3, all occupant risk 

values were within MASH limits, and the barrier successfully contained and redirected the tests 

vehicles according to MASH test designation nos. 4-10, 4-11, and 4-12 [39]. 

In test no. 420021-5, a 32-in. tall post-and-beam barrier was crash tested to MASH test 

designation no. 3-11 [40]. The barrier consisted of 4-ft long by 9½-in. wide by 13-in. tall posts and 

a 15½-in. wide by 19-in. tall beam placed atop the posts. The beam was longitudinally reinforced 

with four rows of two #5 bars confined by #3 stirrups spaced at 6 in. The posts were vertically 

reinforced by #5 stirrups extending into the beam above and spaced longitudinally at 3½ in. The 

posts were anchored by #5 U bars, also spaced at 3½ in. All occupant risk values were within 

MASH limits, and the barrier successfully contained and redirected the test vehicle according to 

MASH test designation no. 3-11 [40]. 
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In test no. 469468-2-1, a 42-in. tall aesthetic barrier was crash tested to MASH test 

designation no. 5-12 [29]. The barrier consisted of a 17½-in. wide by 18-in. tall curb parapet and 

12¼-in. wide by 18-in. tall posts that supported a 17½-in. wide by 6-in. tall beam. The curb parapet 

was anchored to the concrete deck by #4 stirrups typically spaced at 9 in. Longitudinal 

reinforcement in the curb parapet was provided by two rows of two #5 and one row of three 

reinforcing bars. The interior posts were vertically reinforced with two #6 bars. The beam was 

longitudinally reinforced with five #4 reinforcing bars confined by #3 stirrups at the vertical post 

reinforcement locations. All occupant risk values were within MASH limits, and the barrier 

successfully contained and redirected the test vehicle according to MASH test designation no. 5-12 

[29]. 

In test nos. 469689-2-1 and 469689-2-2, a transition section was crash tested to MASH test 

designation nos. 3-20 and 3-21 [41]. The transition was designed for use between a 42-in. tall, 

single-slope concrete barrier and a 32-in. tall vertical concrete barrier, the TxDOT T221. The 

transition was vertically reinforced with #5 reinforcing stirrups spaced at 12 in. longitudinally. The 

concrete transition was longitudinally reinforced by five rows of two #5 reinforcing bars with the 

top row angled to match the slope of the transition section. The transition was anchored by 21-in. 

long #6 reinforcing bars embedded 6 in. into concrete pavement using Hilti HIT-RE 500 V3 epoxy 

and spaced longitudinally at 8 ft. The anchorage spacing was reduced to 2 ft for the last three 

anchorage bars at each end of the system outside of the transition area. In test nos. 469689-2-1 and 

469689-2-2, all occupant risk values were within MASH limits, and the barrier transition 

successfully contained and redirected the test vehicles according to MASH test designation nos. 

3-10 and 3-11 [41]. 
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3 METHODOLOGY  

3.1 Overview 

Barriers submitted by the members of the Midwest Pooled Fund Program were evaluated 

to MASH 2016 TL-3 or TL-4 requirements, as appropriate. Requirements were applied to each 

barrier as presented in the flow diagram in Figure 15. If  the TL-4 requirements were not met, the 

test level was reduced to TL-3, and the barrier was reevaluated to potentially justify 

crashworthiness under less restrictive standards. If a barrier system could not be justified as 

crashworthy at the reduced test level, the evaluation concluded, and the barrier was deemed 

ñinconclusiveò for TL-3. This ñinconclusiveò designation is an acknowledgement that future 

research or crash testing might yet justify barrier crashworthiness. 

 

Figure 15. Evaluation Methodology 














































































































































































































































































































































































































































































