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10 ms (right-front tire)                                                                                                        

  
20 ms (rigit-front tire) 

  
130 ms (right-rear tire) 

 
140 ms (right-rear tire) 

 
Figure 97. Tire Deformation Comparison 
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Figure 98. Left-Rear Tire Does Not Impact the Curb in the Simulation  
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9.4 Roll Movement Analysis 

In the physical test, the pickup truck had a counter-clockwise roll motion due to the lift of 

the right-front tire, as shown before 150 ms in Figure 99. The curb impact of the left-front tire 

caused the vehicle to roll clockwise, which is shown as inflectional point “1” in Figure 99. The 

right-rear suspension was compressed due to the curb impact and started to rebound afterwards. 

The compression and the early stage of suspension rebound generated a resultant force to the 

vehicle, which rolled the vehicle counter-clockwise. This counter-clockwise roll motion 

counteracted the vehicle’s clockwise roll movement and resulted in the relative flat portion, “2”, 

as shown in Figure 99. Further, the curb impact of the left-rear tire, in combination with the later 

stage of rear suspension rebound, caused the vehicle to roll clockwise again, which made the roll 

curve become steeper between areas “2” and “3” in Figure 99. 

For the simulation model, the roll movement curve was fairly straight after inflection 

point “1”. No flat portion was observed in the simulation model, which implied that there was 

little counter-clockwise contribution from the right-rear suspension’s compression and rebound. 

Actually, the right-rear suspension was also compressed and rebounded in the simulation model, 

which generated the counter-clockwise resultant force to the vehicle. However, the cargo box 

and the vehicle frame were twisted too much to transfer the counter-clockwise roll movement 

from the right-rear suspension to the cabin, where the C.G. was located. It was concluded from 

the roll motion comparison that the cargo box and frame models had less stiffness than the real-

world pickup truck. 

It was noticed that the front tires turned to the left upon impact in the simulation, which 

did not occur in the physical test, as shown in Figure 100. It implied that the joint stiffness in the 



 
 

112 
 

steering system needed future improvement. This tire rotation was not critical to the vehicle-curb 

analysis, but it did somewhat affect the vehicle’s path after landing on the ground.  

 

 
 
Figure 99. C.G. Roll Displacement Comparison
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Time=220 ms 

Figure 100. Cargo Box Presented Large Deformation in the Simulation
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9.5 Pitch Movement Analysis 

Both the simulation and physical test vehicles had a similar peak value for the pitch angle 

at about the same time, as shown in Figure 101. However, after reaching the peak value, the 

simulation result dramatically diverged from the physical test result. The pickup truck had a 

significant dive movement in the physical test, while the simulation was still fairly flat. This 

result was similar to the results observed during Plaxico’s simulation effort (15).  

 

Figure 101. C.G. Pitch Movement Comparison 
 

The vehicle’s post-curb-impact attitude is compiled in Figures 102 and 103. The 

simulation agreed with the physical test at the early portion behind the curb, but it behaved quite 

differently later. There were multiple reasons that could cause the lower pitch-down movement 

in the model, such as inaccurate rear suspension and tire behaviors or inaccurate body-weight 

distribution over the vehicle.  
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0ms 

  

184ms 

 

480ms 

 

670ms 

Figure 102. Vehicle Post-Curb-Impact Trajectory Comparison-Side View 
 
 
 



 
 

116 
 

 
0ms 

  
120ms 

       
310 ms 

  
470 ms 

 
 

Figure 103. Vehicle Post-Curb-Impact Trajectory Comparison-Front View 
 

The current rear suspension model was developed by T.J Paulson, and the suspension’s 

loading force-deflection curve was proven to be accurate when compared with the physical test 

(16), but the rear suspension’s unloading performance has not been tested yet. In real life, the 
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rear leaf suspension’s unloading curve has a different path than its loading curve due to the 

friction between each layer of leaf springs. Considering that the rebound of the rear suspension 

affects the vehicle’s pitch movement, future investigation is recommended to validate the rear 

suspension’s unloading performance. Also, the damper’s accuracy significantly affects vehicle-

suspension rebound. The current damper is modeled with a simplified spring element. To capture 

the vehicle’s behavior after curb impact, future efforts are needed to improve the current damper 

model. 

Besides the rear suspension, the observed lower pitch movement was also likely caused 

by the inaccurate body-load distribution over the vehicle model. A simplified two-mass model 

was used as an analogy to analyze the vehicle’s post-curb-impact pitch behavior, as shown in 

Figure 104. The front ball represented the vehicle’s front sprung mass M1, and the rear ball 

represented the vehicle’s rear unsprung mass M2. After curb impact, the front ball and the rear 

ball performed a parabolic movement. Each ball climbed up and started to drop after reaching the 

peak, but the rear ball always had a delay behind the front ball. Thus, the front ball was always 

higher than the rear ball before the peak value, and the rear ball was always higher than the front 

ball after the peak value. It was similar to the vehicle’s pitch up before the peak and pitch down 

after the peak. The pitch angle was controlled by the relative weights of each ball. Usually, the 

more different M1 and M2 are, the larger the pitch angle will be. Thus, the simulation implied 

the rear mass M2 was too similar to the front mass M1, which made the pickup model have a 

smaller pitch-down angle than was observed in the physical test. 
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Figure 104. Illustration of Simplified Pitch Movement Model 
 

9.6 Yaw Movement Analysis 

Yaw movement was not critical to the MGS-Curb study. The pickup truck in the 

simulation yawed earlier than in the physical test, as shown in Figure 105. This means that the 

truck will strike the MGS at a higher impact angle in the simulation than in real life. This 

presents a worse impact scenario and gives a conservative estimation for MGS-Curb impact. 

 

Figure 105. C.G. Yaw Displacement Comparison 
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9.7 Bumper Trajectory Analysis 

As a critical component in the analysis of vehicle impacts MGS-Curb combinations, the 

pickup’s bumper trajectory was tracked and plotted against the physical test data, as shown in 

Figures 106 and 107. Simulation results showed agreement with physical test data up until 

around 2.24 m (7.35 ft) behind the curb and reasonable agreement between 2.24 m (7.35 ft) and 

3.95 m (13 ft). Thus, within 2.24 m (7.35 ft) behind the curb, the current UNL 2000P pickup 

model’s bumper trajectory was fairly accurate and can be used to predict MGS-Curb 

combination performance. 

9.8 Summary 

Based on the comparison between vehicle-curb simulation and the physical test, it was 

shown that the truck model can accurately replicate the curb-impact tire deformation and 

accurately predict the bumper trajectory within a certain distance behind the curb. 

However, it was also shown that the cargo box and frame models had less stiffness in the 

model than for real-world vehicles, which affects the vehicle’s post-impact roll movement. 

Additionally, the truck model showed inaccurate post-impact pitch movement, which indicates 

the need for future investigation on the vehicle’s rear suspension model. 
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Figure 106. Pickup Model’s Bumper Trajectory 

 

Figure 107. 2000P Pickup Bumper Trajectory Comparison  



 
 

121 
 

10 CRITICAL VEHICLE-MGS IMPACT POINT ANALYSIS 

10.1 Introduction 

The placement of curb in front of a W-beam guardrail affects the vehicle’s attitude before 

its secondary impact with the guardrail. Previous research showed that pickup trucks might vault 

the guardrail and small passenger cars might underride the guardrail under certain conditions for 

curb-guardrail combinations. 

10.2 Pickup-MGS Critical Override Impact Point 

It is believed the pickup’s bumper is the critical component during the override analysis, 

as it is usually the first part of the pickup that contacts the guardrail. Thus, to analyze the 

override impact, the bumper’s trajectory is usually compared with the height of the W-beam 

guardrail. However, no previous research studies have defined the critical bumper to W-beam 

impact point that could result in the pickup truck vaulting. Furthermore, the vertical width of the 

2000P’s bumper is around 210 mm (8.27 in.), while the 2270P’s vertical bumper width is around 

290 mm (11.4 in.). The W-beam itself is around 311 mm (12.25 in.) wide. Thus, the obscurity of 

the critical-override-impact-point could result in substantial variance in the determination of 

MGS critical lateral offset. It is necessary to investigate the critical override impact point for 

pickup truck bumpers interacting with W beam guardrail. 

10.2.1 Comparison of 2000P and 2270P Bumpers 

The pickup-MGS critical impact point is defined as the highest impact point at which the 

W-beam rail can engage the pickup’s bumper. The investigation began with reviewing previous 

full-scale pickup and W-beam guardrail crash tests. Because few available W-beam crash tests 

were performed with the 2270P vehicle, the estimation of the 2270P’s critical override impact 

point had to be based on the 2000P crash tests. 
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First, a comparison of 2000P and 2270P bumpers was conducted. The 2270P bumper 

consists of 3 portions, including a bottom plastic portion, a middle metallic portion, and a top 

plastic portion, while the 2000P bumper only has one metallic portion, as shown in Figure 108. 

Physical tests proved both the bottom and top plastic portions were fairly weak and usually are 

easily damaged during impacts, as shown in Figure 109. Thus, only the middle metallic portion 

can actually function as a bumper and sustain resultant forces from the guardrail during impact. 

Comparison showed that the size of 2270P bumper’s middle portion was similar to the 2000P 

bumper size (Table 3), which implied that the 2000P can be used as a reasonable reference to 

estimate 2270P’s critical impact height.  

Table 3. 2000P and 2270P Comparison (as shown in Figure 108) 
 
 Bumper Bottom Edge Height 

(a) 
Bumper Top Edge Height 

(b) 
C.G. Height 

2000P 451 mm 
(17.8 in.) 

660 mm  
(26 in.) 

667 mm  
(26.3 in.) 

2270P 400 mm  
(15.7 in.) 

635 mm  
(25 in.) 

719 mm 
(28.3 in.) 
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Figure 108. Bumper Comparison – 2000P and 2270P 
 

 
 
Figure 109. Only Middle Metallic Portion Actually Functions as a Bumper 
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10.2.2 Analysis of Previous Full-Scale Pickup W-Beam Tests 

MwRSF has previously performed several W-beam guardrail and pickup truck crash 

tests, as shown in Table 4. Among those tests, tests NPG-2, MIW-1, and MIW-2 failed. Since the 

2270P vehicle has a higher C.G. and is heavier than the 2000P, it is believed that if a guardrail 

failed to accommodate the 2000P, it would also fail with the 2270P.  

The W-beam has two corrugations, which are the key components to engaging a vehicle 

during impact. The top corrugation centerline is 728 mm (28.7 in.) above the ground and the 

bottom is 534 mm (21 in.) above the ground, as shown in Figure 110. The positions of each 

pickup bumper and the W-beam corrugations in the previous full-scale tests are listed in Table 5 

and are shown in Figures 111 through 117. 

In all of the successful full-scale tests listed in Table 5, the top edge of the pickup’s front 

bumper was always lower than the top corrugation of the W-beam rail, as shown in Figures 112 

through 115. In all the unsuccessful full-scale tests, the top edge of the pickup’s front bumper 

was at or above the W-beam’s top corrugation height, as shown in Figures 111, 116, and 117. 

Thus, it was concluded from these full-scale tests that a conservative critical override impact 

height for the pickup truck and MGS guardrail would place the top edge of the bumper at the 

same height as the centerline of the W-beam’s top corrugation, as shown in Figure 118. 

Normally, the centerline of the W-beam’s top corrugation is 728 mm (28.7 in.) from the ground, 

as shown in Figure 110. 
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Table 4. Available Full Scale Tests of W-beam Guardrail and Pickup  
 

Pickup Truck Types MGS Guardrail Tests Other W-Beam Guardrail Tests 

2000P NPG-3, NPG-4, NPG-5 
MIW-1 (failed), MIW-2 (failed), 

2214WB-1 (failed) 

4 Wheel Drive NPG-2 (failed) NA 

2270P 2214MG-2, 2214MG-1 2214WB-2 

 

 
Figure 110. Geometric Dimension of Standard MGS Guardrail 
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Table 5. Height Comparison of Bumper Top Edge and W-beam Top Corrugation 
 

Test No. 
(Pickup Model) 

Top Edge of 
Front Bumper 

Centerline of 
W-beam Top 
Corrugation 

Test Result 

NPG-2 
(4X4 Drive) 

781 mm  
(30.7 in.) 

728 mm  
(28.7 in.) 

Pickup rode over MGS and 
rolled over behind MGS 

NPG-3 
(2000P) 

660 mm 
(26 in.) 

728 mm  
(28.7 in.) 

Passed 

NPG-4 
(2000P) 

705 mm 
(27.8 in.) 

728 mm  
(28.7 in.) 

Passed 

MIW-1 
(2000P) 

660 mm  
(26 in.) 

608 mm 
(23.9 in.) 

Pickup rolled over 

MIW-2 
(2000P) 

660 mm 
(26 in.) 

608 mm  
(23.9 in.) 

Pick went airborne and 
landed on the guardrail 

MG-1 
(2000P) 

635mm 
(25 in.) 

728 mm 
(28.7 in.) 

Passed 

MG-2 
(2270P) 

635mm 
(25 in.) 

728 mm 
(28.7 in.) 

Passed 

 
 

 
Figure 111. NPG-2 Bumper Impact Height 
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Figure 112. NPG-3 Bumper Impact Height 
 

 
Figure 113. NPG-4 Bumper Impact Height
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Figure 114. 2214MG-1 Bumper Impact Height 

 
Figure 115. 2214MG-2 Bumper Impact Height 

 
Figure 116. MIW-1 Bumper Impact Height 

 
Figure 117. MIW-2 Bumper Impact Height 
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Figure 118. Pickup-MGS Critical Override Impact Height 
 
 

10.2.3 Analysis of Pickup and W-beam Critical Impact Height 

The external forces applied on a bumper during a guardrail impact are illustrated in 

Figure 119. When the bumper first contacts the guardrail, the force (P1) between the guardrail 

and the bumper is in the lateral direction; this is the force that redirects the vehicle. The guardrail 

post is then pushed backward and rotated due to this force, as shown in Figure 120. The post 

rotation causes the W-beam rail to rise up and generates an resultant force (P2) to the vehicle. 

The force P2 lifts the vehicle and causes the vehicle to potentially vault over the guardrail. To 

prevent the vehicle from vaulting the guardrail, there has to be an opposing force P3 that 

provides downward resistance and allows for vehicle capture using vehicle-rail interlock. The 

force P3 can be obtained only if the pickup is engaged by the W beam. This can be accomplished 

if the bumper is below the W-beam’s corrugation, as shown in Figure 118. Otherwise, the 

pickup’s bumper would slip over the W-beam and possibly result in vehicle override. This 

conclusion is identical to the previous analysis of the full-scale tests. Furthermore, by reviewing 

the previous full-scale tests, it was noticed that failed test bumpers were mostly deformed on the 
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bottom and the front faces, which demonstrates that the forces were applied from the bottom and 

the front during impact, as shown in Figure 121. Additionally, in all the successful tests, bumpers 

were deformed on the top and the front faces, as shown in Figure 122. 

 
Figure 119. Illustration of Pre-Impact Condition 
 

 
Figure 120. Schematic of Guardrail Rotation during Impact  
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Figure 121. Bumper Deformation in Test  MIW-1 (Failed) 
 

 
Figure 122. Bumper Deformation in Test NPG-4 (Passed) 
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10.2.4 LS-DYNA Simulation Verification 

LS-DYNA simulations were conducted to verify the critical override impact height of the 

pickup truck and MGS guardrail. A 2000P pickup truck impacted the MGS guardrail system at 

an impact speed of 100 km/h (62.1 mph) and at an impact angle of 25 degrees. Two different 

heights were investigated. First, the top edge of the pickup’s bumper top edge was flush with the 

centerline of the W-beam rail’s top corrugation, as shown in the left picture of Figure 123. For 

this situation, the simulation results showed that the pickup truck was engaged by the MGS and 

was smoothly redirected. Second, the vehicle was lifted until the top edge of the bumper’s 

vertical surface was aligned with the centerline of the W-beam’s top corrugation, as shown in the 

right picture of Figure 123. In this situation, the simulation results showed that the pickup truck 

vaulted the MGS guardrail.  

From the analysis of the pickup truck impact into the MGS at a 25-degree angle, the 

critical override impact height of the Chevrolet C2500 ¾ ton pickup truck (2000P) was 

determined to be the top of the bumper’s corner on the impact side, as shown in Figure 124.  The 

critical override impact height of the ½-ton Dodge Ram 1500 Quad Cab pickup truck (2270P) 

was determined to be the top of the bumper’s metal corner on the impact side, as shown in 

Figure 124. The conclusions are identical to those obtained from both full-scale crash tests (test 

nos. MGSC-1 and MGSC-2). 
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                                  Captured                                                                                        Vaulted 
Figure 123. LS-DYNA Simulation of the Pickup-MGS Critical Override Impact Point 
 

     
                                         2000P                                                                                        2270P 
 
Figure 124. Pickup-W-beam Guardrail Override Critical Impact Point, 2000P and 2270P 
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10.3 Discussion 

The critical impact height for the pickup and MGS guardrail is the lowest height that can 

prevent the pickup from overriding the guardrail. Based on the investigation of previous full-

scale pickup and W-beam guardrail crash tests, analytical analysis, and LS-DYNA simulation, it 

is believed that the critical override impact event happens when the top edge of the pickup 

truck’s bumper is flush with the centerline of the top corrugation of the W-beam rail.  

However, there is at least one case in which the guardrail can still capture the vehicle 

without capturing the bumper. In 2006, MwRSF performed a full-scale crash test of the MGS 

with an approach slope (Test MGSAS-1) (17). A 2000P pickup truck impacted the MGS system 

on an 8:1 approach slope at a speed of 100.4 km/h (62.4 mph) and at an angle of 25 degrees. The 

pickup’s front bumper slid over the W-beam’s top corrugation upon impact, but the pickup was 

still captured by the guardrail. Normally, the vehicle’s front suspension is compressed due to 

gravity on the flat ground. However in this case, the pickup’s front suspension was extended 

because of the slope. Therefore, the clearance between the top of the right-front tire and the 

bottom of the bumper was increased, as shown in Figure 125. Although the bumper went above 

the W-beam, the W-beam rail was trapped between the bumper and the tire, and it captured the 

vehicle, as shown in Figure 126. This result also explained why the tire was ripped off during the 

crash, as shown in Figure 127. This result is very similar to the case when the pickup's front 

suspension was extended after curb impact. Although, under some situations, the vehicle can be 

contained without engaging the bumper, the bumper height was used to assist the pickup-MGS 

impact analysis as a conservative consideration. 
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Figure 125. Vehicle’s Front Suspension Extended Due to the Slope 
 

 

Figure 126. W-beam Rail Trapped Between the Front Wheel and the Bumper 
 

 

Figure 127. Vehicle’s Front Wheel Damage  
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10.4 Small Car-MGS Critical Impact Point 

The critical impact height for the small passenger car and MGS guardrail is the highest 

point that can prevent the small passenger car from underriding the guardrail. Due to the 

insufficient crash samples and the complexity of small car and W beam interaction, it is difficult 

to determine a specific critical impact point for the small passenger car. However, in 2004, 

MwRSF performed a small passenger car and MGS crash test (Test No. 2214MG-3), which 

proved the MGS system can contain and redirect the Kia Rio sedan (1100C) at an impact speed 

of 97.8 km (60.8 mph) and at an impact angle of 25.4 degrees on flat ground (18). Thus, test 

2214MG-3 was used as a reference to evaluate the small car and MGS critical impact. To be 

consistent with the pickup-MGS analysis, the top-front corner of the Kia Rio’s bumper was also 

chosen for critical underride impact analysis. 

In the 2214MG-3, the centerline of the bottom corrugation of the W-beam rail was 560 

mm (22 in.) above the ground, which was 89 mm (3.5 in.) higher than the small passenger car 

front bumper corner, as shown in Figure 128. Since the 2214MG-3 system safely redirected the 

small passenger car, a small car-MGS impact condition is deemed safe as long as the bumper 

corner is less than 89 mm (3.5 in.) below the bottom corrugation centerline of W-beam; 

otherwise, there might be a possibility for the small car to underride the MGS. 
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Figure 128. Small Passenger Car and MGS Impact, Test 2214MG-3  
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11 DETERMINATION OF MGS CRITICAL OFFSET BEHIND CURB 

11.1 Introduction 

Based on the analysis in Chapter 10, the impact corner of the bumper’s top edge was 

determined to be the critical impact point during vehicle-MGS interaction. An MGS installation 

was deemed to provide acceptable performance during impacts when the top corrugation of the 

W-beam rail was positioned above the pickup’s top edge of the bumper, and its bottom 

corrugation was at most 89 mm (3.5 in.) above the top edge of the small car bumper. Thus, the 

critical override/underride offset for placing the MGS behind the curb was determined by 

comparing the trajectories of the critical bumper impact points against the MGS top/bottom 

corrugation heights. However, no target was placed on the critical bumper impact points in the 

physical tests. Thus, the trajectory of the critical bumper impact points had to be transformed 

from the existing target trajectories. 

11.2 Trajectory of Critical Bumper Impact Point 

Based on an existing bumper target trajectory, a critical bumper impact point trajectory 

was transformed by coupling the bumper target trajectory with a vehicle’s pitch motion from the 

rate transducer. All of the transformations were performed in the PLD coordinate system. Then, 

each PLD data set was converted into the CLD coordinate system to show the lateral offset 

distance behind the curb. The side view of a vehicle bumper is shown in Figure 129. The 

trajectory of the target center was tracked as a part of the high-speed video analysis. With the 

distance between the target center and the bumper corner (d), the initial angle with respect to the 

horizontal (α), and the pitch angle (Өp), the trajectory of the critical bumper impact point could 

be obtained from the target trajectory using Equations 11-1 and 11-2 and Table 6. 
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Figure 129. Illustration of the Transformation of the Bumper Critical Impact Point    
Trajectory from the Bumper Target Trajectory 

 
 

Xbc =Xb + d * cos (α+Өp) Eq. 11-1 
Ybc =Yb + d * sin (α+Өp) Eq. 11-2 
 

Xbc= X coordinate of Bumper critical point  
Ybc= Y coordinate of Bumper critical point  
Xb = X coordinate of Bumper target center 
Yb = Y coordinate of Bumper target center 
dbc = Distance between bumper critical point and bumper target center 
α = Initial angle between the critical impact point and the Bumper target center 
Өp = Pitch Angle 
 

Table 6. Summary of Parameters for Bumper Critical Point Trajectory Transition 
Test No. MGSC-1 MGSC-2 MGSC-3 MGSC-4 
α (degrees) 14.04 10.30 12.41 

dbc 288 mm (11.34 in.) 284 mm (11.18 in.) 325 mm (12.8 in.) 
 

To ensure the reliability of the critical impact point trajectory transformation, the 

trajectory of a critical bumper impact point was also transformed from the C.G. target trajectory 

as a double check; details are provided in Appendix D.  
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11.3 MGS Critical Offset Behind Curb 

After the transformation, the trajectories of each pickup’s critical bumper impact point 

were plotted against the centerline height of the MGS’s top W-beam corrugation in the CLD 

coordinate system. When used in conjunction with a curb, the MGS could have two possible 

installation options. The first option (Option I) has the normal 787 mm (31 in.) height relative to 

the roadway, while the other option (Option II) has the normal 787 mm (31 in.) height relative to 

the ground behind the curb, which is 152 mm (6 in.) higher than Option I. Therefore, both MGS 

installation options are plotted, as shown in Figures 130 and 131. English-unit details are 

provided in Appendix E. 

For the Option I installation, the 2000P bumper’s critical impact point was above the W-

beam’s top corrugation between 1.14 m (3.71 ft) and 4.75 m (15.6 ft) behind the curb. The 2270P 

bumper’s critical impact point was above the top corrugation centerline beyond 1.29 m (4.23 ft) 

behind the curb in test MGSC-1, while the 2270P bumper’s critical impact point was above the 

top corrugation centerline beyond 1.13 m (3.71 ft) behind the curb in test MGSC-2, as shown in 

Figure 130. The 1100C bumper’s critical impact point was above the safe height all the way after 

curb impact, which meant the small passenger car will not underride the normal height MGS 

system behind a 152-mm (6-in.) AASHTO Type B curb, as shown in Figure 131. 

For the Option II installation, the 2000P bumper’s critical impact point is always below 

the W-beam’s top corrugation after the impact with curb. The 2270P bumper’s critical impact 

point was above the top corrugation centerline between 2.53 m (8.3 ft) and 5.03 m (16.5 ft) 

behind the curb in test MGSC-1 and beyond 1.87 m (6.11 ft) behind the curb in test MGSC-2, as 

shown in Figure 130. The 1100C bumper’s critical impact point was below the safe height before 

0.98 m (3.14 ft) and beyond 4.6 m (15.1 ft), as shown in Figure 131. 
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The safe lateral MGS offset for each vehicle type is summarized in Figures 132 and 133. 

To prevent bumper overriding and underriding when using MGS W-beam rail with Option I 

installation, the MGS should be installed either less than 1.13 m (3.71 ft) or greater than 4.93 m 

(16.2 ft) behind the curb. Similarly, the MGS with Option II installation should to be installed 

either between 0.98 m (3.14 ft) and 1.81 m (5.94 ft) or greater than 4.91 m (16.1 ft) behind the 

curb. 

 



 

 

142 

 
 
Figure 130. Pickup Bumper Critical Override Impact Point Trajectories  
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Figure 131. Small Passenger Car Critical Underride Impact Point Trajectory
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Figure 132. Safe Zone Illustration for MGS Option I Installation behind Curb 
 
 
 
 
 

 
 
Figure 133. Safe Zone Illustration for MGS Option II Installation behind Curb  
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12 MGS-CURB COMBINATION LS-DYNA SIMULATION  

To investigate the critical lateral offset distance for MGS placement behind AASHTO 

Type B curb, a series of LS-DYNA MGS-Curb-vehicle crash simulations were performed. The 

baseline model was setup using the previous vehicle-curb model with an added MGS model 

placed behind the curb. Based on the previous vehicle-curb simulation result and to ensure the 

reliability of the MGS-Curb model, the MGS offset distance investigation was only conducted 

within the range of 0.0 m (0.0 ft) to 2.24 m (7.35 ft) behind the curb. 

A 2000P pickup truck impacted the MGS-Curb combination system at an impact speed of 

100 km/h (62.1 mph) and an impact angle of 25 degrees, as shown in Figure 134. The curb was a 

152-mm (6-in.) AASHTO Type B curb. The MGS was mounted at the normal height with the 

top of the W-beam rail being 787 mm (31 in.) above the ground relative to the roadway, as 

shown in Figure 130. 

First, the test location was selected at 1.22 m (4 ft) where the 2270P’s bumper trajectory 

was below the top corrugation of the W-beam rail, while the 2000P’s bumper trajectory was 

above it, as shown in Figure 130. According to the previous bumper trajectory analysis, the 

2000P pickup truck has the potential to vault over the MGS guardrail at this distance. If this 

conclusion is confirmed by the simulation, the next point is to be selected at 1.1 m (3.61 ft) 

where the 2000P’s bumper trajectory was slightly below the W-beam top corrugation height. If 

this location fails, more simulations are to be conducted to locate the critical point that can safely 

contain the vehicle. The simulation test procedure is shown in Figure 135. 
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Figure 134. MGS-Curb and 2000P Crash Simulation Setup
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Figure 135. MGS-Curb Simulation Procedure Illustration 
 
 
12.1 Simulation No. 1 

The offset of 1.22 m (4 ft) was selected for the first simulation; the results are shown in 

Figures 136 through 140. For this offset, the top edge of the pickup’s bumper was slightly higher 

than the W-beam’s top corrugation upon impact, as shown in Figure 137. Upon impact, the 

pickup’s bumper skipped over the W-beam rail, and the vehicle kept rising after the first impact. 

Then, the front tires became airborne and came into contact with the W-beam rail. The W-beam 

rail was deformed, and the posts were rotated backward due to the impact. The deformed W-

beam rail, as well as the rotated posts, formed a ramp, which caused the pickup truck to vault 

over the guardrail. Thus, at the location of 1.22 m (4 ft) behind the curb, the MGS-curb system 

failed to capture the 2000P pickup truck, which agreed with the previous test data analysis. In 

addition, the simulation results implied that the 2000P might override the MGS earlier than the 

2270P truck. 

 

1.22 m (4 ft) Offset 

Pass 

Move MGS Further 
from the curb  End 

Move MGS Closer to the Curb  

1.1 m (3.61ft) offset Yes No Pass 

No 

Yes

Pass Yes No 
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Figure 136. Simulation No. 1 Test Location - 1.22m (4 ft) 
 

 

Figure 137. Vehicle-MGS Impact Position, Simulation No. 1 
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Figure 138. 2000P and MGS-Curb Impact Overhead Sequential, Simulation No. 1  

 

Figure 139. 2000P and MGS-Curb Impact Downstream Sequential, Simulation No. 1 
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Figure 140. 2000P and MGS-Curb Impact Side Sequential, Simulation No. 1 
 

12.2 Simulation No. 2 

Next, an offset of 1.1 m (3.61 ft) was selected for the second simulation. According to the 

previous bumper trajectory analysis, the pickup’s bumper was slightly below the centerline of the 

W-beam’s top corrugation at this point and should have been engaged by the guardrail. The 

results of simulation no. 2 are shown in Figures 141 through 146. 

At the 1.1-m (3.61-ft) offset location, the pickup’s bumper was below the centerline of 

the W-beam’s top corrugation upon impact with the rail. After the first impact, the vehicle 

moved forward, causing the W-beam to deform ahead of the vehicle. The deformation of the rail 

pushed the posts backward before the vehicle actually impacted them, as is seen in physical tests. 

Due to the backward rotation of the posts, the actual height of the W-beam rail, ahead of the 

vehicle, was lowered during impact. Thus, the pickup’s bumper moved above the W-beam’s top 

corrugation after the first impact. The W-beam rail did not engage the bumper. The vehicle 
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became airborne during the impact with the guardrail, but it did not vault over the guardrail. The 

vehicle was contained on the traffic side and was redirected by the MGS system. After the 

vehicle was redirected, the right-rear tire side-slapped the guardrail in the air. The impact force 

on the right-rear tire from the guardrail caused the pickup to yaw clockwise and to roll over, as 

shown in Figures 145 and 146. Thus, the MGS-Curb system failed to safely contain a 2000P 

pickup truck at this offset location according to the simulation. However, the simulation 

indicates that the 2000P pickup truck may not override the guardrail at this location. 

Furthermore, it was noticed in this simulation that the rebound force from the side impact of the 

vehicle’s right-rear tire and the guardrail was somewhat unrealistic. It was difficult to determine 

if the system’s failure resulted from the unrealistic rear side impact at this point. 

 

 

Figure 141. Simulation No. 2 Test Location⎯1.1m (3.61 ft) 
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Figure 142. Vehicle-MGS Impact Position, Simulation No. 2 
 

 

Figure 143. Guardrail Deformed Ahead of Vehicle 
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Figure 144. 2000P and MGS-Curb Impact Overhead Sequential, Simulation No. 2 
 

 

Figure 145. 2000P and MGS-Curb Impact Downstream Sequential, Simulation No. 2 
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Figure 146. 2000P and MGS-Curb Impact Side Sequential, Simulation No. 2 
 

12.3 Simulation No. 3 

To further investigate the critical offset of the MGS behind the curb, another simulation 

was performed with the MGS offset of 0.8 m (2.63 ft) behind the curb. According to the critical 

location analysis, this location assures that the pickup’s bumper is engaged by the W-beam. The 

results of simulation no. 3 are shown in Figures 147 through 151.  

As expected, the simulation results clearly showed the pickup’s bumper was lower than 

the W-beam’s top corrugation and was engaged by the W-beam guardrail. The vehicle was 

contained on the traffic side and was redirected by the MGS system. The truck’s front tires kept 

contact with the ground during the redirection, while the rear tires became airborne after hitting 

the curb. The right-rear tire impacted the guardrail later from the side. Upon the side impact 

between the vehicle’s right-rear tire and the guardrail, the vehicle immediately bounced off the 

guardrail and started a significant clockwise rotation in the air. Finally, the vehicle rolled over. 
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Although the MGS-Curb system failed to safely contain the 2000P pickup truck in the 

simulation, it did not mean that the real system would fail too. The vehicle was smoothly 

contained and redirected by the MGS system in the simulation until the rear tire side impact 

occurred.  

12.4 Additional Simulations 

More simulations were conducted with offset distances of 1.0 m (3.3 ft), 0.9 m (3.0 ft), 

and 0.7 m (2.3 ft). In all the simulations, the vehicle was contained and redirected with the 

bumper engaged by the W-beam rail, but all of the vehicles rolled over after the right-rear tire 

slapped the guardrail. In all of these simulations, the roll movements of the vehicle after the rear-

tire side impact seemed unrealistic. It was believed that the pickup model’s rear tire and rear 

suspension did not replicate the side impact correctly. Further investigation is needed to improve 

the pickup truck model. 

12.5 Simulation Summary 

A series of LS-DYNA simulations on the MGS-Curb combination system was conducted 

to verify the previous bumper trajectory analysis. 

The first simulation was performed with an MGS offset of 1.22 m (4 ft) behind the curb. 

According to the previous trajectory analysis, the 2270P pickup truck should be engaged by the 

guardrail at this point, while the 2000P pickup truck will override the guardrail. The simulation 

result showed that the 2000P truck vaulted over the MGS guardrail at this location behind the 

curb, which verified the previous trajectory analysis. 
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Figure 147. Simulation No. 3 Test Location - 0.8 m (2.63 ft) 
 

 

Figure 148. Pickup-MGS Impact Position, Simulation No. 3 
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Figure 149. 2000P and MGS-Curb Impact Overhead Sequential, Simulation No. 3 
 
 

 

Figure 150. 2000P and MGS-Curb Impact Downstream Sequential, Simulation No. 3 
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Figure 151. 2000P and MGS-Curb Impact Side Sequential, Simulation No. 3 
 
 

The second simulation was performed with an MGS offset of 1.1 m (2.61 ft) behind the 

curb. According to the previous trajectory analysis, the 2000P’s bumper top edge trajectory was 

slightly below the W-beam’s top corrugation centerline at this location. Thus, the 2000P’s 

bumper should be engaged by the MGS at this location. The simulation showed the bumper’s top 

edge was below the W-beam’s top corrugation upon the impact, but it moved above the top 

corrugation later due to the rotation of the posts ahead of the vehicle. However, the vehicle was 

still contained on the traffic side and did not vault over the guardrail at this offset location. A 

possibly unrealistic roll movement from the rear tire’s side impact with the guardrail was 

observed in this simulation. 

More simulations were conducted with closer MGS offsets behind the curb. These 

simulations showed that at closer offset distances, the pickup’s bumper was engaged by the 

guardrail during impact. The pickup truck was contained and redirected by the MGS in all 
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simulations. However, increasingly unrealistic vehicle roll movements from the rear-tire side 

impact were observed in all the close-offset simulations. It is believed the pickup model did not 

replicate the rear tire/suspension side impact with the guardrail correctly. More investigation is 

needed to improve the truck model in the future in order to more accurately capture behavior late 

in the event. 
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13 SUMMARY AND CONCLUSIONS 

Four crash tests were performed to investigate vehicle behavior after impacting a 152-

mm (6-in.) high, AASHTO Type B curb. Two tests were conducted with 2270P pickup trucks, 

one test was conducted with an 1100C small passenger car, and one test was performed with a 

2000P pickup truck. A summary of the safety performance evaluation for the four tests is 

provided in Table 7. 

The first test, test no. MGSC-1, consisted of a 2,253-kg (4,966-lb) pickup truck impacting 

the curb at a speed of 100.0 km/h (62.1 mph) and an angle of 25 degrees. The vehicle ran over 

the curb without changing heading direction. No damage to the vehicle was observed. The 

pickup was partially airborne after the impact. Both the C.G. and bumper trajectories showed the 

vehicle descended after it reached the peak at a certain distance behind the curb. 

The second test, test no. MGSC-2, consisted of a 2,253-kg (4,966-lb) pickup truck 

impacting the curb at a speed of 100.8 km/h (62.6 mph) and an angle of 25 degrees. The vehicle 

ran over the curb without changing the heading direction. No damage to the vehicle was 

observed. The pickup was partially airborne after the impact. Both the C.G. and bumper 

trajectories were higher than test MGSC-1. The C.G. target trajectory had a similar trend as in 

test MGSC-1, while the bumper trajectory developed quite differently when compared to test 

MGSC-1. The bumper trajectory in test MGSC-2 kept increasing until it was out of view. 

The third test, test no. MGSC-3, consisted of a 1,154-kg (2,254-lb) small passenger car 

impacting the curb at a speed of 99.1 km/h (61.6 mph) and an angle of 25 degrees. The vehicle’s 

tires and wheel rims were damaged by the impact. No other damage was found on the vehicle. 

The small passenger car became airborne after the impact. 
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The final test, test no. MGSC-4, consisted of a 2,032-kg (4,479-lb) pickup truck 

impacting the curb at a speed of 100.6 km/h (62.5 mph) and an angle of 25 degrees. The vehicle 

ran over the curb without notable any damage to the vehicle. The pickup was airborne after the 

impact. Significant pitch-down movement was observed after the vehicle reached its peak height. 

Through analysis, the top edge of the pickup’s front bumper was determined to be the 

critical impact height for the MGS impact. The pickup truck was considered safe as long as the 

bumper’s top edge did not pass the centerline of the W-beam’s top corrugation. The small car’s 

trajectory was evaluated using the successful impact height of test 2214MG-3. It was considered 

safe if the small car’s impact height was higher than the impact height used in test 2214MG-3. 

The vehicle’s trajectories were recorded using the high-speed video analysis. To bring 

them into phase for analysis, the raw trajectory data were transformed into Processed 

Longitudinal Distance (PLD) coordinates and Processed Curb-Lateral Distance (CLD) 

coordinates. The processed trajectories were compared against the MGS’s height to determine 

the critical lateral offset behind the curb. The normal MGS installation heights with and without 

a 152-mm (6-in.) vertical offset were both evaluated. For the MGS height of the Option I 

installation, the analysis indicated that the 2270P pickup might override the MGS placed greater 

than 1.13 m (3.71 ft) (from test MGSC-2) and beyond 1.29 m (4.23 ft) (from MGSC-1) behind 

the curb, the 2000P pickup might override the MGS placed between 1.14 m (3.71 ft) and 4.75 m 

(15.6 ft) behind the curb, and the 1100C will not underride the MGS. For the MGS height of the 

Option II installation, the 2270P might override the MGS placed between 1.81 m (5.94 ft) (from 

test MGSC-2) and 5.03 m (16.5 ft) (from test MGSC-1) behind the curb, the 2000P will not 

override the MGS, and the 1100C might underride the MGS placed closer than 0.98 m (3.14 ft) 

and greater than 4.6 m (15.1 ft) behind the curb. 
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An LS-DYNA simulation was performed to replicate test MGSC-4 using the current 

2000P pickup model. Results of the simulation indicated that the current pickup model was fairly 

accurate to predict the vehicle trajectory within 2.24 m (7.35 ft) behind the curb, and the current 

tire model could accurately capture the tire deformation upon impact.  

Based on the trajectory analysis, a series of LS-DYNA simulations was performed to 

determine the critical lateral offset of the MGS behind a curb. Results of the simulation indicated 

that: (1) at 1.22 m (4 ft) behind the curb, where the 2000P bumper was slightly higher than the 

top corrugation of the MGS, the guardrail did not capture the vehicle and the vehicle vaulted 

over the guardrail; (2) at 1.1 m (3.61 ft) behind the curb, where the 2000P bumper was slightly 

lower than the top corrugation of the MGS, the vehicle did not vault over the guardrail, though 

the bumper was not captured by the MGS due to the post rotation; and (3) at 0.8 m (2.63 ft) 

behind the curb, where the 2000P bumper was significantly lower than the top corrugation of the 

MGS, the bumper was captured by the MGS and the vehicle was contained on the traffic side. 

However, an unrealistic side impact between the right-rear tire and the MGS caused the pickup 

to roll over. Future investigations need to be performed to improve the current 2000P pickup 

model. 
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Table 7. Vehicle-Curb Test Summary 

Test No. MGSC-1 MGSC-2 MGSC-3 MGSC-4 

Test Date: 10/11/2007 10/12/2007 10/23/2007 10/23/2007 

Test Vehicle: 
2003 Dodge Ram 1500 Quad Cab 

(2270P) 
 

2002 
Kia Rio 
(1100C) 

1999 
Chevy C2500 

(2000P) 

Curb Type: 152-mm (6-in.) AASHTO Type B 

Impact Speed: 100.0 km/h  
(62.1 mph) 

100.8 km/h 
(62.6 mph) 

99.1 km/h 
(61.6 mph) 

100.6 km/h 
(62.5 mph) 

Impact Angle: 25 degrees 

Maximum 
Vertical 

Displacement 

C.G. 
Target 

445 mm 
(17.5 in.) 

660 mm 
(25.9 in.) 

236 mm 
(9.3 in.) 

265 mm 
(10.4 in.) 

Bumper 
Target: 

345 mm 
(13.6 in.) 

548 mm 
(21.6 in.) 

320 mm 
(12.6 in.) 

215 mm 
(8.5 in.) 
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14 FUTURE RESEARCH 

The current analysis was only based on the vehicle’s vertical trajectory, and the curb-

MGS combination was deemed safe as long as the vehicle’s impact height was within a certain 

range. This “Height-Safety-Criteria” assumes the vehicle is flat upon impact with the MGS. 

However, due to the prior curb impact, the vehicle might strike the MGS with different pitch and 

roll positions. The vehicle’s pitch and roll angles upon impact with the MGS are also critical in 

addition to the vertical impact height. If the pitch and roll angles are beyond certain values, the 

vehicle might still vault, override, underride, and/or roll over the guardrail, even if the vehicle’s 

impact height met the “Height-Safety-Criteria”. Thus, additional investigation is recommended 

to determine the critical impact pitch and roll angles for vehicle-MGS impacts.  

Because the current truck model could not accurately predict the vehicle trajectory after 

2.24 m (7.35 ft) behind the curb, full-scale tests need to be conducted to determine the critical 

offset, if the MGS is desired to be installed farther behind the curb. In addition, future 

investigations of the unloading performance and side impact performance of the rear suspension 

are recommended to improve the current pickup truck model. 
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APPENDIX A  

VEHICLE-CURB TEST SETUP (ENGLISH UNITS) 

Figure A-1. System Layout (English Units) 
Figure A-2. Curb Detail (English Units) 
Figure A-3. Bill of Bars (English Units) 
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Figure A-1. System Layout (English Units) 
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Figure A-2. Curb Detail (English Units) 
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Figure A-3. Bill of Bars (English Units) 
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APPENDIX B  

RAW TEST RESULTS (ENGLISH UNITS) 

Figure B-1. C.G. Target Vertical Displacement vs. Time, Test MGSC-1 (2270P) 
Figure B-2. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-1 (2270P) 
Figure B-3. Bumper Target Vertical Displacement vs. Time, Test MGSC-1 (2270P) 
Figure B-4. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-1 (2270P) 
Figure B-5. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-1 (2270P) 
Figure B-6. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-1 (2270P) 
Figure B-7. C.G. Target Vertical Displacement vs. Time, Test MGSC-2 (2270P) 
Figure B-8. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-2 (2270P) 
Figure B-9. Bumper Target Vertical Displacement vs. Time, Test MGSC-2 (2270P 
Figure B-10. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-2 (2270P) 
Figure B-11. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-2 (2270P) 
Figure B-12. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-2 (2270P) 
Figure B-13. C.G. Target Vertical Displacement vs. Time, Test MGSC-3 (1100C) 
Figure B-14. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance,   
 Test MGSC-3 (1100C) 
Figure B-15. Bumper Target Vertical Displacement vs. Time, Test MGSC-3 (1100C) 
Figure B-16. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-3 (1100C) 
Figure B-17. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-3 (1100C) 
Figure B-18. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-3 (1100C)) 
Figure B-19. C.G. Target Vertical Displacement vs. Time, Test MGSC-4 (2000P) 
Figure B-20. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-4 (2000P) 
Figure B-21. Bumper Target Vertical Displacement vs. Time, Test MGSC-4 (2000P) 
Figure B-22. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, 

Test MGSC-4 (2000P) 
Figure B-23. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-4 (2000P) 
Figure B-24. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-4 (2000P) 
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Figure B-1. C.G. Target Vertical Displacement vs. Time, Test MGSC-1 (2270P) 
 

 
 

Figure B-2. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-1 (2270P) 
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Figure B-3. Bumper Target Vertical Displacement vs. Time, Test MGSC-1 (2270P) 
 

 
 

Figure B-4. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance Test 
MGSC-1 (2270P) 
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Figure B-5. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-1 (2270P) 
 

 
 

Figure B-6. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-1 
(2270P) 
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Figure B-7. C.G. Target Vertical Displacement vs. Time, Test MGSC-2 (2270P) 
 

 
 

Figure B-8. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-2 (2270P)  
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Figure B-9. Bumper Target Vertical Displacement vs. Time, Test MGSC-2 (2270P) 
 
 

 
 

Figure B-10. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-2 (2270P)  
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Figure B-11. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-2 (2270P) 
 

 
 

Figure B-12. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-2 
(2270P) 
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Figure B-13. C.G. Target Vertical Displacement vs. Time, Test MGSC-3 (1100C) 
 

 
 

Figure B-14. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-3 (1100C)  



 
 

179 
 

 
 

Figure B-15. Bumper Target Vertical Displacement vs. Time, Test MGSC-3 (1100C) 
 

 
 

Figure B-16. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-3 (1100C)   
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Figure B-17. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-3 (1100C) 
 

 
 

Figure B-18. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-3 
(1100C) 
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Figure B-19. C.G. Target Vertical Displacement vs. Time, Test MGSC-4 (2000P) 
 

 
 
Figure B-20. C.G. Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-4 (2000P) 
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Figure B-21. Bumper Target Vertical Displacement vs. Time, Test MGSC-4 (2000P) 
 

 
 

Figure B-22. Bumper Target Vertical Displacement vs. Raw Longitudinal Distance, Test 
MGSC-4 (2000C)  
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Figure B-23. C.G. Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-4 (2000P) 
 

 
 

Figure B-24. Bumper Target Trajectory vs. Raw Longitudinal Distance, Test MGSC-4 
(2000P) 
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APPENDIX C  

ACCELOROMETER AND RATE TRANSDUCER DATA 

Figure C-1. Graph of Longitudinal Deceleration, Test MGSC-1 (2270P) 
Figure C-2. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-1 (2270P) 
Figure C-3. Graph of Longitudinal Occupant Displacement, Test MGSC-1 (2270P) 
Figure C-4. Graph of Lateral Occupant Impact Velocity, Test MGSC-1 (2270P) 
Figure C-5. Graph of Lateral Deceleration, Test MGSC-1 (2270P) 
Figure C-6. Graph of Lateral Occupant Displacement, Test MGSC-1 (2270P) 
Figure C-7. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-1 (2270P) 
Figure C-8. Graph of Longitudinal Deceleration, Test MGSC-1 (2270P) 
Figure C-9. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-1 (2270P) 
Figure C-10. Graph of Longitudinal Occupant Displacement, Test MGSC-2 (2270P) 
Figure C-11. Graph of Lateral Occupant Impact Velocity, Test MGSC-2 (2270P) 
Figure C-12. Graph of Lateral Deceleration, Test MGSC-2 (2270P) 
Figure C-13. Graph of Lateral Occupant Displacement, Test MGSC-2 (2270P) 
Figure C-14. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-2 (2270P) 
Figure C-15. Graph of Longitudinal Deceleration, Test MGSC-3 (1100C) 
Figure C-16. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-3 (1100C) 
Figure C-17. Graph of Longitudinal Occupant Displacement, Test MGSC-3 (1100C) 
Figure C-18. Graph of Lateral Occupant Impact Velocity, Test MGSC-3 (1100C) 
Figure C-19. Graph of Lateral Deceleration, Test MGSC-3 (1100C) 
Figure C-20. Graph of Lateral Occupant Displacement, Test MGSC-3 (1100C) 
Figure C-21. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-3 (1100C) 
Figure C-22. Graph of Longitudinal Deceleration, Test MGSC-4 (2000P) 
Figure C-23. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-4 (2000P) 
Figure C-24. Graph of Longitudinal Occupant Displacement, Test MGSC-4 (2000P) 
Figure C-25. Graph of Lateral Occupant Impact Velocity, Test MGSC-4 (2000P) 
Figure C-26. Graph of Lateral Deceleration, Test MGSC-4 (2000P) 
Figure C-27. Graph of Lateral Occupant Displacement, Test MGSC-4 (2000P) 
Figure C-28. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-4 (2000P) 
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    Figure C-1. Graph of Longitudinal Deceleration, Test MGSC-1 (2270P) 
 

 
   Figure C-2. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-1 (2270P) 
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 Figure C-3. Graph of Longitudinal Occupant Displacement, Test MGSC-1 (2270P) 
 

 
Figure C- 4. Graph of Lateral Deceleration, Test MGSC-1 (2270P) 
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   Figure C-5. Graph of Lateral Occupant Impact Velocity, Test MGSC-1 (2270P) 
 

 
Figure C-6. Graph of Lateral Occupant Displacement, Test MGSC-1 (2270P)
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         Figure C-7. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-1 (2270P)
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  Figure C-8. Graph of Longitudinal Deceleration, Test MGSC-2 (2270P) 
 

 
 Figure C-9. Graph of Longitudinal Occupant Impact Velocity, MGSC-2 (2270P) 
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Figure C-10. Graph of Longitudinal Occupant Displacement, Test MGSC-2 (2270P) 
 

 
 

  Figure C-11. Graph of Lateral Deceleration, Test MGSC-2 (2270P) 
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 Figure C-12. Graph of Lateral Occupant Impact Velocity, Test MGSC-2 (2270P) 
 

 
 

Figure C-13. Graph of Lateral Occupant Displacement, Test MGSC-2 (2270P)
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    Figure C-14. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-2 (2270P)  
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 Figure C-15. Graph of Longitudinal Deceleration, Test MGSC-3 (1100C) 
 

 
 

 Figure C-16. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-3 (1100C) 



 
 

194 
 

 
 

Figure C-17. Graph of Longitudinal Occupant Displacement, Test MGSC-3 (1100C) 
 

 
 

Figure C-18. Graph of Lateral Deceleration, Test MGSC-3 (1100C) 
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Figure C-19. Graph of Lateral Occupant Impact Velocity, Test MGSC-3 (1100C) 
 

 
 

Figure C-20. Graph of Lateral Occupant Displacement, Test MGSC-3 (1100C)
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    Figure C-21. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-3 (1100C) 
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Figure C-22. Graph of Longitudinal Deceleration, Test MGSC-4 (2000P) 
 

 
 

Figure C-23. Graph of Longitudinal Occupant Impact Velocity, Test MGSC-4 (2000P) 



 
 

198 
 

 
 

Figure C-24. Graph of Longitudinal Occupant Displacement, Test MGSC-4 (2000P) 
 

 
 

Figure C-25. Graph of Lateral Deceleration, Test MGSC-4 (2000P) 
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Figure C-26. Graph of Lateral Occupant Impact Velocity, Test MGSC-4 (2000P) 
 

 
 

Figure C-27. Graph of Lateral Occupant Displacement, Test MGSC-4 (2000P)
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Figure C-28. Graph of Roll, Pitch, and Yaw Angular Displacements, Test MGSC-4 (2000P) 
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APPENDIX D  

TRANSFORMATION OF BUMPER CRITICAL IMPACT POINT TRAJECTORY 
FROM C.G. TARGET TRAJECTORY 

 
The critical point trajectory was transformed from the C.G. target trajectory as a double 

check of the transformation from the bumper target trajectory. The transformation was conducted 

by coupling the C.G. target trajectory from the video analysis with the vehicle’s pitch movement 

from the rate transducer using Figure D-1, Equations D-1 and D-2, and Table D-1. All of the 

transformations were first performed in the PLD coordinate system. Then, the PLD data were 

converted into CLD coordinate system to show the offset distance behind the curb. Due to the 

availability of measurement data, the transitions were only performed on the three pickup tests. 

The transition results were compared with the previous transitions from the bumper targets, as 

shown in Figures D-2 through D-4. Since it presented a good agreement with the transition from 

the bumper target, it proved the reliability of the previous transitions. 

 

 

Figure D-1. Illustration of the Transition of bumper Critical Point Trajectory for C.G. 
Target Trajectory 
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Xbc =Xc + dbc * cos (α+Өp) Eq. D-1 
Ybc =Yc + dbc * sin (α+Өp) Eq. D-2 
 

Xbc= X coordinate of Bumper critical point  
Ybc= Y coordinate of Bumper critical point  
Xc = X coordinate of C.G. target center 
Yc = Y coordinate of C.G. target center 
dbc = Distance between bumper critical point and C.G. target center 
α = Initial angle between the critical impact point and the C.G. target center 
Өp = Pitch Angle 
 

Table D-1. Summary of Parameters for Bumper Critical Point Trajectory Transition 
 

Test No. MGSC-1 MGSC-2 MGSC-3 MGSC-4 
α (degrees) -2.71 NA 0.295 

dbc 
2463.8 mm 

(97 in.) NA 2415.7 mm 
(95.1 in.) 

 
 

 
 
Figure D-2. Transition Comparison of the 2270P Pickup Critical Point Trajectory, Test 

MGSC-1 
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Figure D-3. Transition Comparison of the 2270P Pickup Critical Point Trajectory, Test 
MGSC-2 
 

 
 

Figure D-4. Transition Comparison of the 2000P Pickup Critical Point Trajectory, Test 
(MGSC-4)  
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APPENDIX E  

VEHICLE BUMPER CRITICAL IMPACT POINT TRAJECTORIES (ENGLISH UNITS) 

Figure E-1. Pickup Bumper Critical Override Impact Point Trajectories (English) 
Figure E-2. Small Passenger Car Critical Underride Impact Point Trajectory (English) 
Figure E-3. Safe Zone Illustration for MGS Option I Installation behind Curb (English) 
Figure E-4. Safe Zone Illustration for MGS Option II Installation behind Curb (English) 
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Figure E-1. Pickup Bumper Critical Override Impact Point Trajectories 
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Figure E-2. Small Passenger Car Critical Underride Impact Point Trajectory 
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Figure E-3. Safe Zone Illustration for MGS Option I Installation behind Curb 

 
 
 
 

 
 
Figure E-4. Safe Zone Illustration for MGS Option II Installation behind Curb 
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