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SI* (MODERN METRIC) CONVERSION FACTORS 
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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 yards 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 1000L shall be shown in m3  

MASS 
oz ounces 28.35 grams g 
lb pounds 0.454 kilograms kg 
T short tons (2000 lb) 0.907 megagrams (or metric ton”) Mg (or “t”) 

TEMPERATURE (exact degrees) 
°F Fahrenheit 5(F-32)/9 Celsius °C 
  or (F-32)/1.8   

FORCE and 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 yards yd2 
ha hectares 2.47 acres ac 
km2 square kilometers 0.386 square miles mi2 

VOLUME 
mL milliliters 0.034 fluid ounces 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 “metric ton”) 1.103 short tons (2000lb) T 
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°C Celsius 1.8C+32 Fahrenheit °F 

FORCE and PRESSURE or STRESS 
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*SI is the symbol for the International System of Units
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Chapter 1. INTRODUCTION 

Concrete median barriers are commonly used in areas that have high average daily traffic, 

or where there is a higher chance of a vehicle intruding into opposing lanes due to curves or 

other geometric features. Concrete barriers are generally expensive to construct, and a metal-rail 

median guardrail has the potential to reduce construction costs. In many urban and high-traffic-

volume roadways, a median with soil is not available. This limits the use of existing guardrail 

systems since they require metal posts that are embedded in soil. The goal of this project was to 

develop a metal-rail median guardrail that can be mounted directly on concrete pavement. Such a 

design will allow the Texas Department of Transportation (TxDOT) to protect opposing traffic in 

many areas where it was previously cost prohibitive to do so with concrete median barriers. 

The research team developed several concepts of the surface-mounted median guardrail 

for TxDOT’s review. One of these concepts was selected for further development through a 

series of component-level dynamic impact testing and finite element (FE) simulations. The 

research team developed a full-system model of the guardrail and performed vehicle impact 

simulations to determine the likelihood that the design would meet Manual for Assessing Safety 

Hardware (MASH) testing requirements (1). Once this full-system design was reviewed and 

approved by TxDOT, the research team conducted MASH Test 3-11 and Test 3-10 with a pickup 

truck and a small passenger car, respectively, to verify the performance of the new surface-

mounted median barrier design. 

Details of the preliminary conceptual designs, component-level dynamic impact testing, 

and FE simulation analysis are presented in Chapter 2 of this report. Chapter 3 presents the 

details of the surface-mounted median guardrail design that was crash tested. Subsequent 

chapters present details of the MASH crash testing and results. 
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Chapter 2. DESIGN AND SIMULATION ANALYSES 

This chapter presents the work performed by the research team to arrive at the final 

design of the surface-mounted median barrier system. The design process was comprised of 

conceptual design, subcomponent testing using a surrogate bogie vehicle, and FE simulations of 

dynamic vehicle impacts with the barrier model using MASH test conditions. Details of activities 

are presented below. 

2.1. CONCEPTUAL DESIGN 

The research team developed three preliminary design concepts and reviewed them in 

conjunction with TxDOT to select concepts for further development through simulation and 

testing. Two of the concepts developed were based on the Midwest Guardrail System (MGS) 

median barrier system design with posts installed in soil. One other concept was based on 

TxDOT’s T631 weak-post at-grade bridge rail design. All three of these systems have previously 

passed MASH Test Level 3 (TL-3) and provided a good basis for the design of the surface-

mounted median barrier. Details of the three concepts including key features, advantages, and 

anticipated challenges.  

2.1.1. Concept 1 

Figure 2.1 shows the details of Concept 1. Following are some of the key design features, 

advantages, and anticipated challenges associated with this concept. 

• Key Design Features: 

o The post is attached to a baseplate that is bolted to the underlying concrete. 

o Post-to-baseplate connection uses anchors bolted on the baseplate with shear bolts. 

o Shear bolts are to be designed to fail to release the post from the baseplate. 

• Advantages: 

o The baseplate and angles should be mostly reusable after impact. Shear bolts would 

need to be replaced. 

o 6-ft 3-inch standard W-beam post spacing is used. 

• Challenges: 

o Design process needed to include determination of suitable shear bolt and angle sizes. 

o The baseplates need threaded holes for angles. 
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Figure 2.1. Details of Design Concept 1. 

2.1.2. Concept 2 

Figure 2.2 shows the details of Concept 2. Following are some of the key design features, 

advantages, and anticipated challenges noted during the review of this concept. 

• Key Design Features: 

o Posts are welded to a baseplate that is epoxied to the underlying concrete. 

o Half-post spacing is used compared to the standard strong-post W-beam guardrail. 

o Design does not need wood blockouts between the rail and the post. 

• Advantages:  

o Surface-mounted performance of the roadside bridge rail version of this system had 

passed MASH (2). 

o Transition between the weak-post to the strong-post W-beam was relatively 

straightforward. Half-post spacing of the weak post is considered approximately 

equivalent to the full-post spacing of the strong-post W-beam guardrail (3). 

• Challenges: 

o More posts and baseplates are  needed due to the half-post spacing. 

o Anchors attaching the baseplates to the concrete were expected to be reusable, but the 

baseplates would need to be replaced after impact. 
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Figure 2.2. Details of Design Concept 2. 

2.1.3. Concept 3 

Figure 2.3 shows the details of Concept 3. Following are some of the key design features, 

advantages, and anticipated challenges noted during the review of this concept. 

• Key Design Features: 

o Posts are attached to a baseplate that is bolted to the underlying concrete with epoxy 

anchors. 

o Post flanges have elongated slots. Connection to the baseplate is made by bolting 

flanges to stiff vertical tabs on the baseplate. 

o The post designed to release on impact by tearing the flanges at the slot locations. 

• Advantages: 

o The baseplate and stiff tabs are expected to be reusable after a vehicle impact, but the 

posts would need to be replaced. 

o Threaded holes are not needed (unlike Concept 1). 

o 6-ft 3-inch standard W-beam post spacing is used. 
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Figure 2.3. Details of Design Concept 3. 

2.1.4. Preliminary Design Selection 

The concepts described above were presented to TxDOT along with the research team’s 

recommendation. Among the three design concepts, the research team’s recommendation was to 

select Concept 2, the weak-post system, because its surface-mounted performance was better 

known due to previously successful  MASH testing of the roadside bridge rail version (TxDOT 

T631 Bridge Rail) (2). Furthermore, a successful design based on this concept would facilitate 

developing the end transitions by transitioning to the standard strong-post W-beam guardrail 

system and terminating with MASH-compliant end terminals. As mentioned previously, the half-

post spacing of a weak-post system is roughly equivalent to the full-post spacing of the strong-

post W-beam guardrail (3). Thus, the transition from the weak-post to the strong-post W-beam 

system could be achieved by simply changing to full-post spacing with the W6×8.5 posts.  

TxDOT accepted this recommendation, and Concept 2 was approved for further 

development through simulation analysis and full-scale crash testing. 

2.2. COMPONENT-LEVEL TESTING WITH BOGIE VEHICLE 

The researchers conducted three component-level impact tests with a surrogate bogie 

vehicle. These tests were performed to verify the design of the post and baseplate installed on 
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concrete, determine the deflection response of the post and baseplate under dynamic impact load, 

and determine the overall dynamic response of a short segment of the proposed surface-mounted 

median guardrail. Results of these tests were also used in developing the FE simulation model of 

the full guardrail system.  

In all tests, the impacting bogie vehicle weighed 2,130 lb and had a rigidized pipe nose 

(Figure 2.4). Presented next are details of the test articles and results of the component-level 

testing. 

 
Figure 2.4. Test Bogie Vehicle with Rigidized Pipe Nose. 

2.2.1. Test Articles for Component-Level Testing 

The three bogie impact tests performed were numbered 440521-01-B1, 440521-01-B2, 

and 440521-01-B3. The installation for Tests 440521-01-B1 and 440521-01-B2 consisted of two 

S3×5.7×31⅜ posts welded onto an 8-inch × ⅝-inch × 8-inch baseplate (Figure 2.5). The posts 

were mounted to a concrete slab measuring 12 ft 6 inches wide, 45 ft long, and 8 inches deep. 

The installation for Test 440521-01-B3 was a 25-ft section of W-beam median barrier mounted 

on the same post types and installed on the same concrete pavement. The baseplates were 

anchored to the concrete pavement using four ¾-inch diameter B7 threaded rods that were each 

installed with an F844 washer, an F436 washer, and a heavy hex nut. The threaded rods were 8 

inches long, of which 6 inches was embedded in concrete and secured with Hilti HIT-RE 500 V3 

epoxy. The concrete slab was unreinforced. The specified minimum compressive strength of the 

concrete was 3,500 psi. The actual compressive strength on the day of all three tests was 5,070 

psi.  
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Figure 2.5. Post and Baseplate Details for All Tests. 

For test 440521-01-B1, the posts were mounted to the concrete slab such that the interior 

anchor bolts were spaced 5 inches apart (Figure 2.6). For test 440521-01-B2, the posts were 

rotated so that the flanges of the posts were at a 26.6-degree angle from the impact path 

(Figure 2.7). The interior field side bolt holes were spaced 5 inches apart, and the exterior field 

side bolt holes were 14¾ inches apart. 
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PLAN VIEW 
 

ELEVATION VIEW 

Figure 2.6. Post Setup for Test 440521-01-B1. 

 

 
 

 

PLAN VIEW 
 

ELEVATION VIEW 

Figure 2.7. Post Setup for Test 440521-01-B2. 

The installation for Test 440521-01-B3 consisted of a double-sided W-beam guardrail 

system with nine posts spaced at 37½ inches, for a total length of 25 ft. Attached between the 

traffic and field side of each post and the guardrails was a T631 backer plate. The guardrail 

system was mounted onto the same concrete slab as Tests 440521-01-B1 and 440521-01-B2. 

Figure 2.8 and Figure 2.9 show the test installation details. This installation represented a short 

segment of the surface-mounted median guardrail concept that was selected for development 

under this project. Presented next are the results of each bogie test. 
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Figure 2.8. Bogie Test Installation for Test 440521-01-B3 (Not for System Construction). 
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Figure 2.9. Test Installation Photos for Test 440521-01-B3. 

2.2.2. Test 440521-01-B1 

In this test, the bogie vehicle impacted at the centerline of the post pair at an impact speed 

of 18.9 mi/h. The impact occurred at a height of 24.5 inches from grade. Figure 2.10 shows the 

post installation after the test. The left post was leaning 35.5 degrees back from vertical and 

30.0 degrees to the right from vertical. The right post was leaning 36.5 degrees back from 

vertical and 5.5 degrees to the right. Both posts were deformed at the base, but no damage to the 
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welds or the concrete pavement was noted. Figure 2.11 shows the forward displacement of the 

top of the posts as a function of time. 

  
 

 
Figure 2.10. Posts after Test 440521-01-B1. 
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Figure 2.11. Forward Displacement of the Top of the Post for Test 440521-01-B1. 

2.2.3. Test 440521-01-B2 

In this test, the bogie vehicle impacted at the centerline of the post pair at an impact speed 

of 20.8 mi/h. The impact occurred at a height of 22.5 inches from grade. Figure 2.12 shows the 

post installation after the test. The left post was leaning 59.9 degrees back from vertical and 

8.5 degrees to the right. The right post was leaning 61.0 degrees back from vertical and 

9.5 degrees to the left. Both posts were deformed at the base, but no damage to the welds or the 

concrete pavement was noted. Figure 2.13 shows the forward displacement of the top of the 

posts as a function of time. 
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Figure 2.12. Posts after Test 440521-01-B2. 

 

Figure 2.13. Forward Displacement of the Top of the Post for Test 440521-01-B2. 

2.2.4. Test 440521-01-B3 

In this test, the bogie vehicle impacted the center of the median guardrail section at an 

impact speed of 21.4 mi/h and an impact angle of 90 degrees. The impact occurred at a height of 
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22.6 inches from grade. Figure 2.14 shows the damage to the installation. The traffic-side rail 

released from posts 4 through 8, and the field-side rail released from post 3.  

The bogie vehicle came to a stop after impact and then rebounded. The welds of the posts 

at the baseplate did not fail. There was also no damage to the concrete pavement at the baseplate 

locations. Figure 2.15 shows the forward displacement versus time response of the field-side 

splice at the impact post. 

 

  
Figure 2.14. Installation after Test 440521-01-B3. 
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Figure 2.15. Forward Displacement of the Splice at Impact Post for Test 440521-01-B3. 

2.2.5. Conclusions 

The three bogie tests presented herein were performed to verify that the baseplate design 

performs acceptably, such that the posts bend without much damage to the concrete pavement 

and the adhesive anchor rods. Results showed that the concrete pavement and the adhesive 

anchors were not damaged in all three tests. Another key objective of these tests was to 

determine the response of the posts and a short segment of the median guardrail concept. The 

data collected in these tests were used to validate the FE models of these key components in 

subsequent design tasks, as described next. 

2.3. SIMULATION ANALYSIS 

The research team conducted the simulation analysis by developing a model of the 

surface-mounted median guardrail and performing impact simulations with MASH TL-3 impact 

conditions. All simulations were performed using the FE method. LS-DYNA, which is a 

commercially available general-purpose FE analysis software, was used for the analysis.  

2.3.1. Subcomponent Models and Validation 

The researchers first developed an FE model of the post and baseplate and performed 

simulations of the component-level bogie impact test described earlier. The goal of these 

simulations was to verify that the post and baseplate model adequately captures the post 

deflection response observed in the bogie impact tests. Figure 2.16 and Figure 2.17 show the post 

and baseplate model and comparison of the simulation results of the post pair deflection versus 

time. Figure 2.16 shows the comparison of the post deflection versus time response for 

Test 440521-01-B1, in which the posts were impacted along the strong axis of the posts. 
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Figure 2.17 shows the comparison of the post deflection versus time response for Test 440521-

01-B2, in which the posts were impacted at an angle. The post and baseplate model adequately 

captured the post deflection response observed in both tests.  

 

 

Figure 2.16. Simulation and Test Post Deflection for Posts Impacted along the Strong Axis. 

 

 

Figure 2.17. Simulation and Test Post Deflection for Posts Impacted at an Angle. 
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Having achieved reasonable validation of the post deflection response, the researchers 

developed a model of the short guardrail section of Figure 2.8 and incorporated the validated 

post and baseplate model. The researchers incorporated the model of the W-beam guardrail and 

the rail-to-post attachments. All key guardrail parts were represented with elastic-plastic material 

models. These included the W-beam, backer plate, posts, and baseplates. The shear bolts 

attaching the rail to the posts were modeled with beam elements that incorporated a strain-based 

failure criteria calibrated to fail and release the guardrail as expected in a crash event. The ends 

of the W-beam rails were unrestrained, as they were in the bogie testing.  

Figure 2.18 shows the deflected state of the guardrail section after the bogie impact in the 

test and simulation. It also shows the comparison of the guardrail deflection as a function of time 

between the bogie test and the simulation. The results showed that the simulation model 

adequately captured the impact response determined in the crash test and that the model could be 

further extended to a full-scale guardrail system for vehicle impact simulations. 
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Figure 2.18. Simulation and Test Results of Bogie Impact with Short Guardrail Section. 
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2.3.2. Full-System Model and Vehicle Impact Simulations 

The research team developed a system-level FE model of the surface-mounted median 

guardrail design and performed full-scale dynamic impact simulations. The impact simulations 

were performed using the impact conditions of MASH for TL-3. This involved simulating MASH 

Test 3-11 (5,000-lb pickup truck impacting at 62 mi/h and 25 degrees) and Test 3-10 (2,420-lb 

small passenger car impacting at 62 mi/h and 25 degrees). Results of the simulations were used 

to determine if the guardrail system was likely to meet MASH TL-3 testing criteria in full-scale 

crash testing. 

The model developed and validated for the short segment of the guardrail was expanded 

to develop the full-scale system model. The overall guardrail system was approximately 187.5 ft 

long and was comprised of 61 posts with a 37 ½-inch post spacing. At each end of the system, 

the two W-beam rail elements of the median guardrail were constrained together and attached to 

spring elements that provided force-deflection response of attaching the rails to a single guardrail 

end terminal. 

Figure 2.19 presents images of the overall surface-mounted median guardrail system 

model, as well as details of various key components of the model. Vehicle models used in the 

simulation analysis were publicly available models developed by the Center for Collision Safety 

and Analysis under Federal Highway Administration and National Highway Traffic Safety 

Administration (NHTSA) sponsorships. These models have been further improved by the 

research team over the course of various research projects to achieve greater validation and 

robustness.  
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(a) Overall System Model 

 

(b) Cross-Section 

 

(c) Top View Closeup of Rail-to-Post Connection at Splice 

 

(d) Closeup of the Guardrail 

Figure 2.19. Finite Element Model of the Surface-Mounted Median Guardrail System. 
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The researchers performed the impact simulation for MASH Test 3-11 with a Dodge Ram 

pickup truck model. The vehicle was successfully contained and redirected. Key results of the 

simulation are presented in Table 2.1. Results of the simulation showed that the surface-mounted 

median guardrail design could be expected to pass MASH Test 3-11 evaluation criteria in a full-

scale crash test. Figure 2.20 shows the deformed state of the guardrail as the vehicle exited the 

guardrail system. Sequential images of various views of the simulation are shown in Figure 2.21.  

The researchers also performed the impact simulation for MASH Test 3-10 with a Toyota 

Yaris small car model. The vehicle was successfully contained and redirected. Key results of the 

simulation are presented in Table 2.2. Results of the simulation showed that the surface-mounted 

median guardrail design could be expected to pass MASH Test 3-10 evaluation criteria in a full-

scale crash test. Figure 2.22 shows the deformed state of the guardrail as the vehicle exited the 

guardrail system. Sequential images of various views of the simulation are shown in Figure 2.23. 

Based on the successful performance of the guardrail in impact simulations of MASH 

Tests 3-10 and 3-11, the researchers proceeded with developing the full-system installation 

drawings for TxDOT approval and crash testing. Details of the full guardrail system are 

presented in the following chapter. 

Table 2.1. MASH Test 3-11 Impact Simulation. 

Vehicle 5,000-lb pickup truck 

Impact Speed 62.2 mi/h 

Impact Angle 25 degrees 

Maximum Dynamic Deflection 4.75 ft 

Maximum Occupant Impact Velocity (OIV) 18.6 ft/s (maximum allowed is 40 ft/s) 

Maximum Ridedown Acceleration (RA) 6.6 g (maximum allowed is 20.49 g) 

 
Figure 2.20. Result of MASH Test 3-11 Impact Simulation. 
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Figure 2.21. Sequential Images of MASH Test 3-11 Impact Simulation. 
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Table 2.2. MASH Test 3-10 Impact Simulation. 

Vehicle 2,420-lb small passenger car 

Impact Speed 62.2 mi/h 

Impact Angle 25 degrees 

Maximum Dynamic Deflection 2.5 ft 

Maximum Occupant Impact Velocity  21.6 ft/s (maximum allowed is 40 ft/s) 

Maximum Ridedown Acceleration  11.7 g (maximum allowed is 20.49 g) 

 
Figure 2.22. Result of MASH Test 3-10 Impact Simulation. 
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Figure 2.23. Sequential Images of MASH Test 3-10 Impact Simulation. 
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Chapter 3. SYSTEM DETAILS 

3.1. TEST ARTICLE AND INSTALLATION DETAILS 

The test installation consisted of a weak-post, median W-beam guardrail system spanning 

187 ft-7¼ inches (posts 5 through 63) before transitioning to a single-sided standard strong-post 

W-beam guardrail system and a guardrail end-terminal (posts 1 through 4 and 64 through 67) on 

each end of the installation. The total length of the installation was 239 ft-5 inches. The posts of 

the median guardrail were comprised of S3x5.7 steel welded to baseplate plates measuring 

8×8×⅝ inch thick. The posts were spaced evenly at 37½ inches and were mounted onto an 

unreinforced 8-inch-thick concrete slab using Hilti HIT-RE500 V3 epoxy anchors. The concrete 

slab extended for 184 ft-0 inches onto which the 59 posts for the weak-post median guardrail 

were secured. Two standard W-beam rail elements were attached on each side of the S3x5.7 

posts. A backer plate was placed between the post and the W-beam rail element on each side, 

except for the posts at the rail splice locations. The top of the rail was 31 inches above the top of 

the concrete slab. Each end of the weak-post median guardrail transitioned to standard strong-

post W-beam guardrail and was terminated with an abbreviated, 4-post SoftStop® guardrail end-

terminal as anchorage for these tests only.   

Figure 3.1 presents the overall information of the surface mounted median guardrail, and 

Figure 3-2 provides photographs of the installation. Appendix A provides further details of the 

test installation. Drawings were provided by the Texas A&M Transportation Institute (TTI) 

Proving Ground, and construction was performed by MBC Management and TTI Proving 

Ground personnel. 

3.2. DESIGN MODIFICATIONS DURING TESTS 

No modifications were made to the installation during the testing phase.  
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*Test No. 440521-01 and 440522-01 are considered the same project.  

Figure 3.1. Details of Surface-Mounted Median Guardrail. 
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Figure 3.2. Surface- Mounted Median Guardrail prior to Testing. 
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3.3. MATERIAL SPECIFICATIONS  

Appendix B provides material certification documents for the materials used to construct 

the surface-mounted median guardrail. Table 3.1 shows the average compressive strengths of the 

concrete. 

Table 3.1. Concrete Strength. 

Location 
Minimum Specified 

Strength (psi) 

Average 

Strength (psi) 
Age (days) Detailed Location 

Slab 3,500 4,373 32 South 100 ft of the concrete slab 

Slab 3,500 4,273 32 North 84 ft of the concrete slab 

3.4. SOIL CONDITIONS  

The strong-post W-beam guardrail at each end of the surface-mounted median guardrail 

was installed in standard soil meeting grading B of American Association of State Highway and 

Transportation Officials (AASHTO) standard specification M147-65(2004), “Materials for 

Aggregate and Soil Aggregate Subbase, Base and Surface Courses.” 

In accordance with Appendix B of MASH, soil strength was measured on the day of the 

crash test. During installation of the surface-mounted median guardrail for full-scale crash 

testing, two 6-ft-long W6×16 posts were installed in the immediate vicinity of the posts installed 

in soil, using the same fill materials and installation procedures used in the test installation and 

the standard dynamic test. Table B.1 in Appendix B presents minimum soil strength properties 

established through the dynamic testing performed in accordance with MASH Appendix B. 

As determined by the tests summarized in Appendix B, Table B.1, the minimum post 

loads are shown in Table 3.2. The loads applied to the W6×16 posts in the vicinity of the test 

installation at various deflections on the day of MASH Test 3-10, September 27, 2021, are also 

shown in the table. The backfill materials in which the strong-post guardrail posts were installed 

met the minimum MASH requirements for soil strength. 

Table 3.2. Soil Strength for MASH Test 3-10 (Test 440522-1-01). 

Displacement (in) Minimum Load (lb) Actual Load (lb) 

5 4,420 8,666 

10 4,981 10,151 

15 5,282 11,333 

Loads on the post at various deflections on the day of MASH Test 3-11, October 6, 2021, 

are shown in Table 3.3. The backfill material for this test also met the minimum MASH 

requirements for soil strength. 

Table 3.3. Soil Strength for MASH Test 3-11 (Test 440522-1-02). 

Displacement (in) Minimum Load (lb) Actual Load (lb) 

5 4,420 9,727 

10 4,981 11,090 

15 5,282 11,909 



 

TR No. 440522-01 31 2022-04-07 

Chapter 4. TEST REQUIREMENTS AND EVALUATION CRITERIA  

4.1. CRASH TEST MATRIX 

Table 4.1 shows the test conditions and evaluation criteria for MASH TL-3 for 

longitudinal barriers. The target critical impact points (CIPs) for each test were determined using 

the simulation analysis Figure 4.1 shows the target CIP for MASH Tests 3-10 and 3-11 on the 

surface mounted median guardrail. 

Table 4.1. Test Conditions and Evaluation Criteria Specified for MASH TL-3 Longitudinal 

Barriers. 

Test Article Test Designation Test Vehicle 
Impact Conditions 

Evaluation Criteria 
Speed Angle 

Longitudinal Barrier 
3-10 1100C 62 mi/h 25° A, D, F, H, I 

3-11 2270P 62 mi/h 25° A, D, F, H, I 

 
Figure 4.1. Target CIP for MASH TL-3 Tests on Surface-Mounted Median Guardrail. 

The crash tests and data analysis procedures were in accordance with guidelines 

presented in MASH. Chapter 5 presents brief descriptions of these procedures. 
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4.2. EVALUATION CRITERIA 

The appropriate safety evaluation criteria from Tables 2-2 and 5-1 of MASH were used to 

evaluate the crash tests reported herein. Table 4.1 shows the test conditions and evaluation 

criteria for MASH TL-3 for longitudinal barriers. The target critical impact points (CIPs) for each 

test were determined using the simulation analysis Figure 4.1 shows the target CIP for MASH 

Tests 3-10 and 3-11 on the surface mounted median guardrail. 

Table 4.1 lists the test conditions and evaluation criteria required for MASH TL-3, and 

Table 4.2 provides detailed information on the evaluation criteria. 

Table 4.2. Evaluation Criteria Required for MASH Testing. 

Evaluation 

Factors 
Evaluation Criteria 

MASH Test 

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. 

3-10, 3-11 

Occupant 

Risk 

D. Detached elements, fragments, or other debris 

from the test article should not penetrate or show 

potential for penetrating the occupant 

compartment, or present undue hazard to other 

traffic, pedestrians, or personnel in a work zone.  

3-10, 3-11 

Deformations of, or intrusions into, the occupant 

compartment should not exceed limits set forth in 

Section 5.2.2 and Appendix E of MASH. 

N/A 

F. The vehicle should remain upright during and 

after collision. The maximum roll and pitch 

angles are not to exceed 75 degrees. 

3-10, 3-11 

H. Occupant impact velocities (OIV) should satisfy 

the following limits: Preferred value of 30 ft/s, or 

maximum allowable value of 40 ft/s. 

3-10, 3-11 

I. The occupant ridedown accelerations should 

satisfy the following: Preferred value of 15.0 g, 

or maximum allowable value of 20.49 g. 

3-10, 3-11 
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Chapter 5. TEST CONDITIONS 

5.1. TEST FACILITY 

The full-scale crash tests reported herein were performed at the TTI Proving Ground, an 

International Standards Organization (ISO)/International Electrotechnical Commission (IEC) 

17025-accredited laboratory with American Association for Laboratory Accreditation (A2LA) 

Mechanical Testing Certificate 2821.01. The full-scale crash tests were performed according to 

TTI Proving Ground quality procedures, as well as MASH guidelines and standards. 

The test facilities of the TTI Proving Ground are located on The Texas A&M University 

System RELLIS Campus, which consists of a 2000-acre complex of research and training 

facilities situated 10 mi northwest of the flagship campus of Texas A&M University. The site, 

formerly a United States Army Air Corps base, has large expanses of concrete runways and 

parking aprons well suited for experimental research and testing in the areas of vehicle 

performance and handling, vehicle-roadway interaction, highway pavement durability and 

efficacy, and roadside safety hardware and perimeter protective device evaluation. The sites 

selected for construction and testing are along the edge of an out-of-service apron. The apron 

consists of an unreinforced jointed-concrete pavement in 12.5-ft × 15-ft blocks nominally 

6 inches deep. The aprons were built in 1942, and the joints have some displacement but are 

otherwise flat and level. 

5.2. VEHICLE TOW AND GUIDANCE SYSTEM 

Both the 1100C and 2270P vehicles used in the crash tests were towed into the test 

installation using a steel cable guidance and reverse tow system. A steel cable for guiding the test 

vehicle was tensioned along the path, anchored at each end, and threaded through an attachment 

to the front wheel of the test vehicle. An additional steel cable was connected to the test vehicle, 

passed around a pulley near the impact point and through a pulley on the tow vehicle, and then 

anchored to the ground such that the tow vehicle moved away from the test site. A 2:1 speed 

ratio between the test and tow vehicle existed with this system. Just prior to impact with the 

installation, the test vehicle was released and ran unrestrained. The vehicle remained 

freewheeling (i.e., no steering or braking inputs) until it cleared the immediate area of the test 

site. 

5.3. DATA ACQUISITION SYSTEMS 

5.3.1. Vehicle Instrumentation and Data Processing 

Each test vehicle was instrumented with a self-contained onboard data acquisition 

system. The signal conditioning and acquisition system is a 16-channel Tiny Data Acquisition 

System (TDAS) Pro produced by Diversified Technical Systems Inc. The accelerometers, which 

measure the x, y, and z axes of vehicle acceleration, are strain gauge type with linear millivolt 

output proportional to acceleration. Angular rate sensors, measuring vehicle roll, pitch, and yaw 

rates, are ultra-small, solid-state units designed for crash test service. The TDAS Pro hardware 

and software conform to the latest SAE J211, Instrumentation for Impact Test. Each of the 
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16 channels can provide precision amplification, scaling, and filtering based on transducer 

specifications and calibrations. During the test, data are recorded from each channel at a rate of 

10,000 samples per second with a resolution of one part in 65,536. Once data are recorded, 

internal batteries back these up inside the unit in case the primary battery cable is severed. Initial 

contact of the pressure switch on the vehicle bumper provides a time zero mark and initiates the 

recording process. After each test, the data are downloaded from the TDAS Pro unit into a laptop 

computer at the test site. The Test Risk Assessment Program (TRAP) software then processes the 

raw data to produce detailed reports of the test results.  

Each of the TDAS Pro units is returned to the factory annually for complete recalibration 

and to ensure that all instrumentation used in the vehicle conforms to the specifications outlined 

by SAE J211. All accelerometers are calibrated annually by means of an ENDEVCO® 2901 

precision primary vibration standard. This standard and its support instruments are checked 

annually and receive a National Institute of Standards Technology (NIST) traceable calibration. 

The rate transducers used in the data acquisition system receive calibration via a Genisco Rate-

of-Turn table. The subsystems of each data channel are also evaluated annually, using 

instruments with current NIST traceability, and the results are factored into the accuracy of the 

total data channel per SAE J211. Calibrations and evaluations are also made anytime data are 

suspect. Acceleration data are measured with an expanded uncertainty of ±1.7 percent at a 

confidence factor of 95 percent (k = 2). 

TRAP uses the data from the TDAS Pro to compute the occupant/compartment impact 

velocities, time of occupant/compartment impact after vehicle impact, and highest 

10-millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity 

at the end of a given impulse period. In addition, maximum average accelerations over 50-ms 

intervals in each of the three directions are computed. For reporting purposes, the data from the 

vehicle-mounted accelerometers are filtered with an SAE Class 180-Hz low-pass digital filter, 

and acceleration versus time curves for the longitudinal, lateral, and vertical directions are 

plotted using TRAP.  

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular 

displacement in degrees at 0.0001-s intervals, and then plots yaw, pitch, and roll versus time. 

These displacements are in reference to the vehicle-fixed coordinate system with the initial 

position and orientation being initial impact. Rate of rotation data is measured with an expanded 

uncertainty of ±0.7 percent at a confidence factor of 95 percent (k = 2). 

5.3.2. Anthropomorphic Dummy Instrumentation 

An Alderson Research Laboratories Hybrid II, 50th percentile male anthropomorphic 

dummy, restrained with lap and shoulder belts, was placed in the front seat on the impact side of 

the 1100C vehicle. The dummy was not instrumented.  

According to MASH, use of a dummy in the 2270P vehicle is optional, and no dummy 

was used in the 2270P vehicle. 
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5.3.3. Photographic Instrumentation Data Processing 

Photographic coverage of each test included three digital high-speed cameras: 

• One overhead with a field of view perpendicular to the ground and directly over the 

impact point.  

• One placed upstream from the installation at an angle to have a field of view of the 

interaction of the rear of the vehicle with the installation.  

• A third placed with a field of view parallel to and aligned with the installation at the 

downstream end.  

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to 

indicate the instant of contact with the surface-mounted median guardrail. The flashbulb was 

visible from each camera. The video files from these digital high-speed cameras were analyzed 

to observe phenomena occurring during the collision and to obtain time-event, displacement, and 

angular data. A digital camera recorded and documented conditions of each test vehicle and the 

installation before and after the test. 
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Chapter 6. MASH TEST 3-10 (CRASH TEST NO. 440522-01-01) 

6.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS 

See Table 6.1 for details on the MASH impact conditions for this test. The CIP for MASH 

Test 3-10 on the surface-mounted median guardrail was 3.5 ft ± 1 ft upstream of the centerline of 

post 28. Figure 6.1 depicts the target impact setup. 

Table 6.1. Impact Conditions for MASH 3-10 440522-01-01. 

Test Parameter Specification Tolerance Measured 

Impact Speed (mi/h) 62  ±2.5 mi/h 62.3 

Impact Angle (deg) 25 ±1.5° 25.3 

Vehicle Inertial Weight (lb) 2420  ±55 lb 2437 

Impact Severity (kip-ft) 51  ≥51 kip-ft 57.7 

Impact Location  CIP ±12 inches 
40.8. inches upstream of the 

centerline of post 28 

Exit Parameters 

Vehicle crossed exit box* 37 ft d/s from loss of contact 

Speed (mi/h) 51.3 

Trajectory (deg) 7.6 

Heading (deg) 9.9 

Brakes applied post impact (s) N/A  

Vehicle at rest position 

102 ft downstream of impact 

91 ft in front of the rail 

Facing 135° right 

Comments:  

Vehicle remained upright and stable. 

*Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal. 

  
Figure 6.1. Surface-Mounted Median Guardrail/Test Vehicle Geometrics for Test 440522-

01-01. 
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6.2. WEATHER CONDITIONS 

Table 6.2 presents the weather conditions for Test 440522-01-01. 

Table 6.2. Weather Conditions for Test 440522-01-01. 

Date of Test Temperature (°F) Relative Humidity (%) 

September 27, 2021 86 43 

Wind Direction (deg) Vehicle Traveling (deg) Wind Speed (mi/h) 

270 325 2 

6.3. TEST VEHICLE  

Figure 6.2 shows the 2015 Nissan Versa used for the crash test. Table 6.3 shows the 

vehicle measurements. Table C.1 in Appendix C.1 gives additional dimensions and information 

on the vehicle. 

  
Figure 6.2. Vehicle before Test 440522-01-01. 
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Table 6.3. Vehicle Measurements for Test 440522-01-01. 

Test Parameter MASH 
Allowed 

Tolerance 
Measured 

Dummy (if applicable)a (lb) 165 N/A 165 

Test Inertial Weight (lb) 2,420 ±55 2,381 

Gross Statica Weight (lb) 2,420 ±55 2,602 

Wheelbase (inches) 98 ±5 102.4 

Front Overhang (inches) 35 ±4 32.5 

Overall Length (inches) 169 ±8 175.4 

Overall Width (inches) 65 ±3 66.7 

Hood Height (inches) 28 ±4 30.5 

Track Widthb (inches) 56 ±2 58.4 

CG aft of Front Axlec (inches) 36 ±4 41 

CG above Groundc,d (inches) N/A N/A N/A 
Note: CG = center of gravity; N/A = not applicable. 
a If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy. 
b Average of front and rear axles. 
c For test inertial mass. 
d 2270P vehicle must meet minimum CG height requirement. 

6.4. TEST DESCRIPTION 

Table 6.4 lists events that occurred during Test 440522-01-01. Figures C.1 and C.2 in 

Appendix C.2 present sequential photographs during the test. 

Table 6.4. Events during Test 440522-01-01. 

Time (s) Events 

0.0000 Vehicle impacted the installation 

0.0238 Posts 27 and 28 began to deflect toward the field side 

0.0420 Vehicle began to redirect 

0.2730 Vehicle was parallel with the installation 

0.5400 Vehicle exited the installation at 51.3 mi/h with a heading of 9.9 degrees and a 

trajectory of 7.6 degrees 

6.5. DAMAGE TO TEST INSTALLATION 

Table 6.5 lists the post displacement details for the guardrail. Posts 28 through 34 had 

their upstream traffic-side flange torn at the base. The rail was scuffed and deformed at impact. 

No cracks or concrete damage was observed around the post baseplates. The baseplates and their 

epoxy anchors were also undamaged. The backer plates remained attached to the posts. 

* D/S = Downstream; U/S = Upstream; T/S = Traffic Side; F/S = Field Side. 
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Table 6.6 describes the damage to the surface-mounted median guardrail, and Figure 6.3 

illustrates that damage. 

Table 6.5. Post Displacement Details for Guardrail in Test 440522-01-01. 

Post # 
Lean toward Field 

Side from Vertical 

Disconnected from Rail Soil Gap (inches) 

Traffic Side Field Side U/S T/S F/S 

1-24 
No Movement 

Observed 
— — — — — 

25 1° — —  

 

 

 

Posts anchored to 

concrete and not 

installed in soil 

26 5° — — 

27 10° ✓ — 

28 90° ✓ ✓ 

29 90° ✓ ✓ 

30 90° ✓ ✓ 

31 90° ✓ ✓ 

32 90° ✓ ✓ 

33 90° ✓ ✓ 

34 90° ✓ ✓ — — — 

35 0° ✓ ✓ — — — 

36 0° ✓ ✓ — — — 

37 0° — ✓ — — — 

38-67 
No Movement 

Observed 
— — — — — 

* D/S = Downstream; U/S = Upstream; T/S = Traffic Side; F/S = Field Side. 

 

Table 6.6. Damage to the Surface-Mounted Median Guardrail in Test 440522-01-01. 

Test Parameter Measured 

Permanent Deflection/Location 15.1 inches toward field side 18 inches upstream of post 31 

Dynamic Deflection 18.7 inches toward field side 

Working Width* and Height 31.6 inches, at a height of 19 inches 

* Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or vehicle. These 

measurements are all relative to the pre-impact traffic face of the test article.” In other words, working width is the total barrier 

width plus the maximum dynamic intrusion of any portion of the barrier or test vehicle past the field side edge of the barrier. 
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Figure 6.3. Surface-Mounted Median Guardrail after Test 440522-01-01. 
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6.6. DAMAGE TO TEST VEHICLE 

Figure 6.4 and Figure 6.5 show the damage sustained by the vehicle. Table 6.7 provides 

details on the interior and exterior damage to the vehicle. Tables C.2 and C.3 in Appendix C.1 

provide exterior crush and occupant compartment measurements. 

  
Figure 6.4. Test Vehicle after Test 440522-01-1. 

  
Figure 6.5. Interior of the Test Vehicle after Test 440522-01-1. 
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Table 6.7. Damage to the Vehicle in Test 440522-01-1. 

Test Parameter Specification Measured 

Roof ≤ 4.0 inches 0 inches 

Windshield ≤ 3.0 inches 0 inches 

A and B Pillars ≤ 5.0 overall/≤ 3.0 inches lateral 0 inches 

Foot Well/Toe Pan ≤ 9.0 inches 0 inches 

Floor Pan ≤ 12.0 inches 0 inches 

Side Front Panel  ≤ 12.0 inches 0 inches 

Front Door (above Seat) ≤ 9.0 inches 1.5 inches 

Front Door (below Seat) ≤ 12.0 inches 2 inches 

Side Windows Remained intact 

Maximum Exterior 

Deformation 
9 inches in the left front plane at bumper height 

VDS 11LFQ6 CDC 11FLEW4 

Fuel Tank Damage None 

Description of Damage to Vehicle:  

The front bumper, hood, grill, left headlight, radiator and support, left front fender, left front strut and 

tower, left front tire and rim, left front CV shaft, left lower control arm, left front door, left rear door, 

and left rear quarter panel were damaged. 

6.7. OCCUPANT RISK FACTORS 

Data from the accelerometers were digitized for evaluation of occupant risk, and results 

are shown in Table 6.8. Figure C.3 in Appendix C.3 shows the vehicle angular displacements, 

and Figures C.4 through C.6 in Appendix C.4 show acceleration versus time traces.  

Table 6.8. Occupant Risk Factors for Test 440522-01-1. 

Test Parameter MASH Measured Time 

OIV, Longitudinal (ft/s) ≤40.0 22.2 0.1165 s on left side of interior 

OIV, Lateral (ft/s) ≤40.0 18.8 0.1165 s on left side of interior 

Ridedown, Longitudinal (g) ≤20.49 13.5 0.1680–0.1780 s 

Ridedown, Lateral (g) ≤20.49 9.4 0.1372–0.1472 s 

Theoretical Head Impact 

Velocity (THIV) (m/s) 

N/A 8.6 0.1126 s on left side of interior 

Acceleration Severity Index 

(ASI) 

N/A 1.00 0.0606–0.1106 s 

50-ms Max Longitudinal (g) N/A −7.9 0.0314–0.0814 s 

50-ms Max Lateral (g) N/A 6.8 0.0414–0.0914 s 

50-ms Max Vertical (g) N/A −2.1 0.1468–0.1968 s 

Roll (deg) ≤75 11 0.2220 s 

Pitch (deg) ≤75 5 0.6062 s 

Yaw (deg) N/A 5 2.0000 s 

Comments: N/A 
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0.000 s 

Test Agency Texas A&M Transportation Institute (TTI) 

Test Standard/Test No. MASH 2016, 3-10 Test 

TTI Project No. 440522-01-1 

Test Date 2021-09-27 

TEST ARTICLE 

Type Median Rail 

Name Surface-Mounted Median Guardrail 

Length 239 ft 5 inches 

Key Materials 
S3×5.7 weak posts, 12-gauge W-beam, concrete 

foundation, and SoftStop® end terminals 

 
 

 

 

 

 

 

 

 

0.100 s 

Soil Type and Condition 
AASHTO M147-65(2004), Type 1, Grade D Crushed 

Concrete 

TEST VEHICLE 

Type/Designation 1100C 

Year, Make and Model 2015 Nissan Versa 

Curb Weight (lb) 2,381 

Inertial Weight (lb) 2,437 

Dummy (lb) 165 

Gross Static (lb) 2,602 

IMPACT CONDITIONS 

 
 

 

 

 

 

 

 

 

0.200 s 

Impact Speed (mi/h) 62.3 

Impact Angle (deg) 25.3 

Impact Location 3.4 feet upstream from the centerline of post 28 

Impact Severity (kip-ft) 57.7 

EXIT CONDITIONS 

Exit Speed (mi/h) 51.3 

Trajectory/Heading Angle 

(deg) 
7.6/9.9 

Exit Box Criteria Crossed 

Stopping Distance (ft) 102  downstream and 91 toward traffic side 

TEST ARTICLE DEFLECTIONS 

 
 

 

 

 

 

 

 

 

0.300 s 

Dynamic (inches)  18.7 

Permanent (inches) 15.1 

Working Width/Height 

(inches) 
31.6/19 

VEHICLE DAMAGE 

VDS 11LFQ6 

CDC 11FLEW4 

Max. Ext. Deformation 

(inches) 
9 

Max. Occupant Compartment 

Deformation  
2 inches in the front door panel below the seat 

OCCUPANT RISK VALUES 

Long. OIV (ft/s) 22.2 Lat. OIV (ft/s) 18.8 Max. 50-ms Long. (g) −7.9 Max. Roll (deg) 11 

Long. Ridedown (g) 13.5 Lat. Ridedown (g) 9.4 Max. 50-ms Lat. (g) 6.8 Max. Pitch (deg) 5 

THIV (m/s) 8.6 ASI 1.0 Max. 50-ms Vert. (g) −2.1 Max. Yaw (deg) 53 

  

Figure 6.6. Results Summary for MASH Test 3-10 on Surface-Mounted Median Guardrail.  
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Chapter 7. MASH TEST 3-11 (CRASH TEST NO. 440522-01-2) 

7.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS 

See Table 7.1 for details on MASH impact conditions for this test. The CIP for MASH 

Test 3-11 on the surface-mounted median guardrail was 4.0 ft ± 1 ft upstream of the centerline of 

post 20. Figure 7.1 depicts the target impact setup. 

Table 7.1. Impact Conditions for MASH 3-11 440522-01-2. 

Test Parameter Specification Tolerance Measured 

Impact Speed (mi/h) 62  ±2.5  63.5 

Impact Angle (deg) 25 ±1.5 25.1 

Vehicle Inertial Weight (lb) 5,000 ±110 5,026 

Impact Severity (kip-ft) 106 ≥106 121.9 

Impact Location  CIP ±1 ft 4.3 ft upstream from the 

centerline of post 20 

Exit Parameters 

Vehicle crossed exit box* 44 ft d/s from loss of contact 

Speed (mi/h) 38.1 

Trajectory Angle (deg)  12.3 

Heading Angle (deg) 14 

Brakes applied post impact (s) N/A 

Vehicle at rest position 

167 ft downstream of impact point 

Against the traffic-side rail 

Facing 10° left 

Comments:  

Vehicle remained upright and stable. 

*Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal. 

  
Figure 7.1. Surface-Mounted Median Guardrail/Test Vehicle Geometrics for 

Test 440522-01-2. 
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7.2. WEATHER CONDITIONS 

Table 7.2 presents the weather conditions for Test 440522-01-2. 

Table 7.2. Weather Conditions for Test 440522-01-2. 

Date of Test Temperature (°F) Relative Humidity (%) 

October 6, 2021 76 71 

Wind Direction (deg) Vehicle Traveling (deg) Wind Speed (mi/h) 

191 325 4 

7.3. TEST VEHICLE  

Figure 7.2 shows the 2015 Ram used for the crash test. Table 7.3 shows the vehicle 

measurements. Table D.1 in Appendix D.1 gives additional dimensions and information on the 

vehicle. 

  
Figure 7.2. Test Vehicle before Test 440522-01-2. 



 

TR No. 440522-01 47 2022-04-07 

Table 7.3. Vehicle Measurements for 440522-01-2. 

Test Parameter MASH 
Allowed 

Tolerance 
Measured 

Dummy (if applicable) a (lb) 165 N/A No Dummy 

Test Inertial Weight (lb) 5,000 ±110 4,995 

Gross Statica (lb) 5,000 ±110 5,026 

Wheelbase (inches) 148 ±12 140.5 

Front Overhang (inches) 39 ±3 40.0 

Overall Length (inches) 237 ±13 227.5 

Overall Width (inches) 78 ±2 78.5 

Hood Height (inches) 43 ±4 46.0 

Track Widthb (inches) 67 ±1.5 68.3 

CG aft of Front Axlec (inches) 63 ±4 61.0 

CG above Groundc,d (inches) 28 ≥28 28.3 
a If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy. 
b Average of front and rear axles. 
c For test inertial mass. 
d 2270P vehicle must meet minimum CG height requirement. 

7.4. TEST DESCRIPTION 

Table 7.4 lists events that occurred during Test 440522-01-2. Figures D.1 and D.2 in 

Appendix D.2 present sequential photographs during the test. 

Table 7.4. Events during Test 440522-01-2. 

Time (s) Events 

0.0000 Vehicle impacted the installation 

0.0163 Post 19 began to deflect toward the field side 

0.0370 Vehicle began to redirect 

0.0208 Rear driver side bumper impacted the rail 

0.1640 Front passenger side tire lifted from the pavement 

0.5710 Front passenger side tire made contact with the pavement 

0.2570 Vehicle was parallel with the installation 

0.6020 Vehicle exits the installation at 38.1 mi/h with a heading of 14.0 degrees and a 

trajectory of 12.3 degrees 

7.5. DAMAGE TO TEST INSTALLATION 

Table 7.5 presents the post displacement details for the guardrail. The upstream edge of 

posts 19, 20, 21, 23, 24, and 25 was torn, and post 20 had a broken weld at the baseplate. The rail 

was scuffed and deformed at impact. No cracks or concrete damage was observed around the 

post baseplates. The baseplates and their epoxy anchors were also undamaged. The backer plates 

remained attached to the posts. There was a secondary impact at the downstream terminal, and 

the terminal was knocked over.  
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Table 7.5. Post Displacement Details for the Guardrail in Test 440522-01-2. 

Post # 

Post Lean  

from Vertical (deg) 

Disconnected 

from Rail 
Soil Gap (inches) 

D/S U/S T/S F/S U/S T/S F/S 

Anchor     1   

1 — — — — ½  — — 

2 — — ✓ — ½ — — 

3 1 1 ✓ — Soil Disturbed 

4 — — ✓ — ⅛ — — 

5 4 — — — 

Posts anchored to concrete 

and not installed in soil 

6 2 — — — 

7–10 3 — — — 

11 3 — — — 

12–15 3 — — — 

16 4 2.5 — — 

17 5 9 ✓ — 

18 9 20 ✓ — 

19–26 90 — ✓ ✓ 

27 51 — ✓ ✓ 

28 1 1 ✓ ✓ 

29 1 — ✓ ✓ 

30 1 — ✓ ✓ 

31 1 — — ✓ 

32 1 — — ✓ 

33 — — — ✓ 

34–63 — — — — — — — 

64 — 2 — — — ⅜  

65 — 4 — — — 1½ ½ 

66 — 5 — — — 1¾  

67 — — ✓ — — — — 

 * D/S = Downstream; U/S = Upstream; T/S = Traffic Side; F/S = Field Side. 

Table 7.6 describes the damage to the surface-mounted median guardrail, and Figure 7.3 

illustrates that damage. 

Table 7.6. Damage to the Guardrail in Test 440522-01-2. 

Test Parameter Measured 
Permanent Deflection/ 

Location 
30.3 inches toward field side at Post 22 

Dynamic Deflection 37.8 inches toward field side 

Working Width* and Height 45 inches at a height of 45.8 inches 
* Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or vehicle. These 

measurements are all relative to the pre-impact traffic face of the test article.” In other words, working width is the total barrier 

width plus the maximum dynamic intrusion of any portion of the barrier or test vehicle past the field side edge of the barrier. 
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Figure 7.3. Surface-Mounted Median Guardrail after Test 440522-01-2. 

7.6. DAMAGE TO TEST VEHICLE 

Figure 7.4 and Figure 7.5 show the damage sustained by the vehicle. Table 7.7 provides 

details on the interior and exterior damage to the vehicle. Tables D.2 and D.3 in Appendix D.1 

provide exterior crush and occupant compartment measurements. 

  
Figure 7.4. Test Vehicle after Test 440522-01-2. 



 

TR No. 440522-01 50 2022-04-07 

  
Figure 7.5. Interior of Test Vehicle after Test 440522-01-2. 

Table 7.7. Damage to the Vehicle in Test 440522-01-2. 

Test Parameter Specification Measured 

Roof ≤ 4.0 inches 0 inches 

Windshield ≤ 3.0 inches 0 inches 

A and B Pillars ≤ 5.0 overall/≤ 3.0 inches lateral 0 inches 

Foot Well/Toe Pan ≤ 9.0 inches 0 inches 

Floor Pan ≤ 12.0 inches 0 inches 

Side Front Panel  ≤ 12.0 inches 0 inches 

Front Door (above Seat) ≤ 9.0 inches 0 inches 

Front Door (below Seat) ≤ 12.0 inches 0 inches 

Side Windows Remained intact 

Maximum Exterior 

Deformation 
8 inches in the front left plane at bumper height 

VDS 11LFQ4 CDC 11FLEW2 

Fuel Tank Damage None 

Description of Damage to Vehicle:  

The front bumper, hood, grill, left front fender, left front upper and lower control arms, left front tire and 

rim, left front door, radiator, left rear door, left rear quarter panel, left taillight, and rear bumper were 

damaged. 

7.7. OCCUPANT RISK FACTORS 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 

results are shown in Table 7.8. Figure D.3 in Appendix D.3 shows the vehicle angular 

displacements, and Figures D.4 through D.6 in Appendix D.4 show acceleration versus time 

traces.  
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Table 7.8. Occupant Risk Factors for Test 440522-01-2. 

Test Parameter MASH Measured Time 

OIV, Longitudinal (ft/s) ≤40.0 18.2 0.1454 s on left side of interior 

OIV, Lateral (ft/s) ≤40.0 15.1 0.1454 s on left side of interior 

Ridedown, Longitudinal (g) ≤20.49 6.1 0.1582–0.1682 s 

Ridedown, Lateral (g) ≤20.49 7.5 0.2556–0.2656 s 

THIV (m/s) N/A 6.9 0.1383 s on left side of interior 

ASI N/A 0.7 0.0811–0.1311 s 

50-ms Max Longitudinal (g) N/A −5.6 0.0749–0.1249 s 

50-ms Max Lateral (g) N/A 6.1 0.2473–0.2973 s 

50-ms Max Vertical (g) N/A −2.3 0.6444–0.6944 s 

Roll (deg) ≤75 11.0 0.4894 s 

Pitch (deg) ≤75 3.8 0.6534 s 

Yaw (deg) N/A 40.7 0.7428 s 

Comments:  
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0.000 s 

Test Agency Texas A&M Transportation Institute (TTI) 

Test Standard/Test No. MASH 2016, 3-11 Test 

TTI Project No. 440522-01-2 

Test Date 2021-10-06 

TEST ARTICLE 

Type Median Rail 

Name Surface-Mounted Median Guardrail 

Length 239 ft 5 inches 

Key Materials 
S3×5.7×31⅜ weak posts, 12-gauge W-beam, concrete 

foundation, and SoftStop® end terminals 

 
 

 

 

 

 

 

 

 

0.100 s 

Soil Type and Condition 
AASHTO M147-65(2004), Type 1, Grade D Crushed 

Concrete 

TEST VEHICLE 

Type/Designation 2270P 

Year, Make and Model 2015  Ram 

Curb Weight (lb) 4,995 

Inertial Weight (lb) 5,026 

Dummy (lb) N/A 

Gross Static (lb) 5,026 

IMPACT CONDITIONS 

 
 

 

 

 

 

 

 

 

0.200 s 

Impact Speed (mi/h) 63.5 

Impact Angle (deg) 25.1 

Impact Location 4.3 ft upstream from the centerline of post 20 

Impact Severity (kip-ft) 121.9 

EXIT CONDITIONS 

Exit Speed (mi/h) 38.1 

Trajectory/Heading Angle (deg) 12.3/14 

Exit Box Criteria Crossed 

Stopping Distance (ft) 167 ft downstream and against the traffic-side rail 

TEST ARTICLE DEFLECTIONS  

 
 

 

 

 

 

 

 

 

0.300 s 

Dynamic (inches)  37.8 

Permanent (inches)  30.3 

Working Width/Height (inches) 45/45.8 

VEHICLE DAMAGE 

VDS 11LFQ4 

CDC 11FLEW2 

Max. Ext. Deformation (inches) 8 

Max. Occupant Compartment 

Deformation 
None 

OCCUPANT RISK VALUES 

Long. OIV (ft/s) 18.2 Lat. OIV (ft/s) 15.1 Max. 50-ms Long. (g) −5.6 Max. Roll (deg) 11 

Long. Ridedown (g) 6.1 Lat. Ridedown (g) 7.5 Max. 50-ms Lat. (g) 6.1   Max. Pitch (deg) 4 

THIV (m/s) 6.9 ASI 0.7 Max. 50-ms Vert. (g) −2.3 Max. Yaw (deg) 41 

 

 

Figure 7.6. Results Summary for MASH Test 3-11 on Surface-Mounted Median Guardrail.
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Chapter 8. SUMMARY AND CONCLUSIONS 

8.1. ASSESSMENT OF TEST RESULTS 

The crash tests reported herein were performed in accordance with MASH TL-3 

evaluation criteria for longitudinal barriers, which involved performing MASH Test 3-10 and 

Test 3-11 on the surface-mounted median guardrail. Table 8.1 and Table 8.2 provide an 

assessment of each test based on the applicable safety evaluation criteria for MASH TL-3 for 

longitudinal barriers.  

8.2. CONCLUSIONS 

Table 8.3 shows that the surface-mounted median guardrail met the performance 

evaluation criteria of MASH TL-3 for longitudinal barriers. 
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Table 8.1. Performance Evaluation Summary for MASH Test 3-10 on Surface-Mounted Median Guardrail. 

Test Agency: Texas A&M Transportation Institute Test No.: 440522-01-1   Test Date: 2021-09-27 

MASH Test 3-10 Evaluation Criteria Test Results Assessment 

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. 

The surface-mounted median guardrail contained and 

redirected the 1100C vehicle. The vehicle did not 

penetrate, underride, or override the installation. 

Maximum dynamic deflection during the test was 

18.7 inches. 

Pass  

Occupant Risk   

D. 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.  

No detached elements, fragments, or other debris 

were present to penetrate or show potential for 

penetrating the occupant compartment, or to present 

hazard to others in the area. 
Pass 

Deformations of, or intrusions into, the occupant 

compartment should not exceed limits set forth in Section 

5.2.2 and Appendix E of MASH. 

Maximum occupant compartment deformation was 2 

inches in the front door panel below the seat 

F. The vehicle should remain upright during and after 

collision. The maximum roll and pitch angles are not to 

exceed 75 degrees. 

The 1100C vehicle remained upright during and after 

the collision event. Maximum roll and pitch angles 

were 11 degrees and 5 degrees. 

Pass 

H. Occupant impact velocities (OIV) should satisfy the 

following limits: Preferred value of 30 ft/s (10 ft/s for 

supports), or maximum allowable value of 40 ft/s (16 ft/s for 

supports). 

Longitudinal OIV was 22.2 ft/s, and lateral OIV was 

18.8 ft/s. 
Pass 

I. The occupant ridedown accelerations should satisfy the 

following limits: Preferred value of 15.0 g, or maximum 

allowable value of 20.49 g. 

Maximum longitudinal occupant ridedown 

acceleration was 13.5 g, and maximum lateral 

occupant ridedown was 9.4 g. 

Pass 
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Table 8.2. Performance Evaluation Summary for MASH Test 3-11 on Surface-Mounted Median Guardrail. 

Test Agency: Texas A&M Transportation Institute Test No.: 440522-01-2   Test Date: 2021-10-06 

MASH Test 3-11 Evaluation Criteria Test Results Assessment 

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. 

The surface-mounted median guardrail contained and 

redirected the 2270P vehicle. The vehicle did not 

penetrate, underride, or override the installation. 

Maximum dynamic deflection during the test was 

37.8 inches. 

Pass 

Occupant Risk   

D. 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.  

No detached elements, fragments, or other debris 

were present to penetrate or show potential for 

penetrating the occupant compartment, or to present 

hazard to others in the area. 
Pass 

Deformations of, or intrusions into, the occupant 

compartment should not exceed limits set forth in Section 

5.2.2 and Appendix E of MASH. 

There was no measured occupant compartment 

deformation. 

F. The vehicle should remain upright during and after 

collision. The maximum roll and pitch angles are not to 

exceed 75 degrees. 

The 2270P vehicle remained upright during and after 

the collision event. Maximum roll and pitch angles 

were 11 degrees and 4 degrees. 

Pass 

H. Occupant impact velocities (OIV) should satisfy the 

following limits: Preferred value of 30 ft/s (10 ft/s for 

supports), or maximum allowable value of 40 ft/s (16 ft/s for 

supports). 

Longitudinal OIV was 18.2 ft/s, and lateral OIV was 

15.1 ft/s. 
Pass 

I. The occupant ridedown accelerations should satisfy the 

following limits: Preferred value of 15.0 g, or maximum 

allowable value of 20.49 g. 

Maximum longitudinal occupant ridedown 

acceleration was 6.1 g, and maximum lateral 

occupant ridedown was 7.5 g. 

Pass 
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Table 8.3. Assessment Summary for MASH TL-3 Tests on the Surface-Mounted Median 

Guardrail. 

Evaluation  

Factors 

Evaluation  

Criteria 

Test No.  

440522-01-1 

Test No.  

440522-01-2 

Structural  

Adequacy 
A S S 

Occupant  

Risk 

D S S 

F S S 

H S S 

I S S 

Test No. MASH Test 3-10 MASH Test 3-11 

Pass/Fail Pass Pass 

Note: S = Satisfactory. 
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Chapter 9. IMPLEMENTATION 

A new surface mounted median guardrail system has been developed and evaluated 

through full-scale crash testing per MASH TL-3 crash tests. This system is ready for 

implementation by TxDOT as a crashworthy median guardrail that can be mounted on concrete 

pavement or deck. Implementation of this system can be carried out by the TxDOT Design 

Division through development of a new standard hardware drawing following the details 

provided in Appendix A. 

Following the procedures outlined in TxDOT’s University Handbook, the researchers 

assessed the potential value of TxDOT Research Project 0-7052. Appendix E presents the value 

of research for this project.  
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APPENDIX A. DETAILS OF SURFACE-MOUNTED 

MEDIAN GUARDRAIL 
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APPENDIX B. SUPPORTING CERTIFICATION DOCUMENTS 
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Table B.1. Summary of Strong Soil Test Results for Establishing Installation Procedure. 

   

Dynamic Test Setup 

 

 

Post-Test 

Photo of Post 

 

Static 

Load Test 

 

 
Post-Test 

Photo 

   

 

Dynamic  Test   Installation  Details 

 
Comparison of Load vs. Displacement  

 

Static Load Test Installation Details 

Date  2020-02-02 

Test Facility and Site Location  TTI Proving Ground, 3100 

SH 47, Bryan, TX 77807 

In Situ Soil Description (ASTM D2487)  Sandy gravel with silty 

fines 

Fill Material Description (ASTM D2487) and Sieve Analysis  AASHTO M147 Grade D 

or Type D Crushed 

Concrete Road Base 

Description of Fill Placement Procedure  12-inch lifts tamped with a 

pneumatic compactor for 

20 sec 

Bogie Weight  2020 lb 

Impact Velocity  19.2 mph 
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Table B.2. Test Day Static Soil Strength Documentation for Test No. 440522-01-01. 

 
Date 2021-09-29 

Test Facility and Site Location 

TTI Proving Ground 

3100 SH 47 

Bryan, TX 77807 

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines 

Fill Material Description (ASTM D2487) and Sieve Analysis 
AASHTO M147 Grade D or Type 

D Crushed Concrete Road Base 

Description of Fill Placement Procedure 
12-inch lifts tamped with a 

pneumatic compactor for 20 sec 
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Table B.3. Test Day Static Soil Strength Documentation for Test No. 440522-01-2. 

 
Date 2021-10-06 

Test Facility and Site Location 

TTI Proving Ground 

3100 SH 47 

Bryan, TX 77807 

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines 

Fill Material Description (ASTM D2487) and Sieve Analysis 
Type1 Grade D Crushed Concrete 

Road Base 

Description of Fill Placement Procedure 
12-inch lifts tamped with a 

pneumatic compactor for 20 sec 
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APPENDIX C. MASH TEST 3-10 (CRASH TEST NO. 440522-01-01) 

C.1. VEHICLE PROPERTIES AND INFORMATION 

Table C.1. Vehicle Properties for Test No. 440522-01-01. 
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Table C.2. Exterior Crush Measurements for Test No. 440522-01-01. 
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Table C.3. Occupant Compartment Measurements for Test No. 440522-01-01. 
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C.2. SEQUENTIAL PHOTOGRAPHS 

 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s  
Figure C.1. Sequential Photographs for Test No. 440522-01-01 (Overhead and Frontal 

Views). 
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 0.400 s  
   

 0.500 s  
   

 0.600 s  
   

 0.700 s  
Figure C.1. Sequential Photographs for Test No. 440522-01-01 (Overhead and Frontal 

Views) (Continued). 
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0.000 s  0.400 s 

   
0.100 s  0.500 s 

   
0.200 s  0.600 s 

   
0.300 s  0.700 s 

Figure C.2. Sequential Photographs for Test No. 440522-01-01 (Rear View). 
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C.3. VEHICLE ANGULAR DISPLACEMENTS 

 
 

 

 

 

 

 

 

 

Figure C.3. Vehicle Angular Displacements for Test No. 440522-01-01. 

  

Axes are vehicle-fixed. 
Sequence for determining 
orientation: 

1. Yaw. 
2. Pitch. 
3. Roll. 

Test Number: 440522-01-1 
Test Standard Test Number: MASH Test 3-10 
Test Article: Surface Mounted Median 
Guardrail 
Test Vehicle: 2015 Nissan Versa 
Inertial Mass: 2437 lb 
Gross Mass: 2602 lb 
Impact Speed: 62.3 mi/h 
Impact Angle: 25.3° 
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C.4. VEHICLE ACCELERATIONS 

 
Figure C.4. Vehicle Longitudinal Accelerometer Trace for Test No. 440522-01-01 

(Accelerometer Located at Center of Gravity). 

  



 

TR No. 440522-01 101 2022-04-07 

 
Figure C.5. Vehicle Lateral Accelerometer Trace for Test No. 440522-01-01 

(Accelerometer Located at Center of Gravity). 
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Figure C.6. Vehicle Vertical Accelerometer Trace for Test No. 440522-01-01 

(Accelerometer Located at Center of Gravity). 
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APPENDIX D. MASH TEST 3-11 (CRASH TEST NO. 440522-01-2) 

D.1. VEHICLE PROPERTIES AND INFORMATION 

Table D.1. Vehicle Properties for Test No. 440522-01-2. 
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Table D.2. Exterior Crush Measurements for Test No. 440522-01-2. 
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Table D.3. Occupant Compartment Measurements for Test No. 440522-01-2. 
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D.2. SEQUENTIAL PHOTOGRAPHS 

 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s  
Figure D.1. Sequential Photographs for Test No. 440522-01-2 (Overhead and Frontal Views). 
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 0.400 s  
   

 0.500 s  
   

 0.600 s  
   

 0.700 s  
Figure D.1. Sequential Photographs for Test No. 440522-01-2 (Overhead and Frontal Views) 

(Continued). 
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0.000 s  0.400 s 

   
0.100 s  0.500 s 

   
0.200 s  0.600 s 

   
0.300 s  0.700 s 

Figure D.2. Sequential Photographs for Test No. 440522-01-2 (Rear View). 
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D.3. VEHICLE ANGULAR DISPLACEMENTS 

 
 

 

 

 

 

 

 

 

Figure D.3. Vehicle Angular Displacements for Test No. 440522-01-2. 

  

Axes are vehicle-fixed. 
Sequence for determining 
orientation: 

4. Yaw. 
5. Pitch. 
6. Roll. 

Test Number: 440522-01-2 
Test Standard Test Number: MASH Test 3-11 
Test Article: Surface Mounted Median 
Guardrail 
Test Vehicle: 2015 Ram 
Inertial Mass: 4995 lb 
Gross Mass: 5026 lb 
Impact Speed: 63.5 mi/h 
Impact Angle: 25.1° 
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D.4. VEHICLE ACCELERATIONS 

 
Figure D.4. Vehicle Longitudinal Accelerometer Trace for Test No. 440522-01-2 

(Accelerometer Located at Center of Gravity). 
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Figure D.5. Vehicle Lateral Accelerometer Trace for Test No. 440522-01-2 

(Accelerometer Located at Center of Gravity). 
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Figure D.6. Vehicle Vertical Accelerometer Trace for Test No. 440522-01-2 

(Accelerometer Located at Center of Gravity).
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APPENDIX E. VALUE OF RESEARCH 

The estimated value of research (VOR) for this project is summarized in Figure E-1. The 

economic variables considered in developing the VOR, sources of these variables, and 

economic-based calculations used are described herein. 

The use of a surface-mounted median guardrail will be to prevent crossover median 

crashes. On roadways with concrete pavement, concrete median barriers are currently used to 

separate the opposing lanes of traffic. However, the cost of concrete barriers makes their use cost 

prohibitive at many sites that could benefit from a lower-cost metal guardrail.  

The safety benefits of the newly developed surface-mounted median guardrail are 

expected to be realized in two forms. One is from using the barrier on existing or new sites that 

are typically shielded by concrete median barriers. The other is from use on new sites where the 

concrete barrier is cost prohibitive, and a cheaper metal guardrail would be more justifiable from 

a benefit-cost ratio perspective. 

In estimating the VOR for this project, the researchers considered the use of the new 

median guardrail only on sites that typically use a concrete median barrier. To remain 

conservative in estimating the VOR, the researchers ignored the value of the safety provided by 

the median guardrail system on new sites that previously did not have any median barrier 

installed due to the cost prohibitive nature of the concrete median barriers. 

The researchers used TxDOT’s Crash Records Information System to determine the 

number of crashes that involved a median barrier. To avoid influence of COVID-19 related 

shutdowns and reduced traffic due to remote-work trends in 2019–2020, the researchers used the 

year 2018 data. The number of crashes in which the “object struck” was a median barrier was 

17,817. This number contains crashes that struck a concrete median or a cable barrier. Since the 

new surface-mounted median guardrail is a MASH TL-3 system, in performing the above query, 

the researchers ignored all crashes that involved non-MASH TL-3 vehicles (i.e., trucks, tractors, 

semi-trailers, ambulances, buses, school buses, farm equipment, fire trucks, neighborhood 

electric vehicles, etc.). 

Since the use of cable barriers is more prevalent, and because this research focuses on the 

barriers installed on concrete pavements or decks, the researchers conservatively assumed that 

only 5 percent of the above crashes involved striking a concrete median barrier installed on a 

concrete pavement or deck. This reduced the number of yearly crashes to 891. 

The researchers acknowledged that not all of the above crashes would have resulted in a 

crossover median crash, and not all of the cross median crashes would result in fatalities. The 

researchers thus conservatively assumed that only 2 percent of the 891 crashes with concrete 

median barriers would have resulted in crossover median crash-related fatalities. This implies 

that a very conservative estimate of number of fatalities saved by use of concrete median barriers 

is 17.82 per year for MASH TL-3 type passenger vehicles.  

In the interest of staying conservative, the researchers ignored the cost of serious injuries, 

minor injuries, property damage, etc. The researchers also conservatively assumed that only one 

fatality occurred in each fatal crash, even though the number of fatalities per fatal crash is 

usually greater than one. 
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The researchers further acknowledged that the newly developed surface-mounted median 

guardrail will be used in conjunction with other TxDOT concrete barriers. Furthermore, many of 

the median barrier sites require crash protection greater than TL-3 (i.e., for commercial trucks). 

Taking these factors into consideration, the researchers conservatively assumed that only 

5 percent of the sites that currently use concrete median barriers will be shifted over to the 

surface-mounted median guardrail. This implies that 0.89 fatalities/year can be prevented by the 

use of the surface-mounted guardrail—while conservatively ignoring additional fatalities 

prevented by the use of the guardrail on new sites where concrete median barriers are currently 

cost prohibitive. 

According to NHTSA, each fatality results in an average discounted lifetime economic 

cost of $1.4 million, and an average comprehensive cost of $9.1 million (The Economic and 

Societal Impact of Motor Vehicle Crashes, 2010 [Revised], http://www-

nrd.nhtsa.dot.gov/pubs/812013.pdf).  

For a conservative estimate, the researchers used the discounted economic cost of 

$1.4 million to arrive at the annual expected value of this research. With a reduction of 

0.89 fatalities each year, a very conservative annual expected value of this research is 

$1,246,000. 

The researchers used a period of 10 years and a discount rate of 5 percent, which is 

typical per TxDOT’s University Handbook, to arrive at the benefit-cost ratio of 25 for this 

research project. The estimated VOR is presented in Figure E.1. 
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Figure E.1. Value of Research Summary for Project 0-7052. 
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