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DISCLAIMER 

The contents of this report reflect the views of the authors, who are solely 
responsible for the facts and accuracy of the data and the opinions, findings, and 
conclusions presented herein. The contents do not necessarily reflect the official views 
or policies of the Roadside Safety Pooled Fund Group, The Texas A&M University 
System, or the Texas A&M Transportation Institute (TTI). This report does not constitute 
a standard, specification, or regulation. In addition, the above listed 
agencies/companies assume no liability for its contents or use thereof. The names of 
specific products or manufacturers listed herein do not imply endorsement of those 
products or manufacturers.  

The Proving Ground Laboratory within TTI’s Roadside Safety and Physical 
Security Division (“TTI Lab”) strives for accuracy and completeness in its crash test 
reports. On rare occasions, unintentional or inadvertent clerical errors, technical errors, 
omissions, oversights, or misunderstandings (collectively referred to as “errors”) may 
occur and may not be identified for corrective action prior to the final report being 
published and issued. If, and when, the TTI Lab discovers an error in a published and 
issued final report, the TTI Lab will promptly disclose such error to the Roadside Safety 
Pooled Fund Group, and both parties shall endeavor in good faith to resolve this 
situation. The TTI Lab will be responsible for correcting the error that occurred in the 
report, which may be in the form of errata, amendment, replacement sections, or up to 
and including full reissuance of the report. The cost of correcting an error in the report 
shall be borne by the TTI Lab. Any such errors or inadvertent delays that occur in 
connection with the performance of the related testing contract will not constitute a 
breach of the testing contract.  

 

THE TTI LAB WILL NOT BE LIABLE FOR ANY INDIRECT, CONSEQUENTIAL, 
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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS 

Symbol When You Know Multiply By To Find Symbol 

LENGTH 
in inches 25.4 millimeters mm 
ft feet 0.305 meters m 
yd yards 0.914 meters m 
mi miles 1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 
ft2 square feet 0.093 square meters m2 
yd2 square 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 

TEMPERATURE (exact degrees) 
°C Celsius 1.8C+32 Fahrenheit °F 

FORCE and PRESSURE or STRESS 
N newtons 0.225 poundforce lbf 
kPa kilopascals 0.145 poundforce per square inch lb/in2 

*SI is the symbol for the International System of Units 
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 INTRODUCTION 

1.1. BACKGROUND 

Bridge parapets are used to protect errant vehicles from departing the bridge into a 
hazard. Some parapets are mounted directly to the deck or on a raised sidewalk. The 
placement location is important since it can affect the safety performance of the 
parapet. There have been many studies regarding the safety performance of bridge 
parapets. However, most of the studies were related to parapets mounted on the deck 
directly, and only a few have accounted for the presence of a curb and sidewalk.  More 
research is needed since a curb is installed for functions such as drainage, right-of-way 
reduction, and sidewalk separation [1]. 

To evaluate the safety performance of new roadside hardware, the American 
Association of State Highway and Transportation Officials (AASHTO) provides the 
Manual for Assessing Safety Hardware (MASH) as guidelines [2]. MASH includes test 
standard matrices which depend on test level conditions and safety requirements 
specified for each test level. In this study, Test Level 2 (TL-2) and to some degree Test 
Level 3 (TL-3) impact conditions on curbs are investigated. Table 1.1 illustrates the 
MASH recommendations for each condition. A passenger car and a pickup truck are 
designated as the 1100C and 2270P test vehicles, respectively. 

 

Table 1.1. Test Matrices for MASH TL-2 and TL-3 for Longitudinal Barriers [2] 

Test 
level 

Test 
No. 

Vehicle 
Impact 

speed, mi/h 
(km/h) 

Impact 
angle, θ, 

deg. 

Evaluation 
criteria 

2 
2-10 1100C 44 (70.0) 25 A, D, F, H, I 

2-11 2270P 44 (70.0) 25 A, D, F, H, I 

3 
3-10 1100C 62 (100.0) 25 A, D, F, H, I 

3-11 2270P 62 (100.0) 25 A, D, F, H, I 

 

A curbed sidewalk has two key design variables that make the curb profile: the 
curb height and the curb slope. The parapet heights and locations are studied for 
several curb profiles. Figure 1.1 shows the explanation of each variable. As shown in 
Table 1.2, 8-inch-tall curb profiles are studied with various slopes values. If the curb 
slope becomes shallower, the vehicle can traverse the curb in a smoother fashion. Curb 
designated as No.1, the 8-inch-tall and 2-inch offset curb profile, is first considered for 
investigation since it is a very common curb profile.  
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Figure 1.1. Design Variables for a Curbed Sidewalk 

 

Table 1.2. Curb Profiles for Placement Guidelines 

 
Curb height 

(inches) 
Curb offset 

(inches) 
Impact 

conditions 

No.1 8 2 TL-2 & TL-3 

No.2 8 3 TL-2 & TL-3 

No.3 8  1 TL-2 & TL-3 

 

The placement guidelines are developed from the results of the parametric 
simulations. These guidelines will assist state agencies in choosing appropriate parapet 
systems.  

 

1.2. RESEARCH METHODOLOGIES 

This study utilizes full-scale trajectory testing and computer simulations to develop the 
placement guidance. Computer simulations using LS-DYNA are used for the parametric 
analyses and full-scale crash testing has been conducted to calibrate the models. The 
testing can capture the vehicular trajectories when the test vehicles travel across the 
sidewalk after impact with a curb as shown in Figure 1.2. To calibrate the finite element 
(FE) vehicle model, a previous study undertaken by the California Department of 
Transportation (Caltrans) was referenced [3]. This study includes crash testing the Type 
732SW bridge rail system under MASH TL-3 and TL-2 conditions. 

 

 

Figure 1.2. Vehicular Trajectories 

The computer simulations were performed using the ANSYS LS-DYNA [4] 
explicit finite element code. The simulation model is compared with full-scale crash 

Parapet height 

Lateral distance from the 
curb 

Curb 
slope 

Curb height 
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testing results so it can be calibrated to better represent the reasonable behavior of the 
phenomenon of interest.  

Once the model is reasonably calibrated, parametric simulations are conducted 
to determine appropriate parapet heights and lateral distances from the curb edge. 
Figure 1.3 shows the overall flow chart of the research. 

 

 

Figure 1.3. Flow Chart of Research 

1.3. OBJECTIVES 

The objective of this research is to propose placement guidelines for bridge parapets on 
sidewalks with curbs under MASH TL-2 conditions. The placement guidelines are to 
provide the range of parapet heights and locations for curbed sidewalks that do not 
present propensity for vehicular instability or high occupant risk metrics. Therefore, the 
guidelines are expected to be useful for practicing engineers and user agencies. These 
parapets are expected to be designed to withstand such the impact loading hence no 
strength calculation is performed and the model use a rigid behavior for the parapet.  

 

 

 

Vehicle model 
calibration 

Trajectory 
testing on 
sidewalk 

Multiple simulations with 
the different curb profile 

Parametric 
analysis 

Development of 
placement 
guidelines 
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 LITERATURE REVIEW 

2.1. INTRODUCTION 

Key literature review is presented herewith. There are relevant full-scale crash testing 
literatures of bridge parapet systems on a sidewalk with a curb and available past 
studies on placement guidelines of curb and guardrail systems. 

2.2. STUDY OF CURBED SIDEWALKS 

There have been several past studies investigating bridge rail systems on a curbed 
sidewalk which include different levels of full-scale crash testing. Buth et al [5] 
conducted the performance evaluation of many different types of bridge rails and 
transitions. Among them, two bridge railing types, BR27D and BR27C, were tested on a 
sidewalk with a curb. They were also tested on a deck without a sidewalk and results 
were compared with the curbed sidewalk. As seen in Figure 2.1, the height of the curb 
was 8 inches, and the curb had a 1-inch offset. The testing was conducted using 1989 
AASHTO’s guide specifications [6]. The specifications had a total of three performance 
levels as shown in Table 2.1. BR27D and BR27C bridge railings were evaluated under 
Performance Level 1 and 2, respectively. While test results indicated minor damage to 
the railing systems, they nonetheless contained and redirected the test vehicles. 
Additionally, the same systems on a deck showed increased safety. Hence, both 
BR27D and BR27C bridge railings were considered acceptable per the AASHTO guide 
specifications. 

 

 

  
(a) BR27D (b) BR27C 

Figure 2.1. Cross Sections of BR27D and BR27C Bridge Railings on Sidewalk [5] 
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Table 2.1. Bridge Railing Performance Levels and Crash Test Criteria [6] 

Performance 
Levels 

Test Speeds – mi/h 

Impact Angles 

Small 
Automobile 

(θ = 20 
deg.) 

Pickup Truck 
(θ = 20 deg.) 

Medium 
Single-Unit Truck 

(θ = 15 deg.) 

Van-Type 
Tractor-Trailer 
(θ = 15 deg.) 

PL-1 50 45   

PL-2 60 60 50  

PL-3 60 60  50 

 

Caltrans conducted two studies to crash test two parapet systems, Type 80SW 
and Type 732SW [3, 8]. The studies followed NCHRP Report 350 [9] and MASH [2], 
respectively. The first study saw the evaluation of Type 80SW under Test Level 4 (TL-4) 
as seen in Table 2.2. TL-4 required three tests for each vehicle type; however, the 820C 
test did not fully meet the requirements. Thus, an additional 820C test was performed 
with the modified bridge rail design. Figure 2.2 shows the designed cross section and its 
actual construction. Out of a total of four tests, the 2000P test showed a snagging 
problem. Upon impact, the vehicle’s hood hooked on the handrails, causing it to detach 
at the opposite end of the impacting location. Further, NCHRP Project 12-33 [7] and the 
1989 AASHTO guide specifications [6] dictate that a pedestrian sidewalk should not be 
used for highways with a speed of 43.5 mi/h (70 km/h) or greater. For these two 
reasons, the Type 80SW bridge rail was finally recommended for roadways requiring 
TL-2 conditions. 

 

Table 2.2. Test Matrices for Test Level 4 in NCHRP Report 350 [9] 

Test 
Level 

Test 
designation 

Impact conditions 
Evaluation 

criteria Vehicle 
Nominal speed 

(km/h) 
Nominal Angle 

(degree) 

4 

4-10 820C 62.1 20 A,D,F,H,I(J),K,M 

4-11 2000P 62.1 25 A,D,F,K,L,M 

4-12 8000S 49.7 15 A,D,G,K,M 
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Figure 2.2. Cross Section and Installation of Type 80SW [8] 

The second study undertaken by Caltrans was to crash test the Type 732SW 
under MASH TL-3 conditions [3]. Figure 2.3 shows the cross section and construction. 
An 1100C passenger car and a 2270P pickup truck were used for TL 3-10 and TL 3-11, 
respectively. TL 3-10 revealed that the bridge rail did not satisfy the limits required by 
MASH. For this reason, one supplementary test was executed under TL 2-10 
conditions. TL 2-10 and TL 3-11 test results satisfied the requirements. Consequently, 
the Type 732SW bridge rail was recommended for use with pedestrian sidewalks under 
TL-2 conditions. 

  
Figure 2.3. Cross Section and Installation of Type 732SW [3] 

This study includes trajectory tests under TL-2 conditions; TL-3 tests are 
excluded. Thus, the crash test of the Type 732SW bridge rail is referenced throughout 
the course of this research. 

2.3. PLACEMENT OF CURB AND GUARDRAIL SYSTEM 

Researchers at the Midwest Roadside Safety Facility (MwRSF) conducted trajectory 
tests of a pickup truck and a passenger car impacting with a 6-inch curb [10]. The 
purpose of the study was to determine the lateral offset from the curb for the Midwest 
Guardrail System (MGS). A total of four trajectory tests were conducted: two 2270P 
pickup truck tests, an 1100C passenger car test, and a 2000P pickup truck test. The 
2000P pickup truck was in accordance with NCHRP Report 350, and it was the only one 
vehicle model used for simulations. Others were in accordance with MASH and were 
not used for simulations. From the trajectory tests, the critical impact point (CIP) of each 
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vehicle was determined and compared with MGS height. Safe ranges for the lateral 
offset of the guardrail were then determined so that the vehicles do not override the 
guardrail. Figure 2.4 shows the results of the pickup truck tests. Multiple simulations 
using a 2000P pickup truck were performed to validate the relationship therein. 
Simulation results generally correlated with testing results. However, there was one 
discrepancy in the vehicle model related to the impact between the rear tires and 
guardrail which caused a different trajectory than observed in a full-scale crash test after 
the vehicle model was redirected. The issue has remained throughout the research. 

 
Figure 2.4. Relationship Between the Critical Impact Point  

and the Lateral Offset of MGS [10] 

Plaxico [11] studied the placement guidelines for curbs and curb-guardrail 
combination systems in cases where vehicular speeds are 37.3 mi/h (60 km/h) or 
higher. This study and other previous literature covering both full-scale crash testing 
and simulation testing was extensively reviewed. Full-scale crash testing and simulation 
testing was also conducted. The relationships between vehicular speeds, curb heights, 
and lateral offset distances of guardrails were analyzed by drawing from both the 
literature and from testing results. Finally, placement guidelines are recommended as 
seen in Figure 2.5. 
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Figure 2.5. Guidelines for the Use of Curbs [11] 

 



 

TR No. 614091-01 9 2024-04-18 

 FULL-SCALE TESTING 

3.1. TEST INSTALLATION DETAILS 

The test installation consisted of a reinforced concrete slab measuring 60 ft long × 29 ft 
wide × and 8 in thick, cast in-place on the existing concrete runway. The traffic face of 
the slab had a top edge radius of 3 inches and sloped outward 2 inches to the bottom of 
the slab. 

The specified compressive strength of the concrete used in the sidewalk and 
curb was 4000 psi. On January 12, 2021, fifteen days before the first test, the average 
compressive strength of the concrete was 5565 psi. 

Figure 3.1 provides photographs of the installation, and Figure 3.2 presents the 
overall information on the sidewalk. Drawings were provided by the Texas A&M 
Transportation Institute (TTI) Proving Ground, and construction was performed by TTI 
Proving Ground personnel. 

  

  
 

Figure 3.1. Sidewalk Prior to Testing 
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Figure 3.2. Sidewalk Details 
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3.2. TEST NO. 614091-01-1 

3.2.1. Impact Conditions 

Table 3.1 shows the target impact conditions for Test No. 614091-01-1 on the 8-inch 
sidewalk. Figure 3.3 depicts the target impact setup. 

Table 3.1. Target Impact Conditions for Test No. 614091-01-1 

Test Vehicle 1100C Small Car weighing 2420 lb ± 55 lb 

Impact Speed 44 mi/h ± 2.5 mi/h 

Impact Angle 25 degrees ± 1.5 degrees 

Impact Point 240 inches ±  12 inches from left edge of the 8-inch-tall sidewalk 

 

  
  

Figure 3.3. Sidewalk/Test Vehicle Geometrics for Test No. 614091-01-1 

Table 3.2 shows the actual impact conditions for Test No. 614091-01-1 on the 8-
inch sidewalk. 

Table 3.2. Actual Impact Conditions for Test No. 614091-01-1 

Test Vehicle 2014 Nissan Versa weighing 2446 lb 

Impact Speed 44.2 mi/h 

Impact Angle 25.3 degrees 

Impact Point 237.9 inches from the downstream of the upstream edge of the 
sidewalk 

 

3.2.2. Weather Conditions 

The test was performed on the morning of January 27, 2021. Weather conditions at the 
time of testing were as follows: wind speed: 12 mi/h; wind direction: 306 degrees 
(vehicle was traveling at a heading of 170 degrees); temperature: 59°F; relative 
humidity: 56 percent. 
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3.2.3. Test Vehicle  

Figure 3.4 shows the 2014 Nissan Versa used for the crash test. The vehicle’s test 
inertia weight was 2446 lb, and its gross static weight was 2446 lb. The height to the 
lower edge of the vehicle bumper was 7.0 inches, and the height to the upper edge of 
the bumper was 22.25 inches. Table A.1 in Appendix A.1 gives additional dimensions 
and information on the vehicle. The vehicle was directed into the installation using a 
cable reverse tow and guidance system and was released to be freewheeling and 
unrestrained just prior to impact. 

  
  

Figure 3.4. Test Vehicle Before Test No. 614091-01-1 

3.2.4. Test Description 

Figure A1 and Figure A2 in Appendix A show sequential photographs of Test No. 
614091-01-1. 

3.2.5. Damage to Sidewalk Installation 

Figure 3.5 shows the damage to the sidewalk. There was some scuffing at impact and 
along the path of the vehicle. No cracking, spalling, or gouging was noted on the 
concrete slab. Working width* was 348.0 inches (the width of the slab), and height of 
working width was 8.0 inches.  

3.2.6. Damage to Test Vehicle 

Figure 3.6 shows the damage sustained by the vehicle. No fuel tank damage was 
observed.  

 

 
 
* 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 3.5. Sidewalk After Test No. 614091-01-1 

 

  
  

Figure 3.6. Test Vehicle After Test No. 614091-01-1 

3.2.7. Occupant Risk Factors 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 
results are shown in Table 3.3. Figure A.3 in Appendix A.3 shows the vehicle angular 
displacements, and Figures A.4 through A.6 in Appendix A.4 show acceleration versus 
time traces. 
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Table 3.3. Occupant Risk Factors for Test No. 614091-01-1 

Occupant Risk Factor Value Time 

Occupant Impact Velocity (OIV)   
 Longitudinal 3.0 ft/s at 0.4754 s on left side of 

interior  Lateral 2.3 ft/s 

Occupant Ride-down Accelerations   
 Longitudinal 1.8 g 1.0725 - 1.0825 s 

 Lateral 2.3 g 0.7759 - 0.7859 s 

Theoretical Head Impact Velocity 
(THIV) 1.2 m/s 

at 0.4626 s on left side of 
interior 

Acceleration Severity Index (ASI) 0.2 0.0320 - 0.0820 s 

Maximum 50-ms Moving Average    
 Longitudinal −1.1 g 0.1470 - 0.1970 s 

 Lateral 1.0 g 0.1460 - 0.1960 s 
 Vertical −2.2 g 0.0051 - 0.0551 s 

Maximum Yaw, Pitch, and Roll Angles   
 Roll 10° 0.2040 s 

 Pitch 5° 0.3463 s 
 Yaw 4° 0.6466  

3.2.8. Summary of Results 

This test is not compliance test for a given device but a measurement test for identifying 
needed signals to calibrate the finite element models presented in subsequent chapters. 
Therefore, no passing or failing outcome is required. 
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3.3. TEST NO. 614091-01-2 

3.3.1. Impact Conditions 

Table 3.4 shows the target impact conditions for Test No. 614091-01-2 on the 8-inch 
sidewalk. Figure 3.7 depicts the target impact setup. 

Table 3.4. Target Impact Conditions for Test No. 614091-01-2 

Test Vehicle 2270P Pickup Truck weighing 5000 lb ± 110 lb 

Impact Speed 44 mi/h ± 2.5 mi/h 

Impact Angle 25 degrees ± 1.5 degrees 

Impact Point 240 inches ± 12 inches from left edge of the 8-inch-tall sidewalk 

 

  
  

Figure 3.7. Sidewalk/Test Vehicle Geometrics for Test No. 614091-01-2 

Table 3.5 shows the actual impact conditions for Test No. 614091-01-2 on the 8-
inch sidewalk. 

Table 3.5. Actual Impact Conditions for Test No. 614091-01-2 

Test Vehicle 2014 RAM 1500 pickup truck weighing 5005 lb 

Impact Speed 49.4 mi/h 

Impact Angle 25.9 degrees 

Impact Point 234.8 inches from the downstream of the upstream edge of the 
sidewalk 

 

3.3.2. Weather Conditions 

The test was performed on the morning of January 28, 2021. Weather conditions at the 
time of testing were as follows: wind speed: 4 mi/h; wind direction: 46 degrees (vehicle 
was traveling at a heading of 170 degrees); temperature: 46°F; relative humidity: 
69 percent. 
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3.3.3. Test Vehicle  

Figure 3.8 shows the 2014 RAM 1500 pickup truck used for the crash test. The vehicle’s 
test inertia weight was 5005 lb, and its gross static weight was 5005 lb. The height to 
the lower edge of the vehicle bumper was 11.75 inches, and height to the upper edge of 
the bumper was 27.00 inches. The height to the vehicle’s center of gravity was 
28.75 inches. Tables B.1 and B.2 in Appendix B.1 give additional dimensions and 
information on the vehicle. The vehicle was directed into the installation using a cable 
reverse tow and guidance system and was released to be freewheeling and 
unrestrained just prior to impact. 

  
  

Figure 3.8. Test Vehicle Before Test No. 614091-01-2 

3.3.4. Test Description 

Figure B1 and Figure B2 in Appendix B show sequential photographs of Test 
No. 614091-01-2. 

3.3.5. Damage to Sidewalk Installation 

Figure 3.9 shows the damage to the sidewalk. There was some scuffing at impact and 
along the path of the vehicle. No cracking, spalling, or gouging was noted on the 
concrete slab. Working width* was 348.0 inches, and height of working width was 
8.0 inches.  

3.3.6. Damage to Test Vehicle 

Figure 3.10 shows the damage sustained by the vehicle. No fuel tank damage was 
observed. 

 

 
 
* 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 3.9. Sidewalk After Test No. 614091-01-2 
(White Paint Used to Obscure Tire Marks from Previous Test) 

 

  
  

Figure 3.10. Test Vehicle After Test No. 614091-01-2 

3.3.7. Occupant Risk Factors 

Data from the accelerometers were digitized for evaluation of occupant risk, and the 
results are shown in Table 3.6. Figure B.3 in Appendix B.3 shows the vehicle angular 
displacements, and Figures B.4 through B.6 in Appendix B.4 show acceleration versus 
time traces. 
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Table 3.6. Occupant Risk Factors for Test No. 614091-01-2 

Occupant Risk Factor Value Time 

Occupant Impact Velocity (OIV)   
 Longitudinal 3.1 ft/s at 0.7483 s on right side of 

interior  Lateral 5.2 ft/s 

Occupant Ride-down Accelerations   
 Longitudinal 1.1 g 1.9489 - 1.9589 s 

 Lateral 2.3 g 0.7614 - 0.7714 s 

Theoretical Head Impact Velocity 
(THIV) 1.9 m/s 

at 0.7110 s on right side of 
interior 

Acceleration Severity Index (ASI) 0.3 0.2246 - 0.2746 s 

Maximum 50-ms Moving Average    
 Longitudinal −1.6 g 0.1529 - 0.2029 s 

 Lateral −1.7 g 0.7348 - 0.7848 s 
 Vertical −2.5 g 0.1955 - 0.2455 s 

Maximum Yaw, Pitch, and Roll Angles   
 Roll 8° 0.8146 s 

 Pitch 4° 0.8482 s 
 Yaw 15° 2.0000 s 

3.3.8. Summary of Results 

This test is not a compliance test for a given device but a measurement test for 
identifying needed signals to calibrate the finite element models presented in 
subsequent chapters. Hence, no passing or failing outcome is required. 
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 CALIBERATION OF VEHICLE DYNAMIC BEHAVIOR 

4.1. INTRODUCTION 

In this chapter, finite element (FE) models for a vehicle and system are calibrated for 
the dynamic analyses using LS-DYNA. To calibrate the FE vehicle models using a full-
scale crash test, the FE models were setup using the same conditions as the full-scale 
crash test. If simulation results do not correlate reasonably with the full-scale crash test 
results, certain vehicle parameters were changed to improve the correlation. Test 
results such as signal data or photos were used to evaluate the simulation results and 
enhance the FE model as needed. 

4.2. FINITE ELEMENT MODELS 

4.2.1. System Models 

Figure 4.1 shows two different models that were developed in this project: (a) sidewalk 
with a curb for the TL-2 trajectory simulation and (b) the Caltrans Type 732SW bridge 
rail for the impact simulation. The sidewalk with a curb is the same system that 
underwent the trajectory testing conducted in Chapter 3. The Type 732SW bridge rail is 
the parapet system used in the Caltrans study [3]. 

 

 
 

(a) Sidewalk System (TTI) (b) Parapet System used by Caltrans [3] 

Figure 4.1. System Models used for FE Vehicle Model Validation  

 

4.2.2. Vehicle Models 

The 2018 Dodge Ram and the 2010 Toyota Yaris vehicle models were adopted as 
representative of the MASH 2270P pickup test vehicle and the MASH 1100C passenger 
test vehicle, respectively [12, 13].  

Figure 4.2 and Figure 4.3 show the Dodge Ram and the Toyota Yaris FE models, 
respectively. Both vehicle models were subjected to calibration and subsequently used 
in the simulations to develop placement guidelines. 
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(a) Front View  

  
(b) Isometric View  

Figure 4.2. Dodge RAM Model Used for Simulation [13] 

 

  
(a) Front View  

  
(b) Isometric View  

Figure 4.3. Toyota Yaris Model Used for Simulation [12] 

4.3. PICKUP TRUCK MODEL CALIBERATION 

This section presents the process of the Dodge Ram model calibration. A simulation of 
the Dodge Ram model was first performed on a flat ground for initialization purpose. 
After the model was initialized under the steady-state conditions, it was calibrated 
through comparisons with the MASH TL-3 crash test and the MASH TL-2 trajectory test. 

For the initialization step, two simulations were conducted. The first was 
performed in a stationary condition, and the second was performed under while the 
vehicle is moving. 

During the stationary simulation, the entire vehicle model including the tires did 
not move but the vehicle was subjected to gravity. At the end of the simulation, the 
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vertical force under each tire location was extracted, and the weight distribution of the 
tires was calculated based on the force data. Table 4.1 presents the comparison of 
weight for each tire location between the vehicle model and the actual vehicles. The 
TL-2 test vehicle refers to the vehicle used in the trajectory testing in this study, and the 
TL-3 test vehicle refers the vehicle used in the Caltrans study [3]. The differences 
indicate the correlation between the FE model and actual vehicle in terms of weight.  

 

Table 4.1. Weight Comparison of Test Vehicles and Model in Stationary 
Condition 

Location 
Weight, lb (N) % difference 

Ram Model 
TL-2 Test 
Vehicle 

TL-3 Test 
Vehicle 

TL-2 TL-3 

A Left Front Tire 1507 (6699) 1371 (6093) 1489 (6618) 9.9 1.2 

B Left Rear Tire 1111 (4939) 1153 (5124) 1062 (4720) 3.8 4.6 

C Right Front Tire 1476 (6559) 1372 (6098) 1397 (6209) 7.6 5.7 

D Right Rear Tire 1059 (4707) 1109 (4929) 1114 (4951) 4.7 5.2 

Total Weight 5153 (22904) 5005 (22244) 5061 (22493) 3.0 1.8 

The next simulation was set up under a moving condition. All conditions were 
identical to the first simulation except for the speed. The vehicle model was set to move 
forward at a speed of 49.4 mi/h at 0.7 seconds. Weight distribution of each tire was 
calculated using a force transducer after 0.7 seconds in order to analyze the values only 
during the moving condition.  

Table 4.2 lists each tire weight from this simulation comparing to actual vehicle 
models used for full-scale tests. The FE vehicle model were calibrated to decrease the 
maximum difference in the total weights between the FE model and the full-scale test 
vehicles to be 2 percent. 

 

Table 4.2. Weight Comparison of Test Vehicles and Model in Moving Condition 

Location 
Weight, lb (N)  % difference 

Ram Model 
TL-2 Test 
Vehicle 

TL-3 Test 
Vehicle 

TL-2 TL-3 

A Left Front Tire 1494 (6640) 1371 (6093) 1489 (6618) 9.0 0.3 

B Left Rear Tire 1103 (4904) 1153 (5124) 1062 (4720) 4.5 3.8 

C Right Front Tire 1466 (6517) 1372 (6098) 1397 (6209) 6.9 4.9 

D Right Rear Tire 1044 (4638) 1109 (4929) 1114 (4951) 6.2 8.9 

Total Weight 5107 (22699) 5005 (22244) 5061 (22493) 2.0 0.9 

 

The vehicle model was considered stable enough for subsequent impact 
analysis. Therefore, the Ram model was confirmed for use in the further calibration. For 
the model calibrations, the Caltrans report [3] and the trajectory testing results 
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presenting in Chapter 3, which included sequential photos, occupant risk factors, and 
the contact phenomena between the vehicle and parapet, were used. 

4.3.1. Calibration Using MASH TL 2-11 Trajectory Test 

The initialized Ram model was setup under the conducted MASH TL-2 test conditions. 
Figure 4.4 shows the model setup at a speed of 49.4 mi/h and an angle of 25 degrees 
to represent the actual testing impact conditions. Simulation results were compared to 
the measured testing results described in Chapter 3. 

 

 

Figure 4.4. Simulation Set-Up Under TL-2 Conditions 

Figure 4.5 shows the sequential head-on photos of the test and simulation. The 
Ram model was observed to behave similarly to the test vehicle. In the trajectory test, 
some targets were attached to the surface of the test vehicle for tracking purposes. 
Displacements profiles of the targets were compared to displacements profiles 
calculated by the simulation.  

 

 
(a) Test [3] 

 
(b) Simulation 

Figure 4.5. Sequential Photos of Pickup Truck Under TL-2 Conditions 

Figure 4.6 presents the locations where the data were compared: Location No. 1 
through Location No. 4 are targets markers on the vehicle body, Location No. 5 is a 
target marker at the center of the wheel, and Location No. 6 is the displacement of the 
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linear potentiometer. The displacement comparison for each location is shown in Figure 
4.7. The displacement magnitude was slightly different, yet less than 2 inches. Overall 
displacements of the simulation reasonably followed the trend of the test. 

  
(a) Target Location (b) Linear Potentiometer 

Figure 4.6. Location Information for the Data Comparison 

  

  
(a) No.1 (Driver’s Roof) (b) No.2 (Above the Wheel) 

  
(c) No.3 (Bumper of Passenger Side) (d) No.4 (Bumper of Driver Side) 

  
(e) No.5 (Center of Wheel) (f) No.6 (Linear Potentiometer) 

Figure 4.7. Displacement Comparison 
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Finally, signals received from both testing and simulation were compared using 
the Roadside Safety Verification Validation Program (RSVVP) [14]. Since there were 
two accelerometers at the center of gravity (C.G.) and near the left front tire in the 
trajectory testing, the signals from both locations were analyzed. All data from the 
simulation and test are filtered at CFC 180 and then used. The results are tabulated in 
Table 4.3 and Table 4.4. For the C.G. location, the X acceleration and roll rate channels 
are important compared to other channels. In the same manner, for the front location, 
the X acceleration and pitch rate channels are the most important. Some values are 
above the MPC limits while ANOVA metrics of both C.G. and front locations 
successfully satisfy the criteria. It needs to be noted that the limit is basically set for a 
guardrail system without a curb. Therefore, it is not required to meet MPC and ANOVA 
limits with a curb system but the limits were used for a reference. 

 

Table 4.3. RSVVP Results for Vehicle C.G. Signal 

Channel 
Weighting 

Factor 

Sprague-Geers 
Metrics 

ANOVA Metrics 

M≤40 P≤40 
Mean 

Residual 
(≤5%) 

Std. 
Deviation 

(≤35%) 

X acceleration 0.439 44.9 45.5 0.26 25.29 

Y acceleration 0.002 40.6 46.2 -3.11 25.62 

Z acceleration 0.060 72.9 50.3 0.56 27.53 

Roll rate 0.320 44.2 41.6 2.71 17.66 

Pitch rate 0.086 80.3 48.1 -0.89 27.58 

Yaw rate 0.092 36.7 26.6 -16.57 29.2 

Multi-channel 1.000 47.1 39.7 -5 26.2 

 

Table 4.4. RSVVP Results of Vehicle Frontal Signal 

Channel 
Weighting 

Factor 

Sprague-Geers 
Metrics 

ANOVA Metrics 

M≤40 P≤40 
Mean 

Residual 
(≤5%) 

Std. 
Deviation 

(≤35%) 

X acceleration 0.346 16.2 50 -2.86 27.19 

Y acceleration 0.131 39.6 44.9 -0.45 20.2 

Z acceleration 0.023 59.1 47.2 0.28 11.27 

Roll Rate 0.135 71.9 46.7 1.09 6.17 

Pitch Rate 0.356 47.1 46.5 -1.72 11.58 

Yaw Rate 0.009 42.8 39.6 -7.14 32.18 

Multi-Channel 1.000 44 46.6 -1.6 18.9 
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4.3.2. Calibration Using CALTRANS MASH TL 3-11 Tests 

Using the initialized Ram model, the simulation under MASH TL-3 conditions was first 
set up with the bridge parapet system. The bridge parapet system tested by Caltrans 
were adopted for MASH TL-3 simulation test. According to the Caltrans test report [3], 
the actual speed and angle were 62.7 mi/h and 24.8 degrees as shown in Figure 4.8. 
The test inertial mass of the test vehicle was 5062 lb, which was approximately 99 
percent similar to the Ram model at 5107 lb. 

 

 

Figure 4.8. Simulation Setup Under TL-3 Conditions 

From the first simulation under MASH TL-3 conditions, the Ram model showed 
different performance to the actual testing in terms of the contact duration between the 
vehicle and parapet. According to the Caltrans report [3], it took approximately 0.36 
seconds until the vehicle completely lost contact with the parapet after the front bumper 
of the vehicle impacted the parapet. During this time, the vehicle engaged with the 
parapet for around 16 feet (4.9 m). However, in the simulation, the vehicle rebounded 
after the front bumper initially impacted the parapet. Therefore, the vehicle lost contact 
for a while, before the rear of the vehicle impacted the parapet again. To correct this 
rebounding issue, the friction coefficients and properties of the vehicle were adjusted for 
in the next calibration. Additionally, during the Caltrans test [3], the suspension 
components were affected by the impact while joint failures of the suspension did not; 
however, in the simulation, the opposite phenomena was observed. Therefore, the 
performance of the suspension and joint failures became the consideration for the next 
calibration as well. 

For the next simulation, the friction coefficients of the vehicle body and tires were 
lowered. Also, the element formulations of some parts were changed to lead the vehicle 
to be softer. These calibrations were performed to reduce the rebounding issue 
between the vehicle and parapet. In addition, to reflect the effect on the suspension and 
joints, failure forces were considered so that the joints should be failed in only the TL-3 
simulation. 

After several iterations were run to increase vehicular stability, including the 
gradual application of gravity and the calibration of the total suspension spring forces, a 
suitable  Ram model was achieved. Using this Ram model, MASH TL-3 simulation 
results were compared with the data from the Caltrans test report [3]. Figure 4.9 shows 
the overhead sequential photos of the simulation and test.  
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(a) Test [3] 

 
(b) Simulation 

Figure 4.9. Sequential Overhead Photos of Pickup Truck Under TL-3 Conditions 

In the simulation, the rear bumper was partially detached after the impact; 
however, this was a minor issue which did not affect vehicular movement. Except for the 
partial detachment of the rear bumper, overall trajectories of the simulation and the test 
were observed to be similar. 

Table 4.5 and  

Table 4.6 present the vehicle descriptions for each timestep, the contact 
phenomena comparison, and the occupant risk factors of the simulation and test. The 
occupant risk factors were calculated and obtained by using Test Risk Assessment 
Program (TRAP) version 2.5.2 [15].  

The Ram model stayed in contact with the parapet for less time than the test did. 
It also had a higher yaw angle compared to the test value. These discrepancies exist as 
a result of the rebounding issue which affected vehicular behavior. Generally, in light of 
the vehicle descriptions and other results, the simulation was observed to follow the test 
closely. 
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Table 4.5. Descriptive Comparison for Timestep 

Vehicle Description for Each Timestep 

Description Test Simulation 

Right Front Tire Impact to Curb 0.000 s 0.000 s 

Left Front Tire Impact to Curb 0.110 s 0.135 s 

Front Side Impact to Parapet 0.180 s 0.210 s 

Rear Side Impact to Parapet 0.370 s 0.415 s 

Lost Contact with Parapet 0.540 s 0.520 s 

Contact Phenomena 

Stayed-in-contact 

Time 0.180 s – 0.540 s 0.210 s – 0.520 s 

Duration 0.36 s 0.31 s 

Distance 16 ft (4.9 m) 10.5 ft (3.2 m) 

 

Table 4.6. Comparisons of the Occupant Risk Factors 

Occupant Risk Factors Test Simulation 

OIV (m/s) 
X 5.4 5.7 

Y 8.5 7.6 

Ride-down Acceleration 
(g) 

X 9.2 -4.8 

Y -8.1 -10.9 

Max. Angle (degrees) 

Roll 27.9 24.8 

Pitch 4.9 -4.8 

Yaw -20.6 -33.7 

As a result of the TL-2 and TL-3 simulations, the Ram model was reasonably 
correlated with the actual tests. Even though there was a mild rebounding issue which 
led to some differences between the simulation and test, the data generally indicate 
good agreement. The sequential vehicular trajectories were comparable. The 
displacements of the Ram model closely matched the test data under MASH TL-2 
conditions, and the contact phenomena under MASH TL-3 conditions also followed test 
results. Based on these results, the model was reasonably accurate and valid for the 
development of placement guidelines. 

4.4. PASSENGER CAR MODEL DEVELOPMENT 

This section presents the process of the passenger car model calibration. The Toyota 
Yaris model was calibrated through comparisons to a MASH TL-2 trajectory test and 
two impact tests (MASH TL 2-10 and TL 3-10). 

For the model calibrations, the Caltrans test report [3] and the trajectory testing 
results presented in Chapter 3, which included sequential photos, occupant risk factors, 
and the contact phenomena between the vehicle and parapet, were used. 
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4.4.1. Calibration Using MASH TL 2-10 Trajectory Test 

The MASH TL-2 simulation was set up with an 8-inch sidewalk and a 2-inch offset curb 
– the same system used for the trajectory testing. According to the trajectory test data, 
the actual speed was 43.32 mi/h and the actual angle was 25.25 degrees. Figure 4.10 
shows the TL-2 sidewalk trajectory simulation test set-up. 

  
Figure 4.10. Trajectory Simulation Set-Up Under TL-2 Conditions 

Using the initial Yaris model, the trajectory simulation with an 8-inch curbed 
sidewalk was performed under MASH TL-2 conditions. When the simulation results 
were compared to the testing results described in Chapter 3, there were two significant 
phenomenon that needed to be accommodated for by calibrating the model: (1) the 
simulation model did not fly as much as the actual test vehicle; and (2) the yaw angle 
disparity between the simulation and full-scale test was too large. Several iterations 
were calibrated by modifying spring stiffness, and the behavior trend of the final 
simulation model followed that of the actual test vehicle.  

Figure 4.11 shows the sequential overhead photos of the test and simulation. 
The modified Yaris model shows similar performance compared to the trajectory test 
results. 
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(a) Test 

 
(b) Simulation 

Figure 4.11. Sequential Overhead Photos of Passenger Car Under TL-2 
Conditions. 

In the trajectory test, targets were attached to the surface of the test vehicle. The 
displacements of the targets were compared to similar displacements in the simulation. 
Figure 4.12 presents the locations where the data were compared: No. 1 through No. 4 
are targets on the vehicle surface, No. 5 is the center of the wheel, and No. 6 is the 
displacement of the linear potentiometer. The displacement comparison for each 
location is shown in Figure 4.13. The displacement magnitude was slightly different, but 
less than 3 inches. Overall displacements of the simulation reasonably followed the 
trend of the test. 

 
(a) Target Location 

 
(b) Linear Potentiometer 

Figure 4.12. Location Information for the Data Comparison 
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The test and simulation signals were compared using RSVVP [14]. Multi-channel 
analysis using signals from C.G. was conducted with a time window of 0.6 seconds after 
impact. All data from the simulation and test were filtered at CFC 180. Table 4.7 list the 
comparative analysis results.  

 

Table 4.7. Multi-Channel RSVVP Results of the Signals from C.G. Location 

Channel 
Weighting 

Factor 

Sprague-Geers 
Metrics 

ANOVA Metrics 

M≤40 P≤40 
Mean 

Residual 
(≤5%) 

Std. 
Deviation 

(≤35%) 

X acceleration 0.223 40.2 44.9 1.25 18.69 

Y acceleration 0.150 25.7 49.1 -1.17 24.11 

Z acceleration 0.128 48.6 48.0 -0.33 16.63 

Roll rate 0.188 1.00 29.3 0.93 21.81 

Pitch rate 0.132 30.2 35.6 -0.92 18.11 

Yaw rate 0.180 22.5 32.4 -5.84 28.27 

Multi-channel 1.000 28.8 39.8 -1.10 21.30 

 

Since the X acceleration and roll rate channels are important compared to other 
channels, they have higher weighting factors. The overall value (multi-channel result) 
satisfies both MPC and ANOVA criteria. Although the Sprague-Geers values for the 
accelerations are slightly over MPC limits, other values prove the test and the simulation 
shows agreement. As aforementioned, the limits are only for a reference, but not 
required for a curb test since the limits are set for a guardrail system without a curb. 
Therefore, it can be said that the FE model is reasonably accurate and valid for further 
investigation. 
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(a) No.1 (Driver’s Roof) 

 
(b) No.2 (Above the Wheel) 

 
(c) No.3 (Bumper of Passenger Side) 

 
(d) No.4 (Bumper of Driver Side) 

 
(e) No.5 (Center of Wheel) 

 
(f) No.6 (Linear Potentiometer) 

Figure 4.13. Passenger Car Trajectory Displacement Comparison 

4.4.2. Calibrations Using Caltrans Bridge Parapet and Railing on Sidewalk 
Tests 

As a result of the TL-2 simulations, the Yaris model was reasonably correlated with the 
actual tests. Even though there was a slight discrepancy in the front tire damping which 
led to differences in the linear potentiometer displacement, the data generally indicated 
good agreement. 

Figure 4.14 shows the model set-up for impact simulation tests under MASH TL 
2-10 and TL 3-10 conditions. The actual measured impact speeds and angles were 
used in accordance with the test report [3]: for TL 2-10, measured speed was 44.1 mi/h 
and impact angle was 24.3 degrees; for TL 3-10, measured speed was 59.8 mi/h and 
impact angle was 25.3 degrees. 

 

simulation test 
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(a) TL 3 - 10 

   
(b) TL 2 -10 

Figure 4.14. Passenger Car Impact Simulation Set-Up with Caltrans Bridge 
Parapet with Rails on Sidewalk System 

4.4.2.1. Calibration using Caltrans TL 3-10 Test 

The results of the simulation under MASH TL-3 conditions were compared with the data 
from the Caltrans report. The Caltrans TL 3-10 test could not meet the MASH TL-3 
evaluation criteria because of the high ride-down acceleration value [3]. By calibrating 
the simulation model, the failed test results were adjusted to validate the model. Figure 
4.15 shows the overhead sequential photos of the test and the simulation. During the 
full-scale test, the hood opened after impacting the parapet, while the hood in the 
simulation model was not designed to open. Except for the hood opening, the overall 
vehicular behavior of the test and the simulation followed a similar trend.  

Table 4.8 and Table 4.9 present the passenger car behavior descriptions for 
each timestep, the contact phenomena comparison, and the occupant risk factor for the 
simulation and test. The simulation model stayed in contact with the parapet for 0.11 
seconds less than the test did. It also had a higher roll angle compared to the test value. 
However, these differences are not significant under MASH evaluation criteria. 
Moreover, it should be noted that the simulation model adopted a different vehicle 
model (Toyota Yaris) from the full-scale tested vehicle model (Kia Rio), which may have 
caused minor differences when comparing the simulation results to the test results. With 
consideration to the model difference, the overall vehicular behavior and high ride-down 
acceleration values, which exceeded MASH evaluation criteria, are similar between the 
two tests. 
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-  
(a) Test [3] 

 
(b) Simulation 

Figure 4.15. Sequential Photos of Passenger Car Under TL 3-10 Conditions  

 

Table 4.8. Descriptive Comparison for Timestep 

Vehicle Description for Each Timestep 

Description Test Simulation 

Right Front Tire Impact to Curb 0.000 0.000 

Right Rear Tire Impact to Curb 0.100 0.100 

Front Side Impact to Parapet 0.240 0.235 

Rear Side Impact to Parapet 0.380 0.410 

Lost Contact with Parapet 0.620 0.495 

Contact Phenomena 

Stayed-in-
Contact 

Time 0.24-0.62 0.235-0.495 

Duration 0.38 0.26 

Distance 8.3 ft (2.5 m) 7.7 ft (2.35 m) 
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Table 4.9. Comparisons of the Occupant Risk Factors 

Category Test Simulation 

OIV (m/s) 
X 3.6 4.6 

Y 6.1 5.7 

Ride-down Acceleration 
(g) 

X -9.5 -16.5 

Y -23.8 -24.5 

Max. Angle (degrees) 

Roll -16.2 -32.1 

Pitch -10.2 -16.1 

Yaw -51.0 -31.4 

 

4.4.2.2. Calibration using Caltrans TL 2-10 test 

Caltrans conducted a TL 2-10 test which passed after it was discovered that the TL 3-10 
test could not meet MASH evaluation criteria [2]. Figure 4.16 shows the sequential 
shots for both the simulation and the full-scale test.  

 

 
(a) Test 

 
(b) Simulation 

Figure 4.16. Sequential Photos of Passenger Car Under TL 2-10 Conditions. 
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Table 4.10 and Table 4.11 list the test and simulation results. When comparing 
the stayed-in-contact values, the simulation model was in contact with the parapet for 
0.01 second longer than the full-scale vehicle, but for 4.9 feet less distance, which did 
not result in a significant difference between the two tests. There may be several 
reasons for this phenomenon; regardless, the simulation tends to follow the test closely. 
When comparing occupant risk factors, the ride-down acceleration values from the 
simulation are higher than from the full-scale test, but still meet MASH TL-2 evaluation 
criteria. The higher occupant risk factors from the simulation mean that the simulation 
provides conservative predictive results compared to the full-scale test. 

Overall, the trajectory profiles and displacements of the Yaris model closely 
matched the test data, and the contact phenomena under MASH TL-3 and TL-2 
conditions also followed full-scale test results. Based on these results, the FE model 
was considered as a reasonably accurate and valid model to develop a sidewalk 
placement guideline. 

 

Table 4.10. Descriptive Comparison for Timestep 

Vehicle Description for Each Timestep 

Description Test Simulation 

Right Front Tire Impact to Curb 0.000 0.000 

Right Rear Tire Impact to Curb 0.130 0.135 

Front Side Impact to Parapet 0.330 0.330 

Rear Side Impact to Parapet 0.520 0.565 

Lost Contact with Parapet 0.640 0.650 

Contact Phenomena 

Stayed-in-
Contact 

Time 0.33-0.64 0.330-0.650 

Duration 0.310 0.320 

Distance 14.3 ft (4.32 m) 9.38 ft (2.52 m) 

 

Table 4.11. Comparisons of the Occupant Risk Factors 

Category Test Simulation 

OIV (m/s) 
X 3.4 3.9 

Y 5.9 4.4 

Ride-down Acceleration 
(g) 

X -3.9 -9.3 

Y -3.8 -16.1 

Max. Angle (Degrees) 

Roll 17 13.6 

Pitch -12 -13.6 

Yaw -33.9 -39.2 
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 PARAPET PLACEMENT GUIDELINES 

5.1. PARAMETRIC SIMULATIONS 

In this chapter, the parapet heights and lateral distances from the curb were 
investigated using the vehicular trajectory profiles. As shown in Figure 5.1, the lateral 
distance is defined as the distance from the bottom of the curb to the traffic face of 
the parapet, and the parapet height is defined as the distance from the base of the 
parapet on the sidewalk to the top of the parapet. For each curb profile, the ranges of 
the recommendable parapet heights and lateral distance were analyzed through 
iterative simulations under TL-2 and TL-3 conditions. 

 

 
Figure 5.1. Parameters for Placement Guidelines 

 

The vehicle performance was evaluated based on MASH evaluation criteria 
[2], which including vehicular behavior and occupant risk factors. The parametric 
simulations were achieved via iteration and evaluation. If the parameters met the 
evaluation criteria, the parapet height would be lowered for the next iteration. If 
parameters could not meet the criteria, there would be two solutions: i) to increase 
the parapet height, and ii) to move the location of the parapet, meaning that the 
lateral distance from the edge is increased or decreased. In this study, the parapet 
height and lateral distance were differentiated by 6 inches and 2 feet (24 inches), 
respectively. For example, if simulation results are acceptable, the parapet height for 
the next simulation decreases from 32 inches to 26 inches. Using this concept, 
several iterations of parametric simulations were performed. 

All the vehicular behaviors including signal data are evaluated from when the 
vehicle impacts the curb. 

 

Parapet height 

Lateral distance from the curb 

1”, 2ʺ, or 3” offset 

8ʺ height 
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5.2. 2270P PICKUP TRUCK  

5.2.1. Pickup Truck Trajectory Profiles 

To obtain a vehicle bumper corner profile with a curb shape, the trajectory simulations 
on different curb profiles were conducted using the calibrated vehicle models. 
Generally, the front bumper corner impacts the barrier system first due to its leading 
position. Therefore, one of the nodes in the bumper corner area was selected as a 
reference point, and the node was traced to obtain a trajectory profile. The trajectory 
profiles from the simulations were analyzed to find the maximum elevations. The 
parapet height and lateral distance from curb to parapet was investigated using these 
elevations. 

Trajectory profiles for the pickup truck was investigated with three different curb 
profiles as shown in Figure 5.1 under MASH TL-2 and TL-3 conditions, respectively. 
Figure 5.2 shows the reference node of the pickup truck. In a stationary condition, the 
height of the reference node is about 24.4 inches above the ground. A total of six 
trajectory simulations with different curb profiles were performed. Figure 5.3 shows the 
trajectories of the reference nodes with regard to lateral distance from the curb. For the 
8-inch-tall curb profiles, the maximum elevations of the reference nodes were reached 
when the lateral distance from the curb was 54 inches under TL-2 conditions and 65 
inches under TL-3 conditions. 

Additionally, in this section, a trajectory for the pickup truck was investigated 
under MASH TL-2 conditions for the 10-inch-tall curb with 2.5-inch offset for a future 
reference. As shown in Figure 5.4, the reference node reached the maximum elevation 
when the lateral distance of the parapet was about 58 inches from the curb. The 
maximum elevation was measured above the sidewalk. While curb slope did not have a 
significant impact on the trajectories of the reference nodes, curb height did.  

 

 

Figure 5.2. Reference Node of the Pickup Truck 

 

 

 

Reference node 
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(a) TL-2 Simulations 

 
(b) TL-3 Simulations 

Figure 5.3. Pickup Truck Trajectories of the Reference Nodes for the 8-inch-tall 
Curb  

 

2” offset 3” offset 1” offset 
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Figure 5.4. Pickup Truck Trajectory Comparison of the Reference Nodes for 8-

inch-tall and 10-inch-tall Curb Under MASH TL-2 Conditions 

5.2.2. Pickup Truck Simulations 

For the pickup truck parametric simulations, the vehicular behavior was mainly 
considered to evaluate the parapet placement parameters. It is because the pickup 
truck showed less critical behavior than the passenger car when impacting the parapet 
[3], and occupant impact velocities and ridedown acceleration values were significantly 
lower than the values for the small car. Therefore, if the vehicle was safely redirected 
and remained upright after impacting the parapet, the associated placement parameters 
were assessed as ‘Preferred.’ On the contrary, if the vehicle rolled over or overrode the 
parapet, the associated placement parameters were assessed as ‘Not-preferred.’ 

As seen in Figure 5.3, the reference nodes of the 8-inch-tall curb profiles reached 
maximum elevation when the lateral distance from the curb was about 54 inches under 
MASH TL-2 conditions and 65 inches under MASH TL-3 conditions. In the same manner, 
the reference nodes of the 10-inch-tall curb profile under the TL-2 simulations reached 
maximum elevation when the lateral distance was about 58 inches (see Figure 5.4). Each 
value should be the most critical case for each condition. Thus, it was decided that these 
values would be the concrete parapet locations for the initial simulations. A parapet height 
of 32 inches was used for the initial simulations. The concrete system was applied for the 
parapet, and it was reflected as a rigid material in the simulation since structural integrity 
of the parapet is outside the scope of this study. 

Figure 5.5 shows the initial simulation setups. As results of the initial TL-2 
simulations for both the 8-inch and 10-inch-tall curbs show, the vehicle was 
successfully redirected and remained stable. Accordingly, the parapet height was 
lowered from 32 inches to 30 inches. Unlike the TL-2 simulations, in the initial TL-3 

8” tall 10” tall 
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simulation, the vehicle lost stability after impacting with the parapet. The vehicle was 
not redirected and ultimately rolled over. For this reason, three different simulations 
were developed. The first was an increase in the parapet height from 32 inches to 34 
inches while keeping the sidewalk width fixed. The second was the increase of the 
sidewalk width from 65 inches to 89 inches. The third one was a decrease in the 
sidewalk from 65 inches to 41 inches. For the last two models, the parapet height 
was maintained at 32 inches. In this way, iterative simulations were conducted, and 
the results are listed in Table 5.1 through Table 5.3. 

  

(a) TL-2 with the 8-inch-tall Curb (b) TL-3 with the 8-inch-tall Curb 

 

(c) TL-2 with the 10-inch-tall Curb 

Figure 5.5. Initial Simulation Setup 

Table 5.1. Pickup Truck Simulation Results of TL-2 Simulations for 8-inch-tall 
Curb  

Iteration No. 
Parapet Height 

(inches) 
Sidewalk Width 

(inches) 
Simulation Result 

1 32 54 Preferred 

2 26 54 Preferred 

3 22 54 Preferred 

4 20 54 Preferred 

5 18 102 Preferred 

6 18 78 Preferred 

7 18 54 Not-preferred 

8 18 30 Not-preferred 

9 18 6 Preferred 

10 16 150 Preferred 

11 16 126 Not-preferred 

8 ʺ 

32 
ʺ 

54 
ʺ 

1/2/3 ʺ 

8 ʺ 

32 
ʺ 

65 ʺ 

1/2/3 ʺ 

10 ʺ 

32 
ʺ 

58 
ʺ 

2.5 ʺ 
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Table 5.2. Pickup Truck Simulation Results of TL-3 Simulations for 8-inch-tall 
Curb  

Iteration No. 
Parapet Height 

(inches) 
Sidewalk Width 

(inches) 
Simulation Result 

1 36 65 Preferred 

2 34 137 Preferred 

3 34 113 Not-preferred 

4 34 89 Not-preferred 

5 34 65 Not-preferred 

6 32 161 Preferred 

7 32 137 Not-preferred 

8 32 113 Not-preferred 

9 32 89 Not-preferred 

10 32 65 Not-preferred 

11 32 41 Preferred 

12 30 161 Preferred 

13 30 41 Preferred 

14 28 185 Preferred 

15 28 161 Not-preferred 

16 28 41 Preferred 

17 26 41 Preferred 

18 24 185 Preferred 

19 24 41 Preferred 

20 22 185 Not-preferred 

21 22 41 Preferred 

22 20 41 Not-preferred 

23 18 41 Not-preferred 

24 18 17 Preferred 

25 16 17 Not-preferred 
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Table 5.3. Pickup Truck Simulation Results of TL-2 Simulations for 10-inch-tall 
Curb  

Iteration No. 
Parapet Height 

(inches) 
Sidewalk Width 

(inches) 
Simulation Result 

1 32 58 Preferred 

2 30 58 Preferred 

3 28 58 Preferred 

4 26 58 Preferred 

5 24 58 Not-preferred 

6 24 34 Preferred 

7 24 82 Preferred 

8 22 34 Preferred 

9 22 82 Preferred 

10 20 34 Preferred 

11 20 82 Preferred 

12 18 34 Preferred 

13 18 82 Preferred 

14 16 34 Not-preferred 

15 16 82 Not-preferred 

16 16 106 Preferred 

5.2.3. Simulation Summary 

Based upon results derived from the iterative parametric simulations, summary tables 
were developed for each condition. These tables consider parapet heights and lateral 
distances from the curb by presenting the preferred combinations of parapet height and 
location for each curb parameter and impact condition as shown in Table 5.4 through 
Table 5.6. For example, regarding the 8-inch tall curbs under MASH TL-2 conditions, if 
the parapet height is a minimum of 20 inches, the parapet can be located anywhere as 
seen in Table 5.4. In this case, the vehicle can be redirected and remain in a stable 
condition after impact with the parapet. If the parapet is shorter than 20 inches, the 
combinations in the pink area are not recommended since the vehicle can be rolled over 
or override the parapet. Likewise, the combinations in the blue are recommended for 
the 8-inch-tall and 10-inch-tall curb profiles as well. 

Table 5.4. Summary of Parametric Simulation for Pickup Truck 
Under MASH TL-2 Conditions for the 8-inch-tall Curb  

 Unit: inches 
Lateral 

distance 
Parapet 
height 

6 
(0.5 ft) 

30 
(2.5 ft) 

54 
(4.5 ft) 

78 
(6.5 ft) 

102 
(8.5 ft) 

126 
(10.5 ft) 

150 
(12.5 ft) 

174 
(14.5 ft) 

32         

26         

20         

18         

16         
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Table 5.5. Summary of Parametric Simulation for Pickup Truck 
Under MASH TL-3 Conditions for the 8-inch-tall Curb  

Unit: inches 
Lateral 

distance 
Parapet 
height 

17 
(1.4 ft) 

41 
(3.4 ft) 

65 
(5.4 ft) 

89 
(7.4 ft) 

113 
(9.4 ft) 

137 
(11.4 

ft) 

161 
(13.4 

ft) 

185 
(15.4 ft) 

36         

34         

32         

28         

22         

20         

 

 

Table 5.6. Summary of Parametric Simulation for Pickup Truck 
Under MASH TL-2 Conditions for the 10-inch-tall Curb  

 Unit: inches 
Lateral 

distance 
Parapet 
height 

10 
(0.8 ft) 

34 
(2.8 ft) 

58 
(4.8 ft) 

82 
(6.8 ft) 

106 
(8.8 ft) 

130 
(10.8 ft) 

154 
(12.8 ft) 

178 
(14.8 ft) 

32         

26         

24         

20         

 
 

 

5.3. 1100C PASSENGER CAR 

5.3.1. Passenger Car Trajectory Profiles 

Figure 5.6 shows the reference node of the passenger car. In a stationary condition, the 
height of the reference node is about 21 inches above the flat ground. 
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Figure 5.6. Reference Node of the Passenger Car 

Figure 5.7 and Figure 5.8 show the trajectories of the reference nodes regarding 
lateral distance from the curb under MASH TL-2 and TL-3 conditions, respectively. For 
TL-2, because the pickup truck trajectory simulation results showed that there is no 
considerable difference in trajectories with different curb offsets, passenger car 
trajectory profiles with only 2-inch and 3-inch offsets for the 8-inch-tall curb were 
investigated. The maximum height of the reference node was reached when lateral 
distance from the curb was 82 inches (6.75 feet) under MASH TL-2 conditions.  

 
Figure 5.7. Passenger Car Trajectories of the Reference Nodes  

for the 8-inch-tall Curb under MASH TL-2 Conditions 

 

For MASH TL-3, the peak height was observed at lateral distance of 101 inches 
and 107 inches for 2-inch offsets and 3-inch offsets, respectively. Unlike the pickup 
truck model, the passenger car trajectory under TL-3 conditions shows different profiles 
for 2-inch offsets and 3-inch offsets. This results indicated that under MASH TL-3 
condition, the suspension behavior of the small car involved and the overall vehicular 
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behavior depend more on, which means better understanding of suspension behavior 
should be followed to provide accurate guidelines. 

Figure 5.9 shows bumper corner trajectory profiles for both the 8-inch curb with a 
2-inch offset and the 10-inch curb with a 2.5-inch offset. The lateral distance where the 
maximum elevations were observed showed a 1-inch difference, while the maximum 
elevation showed a difference of approximately 7 inches.  

 

 
Figure 5.8. Passenger Car Trajectories of the Reference Nodes  

for the 8-inch-tall Curb under MASH TL-3 Conditions 
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Figure 5.9. Trajectory Comparison of the Reference Nodes  

for 8-inch and 10-inch-tall Curb Under MASH TL 2-10 

 

5.3.2. Passenger Car Simulations 

Figure 5.10 shows the initial simulation parameters for both MASH TL 2-10 and TL 
3-10 simulation iterations. To conduct the parametric simulations, the most critical 
case was assumed when maximum elevation was reached; maximum elevation 
height and longitudinal distance values were used to decide concrete parapet 
parameters (height and distance from the curb) to minimize the number of 
simulations run. The initial parameters for the simulation were determined based on 
the pickup truck simulation results. Whatever was ‘not-preferred’ for the truck was not 
considered for the passenger car simulation. In addition, a lateral distance of less 
than 4.5 feet is not considered for a passenger car iteration although the pickup truck 
simulation results showed as ‘preferred,’ since the minimum sidewalk width is 5 feet 
in accordance with the Americans with Disabilities Act (ADA) standards [16]. 

For the 8-inch-tall curb, as shown in Figure 5.7, the reference nodes reached 
maximum elevation when the lateral distance from the curb was about 82 inches 
under MASH TL-2 conditions. In this case, because the curb offset did not produce 
considerable differences in trajectory results, the more commonly used curb, the 8-
inch-tall curb with 2-inch offset, was used for further investigation in this section.  

A parapet height of 20 inches with a lateral distance of 54 inches from the curb 
was adopted for the initial simulation as shown in Figure 5.10(a), considering that the 
acceptable minimum parapet height for a pickup truck is 20 inches at a lateral 
distance of 4.5 feet or greater. 
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For the MASH TL-3 iteration, the 8-inch-tall curb with a 3-inch offset was 
adopted as the most critical case due to higher maximum elevation and lower 
minimum elevation; any case with a lateral distance of under 65 inches was not 
considered in this study. Because the pickup truck results show the minimum height 
of the parapet with a lateral distance of 65 inches to be 36 inches under MASH TL-3 
conditions, the initial simulation parameters were set to 36 inches and 65 inches for 
parapet height and lateral distance, respectively. 

 
(a) TL 2-10 

 
(b) TL 3-10 

Figure 5.10. Initial Simulation Parameters for Passenger Car with 8-inch-tall Curb 

Table 5.7 lists the parametric TL-2 simulation results. The simulation results 
considered vehicle stability and occupant risk factors obtained by TRAP [15], and the 
placement was decided as “preferred,” “not-preferred” or “not-recommended.” The initial 
analysis was conducted by setting up “time zero” as when the vehicle impacting the 
curb. The evidence of the preferences is shown in Table C.1. 

Table 5.7. Passenger Car Simulation Results for 8-inch-tall under TL-2 
Condition 

Simulation No. Parapet Height (inches) Sidewalk Width (inches) Simulation Result 

1 20 54 Preferred 

2 26 54 Preferred 

3 20 78 Not-recommended 

4 26 78 Preferred 

5 20 102 Not-recommended 

6 26 102 Not-preferred 

7 32 54 Preferred 

8 32 78 Preferred 

9 20 150 Not-preferred 

10 20 126 Not-preferred 

11 26 150 Not-preferred 

12 26 126 Not-preferred 

13 20 174 Not-preferred 

14 26 174 Not-preferred 

15 32 102 Not-preferred 

16 32 126 Not-recommended 

17 32 174 Not-preferred 

18 36 102 Not-preferred 

19 36 126 Not-recommended 

20 36 174 Not-preferred 
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Table 5.8 lists the result of TL-3 simulation results. Under high-speed condition, 
the small car is expected to experience a severe suspension failure that can potentially 
remove the wheel assembly and have the vehicle slides on its undercarriage. However, 
there is no such fully understood and developed wheel assembly and suspension failure 
FE model to capture this extreme failure phenomenon adopt in this study. Therefore, 
further investigations on the small car suspension model are required to develop full 
guidelines. 

 

Table 5.8. Passenger Car Simulation Results for 8-inch Curb under TL-3 
Condition  

Simulation No. Parapet Height (inches) Sidewalk Width (inches) Simulation Result 

1 36 65 Preferred 

2 36 89 Preferred 

3 36 113 Not-preferred 

4 42 113 Not-preferred 

5 36 180 Not-preferred 

6 42 180 Not-preferred 

 

For a 10-inch curb system, vehicle trajectories for two different FE passenger car 
models with and without simple suspension failure are presented because it is expected 
to involve a severe suspension failure for the cases with the higher curb height like the 
cases under high-speed conditions. Figure 5.11 shows bumper corner trajectory profiles 
for both FE passenger car models traveling on a 10-inch curb. The model without 
suspension failure reached higher peak elevation than the FE model with a simple 
suspension failure. Based on the result, to investigate a vehicle behavior for a 10-inch 
curb system, a FE model with detailed wheel assembly and suspension failure should 
be developed to verify its validity with a depth knowledge. This figure shows the range 
of the dynamic response of the vehicle for just using a simple suspension failure model. 
The full understand of the vehicle response requires component testing of the wheel 
assembly and the suspension system. 
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Figure 5.11. Difference of Trajectory Profiles of Passenger Car with and without 

Suspension Failure for 10-curb 

 

5.3.3. Placement Guidelines 

Table 5.9 shows the distribution of preferred parameters under MASH TL-2 conditions. 
Greens indicate the simulation met MASH TL-2 evaluation criteria and is preferred. 
Oranges indicate simulation values are below the maximum but above the 
recommended MASH TL-2 evaluation criteria values, and therefore, they are not-
preferred for placement. Reds indicate simulation results could not meet MASH TL-2 
evaluation criteria and are not-recommended.  

A parapet with a height of 20 inches or higher is not-preferred to place at the 
lateral distance of 102 inches (8.5 feet) or over due to either high ride-down acceleration 
values or high roll angles. 

 

Table 5.9 Summary of Parametric Simulation for Passenger Car 
for the 8-inch-tall Curb Under MASH TL-2 Conditions 

 Unit: inches 
Lateral  

Parapet distance 
height 

6 
(0.5 ft) 

30 
(2.5 ft) 

54 
(4.5 ft) 

78 
(6.5 ft) 

102 
(8.5 ft) 

126 
(10.5 ft) 

150 
(12.5 ft) 

174 
(14.5 ft) 

36 

Not considered 

      

32       

26       

20       
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Table 5.10 shows the distribution of preferred parameters under MASH TL 3-10 
conditions. A parapet with a height of 36 inches is not preferred to place at the lateral 
distance of over 113 inches (9.4 feet) because of the high ride-down acceleration 
values. 

 

Table 5.10. Summary of Parametric Simulation for Passenger Car 
for the 8-inch-tall Curb Under MASH TL-3 Conditions 

Unit: inches 

Lateral  
Parapet distance 
height 

17 
(1.4 ft) 

41 
(3.4 ft) 

65 
(5.4 ft) 

89 
(7.4 ft) 

113 
(9.4 ft) 

137 
(11.4 ft) 

161 
(13.4 ft) 

180 
(15 ft) 

42 
Not considered 

      

36       
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 SUMMARY AND CONCLUSIONS 

6.1. SUMMARY 

This study developed placement guidelines for a bridge parapet system on a sidewalk 
with a curb under MASH TL-2 condition. Three 8-inch-tall curb profiles and one 10-inch-
tall curb profile were investigated. Trajectory testing was conducted to capture the 
vehicular trajectories after the vehicle impacts the curb and travels across the sidewalk 
then validation and parametric simulations were conducted using LS-DYNA [4]. The 
target impact speed and angle complied with MASH TL-2 conditions. MASH TL-2 
conditions incorporate both a passenger car and a pickup truck, hence both types of 
vehicles were tested. The testing data were then used to validate the simulation results. 

In this study, the vehicle model was validated under both MASH TL-2 and TL-3 
conditions. Data from the MASH TL-2 trajectory tests and data from the MASH TL-3 
crash tests undertaken by Caltrans were used to calibrate and enhance the vehicle 
models. One the calibration exercises are concluded; the vehicle models reasonably 
followed the behavior of the test vehicles. Although some differences between the tests 
and simulations were still observed, the trajectories of the vehicle models had an overall 
good correlation with the trajectories of the test vehicles. 

Subsequently, the calibrated vehicle models were set up with the respective curb 
profiles and impact conditions. The researchers measured the trajectories of a defined 
reference node for each case, the lateral distance from the curb edge to the 
corresponding peak height of the reference node was determined. This distance is 
defined as the critical location for the parapet placements. This critical distance location 
was used first for the simulation cases involving the pickup truck model. This was done 
to isolate the failed cases due to vehicular stability. The simulations for the passenger 
car were determined using the dynamically stable pickup truck results. Depending on 
the simulation results, the parameters for the following simulations were determined. If 
the vehicle was safely redirected and meet MASH evaluation criteria, the parapet height 
would be decreased. On the other hand, if the vehicle model rolled over or overrode the 
parapet, either the parapet height would be increased, or the parapet would be moved 
to change its lateral distance from the curb. In this way, multiple iterations of the 
parametric simulations were performed. Finally, placement guidelines were developed 
for various parapet heights. 

6.2. CONCLUSIONS 

Since the ADA standards [16] limits the minimum sidewalk width as 5 feet and AASHTO 
LRFD [17] limits at 4 feet, placement guidelines derived through this study are intended 
for parapet locations from 4.5 feet to 15 feet from the curb bottom edge. Additionally, 
parapet height is recommended to be a minimum of 20 inches for TL-2 conditions. It is 
because if the parapet is lower than 20-inches, there is a high possibility of truck 
override. Therefore, further study is recommended for a parapet located beyond 15 feet 
from the curb bottom edge or a parapet height shorter than 20 inches. 
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As aforementioned, the simulations with a different set of parameters were 
evaluated based on the data from when the vehicle impacts the curb. However, MASH 
Section 5.3 [2] addresses that “if a test with a geometric feature such as a ditch or curb 
involves three-dimensional vehicular motion, and the longitudinal or lateral acceleration 
exceeds 2 g during any average 50-ms period but the vehicle remains upright and did 
not exceed the maximum roll and pitch angle of 75 degrees, the occupant impact 
velocity (OIV) and RA values need to be reevaluated based on the data from the 
beginning of the period over which the average acceleration was computed.” In 
Appendix C, examples of acceleration curves for small car cases to show longitudinal 
and lateral acceleration with average 50-ms period acceleration. For ‘not-preferred’ 
small car cases, the acceleration did not exceed 2 g after the curb impact using the 
50-ms average signals. Therefore, the OIV and RA values for the cases that were 
reevaluated based on the data from when the vehicle impacted the parapet. Since the 
pickup truck cases were only evaluated by the stability, only the signals of small car 
cases were reevaluated based on impacting the parapet as the initial impact point (time 
zero). Table 6.1Error! Reference source not found. lists the reevaluated OIV and RA 
values. After reevaluating the OIV and RA values, ‘not-preferred’ cases were 
determined to be ‘pass.’ 
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Table 6.1. Critical Risk Factors Analysis for The Passenger Car Parametric 
Simulations  

Simulation 
No. 

Parapet 
Height 

(inches) 

Sidewalk 
Width 

(inches) 

Simulation Result 

OIV1 (ft/s) 
(Lateral / Longitudinal) 

RA2 (g) 
(Lateral / Longitudinal) 

1 20 54 15.4 / 21.3 2.5 / 7.3 

2 26 54 15.5 / 22.4 2.2 / 6.1 

3* 20 78 14.6/19.1 4.7 / 6.0 

4 26 78 14.0 / 18.3 8.2 / 8.6 

5* 20 102 10.4 / 10.7 8.9 / 15.1 

6 26 102 14.6 / 17.6 2.0 / 9.7  

7 32 54 15.6 / 22.2 2.4 / 5.8 

8 32 78 13.9 / 19.8 6.3 / 6.8 

9 20 150 14.8 / 20.5 2.7 / 8.7 

10 20 126 14.8 / 19.6 2.4 / 8.7 

11 26 150 
Occupant does not impact vehicle 

interior 
Occupant does not impact vehicle 

interior 

12 26 126 
Occupant does not impact vehicle 

interior 
Occupant does not impact vehicle 

interior 

13 20 174 4.3 / 1.1 0.3 / 1.2 

14 26 174 4.1 / 1.9 0.4 / 0.9 

15 32 102 14.9 / 17.0 1.4 / 7.8 

16 32 126 14.0 / 19.0 2.2 / 13.3 

17 32 174 
Occupant does not impact vehicle 

interior 
Occupant does not impact vehicle 

interior 

18 36 102 13.9 / 17.6 1.4 / 11.0 

19 36 126 13.8 / 18.8 1.7 / 15.1 

20 36 174 3.8 / 2.1 0.4 / 0.8 
NA = Not available 
* Vehicle roll angles are higher than 75 degrees (MASH Limit) 
1. MASH OIV Preferred 30.0 ft/s / Maximum 40.0 ft/s 
2. MASH RA Preferred 15.0 g / Maximum 20.49 g 

 

 

Figure 6.1 illustrates an example of the 8-inch curb placement guideline for 
MASH TL-2 conditions. As aforementioned, the sidewalk width smaller than 4.5 feet is 
not considered in this study per ADA standards [16] and AASHTO LRFD [17]. In 
addition, parapets shorter than 20 inches are not considered since there are high 
potential for the vehicle to override the parapet. No guidance is developed for TL-3 
conditions or 10-inch or higher curbs since the vehicle behavior is dependent on 
capturing an extreme failure of the wheel assembly and suspension once impacting a 
curb under TL-3 condition or impacting a 10-inch or higher curb under either condition. 
There are very limited test data to verify and fully calibrate vehicle suspension model for 
such an extreme failure phenomenon. Further investigation involving deeper curb and 
MASH TL-3 conditions is recommended as future research. 

https://tti.sharepoint.com/:f:/r/sites/614091-00001_A-Study-of-AcceptableSidewalk-Heights-and-Widths/Shared%20Documents/06_Parametric_simulation/01_different-profiles/TL_2-10/01_8-2_curb?csf=1&web=1&e=m7TYbl
https://tti.sharepoint.com/:f:/r/sites/614091-00001_A-Study-of-AcceptableSidewalk-Heights-and-Widths/Shared%20Documents/06_Parametric_simulation/01_different-profiles/TL_2-10/01_8-2_curb?csf=1&web=1&e=m7TYbl
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Figure 6.1. Placement Guidelines for 8-inch-tall Curb Under MASH TL-2 

Conditions (Impact Speed = 44 mph, Impact Angle = 25 degrees) 

 

In Figure 6.1 the red distance range indicates parapet placement is “not-
recommended” over the range at that given parapet height, the yellow range indicates 
parapet placement is “not-preferred” over the yellow range given the parapet height. 
Green indicates a recommended placement over the green range and the given height. 
The curves showing in background are the trajectory profiles of both the pickup truck 
and the passenger car from the FE simulations. In the legend, the number after the 
vehicle types indicated the curb height and offset. For instance, the curve named 
‘Pickup Truck 8-2’ presents the trajectory profile for the pickup truck model with 8-inch-
tall and 2-inch-offset curb.  

As an example, from the placement guideline shown in Figure 6.1, a parapet with 
the height of 26 inches or more can be placed anywhere between 4.5 ft and 14.5 ft from 
the curb edge.  
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APPENDIX A. TEST NO. 614091-01-1 

A.1. VEHICLE PROPERTIES AND INFORMATION 

Table A.1. Vehicle Properties for Test No. 614091-01-1 
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A.2. SEQUENTIAL PHOTOGRAPHS 
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Figure A.1. Sequential Photographs for Test No. 614091-01-1 (Overhead and Frontal 
Views) 
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Figure A.1. Sequential Photographs for Test No. 614091-01-1 (Overhead and Frontal 
Views) (Continued) 
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Figure A.2. Sequential Photographs for Test No. 614091-01-1 (Perpendicular View) 
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Figure A.3. Vehicle Angular Displacements for Test No. 614091-01-1 

  

Axes are vehicle-fixed.  
Sequence for determining 
orientation: 

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

Test Number:  614091-01-1 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 Nissan Versa 
Inertial Mass:  2446 lb 
Gross Mass:  2446 lb 
Impact Speed:  44.2 mi/h 

Impact Angle:  25.25 degrees 
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Figure A.4. Vehicle Longitudinal Accelerometer Trace for Test No. 614091-01-1 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-1 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 Nissan Versa 
Inertial Mass:  2446 lb 
Gross Mass:  2446 lb 
Impact Speed:  44.2 mi/h 
Impact Angle:  25.25 degrees 



T
R

 N
o

. 6
1
4

0
9
1

-0
1

  
6

5
 

2
0

2
4

-0
4

-1
8
 

 

 

 

Y Acceleration at CG
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Figure A.5. Vehicle Lateral Accelerometer Trace for Test No. 614091-01-1 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-1 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 Nissan Versa 
Inertial Mass:  2446 lb 
Gross Mass:  2446 lb 
Impact Speed:  44.2 mi/h 
Impact Angle:  25.25 degrees 
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Figure A.6. Vehicle Vertical Accelerometer Trace for Test No. 614091-01-1 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-1 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 Nissan Versa 
Inertial Mass:  2446 lb 
Gross Mass:  2446 lb 
Impact Speed:  44.2 mi/h 
Impact Angle:  25.25 degrees 
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APPENDIX B. TEST NO. 614091-01-2 

B.1. VEHICLE PROPERTIES AND INFORMATION 

Table B.1. Vehicle Properties for Test No. 614091-01-2. 
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Table B.2. Measurements of Vehicle Vertical Center of Gravity for Test No. 
614091-01-2 
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B.2. SEQUENTIAL PHOTOGRAPHS 
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Figure B.1. Sequential Photographs for Test No. 614091-01-2 (Overhead and Frontal 
Views) 
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Figure B.1. Sequential Photographs for Test No. 614091-01-2 (Overhead and Frontal 
Views) (Continued) 
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Figure B.2. Sequential Photographs for Test No. 614091-01-2 (Perpendicular View) 
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Figure B.3. Vehicle Angular Displacements for Test No. 614091-01-2 

  

Axes are vehicle-fixed.  
Sequence for determining 
orientation: 

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

Test Number:  614091-01-2 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 RAM 1500 Pickup 
Inertial Mass:  5005 lb 
Gross Mass:  5005 lb 
Impact Speed:  49.4 mi/h 

Impact Angle:  25.9 degrees 
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Figure B.4. Vehicle Longitudinal Accelerometer Trace for Test No. 614091-01-2 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-2 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 RAM 1500 Pickup 
Inertial Mass:  5005 lb 
Gross Mass:  5005 lb 
Impact Speed:  49.4 mi/h 
Impact Angle:  25.9 degrees 
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Figure B.5. Vehicle Lateral Accelerometer Trace for Test No. 614091-01-2 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-2 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 RAM 1500 Pickup 
Inertial Mass:  5005 lb 
Gross Mass:  5005 lb 
Impact Speed:  49.4 mi/h 
Impact Angle:  25.9 degrees 
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Figure B.6. Vehicle Vertical Accelerometer Trace for Test No. 614091-01-2 
(Accelerometer Located at Center of Gravity) 

Test Number:  614091-01-2 
Test Article:  8-inch Sidewalk 
Test Vehicle:  2014 RAM 1500 Pickup 
Inertial Mass:  5005 lb 
Gross Mass:  5005 lb 
Impact Speed:  49.4 mi/h 
Impact Angle:  25.9 degrees 
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APPENDIX C. PARAMETRIC ANALYSIS RESULTS 

 
Figure C.1 Trajectory Profiles on 8-inch Height Curb with Different Offsets for Passenger Car  
with Suspension Failure (2-inch and 3-inch offsets) and without (1-inch and 0-inch offsets) 
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Figure C.2 Trajectory Profiles on 8-inch Height Curb with Different Offsets for Truck  

with Suspension Failure (2-inch and 3-inch offsets) and without (1-inch and 0-inch offsets) 
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Table C.1. Initial Small Car Simulation Result and Reason of the Result (Time Zero 
at Curb) 

Simulation 
No. 

Parapet 
Height 

(inches) 

Sidewalk 
Width 

(inches) 

Simulation Result 
Reason of “not-preferred” (MASH RA max = 20.49 g / prefer = 15.0 g) 

Time Zero at Curb 

1 20 54 Pass NA 

2 26 54 Pass NA 

3 20 78 Fail High roll angle 

4 26 78 Pass NA 

5 20 102 Fail High roll angle 

6 26 102 Not Preferred RA (15.2 g) 

7 32 54 Pass NA 

8 32 78 Pass NA 

9 20 150 Not Preferred RA (18.1 g) 

10 20 126 Not Preferred RA (18.5 g) 

11 26 150 Not Preferred RA (20.3 g) 

12 26 126 Not Preferred RA (19.2 g) 

13 20 174 Not Preferred RA (14.9 g) 

14 26 174 Not Preferred RA (17.3 g) 

15 32 102 Not Preferred RA (16.0 g) 

16 32 126 Fail RA (22.1 g) 

17 32 174 Not Preferred RA (16.2 g) 

18 36 102 Not Preferred RA (15.1 g) 

19 36 126 Fail RA (20.7 g) 

20 36 174 Not Preferred RA (16.8 g) 

NA = Not available 
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(a) Simulation No. 16– 32-inch parapet height at 126-inch offset 
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(b) Simulation No. 19 – 36-inch parapet height at 126-inch offset 

Figure C.3. Longitudinal and Lateral Acceleration with 50-ms Average 
Acceleration. 
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