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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 Hawaii Department of Transportation (HDOT) utilizes a thrie-beam, approach 

guardrail transition (AGT) to connect W-beam guardrail to concrete bridge rails. However, the 

crashworthiness of this transition attached to the 42-in. tall, solid concrete bridge rail with 

aesthetic, recessed, rounded panels and 6-ft sidewalk with approach ramp has not been 

demonstrated under current impact safety standards. This report documents full-scale crash testing 

conducted to evaluate the safety performance of HDOTôs thrie-beam AGT attached to a 42-in. tall, 

solid concrete bridge railing with aesthetic, recessed, rounded panels and a 6-ft sidewalk with 

approach ramp according to the Test Level 3 (TL-3) criteria of the Association of State Highway 

and Transportation Officialsô (AASHTO) Manual for Assessing Safety Hardware, Second Edition 

(MASH 2016) [1].  

Researchers at the Midwest Roadside Safety Facility (MwRSF) modified HDOTôs thrie 

beam AGT design to safely transition from W-beam guardrail to a rigid concrete parapet [2]. The 

modified AGT consisted of nested thrie-beam rail supported by W6x15 and W6x9/W6x8.5 steel 

posts and was attached to HDOTôs specially-designed, reinforced concrete end post, the Type D2 

End Post. The AGT was also designed for use with a 6-in. tall curb placed below the thrie beam. 

Although not originally part of HDOTôs AGT design, the upstream section was modified to include 

the Midwest Guardrail System (MGS) stiffness transition utilizing an asymmetrical W-to-thrie 

transition segment to ensure a crashworthy connection between the upstream W-beam and the 

downstream nested thrie-beam. The modified HDOT thrie-beam AGT, including a concrete 

parapet, transition, MGS, and a guardrail anchorage system, is shown in Figures 1 through 3. 

Details regarding the design modification of the HDOT thrie-beam AGT can be found in 

MwRSFôs previously published report [2]. It should be noted that the 42-in. tall, aesthetic concrete 

bridge rail system without a sidewalk was previously evaluated to the MASH 2016 TL-3 criteria 

[3].  

Furthermore, two full -scale crash tests were conducted on the modified HDOT thrie-beam 

AGT to investigate the safety performance according to TL-3 criteria in MASH 2016 [2]. Test nos. 

HWTT-1 and HWTT-2 were conducted per MASH 2016 test designation nos. 3-20 and 3-21, 

respectively. In both tests, the transition successfully contained and safely redirected the vehicles. 

All occupant risk measurements were within the established MASH 2016 limits. Therefore, test 

nos. HWTT-1 and HWTT-2 were deemed to have satisfied all safety performance criteria, and the 

modified HDOT thrie-beam AGT to concrete parapet was determined to be crashworthy to MASH 

2016 TL-3 criteria. 

The modified HDOT AGT system in this research study was similar to HDOTôs AGT 

system that was full -scale crash tested in test nos. HWTT-1 and HWTT-2. However, the current 

AGT was connected to a 42-in. tall, solid concrete bridge railing with aesthetic, recessed, rounded 

panels with a 6-ft wide by 6-in. tall, tapered sidewalk with an approach ramp on the upstream end, 

which was previously crash tested and met MASH 2016 criteria [4]. The sidewalk was anchored 

to MwRSFôs existing, unreinforced concrete tarmac using epoxied, vertical, steel dowel bars. A 

curb was located under a portion of the thrie-beam AGT system. The upstream stiffness transition 

utilized the MGS and asymmetric W-beam to thrie-beam transition section.  
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Figure 1. System Layout, Test No. HWTT-1 [2] 
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Figure 2. System Layout, Test No. HWTT-2 [2] 
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Figure 3. Test Installation Photographs, Test Nos. HWTT-1 and HWTT-2 [2] 
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1.2 Objective 

The objective of this research was to conduct a safety performance evaluation of HDOTôs 

thrie-beam AGT attached to the 42-in. tall, solid concrete bridge railing with aesthetic, recessed, 

rounded panels with a 6-ft wide by 6-in. tall sidewalk with an approach ramp. The system was 

evaluated according to the TL-3 criteria of the MASH 2016.  

1.3 Scope 

Two full-scale crash tests were conducted on HDOTôs thrie beam AGT attached to the 

42-in. tall, solid concrete bridge railing with aesthetic, recessed, rounded panels with a 6-ft wide 

by 6-in. tall sidewalk according to MASH 2016 test designation nos. 3-20 and 3-21. Next, the 

full -scale vehicle crash test results were analyzed, evaluated, and documented. Conclusions and 

recommendations were then made about the safety performance of the HDOT system.
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2 DESIGN DETAILS  

The barrier system used for the test installation had a total length of 184 ft ï 6½ in. and 

consisted of a concrete parapet, thrie-beam AGT, MGS, a guardrail anchorage system, and 

concrete bridge rail with 6-ft wide sidewalk and an approach ramp, as shown in Figures 4 through 

39. Photographs of the test installation are shown in Figures 40 through 43. Material specifications, 

mill certificates, and certificates of conformity for the system materials are shown in Appendix A. 

Note that the drawings include details for the entire system, inclusive of the thrie-beam AGT, W-

beam rail installation, and end anchorage system. The downstream end of the barrier system 

consisted of a reinforced concrete bridge rail with a total length of 88 ft ï 1½ in. and measured 42 

in. tall and 10 in. wide, as shown in Figure 4.  

The downstream end of HDOTôs thrie-beam AGT comprised 12.5 ft of nested thrie-beam 

rail supported by W6x9 and W6x15 steel posts at various spacings. The upstream end of the AGT 

incorporated the previously MASH-tested MGS upstream stiffness transition to connect the AGT 

to the adjacent MGS. Approximately 51 ft of the MGS extended from the upstream end of the 

AGT and was anchored using an MGS trailing end anchor system. The anchorage system was 

originally designed to simulate the strength of other crashworthy end terminals. The anchorage 

system consisted of timber posts, foundation tubes, anchor cables, bearing plates, rail brackets, 

and channel struts, which closely resembled the hardware used in the Modified Breakaway Cable 

Terminal (BCT) system. The guardrail anchorage has been MASH TL-3 crash-tested as a 

downstream trailing-end terminal system [5-8].  

The W6x15 posts were 6 ft ï 6 in. long and the W6x8.5/W6x9 posts were 6 ft long. All 

guardrail segments had a top mounting height of 31 in. Blockouts within the AGT consisted of 

rectangular HSS steel tubes. To ensure the width of the blockouts matched the width of the posts, 

6-in. wide blockouts were utilized with W6x15 posts, and 4-in. wide blockouts were used with 

W6x8.5/W6x9 posts. Posts were embedded into a compacted, coarse, crushed limestone material, 

alternatively classified as well-graded gravel by the Unified Soil Classification System that met 

American Association of State Highway and Transportation Officials (AASHTO) standard soil 

designation M147 Grade B. The MGS region of the test installation utilized plastic blockouts 

manufactured by Mondo Polymer Technologies. 

An 18-ft long concrete transition buttress was attached at the upstream end of the bridge 

rail. The upstream end of the buttress was 32 in. tall, and the downstream end was 49½ in. tall. 

The concrete transition buttress was 18 in. wide and reinforced with a combination of longitudinal 

and lateral steel reinforcement bars. The vertical steel bars of the concrete buttress were directly 

anchored to the non-reinforced concrete tarmac using a chemical epoxy with a minimum bond 

strength of 1,450 psi. The concrete for the transition buttress was found to have a compressive 

strength of approximately 4,340 psi before crash testing.  

A 6-in. tall concrete curb was placed below the AGT with its front face tapered with a 

6V:1H slope and flush with the face of the guardrail. The curb began at the upstream end of the 

concrete end post and extended 176¼ in. upstream. The curb was terminated with a taper 

measuring 6 in. vertically by 36 in. longitudinally prior to extending below the asymmetrical W-to-

thrie transition segment. A 4-in. vertical x 24-in. longitudinal taper was applied to the downstream 

end of the curb adjacent to the concrete end post to mitigate wheel snag on the end post.  
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Figure 4. System Layout, Test Nos. H42ST-1 and H42ST-2
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Figure 5. AGT and Transition Layout, Test Nos. H42ST-1 and H42ST-2



 

 

9
 

D
e

c
e

m
b
e

r 13, 2
0

2
2  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-4
7

2-2
2 

 

Figure 6. Post Nos. 3 through 10 Details, Test Nos. H42ST-1 and H42ST-2
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Figure 7. Post Nos. 11 through 19 Details, Test Nos. H42ST-1 and H42ST-2
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Figure 8. Transition Buttress and Terminal Connector, Test Nos. H42ST-1 and H42ST-2
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Figure 9. Sidewalk and Ramp Details, Test Nos. H42ST-1 and H42ST-2
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Figure 10. Sidewalk Reinforcement Detail, Test Nos. H42ST-1 and H42ST-2
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Figure 11. Transition Buttress Details, Test Nos. H42ST-1 and H42ST-2
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Figure 12. Transition Buttress Reinforcement Details, Test Nos. H42ST-1 and H42ST-2
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Figure 13. Transition Buttress Reinforcement Details, Test Nos. H42ST-1 and H42ST-2
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Figure 14. Curb Reinforcement Details, Test Nos. H42ST-1 and H42ST-2
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Figure 15. Curb Details, Test Nos. H42ST-1 and H42ST-2
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Figure 16. End Anchorage Detail, Test Nos. H42ST-1 and H42ST-2
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Figure 17. BCT Anchor Detail, Test Nos. H42ST-1 and H42ST-2
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Figure 18. Post Nos. 16 through 19 Components, Test Nos. H42ST-1 and H42ST-2
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Figure 19. Post Nos. 10 through 15 Components, Test Nos. H42ST-1 and H42ST-2
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Figure 20. Post Nos. 3 through 7 Components, Test Nos. H42ST-1 and H42ST-2
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Figure 21. Post Nos. 8 through 9 Blockout Details, Test Nos. H42ST-1 and H42ST-2
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Figure 22. BCT Timber Post and Foundation Tube Details, Test Nos. H42ST-1 and H42ST-2
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Figure 23. Ground Strut Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 24. Anchor Bracket Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 25. BCT Anchor Cable, Test Nos. H42ST-1 and H42ST-2 
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Figure 26. Cable Assembly and Anchor Components, Test Nos. H42ST-1 and H42ST-2 
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Figure 27. Guardrail Section Details, Test Nos. H42ST-1 and H42ST-2 



 

 

3
1 

D
e

c
e

m
b
e

r 13, 2
0

2
2  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-4
7

2-2
2 

 

 

Figure 28. Rail Transition and Component Details, Test Nos. H42ST-1 and H42ST-2 
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 Figure 29. Sidewalk Rebar Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 30. Parapet Reinforcement Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 31. End Post Reinforcement Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 32. Transition Buttress Vertical Stirrups, Test Nos. H42ST-1 and H42ST-2 
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Figure 33. Transition Buttress End Reinforcement, Test Nos. H42ST-1 and H42ST-2 



 

 

3
7 

D
e

c
e

m
b
e

r 13, 2
0

2
2  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-4
7

2-2
2 

 

Figure 34. Longitudinal Buttress and Curb Reinforcement Details, Test Nos. H42ST-1 and H42ST-2 
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Figure 35. Expansion Joint Components, Test Nos. H42ST-1 and H42ST-2 
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Figure 36. Hardware, Test Nos. H42ST-1 and H42ST-2 
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Figure 37. Bill of Materials, Test Nos. H42ST-1 and H42ST-2 
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Figure 38. Bill of Materials, Cont., Test Nos. H42ST-1 and H42ST-2 
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Figure 39. Bill of Materials, Cont., Test Nos. H42ST-1 and H42ST-2 
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Figure 40. Test Installation Photographs, Test Nos. H42ST-1 and H42ST-2 
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Figure 41. Test Installation Photographs, Test Nos. H42ST-1 and H42ST-2 














































































































































































































































































































































































