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no. 20 deflection and a tire-buttress overlap that was only 0.2 in. (5 mm) lower than the 

peak tire-buttress overlap. Additionally, the US2 location exhibited the peak yaw angle at 

the end of the simulation. Thus, the US2 impact location was identified as the CIP for the 

12.5:1 flared installation because it exhibited the peak longitudinal ORA, peak vehicle 

yaw, and significant propensity for vehicle snag on the rigid buttress. 

Based on the evaluated criteria, CIPs for the critical flare rates were selected. As 

shown in Figure 70, the recommended CIP occurred at the US2 location for the 15:1 

installation, which corresponded to 93 in. (2,362 mm) upstream from the rigid buttress, 

measured tangent to the guardrail. The recommended CIP at the US2 location for the 

12.5:1 installation is shown in Figure 71, which is located 92 in. (2,337 mm) upstream 

from the rigid buttress. Simulated impacts at the US2 impact locations exhibited high 

occupant risk values and showed greater potential for interactions with the rigid concrete 

buttress when compared to the other evaluated impact locations, resulting in their 

selection as the 2270P CIPs for the flared AGT installations. 

 
Figure 70. 15:1 2270P CIP Location 
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Figure 71. 12.5:1 2270P CIP Location 

4.4.2 1100C CIP Study 

A model of a 2010 Toyota Yaris, originally developed by the National Crash 

Analysis Center at the George Washington University [30], was used to evaluate the 

downstream end of the flared AGT installations. Five impact points with the 1100C 

vehicle model were evaluated for the 15:1 installation and the 12.5:1 installation to 

identify the CIP location that would result in the highest likelihood of test failure. 

Suspension failure with the small car was not modeled. 

The evaluated impact points were shifted approximately 26 in. (660 mm) 

downstream from the 2270P impact locations on the 15:1 and 12.5:1 flared AGT 

installations. The longitudinal shift of the impact locations closer to the buttress was 

performed based on the previous CIP recommendations for small car AGT testing [16]. 

The impact points were spaced at approximately 9-in. (229-mm) intervals, as shown in 

Figure 72 and summarized in Table 37. Due to numerical instabilities with the 1100C 

small car model, multiple simulations required the impact point to be shifted 1 in. (25 

mm) upstream for the simulation to run to completion. Thus, for several cases, the 9-in. 

(229-mm) interval was either reduced or extended by 1 in. (25 mm).  
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Figure 72. 1100C CIP Impact Point Locations 

Table 37. Summary of 1100C CIP Study Impact Locations 

Impact 
Location* 
in. (mm) 

DS3 DS2 DS1 X US1 US2 

15:1 
41 

(1,041) 
50** 

(1,270) 
58 

(1,473) 
68** 

(1,727) 
77 

(1,956) 
- 

12.5:1 - 
48 

(1,219) 
57 

(1,448) 
66 

(1,676) 
75 

(1,905) 
84 

(2,134) 

*Impact location measured upstream from buttress tangent to flared guardrail 
**Impact location shifted 1 in. (25 mm) upstream to resolve model instability 

To select a CIP for each of the studied flare rates, three main parameters were 

considered: occupant risk, system deflection immediately upstream of the buttress, and 

vehicle angular displacements. The parameters were selected to gauge the propensity for 

vehicle snag on the upstream end of the rigid buttress and vehicle rollover, as well as to 

quantify the severity of the impact to the vehicle’s occupants.  

The 1100C Yaris vehicle model impacted each of the flared AGT installations at a 

speed of 62.1 mph (100 km/h). The effective impact angles with respect to the guardrail 

system were 28.8 degrees with the 15:1 flared installation and 29.6 degrees with the 

installation installed with a 12.5:1 flare. Summaries of the results for the 15:1 and 12.5:1 
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flared CIP studies are contained in Tables 38 and 39, respectively, and sequential images 

are presented in Appendix E. 

Analysis of the simulation results shows that the small car satisfied the MASH 

2016 evaluation criteria during all simulated impacts with both the 15:1 and the 12.5:1 

flared installations. The longitudinal occupant risk values for each impact location plotted 

versus the shift in impact location are shown in Figures 73 and 74 for the 15:1 and 12.5:1 

flared AGTs, respectively. 

Table 38. Summary of 1100C 15:1 Flared AGT CIP Study 

Impact Location US from 
Buttress Tangent to Rail 

in. (mm) 

41 
(1,041) 

50 
(1,270) 

58 
(1,473) 

68 
(1,727) 

77 
(1,956) 

MASH 
2016 

Limits 
Evaluation Criteria DS3 DS2 DS1 X US1 

OIV 
ft/s (m/s) 

Longitudinal -34.2 
(-10.4) 

-33.9 
(-10.3) 

-32.8 
(-10.0) 

-33.2 
(-10.1) 

-31.7 
(-9.7) 

±40 
(12.2) 

Lateral 31.6 
(9.6) 

32.3 
(9.8) 

33.7 
(10.3) 

33.9 
(10.3) 

34.2 
(10.4) 

±40 
(12.2) 

ORA 
g’s 

Longitudinal -8.3 -8.6 -13.9 -8.8 -12.7 ±20.49 

Lateral 5.2 5.6 7.7 5.2 4.7 ±20.49 

MAX. 
ANGULAR 

DISPL. 
deg. 

Roll 8.5 9.0 8.6 7.4 8.6 ±75 

Pitch 14.9 14.2 13.7 13.5 12.3 ±75 

Yaw 80.9 86.8 90.6 90.7 80.9 
not 

required 

Max. Dynamic Deflection 
in. (mm) 

1.7 
(43) 

2.2 
(55) 

2.6 
(65) 

3.5 
(88) 

3.7 
(93) 

N/A 
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Table 39. Summary of 1100C 12.5:1 Flared AGT CIP Study 

Impact Location US from 
Buttress Tangent to Rail 

in. (mm) 

48 
(1,219) 

57 
(1,448) 

66 
(1,676) 

75 
(1,905) 

84 
(2,134) 

MASH 
2016 

Limits 
Evaluation Criteria DS2 DS1 X US1 US2 

OIV 
ft/s (m/s) 

Longitudinal -35.3 
(-10.8) 

-33.7 
(-10.3) 

-34.4 
(-10.5) 

-33.7 
(-10.3) 

-33.1 
(-10.1) 

±40 
(12.2) 

Lateral 31.8 
(9.7) 

33.7 
(10.3) 

34.4 
(10.5) 

34.7 
(10.6) 

33.8 
(10.3) 

±40 
(12.2) 

ORA 
g’s 

Longitudinal -6.4 -14.6 -10.1 -10.5 -13.5 ±20.49 

Lateral 5.4 6.8 5.9 4.5 6.1 ±20.49 

MAX. 
ANGULAR 

DISPL. 
deg. 

Roll 9.3 9.1 8.5 8.6 9.4 ±75 

Pitch 15.5 15.0 13.4 13.1 12.2 ±75 

Yaw 84.1 90.2 93.8 88.1 81.3 
not 

required 

Max. Dynamic Deflection 
in. (mm) 

2.1 
(54) 

2.5 
(63) 

3.7 
(93) 

3.9 
(100) 

4.2 
(106) 

N/A 

 

 
Figure 73. 15:1 1100C CIP Study Longitudinal Occupant Risk 
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Figure 74. 12.5:1 1100C CIP Study Longitudinal Occupant Risk 

The lateral overlap of the impacting tire across the upstream face of the 

standardized concrete buttress was measured with respect to the tangent roadway to 

gauge the propensity for wheel snag. As shown in Figure 75, the measured tire-buttress 

overlap generally decreased as the impact location moved upstream. However, the right-

front impacting tire contacted the guardrail posts during all simulated impacts except for 

the DS3 impact location on the 15:1 flared installation. Additionally, the right-front 

impacting tire contacted the upstream face of the rigid buttress at each impact location 

and exhibited the potential for vehicle snag. 
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Figure 75. 1100C Right-Front Tire Buttress Overlap 

In addition to the tire-buttress overlap, the peak deflection of post no. 20 was 

measured. Large deflections of posts immediately upstream of the buttress would expose 

the rigid concrete buttress and result in a greater propensity for vehicle snag and larger 

pocketing angles when compared to small deflections of the posts upstream from the 

buttress. The peak dynamic deflections of post no. 20 for both the 15:1 and 12.5:1 flared 

installations are shown in Table 40. 

Table 40. 1100C Simulation Post No. 20 Deflections 

Flare Rate 
Impact Location, in. (mm) 

DS3 DS2 DS1 X US1 US2 

15:1 
1.7 
(43) 

2.2 
(55) 

2.4 
(61) 

2.5 
(63) 

2.3 
(57) 

- 

12.5:1 - 
2.1 
(54) 

2.5 
(63) 

2.8 
(71) 

2.6 
(66) 

2.5 
(64) 
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The peak post no. 20 deflections exhibited a relatively small variation in 

magnitude as the impact point was shifted upstream when compared to the post no. 20 

deflection measurements for the 2270P vehicle model. For both flared installations, the 

farthest downstream impact location resulted in the smallest deflection of post no. 20. 

The largest deflections of post no. 20 occurred at the X location for the 15:1 and 12.5:1 

flared installations. 

Vehicle stability was evaluated by measuring the roll, pitch, and yaw of the 

vehicle during the impact event. According to the criteria outlined in MASH 2016, 

maximum roll and pitch values should not exceed ±75 degrees. The peak roll angular 

displacement occurred at the DS2 impact location for the 15:1 flared installation and at 

the US2 impact location for the 12.5:1 flared installation, with magnitudes of 9.0 degrees 

and 9.4 degrees, respectively. Peak pitch angular displacements occurred at the DS3 

location for the 15:1 flared installation and at the DS2 impact location for the 12.5:1 

flared installation, with magnitudes of 14.9 degrees and 15.5 degrees respectively. Thus, 

no simulation approached the ±75-degree limit established in MASH 2016. However, the 

maximum yaw angular displacements reached values of 90.7 degrees and 93.8 degrees at 

the X impact location for the 15:1 and 12.5:1 installations, respectively. 

Based on the evaluated criteria, CIPs for the critical flare rates were selected. As 

shown in Figures 76 and 77, the recommended CIPs occurred at the DS1 location for 

both the 15:1  and 12.5:1 flared installations, which corresponded to impact points 

located 58 in. (1,473 mm) and 57 in. (1,448 mm) upstream from the rigid buttress, 

measured tangent to the guardrail, respectively. The DS1 impact location for the 15:1 

installation exhibited the peak lateral and longitudinal ORA values, the second largest 
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peak roll and yaw values, and a post no. 20 deflection and tire-buttress overlap that were 

0.1 in. (2 mm) and 0.2 in. (4 mm) lower than the peak measured parameters, respectively. 

For the 12.5:1 flared installation, the DS1 impact location exhibited the peak longitudinal 

and lateral ORA, the second largest peak pitch and yaw, and a post no. 20 deflection and 

tire-buttress overlap that were 0.3 in. (8 mm) and 0.1 in. (3 mm) lower than the peak 

measured parameters, respectively. 

 
Figure 76. 15:1 1100C CIP Location (DS1) 

 
Figure 77. 12.5:1 1100C CIP Location (DS1) 

4.4.3 Critical Flare CIP Comparison 

The data from the CIP locations for the 15:1 and 12.5:1 flared installations and 

the tangent installation were directly compared to assess the differences in installation 

performance at the two critical flare rates. Impact severity, occupant risk criteria, angular 

displacements, tire-buttress overlap, and exit criteria were compared, in addition to the 

flared installation LONs. 
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The changes in velocity in both the longitudinal and lateral directions were plotted 

for each of the AGT installations. As shown in Figure 78, the tangent AGT installation 

exhibited the lowest magnitude longitudinal change in velocity for both the 1100C and 

2270P vehicles. Additionally, for both the 2270P and 1100C vehicles, the steeper 12.5:1 

flare rate resulted in larger magnitude longitudinal changes in velocity when compared to 

the 15:1 flare rate. 

 
Figure 78. Comparison of Change in Velocity 

To evaluate the propensity of the vehicle to snag on the rigid buttress, the overlap 

between the impacting right-front tire and the upstream face of the buttress was 

measured. As shown in Figure 79, the tire-buttress overlap was significantly larger for 

both flared installations when compared to the tangent installation, and the tire-buttress 

overlap became larger as the flare rate was increased from 15:1 to 12.5:1. 
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Figure 79. Tire-Buttress Overlap Comparison 

The vehicle orientation and change in velocity at exit were recorded for each 

simulation. The change in velocity at exit was calculated by subtracting the vehicle’s exit 

velocity from the impact velocity. As shown in Table 41, the change in velocity at exit 

increased in magnitude as the flare rate was increased. For the 2270P vehicle, the exit 

angle also increased as the flare rate was increased. The 1100C vehicle did not exhibit the 

same trend, as the 12.5:1 exit angle was 1.4 degrees smaller than the 15:1 exit angle. 

The vehicle orientation at exit is shown in Figure 80. Note, exit was recorded at 

the time of last contact. Thus, the 2270P vehicle extends over the top of the buttress at 

exit due to vehicle roll, but it is not in contact with the barrier. Additionally, the validated 

tangent model overpredicted the magnitude of the vehicle exit angle. Thus, the flared 

AGT simulation exit angles may be greater than what would occur in the full-scale crash 

test. 
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Table 41. Exit Conditions 

Test Vehicle Flare Rate 
Exit Angle 

deg. 

Change in 
Velocity at Exit 

mph (km/h) 

2270P 
Tangent 14.1 18.0 (29.0) 

15:1 25.4 28.1 (45.3) 
12.5:1 29.6 29.0 (46.8) 

1100C 
Tangent 24.7 23.7 (38.1) 

15:1 36.3 27.7 (44.6) 
12.5:1 34.9 28.4 (45.7) 

 

 
Figure 80. Vehicle Orientation at Exit 

The exit box criterion was also evaluated. MASH 2016 [5] defines the exit box as 

a rectangular region placed at the point where a vehicle exits from a longitudinal barrier 

impact, and notes that it is utilized to evaluate the vehicle’s trajectory upon exiting a 

barrier installation. The exit box is not a pass/fail criterion in MASH 2016, but it is 

desired that an impacting vehicle exits the end of the exit box rather than the side of the 

exit box. The vehicle trajectory and exit box after impacts with the tangent and flared 

installations for the 2270P and 1100C vehicles are shown in Figures 81 and 82, 
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respectively. The left-front tire of the 2270P vehicle crossed the lower boundary of the 

exit box during impacts with both the 15:1 and 12.5:1 flared installations. During the 

impact with the 12.5:1 flared installation, the 2270P vehicle exhibited greater yaw angles 

and the left-front tire crossed the lower exit box boundary earlier when compared to the 

2270P vehicle trajectory during the 15:1 flared installation simulation.  

All four of the 1100C vehicle tires crossed the downstream boundary of the exit 

box during the simulated impacts with the 15:1 and the 12.5:1 flared installations. 

However, the 1100C vehicles exhibited significant yaw and were approximately 

perpendicular to the traveled way as they crossed the downstream boundary of the exit 

box. Both the 2270P and 1100C vehicles satisfied the exit box criterion during simulated 

impacts with the tangent installation. Note that the tangent simulations were not re-run 

with extended simulation run times and therefore did not fully pass through the exit box. 

Although the 2270P’s left-front tire crossed the lower boundary during impact 

with the flared installations, the vehicle’s trajectory satisfied the exit box criterion, both 

with the 2270P and 1100C vehicles. However, due to the greater yaw angle of the 2270P 

vehicle, the 12.5:1 flare rate was determined to be more critical than the 15:1 flare rate 

for vehicle reentry into the traveled way. 
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Figure 81. 2270P Vehicle Trajectory and Exit Box 

 
Figure 82. 1100C Vehicle Trajectory and Exit Box 
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Through the comparison of the two critical flare rates identified in the simulation 

study, the more aggressive 12.5:1 flare was shown to exhibit evaluation criteria values of 

larger magnitude than the 15:1 flare. Impact severity, longitudinal ORA, vehicle angular 

displacements, exit angles (with the exception of the 1100C vehicle), tire-buttress 

overlap, and changes in velocity all exhibited greater magnitudes with the 12.5:1 flared 

installation than the 15:1 flared installation. When examining the estimated LON for each 

of the flared installations, the 12.5:1 flare rate reduced the LON 10 ft (3 m) more than the 

15:1 flare rate. A summary of the compared parameters is contained in Table 42. 
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Table 42. Summary of 12.5:1 vs. 15:1 Flared AGT Evaluation Criteria 

Evaluation Criteria 
2270P 1100C 

Tangent 15:1 12.5:1 Tangent 15:1 12.5:1 

Impact US from Buttress 
in. (mm) 

89 
(2,261) 

93 
(2,362) 

92 
(2,337) 

63 
(1,600) 

58 
(1,473) 

57 
(1,448) 

Impact Severity, kip-ft (kJ)  115 
(156) 

150 
(203) 

157 
(213) 

56 
(76) 

73 
(99) 

76 
(103) 

OIV 
ft/s (m/s) 

Longitudinal -21.0 
(-6.4) 

-26.0 
(-7.9) 

-27.8 
(-8.5) 

-27.3 
(-8.3) 

-32.8 
(-10.0) 

-33.7 
(-10.3) 

Lateral 27.1 
(8.3) 

25.2 
(7.7) 

25.4 
(7.7) 

31.8 
(9.7) 

33.7 
(10.3) 

33.7 
(10.3) 

ORA 
g’s 

Longitudinal -6.4 -13.9 -16.0 -11.0 -13.9 -14.6 

Lateral 8.2 14.8 14.9 7.6 7.7 6.8 

MAXIMUM 
ANGULAR 

DISPLACEMENT 
deg. 

Roll 26.5 27.2 30.3 6.8 8.6 9.1 

Pitch 7.2 8.8 9.9 12.9 13.7 15.0 

Yaw 42.7 54.1 62.1 67.3 90.6 90.2 

Tire-Buttress Overlap 
in. (mm) 

3.2 
(81) 

9.3 
(236) 

9.7 
(246) 

7.0 
(177) 

9.0 
(229) 

9.4 
(239) 

Exit Angles, deg. 14.1 25.4 29.6 24.7 36.3 34.9 

LON 
ft (m) 

220 
(67.1) 

127 
(38.7) 

117 
(35.7) 

220 
(67.1) 

127 
(38.7) 

117 
(35.7) 


