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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 

The use of curbs along roads is often required for certain functions such as drainage control, 

right-of-way reduction, and sidewalk separation. However, curbs along roadways can adversely 

affect the interaction of errant vehicles with roadside barriers. When curbs are placed near 

guardrail systems, the propensity increases for vehicle override, vehicle underride, vehicle 

instability, and excessive rail loading. 

During the initial development and evaluation of the Midwest Guardrail System (MGS), 

the guardrail was tested in combination with a 6-in. tall concrete curb [1]. The MGS was positioned 

with the face of the rail offset 6 in. behind a 6-in. tall American Association of State Highway and 

Transportation Officials (AASHTO) Type B curb, and a full -scale crash test was successfully 

conducted with the 2000P pickup truck in accordance with test designation no. 3-11 of National 

Cooperative Highway Research Program (NCHRP) Report 350 [2] criteria. However, no small 

car tests were conducted with the MGS adjacent to curbs. 

Since 2009, AASHTO has improved the criteria for the evaluation of roadside hardware 

beyond the previous NCHRP Report 350 standard. The new standard, entitled the Manual for 

Assessing Safety Hardware (MASH) [3], enforced updates to test vehicles, test matrices, and 

impact conditions. A second edition of MASH was released in 2016 [4], but very little was changed 

in the evaluation of longitudinal guardrail systems. In an effort to encourage state departments of 

transportation and hardware developers to advance hardware designs, the Federal Highway 

Administration (FHWA) and AASHTO collaborated to develop a MASH implementation policy 

that includes sunset dates for various roadside categories. To date, the MGS installed adjacent to 

curbs has not been evaluated to the MASH evaluation criteria.  

In the late 2000s, the Midwest Pooled Fund Program conducted research to investigate the 

safety performance of the MGS installed at increased offsets behind a 6-in. AASHTO Type B 

concrete curb. In the initial phase of the research, a series of vehicle-curb traversal tests, including 

the 2270P pickup truck, the 1100C small car, and the 2000P pickup truck, were performed at Test 

Level 3 (TL-3) impact conditions [5]. The results of those vehicle tests combined with computer 

simulations were used to establish critical MGS-to-curb offset distances. For the second phase of 

the research, a full-scale crash test was performed on the MGS offset 8 ft behind a 6-in. Type B 

curb with a top mounting height of 31 in. relative to the ground, or 37 in. relative to the roadway 

[6]. In the test, the vehicle was contained by the guardrail, but became unstable and rolled over. 

High-speed video revealed that the right-front tire snagged on a post and detached. The right-rear 

tire of the pickup truck traversed over the detached tire, causing the rear of the vehicle to pitch 

upward. The vehicle subsequently became unstable and rolled over. Thus, the MGS offset 8 ft 

behind a 6-in. high curb was deemed to be unacceptable according to TL-3 of MASH. The final 

phase of the research consisted of a MASH TL-2 full-scale crash test performed on the MGS offset 

6 ft behind a 6-in. high Type B curb with a top mounting height of 31 in. relative to the ground 

[7]. In the test, the 2270P vehicle was redirected by the guardrail and all safety performance criteria 

were met. Thus, the MGS offset 6 ft behind a 6-in. tall Type-B curb was deemed to be acceptable 

according to MASH TL-2. 
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More recently, testing of the MGS stiffness transition to a thrie-beam approach guardrail 

transition revealed possible issues with small cars impacting W-beam guardrail over curbs. During 

testing of the MGS stiffness transition on level terrain (i.e., without a curb present), the 1100C 

vehicle was contained and redirected [8]. However, when a 4-in. tall wedge shaped curb was placed 

underneath the stiffness transition and the test was repeated, the system failed as the W-beam 

segment adjacent to the transition tore and the 1100C vehicle snagged on the downstream posts 

[9]. Subsequent testing of the stiffness transition incorporating nested W-beam rail adjacent to the 

W-to-thrie transition segment satisfied all MASH criteria and showed no signs of rail tearing. 

Finally, the MGS was recently full-scale crash tested placed 6 in. behind a 6-in. tall curb 

and with an omitted post located just downstream from the impact point. During MASH test 

designation no. 3-10 with the 1100C small car, the W-beam rail tore at the splice located within 

the elongated span length allowing the vehicle to penetrate the system and ultimately roll over 

[10]. Lateral impact loads combined with vertical loads from the vehicleôs bumper pushing upward 

as the front wheel overrode the curb were believed to cause the premature rail rupture. Similar to 

the modification made to the transition with curb system, when nested W-beam was placed around 

the location of the omitted post, the system satisfied MASH TL-3 criteria. 

Based on the crash testing results of these previous research studies, full-scale crash testing 

of the standard MGS installed over a 6-in. tall, AASHTO Type B curb was recommended to verify 

the crashworthiness of the system according to MASH TL-3 evaluation criteria. 

1.2 Objective 

The objective of this research is to conduct full-scale vehicle crash testing according to 

MASH 2016 TL-3 conditions on the MGS installed with the face of rail offset 6 in. behind a 6-in. 

tall AASHTO Type B curb.  

1.3 Scope 

The research objective was achieved through the completion of several tasks. Design 

drawings of the MGS installed with the face of the rail located 6 in. behind a 6-in. tall AASHTO 

Type B curb were developed. The system was constructed at the MwRSF outdoor test site, and 

two full -scale crash tests were conducted on the system according to MASH 2016 test designation 

nos. 3-10 and 3-11. Full-scale crash test results were analyzed, evaluated, and documented. 

Conclusions and recommendations were then made pertaining to the safety performance of the 

MGS guardrail installed in combination with a 6-in. tall AASHTO Type B Curb. 
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA  

2.1 Test Requirements 

Longitudinal barriers, such as W-beam guardrails, must satisfy impact safety standards in 

order to be declared eligible for federal reimbursement by the FHWA for use on the National 

Highway System (NHS). For new hardware, these safety standards consist of the guidelines and 

procedures published in MASH 2016 [4]. Note that there is no difference between MASH 2009 

[3] and MASH 2016 for longitudinal barriers, such as the MGS, except that additional occupant 

compartment deformation measurements, photographs, and documentation are required by MASH 

2016. According to TL-3 of MASH 2016, longitudinal barrier systems must be subjected to two 

full -scale vehicle crash tests, as summarized in Table 1. Critical impact points for the tests were 

selected using the plots in Section 2.3.2.1 of MASH 2016. 

Table 1. MASH 2016 TL-3 Crash Test Conditions for Longitudinal Barriers 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight 

(lb) 

Impact Conditions 
Evaluation 

Criteria 1 Speed 

(mph) 

Angle 

(deg.) 

Longitudinal 

Barrier 

3-10 1100C 2,425 62 25 A,D,F,H,I 

3-11 2270P 5,000 62 25 A,D,F,H,I 
1 Evaluation criteria explained in Table 2. 

 

2.2 Evaluation Criteria  

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas: 

(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for 

structural adequacy are intended to evaluate the ability of the W-beam guardrail with curb system 

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. Post-impact vehicle trajectory is a measure 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 are 

summarized in Table 2 and defined in greater detail in MASH 2016. The full-scale vehicle crash 

test documented herein was conducted and reported in accordance with the procedures provided 

in MASH 2016. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI) 

were determined and reported. Additional discussion on PHD, THIV and ASI is provided in 

MASH 2016. 
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Table 2. MASH 2016 Evaluation Criteria for Longitudinal Barrier 

Structural 

Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle 

to a controlled stop; the vehicle should not penetrate, underride, or 

override the installation although controlled lateral deflection of the 

test article is acceptable. 

Occupant 

Risk 

D.        1. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the occupant 

compartment, or present an undue hazard to other traffic, pedestrians, 

or personnel in a work zone.  

            2. Deformations of, or intrusions into, the occupant compartment 

should not exceed limits set forth in Section 5.2.2 and Appendix E of 

MASH 2016. 

F. The vehicle should remain upright during and after collision. The 

maximum roll and pitch angles are not to exceed 75 degrees. 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 of 

MASH 2016 for 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 A5.2.2 of MASH 2016 for calculation procedure) should 

satisfy the following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 gôs 20.49 gôs 

 

2.3 Soil Strength Requirements 

In accordance with Chapter 3 and Appendix B of MASH 2016, foundation soil strength 

must be verified before any full-scale crash testing can occur. During the installation of a soil 

dependent system, W6x16 posts are installed near the impact region utilizing the same installation 

procedures as the system itself. Prior to full-scale testing, a dynamic impact test must be conducted 

to verify a minimum dynamic soil resistance of 7.5 kips at post deflections between 5 and 20 in. 

measured at a height of 25 in. above the ground line. If dynamic testing near the system is not 

desired, MASH 2016 permits a static test to be conducted instead and compared against the results 

of a previously established baseline test. In this situation, the soil must provide a resistance of at 

least 90% of the static baseline test at deflections of 5, 10, and 15 in. Further details can be found 

in Appendix B of MASH 2016. 
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3 DESIGN DETAILS  

3.1 Test No. MGSC-7 

The test installation for test no. MGSC-7 consisted of 182 ft ï 3½ in. of standard W-beam 

guardrail positioned 6 in. behind a 6-in. tall curb. Installation details are shown in Figures 1 through 

13, and photographs of the test installations are shown in Figures 14 and 15. Material 

specifications, mill certifications, and certificates of conformity for the system materials are shown 

in Appendix A.  

The nominal top rail mounting height for the system was 31 in. However, to evaluate small 

car underride and snag on the guardrail posts, the guardrail for test no. MGSC-7 was installed at a 

height of 32 in. above the roadway surface. The 12-gauge W-beam rail segments were spliced in 

an orientation to reduce vehicle snag potential and supported by twenty-nine guardrail posts. Post 

nos. 3 through 27 were 72-in. long, galvanized, ASTM A992, W6x8.5 steel sections spaced at 75 

in. on center. Because the rail height was increased 1 in. over nominal, the posts were embedded 

45 in. into the crushed limestone soil instead of the nominal 46 in. embedment depth. Southern 

Yellow Pine wood blockouts that measured 6 in. x 12 in. x 14¼ in. were used to offset the guardrail 

from the face of the posts.  

The 6-in. tall, AASHTO Type B curb extended between post nos. 9 and 20 and was located 

with the center of the face of the curb 6 in. in front of the face edge of the W-beam. Soil backfill 

was added behind the curb such that the ground line was flush with the top of the curb. The curb 

was poured with a 4-ft wide by 4-in. thick approach slab. All concrete components had a minimum 

compressive strength of 4,000 psi. The curb was reinforced by a single #4 rebar. 

The upstream and downstream ends of the guardrail installation were configured with a 

non-proprietary end anchorage system [11-14]. The guardrail anchorage system had a comparable 

strength to other crashworthy end terminals. The anchorage system consisted of timber posts, 

foundation tubes, anchor cables, bearing plates, rail brackets, and channel struts. 
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Figure 1. System Layout, Test No. MGSC-7 
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Figure 2. Post Detail, Test No. MGSC-7 
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Figure 3. Splice and Post Detail, Test No. MGSC-7 
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Figure 4. End Section Detail, Test No. MGSC-7 
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Figure 5. BCT Anchor Detail, Test No. MGSC-7 
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Figure 6. Post Nos. 3 through 27 Components, Test No. MGSC-7 
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Figure 7. BCT Timber Post and Foundation Tube Detail, Test No. MGSC-7 
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Figure 8. BCT Anchor Cable, Test No. MGSC-7 
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Figure 9. BCT Post Components and Anchor Bracket, Test No. MGSC-7 
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Figure 10. Ground Strut Details, Test No. MGSC-7 
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Figure 11. Rail Section Details, Test No. MGSC-7 
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Figure 12. Hardware, Test No. MGSC-7 
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Figure 13. Bill of Materials, Test No. MGSC-7 
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Figure 14. Test Installation Photographs, Test No. MGSC-7 
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Figure 15. Test Installation Photographs, Test No. MGSC-7 
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3.2 Test No. MGSC-8 

The test article for test no. MGSC-8 was nearly identical to that of test no. MGSC-7. The 

only differences were that in test no. MGSC-8 the rail was mounted at its nominal 31-in. height 

and the posts were at their nominal embedment depth of 46 in. All components remained identical 

between the two test installations. Installation details for test no. MGSC-8 are shown in Figures 

16 through 28, and photographs of the test installations are shown in Figures 29 and 30. Material 

specifications, mill certifications, and certificates of conformity for the system materials are shown 

in Appendix A. 
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Figure 16. System Layout, Test No. MGSC-8 
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Figure 17. Post Detail, Test No. MGSC-8 
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Figure 18. Splice and Post Detail, Test No. MGSC-8 
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Figure 19. End Section Detail, Test No. MGSC-8 
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Figure 20. BCT Anchor Detail, Test No. MGSC-8 
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Figure 21. Post Nos. 3 through 27 Components, Test No. MGSC-8 
























































































































































































































































































































































































