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DISCLAIMER 
 

The opinions, findings, and conclusions expressed in this publication are those of the 
authors and not necessarily those of the State of Florida Department of Transportation. 
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SI (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS 

 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

LENGTH 

in inches 25.4 millimeters mm 

ft feet 0.305 meters m 

yd yards 0.914 meters m 

mi miles 1.61 kilometers km 

AREA 

in2 square inches 645.2 square millimeters mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yard 0.836 square meters m2 

ac acres 0.405 hectares ha 

mi2 square miles 2.59 square kilometers km2 

VOLUME 

fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3 

MASS 

oz ounces 28.35 grams g 

lb pounds 0.454 kilograms kg 

T short tons (2,000 lb) 0.907 Megagrams 

   

Mg (or "t") 

TEMPERATURE (exact degrees) 
oF Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius oC 

FORCE and PRESSURE or STRESS 

kip 1,000 pound force 4.45 kilonewtons kN 

lbf pound force 4.45 newtons N 

lbf/in2 pound force per square inch 6.89 kilopascals kPa 

ksi kips force per square inch 6.89 Megapascals MPa 
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EXECUTIVE SUMMARY 
 

The Florida low profile barrier—consisting of multiple interconnected portable concrete 
segments—is typically utilized in construction zones to separate traffic from construction 
activities. The original development and validation (crash testing) of the barrier were in accordance 
with applicable standards at the time (NCHRP Report 350, 1993). In the present study, the 
performance of the Florida low profile barrier was re-assessed in accordance with the current 
requirements of the AASHTO Manual for Assessing Safety Hardware (MASH), specifically at 
Test Level 2 (TL-2) impact conditions. Numerical finite element simulations of vehicle-barrier 
impacts were used to estimate barrier performance, and full-scale MASH-compliant crash testing 
was used to experimentally validate barrier performance. Full-scale crash testing, conducted using 
MASH-compliant test vehicles (1100-kg car and 2270-kg pickup truck), demonstrated that the 
Florida low profile barrier satisfactorily met all required MASH performance criteria (vehicle 
redirection, stability, and roll angle; and occupant risk) for longitudinal barrier tests 2-10 and 2-11. 
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CHAPTER 1 
INTRODUCTION 

 
In prior studies (Consolazio et al. 2003a, 2003b), a low profile safety barrier was developed 

for use in roadside work zones. Finite element crash simulations and full-scale physical crash 
testing were used to design the system and validate its performance according to nationally 
accepted standards (NCHRP Report 350 (1993), Test Level 2 requirements).  

The AASHTO Manual for Assessing Safety Hardware (MASH; AASHTO 2016) is an 
update to, and supersedes, NCHRP Report 350 for purposes of evaluating roadside safety hardware 
devices. Selected revisions incorporated into MASH include: a) changes to the test vehicles, b) 
changes to selected impact conditions, and c) changes of selected evaluation criteria. Importantly, 
relative to NCHRP Report 350, the test vehicles masses included in MASH are larger—the 820C 
(820-kg) test vehicle (passenger car) was replaced by the 1100C (1100-kg)  vehicle, and the 2000P 
(2000-kg) test vehicle (pickup truck) was replaced by the 2270P (2270-kg) vehicle. 

In this study, the performance of the Florida low profile barrier was re-assessed under 
MASH Test Level 2 (TL-2) impact conditions. Numerical finite element simulations of vehicle-
barrier impacts were conducted to estimate system performance. Subsequently, full-scale vehicle-
barrier crash tests were performed to validate compliance with MASH TL-2 requirements.   
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CHAPTER 2 
PRE-CRASH-TEST NUMERICAL IMPACT SIMULATIONS 

 
2.1 Introduction 

In preparation for conducting full-scale crash tests, the performance of the Florida low 
profile barrier was numerically estimated, using finite element crash simulation techniques, in 
accordance with the longitudinal barrier requirements that are included in MASH. Details of the 
numerical simulations were reported in Consolazio and Han (2018) and are summarized here for 
convenience to the reader. 

In conducting the impact simulations, coefficients of friction were parametrically varied so 
that barrier performance over a range of possible site conditions could be estimated. Raw 
simulation results were processed to quantify performance measures relating to vehicle stability 
(roll angle), barrier performance (lateral deflection), and occupant risk (occupant impact velocity 
and occupant ridedown acceleration).  

2.2 Vehicle models 
In each analysis, one of the MASH test vehicles (an 1100-kg car or a 2270-kg truck) (Figure 

2-1) was simulated, using LS-DYNA (Livermore Software Technology Corporation 2018), 
impacting a series of ten low profile barrier segments. The vehicle models of the 1100-kg 
passenger car (denoted 1100C by MASH 2016) and the 2270-kg pickup truck (denoted 2270P by 
MASH 2016) were obtained from the Center for Collision Safety and Analysis (CCSA). For each 
vehicle type (1100C, 2270P), CCSA makes available ‘detailed’ high-resolution models 
(>1 million elements) and ‘coarse’ reduced-resolution models (>250,000 elements). For purposes 
of simulating the re-directional vehicle-barrier impacts in this study, the reduced-resolution CCSA 
models (Figure 2-3) were found to provide sufficient accuracy.  

 
a) 

 
b) 

Figure 2-1 Finite element models of test vehicles: 
(a) 1100-kg small car (Toyota Yaris); (b) 2270-kg pickup truck (Chevrolet Silverado) 
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a) 

 
b) 

 
c) 

 
d) 

Figure 2-2 Finite element model of 1100-kg passenger car (Toyota Yaris): 
(a) Side view (geometry); (b) Side view (mesh);  
(c) Rear view (geometry); (d) Rear view (mesh) 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 2-3 Finite element model of 2270-kg pickup truck (Chevrolet Silverado): 
(a) Side view (geometry); (b) Side view (mesh);  
(c) Rear view (geometry); (d) Rear view (mesh) 
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2.3 Barrier model 
In each vehicle-barrier impact simulation, an assembly consisting of a series of ten (10) 

low profile barrier segments was used, as shown in Figure 2-4a. In a physical installation, 
individual barrier segments would be connected together using high-strength steel (150 ksi) 
threaded bars. In the finite element models, each threaded bar was modeled using ‘discrete’ spring 
elements which were capable of representing nonlinear and inelastic (yielding) stress-strain 
behavior. Separate sets of nodes at adjacent barrier segments were placed into ‘nodal rigid body’ 
definitions to approximate the physical dimension of threaded bar bearing surfaces. Discrete spring 
elements of diameter 1.25 in. connected two adjacent nodal rigid bodies (Figure 2-4b) at each 
interface between barrier segments. Each spring element (threaded bar) was assigned a tensile 
failure strain of 0.04 (4%), as well as zero compressive stiffness (to model the physical manner in 
which the threaded bars interact with the bearing surfaces on the barrier segments; see Consolazio 
et al., 2003b). 

 
a) 

 
b) 

Figure 2-4 Finite element model of barrier (non-impact side shown): 
(a) Ten low profile barrier segments; (b) Discrete springs at connection between barrier segments 

2.4 Impact conditions simulated 
Numerical models corresponding to MASH longitudinal barrier ‘length of need’ impact 

test conditions 2-10 and 2-11 are shown in Figures 2-5 and Figure 2-6, respectively. Impact 
condition 2-10 involved a 25-deg. oblique impact at 44 mph (70 kph) of an 1100C passenger car 
striking the barrier. Primary performance indicators of concern for condition 2-10 generally relate 
to occupant risk parameters (i.e., occupant impact velocity [OIV] and occupant ridedown 
acceleration [ORA]), and are reported in the following section. Contact detections were defined 
for vehicle and barrier components that could potentially come into contact during impact, and 
corresponding friction coefficients were specified, as listed in Table 2-1. Since the Florida low 
profile barrier primarily utilizes inertial (mass-related) resistance to redirect vehicles, the degree 
of lateral barrier deflection is partially influenced by frictional resistance between the bottom of 
the barrier and the roadway. To estimate the sensitivity of lateral barrier deflection (as well as OIV 
and ORA) to friction coefficient, multiple levels of friction were investigated. 

 

Nodal rigid bodies

Discrete spring
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Figure 2-5 Finite element model of impact condition 2-10 (1100-kg car, 25-deg. angle, 44 mph) 

 

 

 
Figure 2-6 Finite element model of impact condition 2-11 (2270-kg truck, 25-deg. angle, 

44 mph) 
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Table 2-1 Contact frictional coefficients (impact condition 2-10: 1100C passenger car) 
Contact interface Coefficient of friction 
Vehicle (steel) to barrier 0.15 
Tire (rubber) to barrier 0.20 
Tire (rubber) to roadway 0.20 
Barrier segment to barrier segment 0.60 
Barrier to roadway 0.40, 0.60 

 
Impact condition 2-11 involves a 25-deg. oblique impact at 44 mph (70 kph) of a 2270P 

pickup truck striking the barrier. Primary performance indicators of concern for condition 2-11 
relate to vehicle stability (roll angle), barrier connector-bolt strength and integrity, and lateral 
barrier deflection. Occupant risk parameters (OIV and ORA) were also quantified for this impact 
condition. However, due to the larger vehicle mass of the 2270P truck (relative to the 1100C car), 
OIV and ORA values for impact condition 2-11 were expected to be less severe than those arising 
in impact condition 2-10. Contact detections were defined for vehicle and barrier components that 
could potentially come into contact during impact, and corresponding friction coefficients were 
specified, as listed in Table 2-2. Lateral barrier deflection, vehicle roll angle, and occupant OIV 
and ORA are all influenced by the friction. To estimate maximum vehicle roll angle, maximum 
barrier lateral deflection, and maximum OIV and ORA, multiple levels of friction were 
investigated.  

Table 2-2 Contact frictional coefficients (impact condition 2-11: 2270P pickup truck) 
Contact interface Coefficient of friction 
Vehicle (steel) to barrier 0.15 
Tire (rubber) to barrier 0.20, 0.40 
Tire (rubber) to roadway 0.20 
Barrier segment to barrier segment 0.60 
Barrier to roadway 0.20, 0.40, 0.60 

 
2.5 Results 

2.5.1 Results for impact condition 2-10 
Simulation results for impact condition 2-10 (1100-kg car, 25 deg., 44 mph) for various 

values of friction are summarized in Table 2-3. Maximum segment connector bolt (threaded bar) 
strain was 0.009 (0.9%), which was well below the bolt failure strain 0.040 (4%). Maximum 
vehicle roll angle was well below the MASH roll angle limit of 75 deg. Results from the impact 
case that produced the maximum roll angle are shown in Figure 2-7, where smooth redirection of 
the vehicle is indicated. For an oblique vehicle impact against a longitudinal concrete barrier, 
lateral OIV and ORA values typically control, as opposed to longitudinal OIV and ORA values. 
As noted in Table 2-3, the lateral OIV and ORA values were below the MASH preferred limits of 
30 ft/sec, and 15 g respectively, and well below the maximum permissible limits of 40 ft/sec, and 
20.49 g.  
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Table 2-3 Simulation results for impact condition 2-10  
Friction coefficients Max. barrier 

lateral disp. 
(in.) 

Max. bolt 
strain 

Max. roll 
angle 
(deg.) 

Lateral OIV 
(ft/sec) 

Lateral ORA 
(g) Barrier to 

roadway 
Tire to  
barrier 

0.4 0.2 7.2 0.009 10.7 21.9 11.6 
0.6 0.2 5.4 0.009 11.0 22.2 11.1 

 

 
t = 0.0 sec 

 
t = 0.2 sec 

 
t = 0.4 sec 

Figure 2-7 Simulation results for case producing maximum roll angle (impact condition 2-10, 
barrier-to-roadway friction = 0.6, tire-to-barrier friction = 0.2) 

2.5.2 Results for impact condition 2-11 
Simulation results for impact condition 2-11 (2270-kg truck, 25 deg., 44 mph) for various 

values of friction are summarized in Table 2-4. Maximum segment connector bolt (threaded bar) 
strain was 0.024 (2.4%), which was well below the bolt failure strain 0.040 (4%). Maximum 
vehicle roll angle was well below the MASH roll angle limit of 75 deg. Results from the impact 
case that produced the maximum roll angle are shown in Figure 2-8, where smooth redirection of 
the vehicle is indicated. As noted in Table 2-4, the lateral OIV and ORA values were below the 
MASH preferred limits of 30 ft/sec, and 15 g respectively, and well below the maximum 
permissible limits of 40 ft/sec, and 20.49 g.  

Table 2-4 Simulation results for impact condition 2-11 
Friction coefficients Max. barrier 

lateral disp. 
(in.) 

Max. bolt 
strain 

Max. roll 
angle 
(deg.) 

Lateral OIV 
(ft/sec) 

Lateral ORA 
(g) Barrier to 

roadway 
Tire to  
barrier 

0.2 0.2 27.8 0.024 13.2 18.5 9.9 
0.4 0.2 16.8 0.020 15.6 18.5 9.8 
0.6 0.2 12.5 0.018 17.0 18.7 10.8 
0.6 0.4 13.5 0.022 12.7 18.3 10.8 
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t = 0.0 sec 

 
t = 0.4 sec 

 
t = 0.8 sec 

Figure 2-8 Simulation results for case producing maximum roll angle (impact condition 2-11, 
barrier-to-roadway friction = 0.6, tire-to-barrier friction = 0.2) 

2.6 Summary 
All results presented above were obtained from numerical impact simulations that were 

conducted prior to full-scale crash testing. Based in part on these simulation results, the decision 
was made experimentally validate the performance of the Florida low profile barrier by conducting 
full-scale MASH-compliant crash testing. 
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CHAPTER 3  
FULL-SCALE CRASH TESTING 

 
The Texas A&M Transportation Institute (TTI) Proving Ground was selected to conduct 

AASHTO MASH-compliant vehicle crash testing of the Florida low profile barrier. The following 
Test level 2 (TL-2) crash tests were conducted by TTI: 

• AASHTO MASH Test 2-10, 1100C passenger car, 2420 lb., 44 mph, 25 deg. impact 
• AASHTO MASH Test 2-11, 2270P pickup truck, 5000 lb., 44 mph, 25 deg. impact 

For purposes of conducting the tests, TTI acquired a total of sixteen (16) Florida low profile 
barrier segments, each 12-ft long, resulting in a total test installation length of 192 ft. Barrier 
segments were acquired from a Florida precast concrete product producer and were assembled 
together in a straight line configuration. The test site was comprised of a concrete aircraft parking 
apron adjacent to an out-of-service runway. Based on information provided by TTI, the coefficient 
of friction at the test site was estimated as 𝜇𝜇=0.7. 

Vehicles used to conduct the crash tests, and corresponding test dates, were: 

• 2016 Nissan Versa (1100C passenger car), test date : 2021-02-03 
• 2016 Ram 1500 pickup (2270P pickup truck), test date: 2021-02-01 

AASHTO MASH performance criteria that are applicable to LON (length of need) TL-2 
tests of longitudinal barriers include the following [see MASH (AASHTO, 2016) Tables 2-2 and 
5-1]: 

Structural adequacy: Criterion A 
Test article should contain and redirect the vehicle or bring the vehicle to a controlled stop. 
The vehicle should not penetrate, underride, or override the installation although controlled 
lateral deflection of the test article is acceptable. 

 
Occupant risk: Criterion D 

Detached elements, fragments, or other debris from the test article should not penetrate or 
show potential for penetrating the occupant compartment, or present undue hazard to other 
traffic, pedestrians, or personnel in a work zone. Deformations of, or intrusions into, the 
occupant compartment should not exceed limits set forth in Section 5.2.2 and Appendix E 
of MASH. 

 
Occupant risk: Criterion F 

The vehicle should remain upright during and after collision. The maximum roll and pitch 
angles are not to exceed 75 degrees. 

 
Occupant risk: Criterion H 

Occupant impact velocities (OIV) should satisfy the following limits: Preferred value of 
30 ft/sec, or maximum allowable value of  40 ft/sec. 
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Occupant risk: Criterion I 
The occupant ridedown accelerations should satisfy the following: Preferred value of 15.0 
g, or maximum allowable value of 20.49 g. 

 
Physical crash testing demonstrated that the Florida low profile barrier satisfactorily met 

all of the required AASHTO MASH performance criteria for Test 2-10 (Figure 3-1) and Test 2-11 
(Figure 3-2). Included in Appendix A is the TTI crash report which provides detailed presentations 
of all crash test conditions and results. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3-1 Full-scale crash Test 2-10: (a) t = 0.0 sec; (b) t = 0.2 sec, (c) t = 0.4 sec; (d) t = 0.6 sec 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3-2 Full-scale crash Test 2-11: (a) t = 0.0 sec; (b) t = 0.2 sec, (c) t = 0.4 sec; (d) t = 0.6 sec 
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CHAPTER 4  
COMPARISON OF SIMULATION RESULTS AND TEST RESULTS 

4.1 Introduction 
In this chapter, a comparison is provided between selected impact simulation results and 

physical crash test results. It is important to note that differences existed between the assumptions 
made in conducting the pre-crash-test impact simulations, and in the physical crash test conditions. 
Given these differences in impact condition, it is anticipated that differences will be observed in 
the results obtained. 

Key differences between the simulations and the physical crash tests involved the types of 
vehicles utilized. While all vehicles investigated in this study (via simulation and crash testing) 
were suitable MASH 1100C and 2270P vehicles, the specific vehicle types used in the numerical 
simulations were not identical to those used in the TTI physical crash tests. Specific vehicle types 
were as follows: 

• MASH 1100C vehicle:  
Numerical simulation = Toyota Yaris; Physical crash test = Nissan Versa 

 
• MASH 2270P vehicle:  

Numerical simulation = Chevy Silverado; Physical crash test = Ram 1500 

In addition to differences in vehicle types, differences in assumed versus actual frictional 
coefficients existed. The pre-crash-test numerical impact simulations were conducted using 
multiple frictional values so that barrier performance could be estimated over varying site 
conditions. As noted earlier, barrier-to-roadway friction values simulated in the numerical studies 
included values of  𝜇𝜇=0.2, 𝜇𝜇=0.4, and 𝜇𝜇=0.6. At the TTI crash test site, the barrier-to-roadway 
friction value was estimated as 𝜇𝜇=0.7. For comparison purposes, numerical simulations utilizing a 
barrier-to-roadway friction coefficient of  𝜇𝜇=0.6 (closest available value to 𝜇𝜇=0.7) were selected 
for comparison. Further, for both the 2-10 and 2-11 impact conditions, simulations utilizing a tire-
to-barrier coefficient of friction of 𝜇𝜇=0.2 were selected for comparison to test results. 

4.2 Comparison and discussion 
A comparison of key simulation results and crash test results is provided in Table 4-1. 

Taking into account the differences in vehicle types, friction values, vehicle masses, impact speeds, 
and impact angles, good agreement is observed between simulation and physical test results for 
maximum lateral deflection (Δ𝑚𝑚𝑚𝑚𝑚𝑚), maximum roll angle (ϕ𝑚𝑚𝑚𝑚𝑚𝑚), and occupant impact velocity 
(OIV). Importantly, the simulated and measured maximum lateral barrier deflections differed by 
less than 20%, despite differences in vehicle type.  

In regard to occupant ridedown acceleration (ORA), more significant differences are 
observed between the simulated and measured results, with the simulations yielding conservative 
estimates of occupant risk. The observed differences in ORA are attributed to corresponding 
differences in the level of filtering (smoothing) that was applied to each set of acceleration data. 
Higher levels of filtering tend to reduce peak accelerations—by removing very short duration 
acceleration spikes—which in turn may reduce ORA. 
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Acceleration data obtained from the full-scale crash tests were filtered (by TTI) using 
methods that are in accordance with AASHTO MASH. In contrast, a lower level of filtering was 
applied to acceleration data obtained from the numerical impact simulations. The decision to use 
reduced filtering in processing the simulated acceleration data was made with the intent of yielding 
conservative occupant risk estimates. Had the pre-crash-test numerically estimated ORA values 
been close to the maximum permissible limits specified by AASHTO MASH, a higher level of 
filtering, as permitted by MASH, would have been applied to the simulation-based acceleration 
data and the ORA values would have been recomputed. However, given that the simulation-based 
ORA values were well below the AASHTO limits, refinements to the acceleration filtering were 
not deemed necessary. 

Table 4-1 Comparison of pre-crash-test numerical estimates to crash test results 

Impact condition 2-10, 1100C car   Impact condition 2-11, 2270P truck 
Pre-test FEA    TTI crash test Diff. Pre-test FEA        TTI crash test Diff. 
(Toyota Yaris) (Nissan Versa) (%) (Chevy Silverado) (Ram 1500) (%) 

Δ𝑚𝑚𝑚𝑚𝑚𝑚 5.4 in. 6.4 in. 17% Δ𝑚𝑚𝑚𝑚𝑚𝑚 12.5 in. 13.2 in. 5% 
ϕ𝑚𝑚𝑚𝑚𝑚𝑚 11.0 deg 11.0 deg 0% ϕ𝑚𝑚𝑚𝑚𝑚𝑚 17.0 deg 20.0 deg 16% 
OIV 22.2 ft/sec 20.7 ft/sec 7% OIV 18.7 ft/sec 16.7 ft/sec 11% 
ORA 11.1 g 6.7 g 49% ORA 10.8 g 3.5 g 102% 

 
Δ𝑚𝑚𝑚𝑚𝑚𝑚 = maximum lateral dynamic barrier deflection (in.) 
ϕ𝑚𝑚𝑚𝑚𝑚𝑚 = maximum vehicle roll angle (deg.) 
OIV  = lateral occupant impact velocity (ft/sec) 
ORA  = lateral occupant ridedown acceleration (g) 
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CHAPTER 5  
SUMMARY AND RECOMMENDATIONS 

 
In this study, the performance of the Florida low profile barrier was assessed under 

AASHTO MASH Test Level 2 (TL-2) impact conditions. Numerical finite element simulations of 
vehicle-barrier impacts were used to estimate barrier performance, and full-scale MASH-
compliant crash testing was used to experimentally validate barrier performance. Full-scale crash 
testing, conducted using MASH-compliant test vehicles (1100-kg car and 2270-kg pickup truck), 
demonstrated that the Florida low profile barrier satisfactorily met all required MASH 
performance criteria (vehicle redirection, stability, and roll angle; and occupant risk) for 
longitudinal barrier tests 2-10 and 2-11.  

It is recommended that the lateral barrier deflection data presented in this report, obtained 
from a combination of numerical impact simulations and physical crash testing, be used to 
establish an appropriate working width that must be provided at installations of the Florida low 
profile barrier. It is also recommended that maximum construction tolerance limits be established 
for important dimensions of the Florida low profile barrier geometry (e.g., the inverted slope of 
the impact face). 
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APPENDIX A: CRASH TEST REPORT 
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