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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 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 

lb pounds 0.454 kilograms kg 

T short ton (2,000 lb) 0.907 megagrams (or ñmetric tonò) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION  
fc foot-candles  10.76 lux lx 

fl  foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & 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 yard  yd2 

ha hectares  2.47 acres  ac 

km2 square kilometers  0.386 square miles  mi2 

VOLUME  
mL milliliter   0.034 fluid ounces fl 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 ñmetric tonò) 1.103 short ton (2,000 lb) T 

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

ILLUMINATION  
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl  

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 

kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 

1 INTRODUCTION  

1.1 Problem Statement 

At the Institute of Transportation (InTrans), housed within Iowa State University (ISU), an 

innovative precast concrete bridge barrier was developed for Accelerated Bridge Construction 

(ABC) applications, featuring special details for both barrier-to-deck and barrier-to-barrier 

connections [1]. In order to evaluate the barrier systemsô connection performance and their 

individual force transfer and strength, as well as the corresponding stress distribution in the barrier 

and bridge overhang, a comprehensive series of full -scale component tests were conducted at the 

Structures Testing Laboratory of ISU. These examinations employed quasi-static loadings on a 

representative barrier prototype supported on a bridge deck overhang. 

Figures 1 through 5 provide schematics and photographic illustrations of the prefabricated 

concrete barriers [2]. These barriers had undergone experimental evaluation using quasi-static 

testing methods. Additionally, the figures elucidate the specialized connections employed to 

ensure the structural integrity of the prefabricated concrete barriers. 

As a subsequent phase in the investigation, the researchers were poised to undertake a crash 

test on modified barrier designs, i.e., single-slope shape or a near-vertical shape. Details of the 

modified precast concrete barriers and connections are provided in Figures 6 through 11. The 

overarching objective of this examination was to substantiate whether the bridge railing system, 

including its connection details, met or exceeded design Test Level 4 (TL-4) in accordance with 

the American Association of State Highway and Transportation Officials (AASHTOôs) Manual 

for Assessing Safety Hardware (MASH) and Load and Resistance Factor Design (LRFD) Bridge 

Design Specifications [3-4]. 
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Figure 1. Detailed Prefabricated Barrier Drawings, Dimensions in Inches [2] 
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Figure 2. Detailed Prefabricated Barrier and Connection Drawings [2] 
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                                  (a)                                                                                     (b) 

              
                                  (c)                                                                                                  (d) 

Figure 3. Iowa State University Component Testing Program: (a) Reinforcement Receiver; (b) Receiver Placed in Bridge Deck 

Formwork; (c) Receiver Placed with Reinforcement; and (d) #8 Reinforcement with Threaded Ends [2] 
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(a)                                                                          (b) 

   
                                      (c)                     (d) 

Figure 4. (a) Iowa State University Component Testing Program: Double Headed Ties; (b) Barrier End with Double Headed Ties; (c) 

Barrier End with Receiving Slot; and (d) Barriers End-to-End [2] 
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        (a)                                                                            (b) 

                             
            (c)                          (d) 

Figure 5. Iowa State University Component Testing Program: (a) Receiving End of Barrier (Side View); (b) Transverse Ties Detail 

(receiving/female end placed when forming barrier); (c) Detail Showing Male Transverse Tie Above Actual Location; (c) Placing 

Male Transverse Ties Once Barriers are Placed; and (d) Placed Transverse Tie Detail [2] 
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Figure 6. Single-Slope Barrier Segment, Dimensions in Inches [5] 
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Figure 7. Single-Slope Barrier Segment, Reinforcement Details (Note: the spacing of the inclined tie-down bar was later reduced) [5] 
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Figure 8. Single-Slope Barrier Segment, Deck and Barrier-to-Deck Attachment Details [5] 
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Figure 9. Near-Vertical Barrier Segment, Dimensions in Inches [5] 
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Figure 10. Near-Vertical Barrier Segment, Reinforcement Details [5] 
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Figure 11. Near-Vertical Barrier Segment, Deck and Barrier-to-Deck Attachment Details [5] 
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1.2 Background 

To mitigate time-intensive installations or replacements of bridge structures, many 

transportation agencies have started to implement Accelerated Bridge Construction (ABC) 

methodologies. A predominant technique in ABC entails the usage of Prefabricated Bridge 

Elements and Systems (PBES) instead of traditional cast-in-place construction methods. These 

prefabricated elements, applicable to the bridge superstructure, typically encompass elements such 

as girders and decks. In this approach, the interconnections between these elements often only 

require on-site assembly and fixation. 

An area of ABC that has received comparatively less attention is the development of 

prefabricated elements specifically designed for concrete bridge rails. Most bridge rails, 

predominantly composed of concrete, are still created through cast-in-place methods. This process 

is intrinsically time-consuming, requiring significant durations for casting and curing to reach the 

desired capacity. In response to this limitation, InTrans devised a precast concrete bridge barrier 

with an integral attachment system, which features unique connection details for the barrier-to-

deck and barrier-to-barrier couplings for utilization in ABC initiatives [1]. 

InTrans formulated two alternative methods of connections between the deck and the 

precast concrete barrier. A traditional precast concrete barrier was examined alongside these two 

connection alternatives, using full-scale precast barriers for evaluation. The first type of barrier-

to-deck connection employed inclined reinforcing bars with threaded ends, joined to bar splicers 

embedded within the bridge deck, as depicted in Figure 12. The second type (shown in Figure 13) 

involved U-shaped bars inserted into the barrier from the underside of the bridge deck overhang. 

The design considerations for these connections included minimal damage to the deck, ease of 

barrier replacement, constructability, durability, and economic feasibility. The performance of the 

inclined reinforcement connection was found to be superior to the U-shaped bar connection, and 

suggestions were provided to further optimize the performance of the detail. 

 

Figure 12. Iowa State University Inclined Bar Connection Between Precast Barrier and Deck (all 

dimensions are in inches) [1] 
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Figure 13. Iowa State University U-bar Connection Between Precast Barrier and Deck (all 

dimensions are in inches) [1]  

Following the development and testing efforts for the precast concrete barrier, it was noted 

that results from NCHRP Project No. 22-20(2) [6] indicated that the MASH TL-4 impact loads 

were substantially greater than the previous TL-4 loads under NCHRP Report 350 [7]. The current 

guidance from NCHRP Project No. 22-20(2) recommended approximately an 80-kip lateral impact 

load for designing bridge rails and concrete parapets under MASH TL-4 test conditions with a 

10000S single-unit truck (SUT) vehicle [6]. This lateral design load is distributed across a 5-ft 

length and applied at a height of 30 in. It should be noted that more detailed information is provided 

for use in determining the magnitude of design load and load application height as a function of 

barrier height. 

1.3 Research Objectives and Methodology 

The primary objectives of this research were to: (1) perform numerical simulations 

preceding the crash test; (2) conduct a crash test utilizing a 10000S SUT; and (3) undertake 

numerical evaluations subsequent to the full-scale crash test. 

Within the numerical analysis parts of this project, the intent was to evaluate a crashworthy 

TL-4 precast bridge rail through various simulations. They complemented the physical evaluation 

of the precast concrete bridge barrier designed by InTrans at ISU to MASH TL-4 [1]. The 

investigations were separated into two phases: (1) pre-crash test predictions and design 

modifications and (2) post-crash test analysis. Extensive modeling was performed in the first 

phase, and the physically tested specimen was decided based on these numerical results. 

The crash test, which aligned with MASH TL-4 test designation no. 4-12, entailed 

constructing a full-scale precast concrete bridge railing and deck system. The full-scale crash 

testing was conducted to evaluate the MASH safety performance of the precast concrete bridge 

rail, damage to the barrier and deck, and the working width for the precast concrete barrier. 
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1.4 Scope 

The research objectives were achieved through the systematic execution of several tasks, 

each contributing to the understanding and evaluation of the crash performance of the prototype 

precast concrete bridge barrier. 

The first task involved the research team conducting an initial evaluation. This evaluation 

was informed by their accumulated expertise, previous experiences, and the employment of LS-

DYNA computer simulations. Pre-crash modeling and analysis were carried out prior to the crash 

test. The pre-crash investigation encompassed: (1) LS-DYNA computer simulations to predict the 

barrier and the vehicle performance for impacts into both the prototype single-slope barrier and 

prototype near-vertical barrier using all three MASH TL-4 test vehicles (1100C, 2270P, and 

10000S); (2) determination of the required test length for the crash testing program; (3) selection 

of the critical barrier shape for the crash testing program based on the simulation analysis; (4) 

comparative study of the simulation results across all three test vehicles and both barrier shapes; 

(5) determination of the Critical Impact Point (CIP) for all three test vehicles on both barrier 

shapes; (6) investigation of impacts at various points including in the middle of a barrier segment, 

at the barrier-to-barrier connection, and upstream from the barrier-to-barrier connection; and (7) 

comparison of simulated CIPs to the CIPs established from MASH Section 2.3.2.2. 

Following the pre-crash modeling and analysis, the information obtained was used to make 

informed decisions regarding the preliminary test layout, revisions to the preliminary 3-D CAD 

details, and the placement of sensor instrumentation on selected barrier and deck locations prior to 

the crash test. The barrier system's test length was determined in accordance with the findings of 

the pre-crash analysis and the MASH guidelines. The system's length was configured such that the 

barrier's ends were not expected to undergo any lateral displacement. If deemed necessary, the 

research was also to make suggestions to the ISU design team regarding modifications to the 

barrier system that would improve the potential for a successful test and crashworthy barrier 

system. During the pre-crash modeling and analysis effort, the research team raised concerns and 

conducted more LS-DYNA computer simulations that led to decisions to modify the barrier design 

using (1) a higher-grade steel (60 ksi vs. 80 ksi) for the inclined bars and (2) a greater quantity of 

inclined bars in the single-slope configuration than initially designed. 

Subsequently, a MASH TL-4 10000S SUT crash test was conducted on the single-slope 

concrete precast bridge rail. The test was conducted in compliance with the Midwest Roadside 

Safety Facility's (MwRSF) accredited testing services, validated by the A2LA laboratory 

accreditation body (A2LA Cert. No. 2937.01). The test results were thoroughly analyzed, 

evaluated, and documented. From this effort, conclusions were drawn, and recommendations were 

proposed regarding the safety performance of the single-slope concrete bridge rail. 

Finally, a post-crash analysis was performed upon the crash test's completion. This analysis 

included comparisons between the simulation results obtained from the pre-crash analysis and the 

actual physical test results obtained from the 10000S SUT crash event. This final step ensured a 

comprehensive understanding of the performance of the barrier system under realistic crash 

conditions, confirming or contesting the initial predictions established during the pre-crash 

analysis phase.
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2 PRE-CRASH TEST ANALYSIS 

2.1 Purpose 

This chapter serves as a comprehensive summary of the numerical analyses conducted 

before crash testing to predict the crashworthiness of the two ISU barrier configurations. It outlines 

the key elements of the analyses, including a detailed description of the Finite Element (FE) models 

developed for crash test simulations. The geometry, general modeling techniques, and material 

properties used in these models are also explained in this section. 

FE models were created in the LS-DYNA software package [8]. This powerful package is 

specifically designed to simulate nonlinear collision simulations and has been successfully used to 

predict the behavior of concrete barriers when subjected to vehicular impact events. LS-DYNA is 

an effective tool for researchers and engineers to assess the barrierôs safety performance under 

various impact scenarios.  

Several parameters define full-scale vehicle crash tests, including impact speed, impact 

angle, test vehicle mass and geometry, and impact location. For TL-4, the testing matrix includes 

1100C and 2270P vehicle impacts at 62 mph and 25 degrees along with 10000S vehicle impacts 

at 56 mph and 15 degrees. These three test conditions were simulated in this project. It should be 

noted that the vehicle models used in this project were originally developed by the Center for 

Collision Safety and Analysis (CCSA) at George Mason University (GMU) [9], which later 

included updates that were provided by MwRSF researchers. The primary objective of the 

computer simulation effort was to shed light on the behavior and crashworthiness of the two ISU 

precast concrete barrier systems when subjected to MASH vehicle impact loading. 

2.2 Geometry of Barriers and Impacting Objects 

Two design alternatives (single-slope and near-vertical barrier shapes) were considered in 

this study. Schematics of the two barrier shapes are shown in Figure 14. The single-slope barrier 

design (10.9-degree slope) had four 1 in. diameter (Grade 60) inclined anchor rods per segment, 

while the near-vertical barrier design (3-degree slope) had five 1 in. diameter (Grade 60) inclined 

anchor rods. Both barrier shapes had four 7/8 in. diameter barrier joint connecting rods, as depicted 

in Figure 14. The LS-DYNA model of the barrier and deck is shown in Figure 15. These two 

barrier typesô geometry is shown in Figures 16 and 17. The total length of the modeled system for 

both barrier shapes was 80 ft and consisted of 8 segments, each with a length of 10 ft, as depicted 

in Figure 15. The grade beam beneath the deck was fixed. The maximum barrier height with the 

grout pad was 44 in.  

The bridge deck was configured with a 42-in. lateral overhang extending away from the 

outer face of the grade beam. The lateral reinforcement embedded in the deck comprised two #6 

bars spaced at 5 in. and 7½ in. on center on the top and bottom steel mats, respectively. A #5 rebar 

was placed on each side of the inclined receiver in the bridge deck. The deck was reinforced with 

#4 bars spaced longitudinally. The single-slope bridge rail segment was 10 in. wide at the top and 

18½ in. wide at the base, while the near-vertical barrier was 13½ in. wide at the top and 15¾ in. 

wide at the base. In terms of reinforcement, each segment of the bridge rail was equipped with ten 

#5 longitudinal bars, divided between the front and back faces of the bridge rail. 

https://www2.gmu.edu/
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Modeling all barrier components can be quite complex, which can yield data that may be 

difficult to interpret. This investigation prioritized resources and computational efforts toward 

aspects of the model that were deemed to have a greater impact on the study's overall objectives. 

Therefore, the investigation focused on the primary elements of interest ï normal barrier 

reinforcement, inclined reinforcing bars, and double-headed ties across the barrier joints. As such, 

the transverse ties were not included in the simulation models. This decision was made to simplify 

the analysis at the ends of the reinforced concrete segments to manage the scope of research within 

practical bounds without compromising the integrity and relevance of the findings. 

                              
 (a) Single-Slope Barrier (b) Near-Vertical Barrier  

 
(c) Barrier Joint Connecting Rods, Single-Slope Barrier 

 
(d) Barrier Joint Connecting Rods, Near-Vertical Barrier 

Figure 14. Schematics of Single-Slope and Near-Vertical Barrier Shapes: (a) Single-Slope 

Barrier; (b) Near-Vertical Barrier(c) Barrier Joint Connecting Rods, Single-Slope Barrier; and 

(d) Barrier Joint Connecting Rods, Near-Vertical Barrier 
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Figure 15. Overview of LS-DYNA Model of Precast Concrete Barrier System ï Bridge Deck Region Only  
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Figure 16. Overview of LS-DYNA Model of Bridge Deck, Grade Beam, Anchor Beam, and Barrier System for Single-Slope Barrier 

Shape  
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Figure 17. Overview of LS-DYNA Model of Bridge Deck, Grade Beam, Anchor Beam, and Barrier System for Near-Vertical Barrier 

Shape 
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The type, size, and weight of the test vehicles can significantly affect the impact safety 

associated with the MASH crash tests. Both small and large passenger vehicles can pose a 

significant and unique set of challenges for most types of roadside safety hardware. The specified 

MASH test vehicles considered for the current study were a small car weighing approximately 

2,420 lb (designation 1100C), a four-door, two-wheel drive, half-ton pickup truck weighing 5,000 

lb (designation 2270P), and a single-unit truck weighing 22,046 lb (designation 10000S). LS-

DYNA models of these vehicles are shown in Figure 18. Note that the vehicle models were 

developed by the CCSA at GMU [9], which were later updated by MwRSF researchers. 

 

Figure 18. LS-DYNA Models of 1100C, 2270P, and 10000S Test Vehicles 

2.3 Material Properties 

All concrete parts used the Continuous Surface Cap Model (CSCM) in LS-DYNA [10]. 

The CSCM considers various characteristics of concrete, such as strength, stiffness, 

hardening/softening, damage, and the influence of strain rate. The modelôs formulation comprises 

three surfaces: triaxial compression; triaxial extension; and torsional shear. These surfaces 

technically make up the yield surface. There are also ultimate and residual surfaces.  

Additionally, there is a hardening cap surface that determines the pressure at which the 

material starts exhibiting inelastic strains. The damage formulation within the CSCM involves 

strain softening in both compression and tension, as well as modulus reduction. The strain rate 

effect accounts for the increase in concrete strength as the strain rate rises. 

This study utilized normal-weight concrete with a density of 150 pounds per cubic foot. 

The unconfined compressive strength of the concrete was estimated to be 4,000 psi. Previous 

research works have successfully applied the CSCM to accurately capture the impact response of 

various concrete structures subjected to impact loads [11-15]. 

Steel reinforcement was modeled using the piecewise linear plasticity model [15ï17]. This 

material model enables the specification of parameters, such as steel reinforcement density, 

modulus of elasticity, yield strength, Poissonôs ratio, effective stressïplastic strain relationship, 

https://www2.gmu.edu/
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and strain rate effect. The density of the steel reinforcement was assumed to be 490 pounds per 

cubic foot. The moduli of elasticity and yield strength of the steel were considered 29,000 ksi and 

60 ksi, respectively. The Poissonôs ratio was assumed to be 0.3. The strain rate effect in the steel 

reinforcement followed the equations proposed by Malvar and Crawford [18]. The parameter C 

and P were considered 0, and Vp was considered 1 in the simulations. A bilinear stress-strain curve 

was considered for the rebar steel material. Eight-node solid elements were used to model concrete 

components. Friction contact was used to model the contact between the barrier, grout, and pad. 

The embedded reinforcement within the concrete was represented using beam elements. The 

interaction between the concrete and rebar was simulated using the constrained beam in solid 

feature of LS-DYNA. As such, the bond between the reinforcement bars and the surrounding 

concrete was modeled as perfect. 

2.4 Vehicle Models and Impact Locations 

Full-scale crash testing is the primary method for evaluating the impact performance of 

roadside safety features. These tests are crucial in assessing how well these safety features can 

withstand vehicular collisions. One vital aspect of the impact performance evaluation process is 

carefully selecting the test vehicles. Choosing vehicles that represent a wide range of sizes and 

types commonly encountered on the roads is important. MASH designates three test vehicles for 

TL-4 to account for the various vehicle types that may collide with barriers on highways. These 

designations aim to encompass a diverse set of impacting vehicles. Table 1 provides an overview 

of the properties of these test vehicles. The test vehicle designations ensure that the safety featureôs 

performance is evaluated comprehensively, as both light vehicles prone to rollover or severe ride 

down and heavy trucks prone to override are included. 

The philosophy behind selecting these test vehicles is rooted in the idea that if a safety 

feature can demonstrate satisfactory performance for the smallest and largest passenger vehicles, 

it is expected to perform adequately well for all passenger vehicle sizes [3]. This approach allows 

for a holistic assessment of the safety featureôs effectiveness, considering the entire spectrum of 

vehicles encountered in service. 

Impact locations on a safety feature should be carefully chosen to represent a critical impact 

point, which is the point where the highest probability of test failure occurs [3]. In order to locate 

this point, simulations were conducted with multiple vehicles. For each vehicle type, three 

different impact locations were used. For the 1100C vehicle, the impact locations were at the mid-

span of barrier no. 2, 3.6 ft upstream of the joint, and at the joint between barrier nos. 2 and 3. 

Similarly, for the 2270P vehicle, the impact locations were at the mid-span of barrier no. 2, 4.3 ft 

upstream of the joint, and at the joint between barrier nos. 2 and 3. Finally, for the 10000S vehicle, 

the impact locations were at the mid-span of barrier no. 2, 2.5 ft upstream of the joint (which 

corresponded to ¾-span location), and at the joint between barrier nos. 2 and 3. These impact 

locations were investigated and analyzed through numerical simulations, and details of the 

simulation matrix can be found in Table 2. In total, 18 different combinations of barrier types, 

impact vehicles, and impact locations were considered during the numerical analysis. 
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Table 1. MASH TL-4 Test Designations and Evaluation Criteria 

MASH Test 

Designation 

No. 

4-10 4-11 4-12 

Description 
2,420-lb car at 62 mph/25 

degrees 

5,000-lb pickup at 62 

mph/25 degrees 

22,000-lb single-unit truck 

at 56 mph/15 degrees 

Structural 

Adequacy 

A. Contain and redirect 

vehicle without override 

of barrier 

A. Contain and redirect 

vehicle without override 

of barrier 

B. Contain and redirect 

vehicle without override 

of barrier 

Occupant 

Risk 

D. No penetration and 

limited deformations of 

occupant compartment 

D. No penetration and 

limited deformations of 

occupant compartment 

D. No penetration and 

limited deformations of 

occupant compartment 

F. Remain upright; 

maximum roll and pitch 

angles of 75 degrees 

F. Remain upright; 

maximum roll and pitch 

angles of 75 degrees 

F. Preferable, but not 

essential, that the 

vehicle remain upright 

H. Lateral and longitudinal 

occupant impact 

velocity (OIV) Ò 40 ft/s 

(12.2 m/s) 

H. Lateral and longitudinal 

occupant impact velocity 

(OIV) Ò 40 ft/s (12.2 m/s) 

NA 

I. Lateral and longitudinal 

occupant ridedown 

acceleration (ORA) Ò 

20.49 gôs 

I. Lateral and longitudinal 

occupant ridedown 

acceleration (ORA) Ò 

20.49 gôs 

NA 

Table 2. Final Numerical Simulation Matrix (for each Barrier Shape) 

Test No. Vehicle 
Speed  

(mph) 

Angle  

(deg) 
Impact point 

4-10 1100C 62 25 

Mid-span of barrier 

3.6 ft upstream of joint 

Joint 

4-11 2270P 62 25 

Mid-span of barrier 

4.3 ft upstream of joint 

Joint 

4-12 10000S 56 15 

Mid-span of barrier 

Ĳ-span 

Joint 

2.5 Results and Discussion 

The performance of the two barrier shapes under vehicle impact loading was investigated 

and analyzed using various model response measures, such as concrete damage pattern, axial and 

shear force in rebars, impact force, and velocity or acceleration-time history from the vehicle 

impact simulations.  
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2.5.1 General Behavior and Concrete Damage 

The general effect of different vehicle impacts on the barriers were first assessed by 

analyzing the concrete damage contours, as depicted in Figure 19, for an impact at the mid-span 

of barrier no. 2. The damage value increased whenever the material was undergoing yielding, 

meaning it accumulated when the stress state was beyond the yield surface. This figure clearly 

illustrated that the damage predominantly occurred at the second and third barriers, which were 

the locations of the collisions. Among the impacting vehicles, the 10000S vehicle caused the most 

significant damage and displacement in the impact zone. This notable damage was primarily due 

to the vehicle 10000Sôs greater mass and impact severity. Further, the increased center of gravity 

(C.G.) height of the 10000S vehicle resulted in a higher lateral load and, consequently, a greater 

overall moment exerted on the barrier/bridge railing and the deck. 

Additionally, it was observed that the barriers' traffic-side surface suffered more damage 

than the back-side face. Moreover, in the case of the near-vertical barriers, generally, more damage 

was seen on the barrier-to-barrier joint connections compared to what was observed in the single-

slope barriers. These joint connections experienced higher stresses due to the specific geometry 

and configuration of the near-vertical barrier design. Greater impact force for the near-vertical 

barriers was likely due to decreased vehicle roll and climb, resulting in more energy dissipated 

through lateral load. It is worth noting that in all tested conditions, the impacting vehicles collided 

with the barriers twice. The initial collision involved the vehicle's front bumper, followed by a 

secondary collision involving the side of the vehicle near the quarter panel or the back of the cargo 

box (tail slap). Throughout the impact simulations, the barriers gradually returned to a lesser 

displacement from their peak displacement, indicating some degree of elastic rebound after the 

impact event.



July 26, 2024  

MwRSF Report No. TRP-03-476-24 

 

25 

 

 

1100C on  

Single-Slope 

Shape  

 

2270P on 

Single-Slope 

Shape  

 

10000S on 

Single-Slope 

Shape  

 

1100C on 

Near-Vertical 

Shape  

 

2270P on 

 Near-Vertical 

Shape 

 

10000S on  

Near-Vertical 

Shape  

Figure 19. Concrete Damage Contours for Selected Simulations, Impact at Mid-Span of Barrier 

No. 2 

2.5.2 Stresses in Inclined and Joint Rebars 

Axial and von Mises stresses that were developed in the inclined and longitudinal joint 

rebars at critical locations are shown in Tables 3 through 5. The reinforcing steel rebars initially 

had a yield strength of 60 ksi. The numbers in parentheses indicated the count of rebars that yielded 

in a given simulation. Based on the number of yielded rebar for the three SUT (TL-4) impact 

scenarios, impact at mid-span appeared more critical than impact at ¾-span and joint for the single-
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slope barrier. Also, impact at ¾-span appeared more critical than that impact at mid-span and joint 

for the near-vertical barrier. As shown, it was found that inclined bars in both types of barriers 

reached stresses beyond their yield point in the case of impacts with the 2270P pickup truck and 

10000S SUT. 

Tables 3 through 5 demonstrated that as the impact severity and load height increased, the 

maximum stress experienced by the rebar also increased. Additionally, the number of yielded rebar 

increased with higher vehicle masses and impact severity. Note that the numbers in parentheses 

are the number of yielded bars. Moreover, it was observed that although the near-vertical barrier 

included one more inclined bar than the single slope barrier, bars in this design were still stressed 

beyond yield during impacts involving pickup trucks and SUTs. This highlights the load-reducing 

effect of the single slope barrier due to an allowance for increased vehicle roll and climb. 

 Table 3. Axial and von Mises (VM) Stresses in Inclined and Joint Rebars (1100C vehicle) 

Simulation results 

Single-slope barrier 

(four inclined bars) 

Near-vertical barrier  

(five inclined bars) 

Mid -

span 

3.6 ft 

u/s 
Joint 

Mid -

span 

3.6 ft 

u/s 
Joint 

Max. impact force (kips) 53.50 51.70 58.45 58.00 54.40 49.45 

Max. axial stress in No. 8 inclined 

bar (ksi) 
32.60 55.11 43.61 36.25 46.41 57.74 

Max. VM stress in No. 8 inclined 

bar (ksi) 
38.44 

60.91 

(2) 
50.76 49.31 57.28 

60.91 

(1) 

Max. axial stress in No. 7 joint 

rebar (ksi) 
15.23 26.83 20.30 24.65 26.10 25.38 

Max. VM stress in No. 7 joint rebar 

(ksi) 
21.03 28.28 27.55 29.00 31.90 33.35 

Table 4. Axial and von Mises (VM) Stresses in Inclined and Joint Rebars (2270P vehicle) 

Simulation results 

Single-slope barrier 

(four inclined bars) 

Near-vertical barrier  

(five inclined bars) 

Mid -

span 

4.3 ft  

u/s 
Joint 

Mid -

span 

4.3 ft  

u/s 
Joint 

Max. impact force (kips) 64.07 63.17 68.57 71.94 69.92 74.19 

Max. axial stress in No. 8 inclined 

bar (ksi) 
66.71 66.43 63.81 60.19 63.6 58.01 

Max. VM stress in No. 8 inclined 

bar (ksi) 

67.41 

(3) 

68.17 

(2) 

65.27 

(5) 

63.81 

(2) 

64.00 

(2) 

60.91 

(1) 

Max. axial stress in No. 7 joint 

rebar (ksi) 
34.80 49.31 44.96 55.11 43.51 55.31 

Max. VM stress in No. 7 joint 

rebar (ksi) 
43.51 58.01 53.66 

60.91 

(2) 
55.11 

64.10 

(2) 
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Table 5. Axial and von Mises (VM) Stresses in Inclined and Joint Rebars (10000S vehicle)  

Simulation results 

Single-slope barrier 

(four inclined bars) 

Near-vertical barrier  

(five inclined bars) 

Mid -

span 
3/4-span Joint 

Mid -

span 

3/4-

span 
Joint 

Max. impact force (kips) 116.90 109.03 105.66 57.78 76.88 50.36 

Max. axial stress in No. 8 inclined 

bar (ksi) 
89.62 87.02 72.52 78.32 75.51 61.64 

Max. VM stress in No. 8 inclined 

bar (ksi) 

94.27 

(8) 

88.47 

(7) 

76.87 

(6) 

79.77 

(9+6) 

77.59 

(10) 

66.42 

(10+5) 

Max. axial stress in No. 7 joint 

rebar (ksi) 
60.91 60.50 61.64 63.09 63.81 63.51 

Max. VM stress in No. 7 joint 

rebar (ksi) 

66.71 

(6) 

61.20 

(3) 

62.05 

(4) 

63.52 

(6) 

69.61 

(11) 

63.81 

(7) 

 

Figure 20 illustrates the maximum axial and shear forces observed in inclined rebars within 

the single-slope barriers during impacts involving the 10000S vehicle. It is important to note that 

the diagrams showcasing the forces acting on the rebars can be found in Appendix A. As shown, 

the location of the maximum forces experienced by the rebars varies based on the impact location. 

For instance, when the impact occurs at the joint between barrier nos. 2 and 3, the rebar in barrier 

no. 4 reaches a maximum axial force of approximately 182.08 kN (40.93 kip). However, in other 

impact locations, the maximum axial force in the same rebar was approximately 100.00 kN (22.48 

kip). This observation highlights the influence of different impact points on the distribution of 

forces within the single-slope barrier system. The impact location determines which rebars bear 

the highest axial forces. This information was considered when determining the critical impact 

point for physical testing. Note the plot in Figure 19 depicts the maximum observed axial and shear 

forces regardless of time. These forces were plotted at a time when axial forces are maximum in a 

rebar and shown in Appendix A.  

Figure 21 shows the maximum axial and shear forces observed in inclined rebars within 

the near-vertical barrier shape during impact from 10000S vehicle. This figure similarly 

established that the location of the maximum forces on the reinforcement bars were influenced by 

the impact location. For instance, an impact at ¾-span location yielded a peak axial force of 

approximately 236.5 kN (53.17 kip). in the rebar of barrier no.2. Conversely, alternative impact 

points resulted in a peak axial force of approximately 212.2 kN (47.70 kip) in the same rebar. This 

pattern reiterates the substantial influence of varying impact locations on the force distribution 

within the near-vertical bridge railing system.
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(a) Mid-span 

 

 
(b) ¾-span  

 

 
(c) Joint 

Figure 20. Maximum Observed Axial and Shear Forces in Single-Slope Barrier Shape ï 10000S 

Vehicle Impact: (a) Impact at Mid-Span; (b) Impact at ¾-span; and (c) Impact at a Joint. Note 

that the plot depicts maximum observed forces regardless of time and the inclined bars are 

named using the generalized name 101 through 404. 
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(a) Mid-span 

 
(b) ¾-Span 

 
(c) Joint 

Figure 21. Maximum Observed Axial and Shear Forces in Near-Vertical Barrier Shape ï 10000S 

Vehicle Impact: (a) Impact at Mid-Span; (b) Impact at ¾-span; and (c) Impact at a Joint. Note 

that the plot depicts maximum observed forces regardless of time and the inclined bars are 

named using the generalized name 101 through 405. 
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2.5.3 Occupant Risk 

The calculated occupant impact velocities (OIVs) and maximum 0.010-sec occupant ride 

down accelerations (ORAs) in both the longitudinal and lateral directions are shown in  

Tables 6 through 8. It should be noted that for the 1100C model, roll angles did not exceed the 

MASH limits (the maximum recorded angle was 66 degrees, which would have been higher if the 

termination time had been extended). Existing full-scale crash testing of single-slope barriers has 

not indicated vehicle roll as high as the roll angles observed in the simulation models. As such, it 

was believed that the recorded roll angles were due to issues with the Yaris (1100C) model and its 

interaction with the barrier model and did not represent an actual concern for high vehicle roll. A 

recent full-scale crash test conducted by the California Department of Transportation (Caltrans) 

on a single-slope concrete barrier with a small car (Test 3-10) had only 12 degrees of roll [20]. The 

ORA limits for 2270P were exceeded, which is a known simulation issue (i.e., overestimation of 

tail-slap loads with the Silverado pickup truck model). 

Table 6. OIV, ORA, and Maximum Angular Displacement Value (1100C vehicle) 

Evaluation Criteria  

Single Slope Near Vertical 
MASH  

Limits  Mid -

span 

3.6 ft 

u/s 
Joint 

Mid -

span 

3.6 ft 

u/s 
Joint 

OIV 

(ft/s) 

Longitudinal -4.47 -4.61 -4.58 -5.52 -5.57 -5.77 ±12.2 

Lateral -9.14 -9.01 -9.00 -9.52 -9.46 -9.43 ±12.2 

ORA 

(gôs) 

Longitudinal -6.07 -5.56 -5.18 -9.32 -10.12 -9.30 ±20.49 

Lateral -15.95 -15.63 -16.17 -14.91 -14.97 -13.11 ±20.49 

Maximum 

Angular 

Displacement 

(deg.) 

Roll*  -66.49° -66.31° -54.44° 8.09° 8.17° 7.68° ±75 

Pitch -7.64° -7.54° -7.95° -4.75° -4.41° -4.68° ±75 

Yaw -51.02° -57.32° -47.23° -38.09° -36.96° -36.15° not required 

Table 7. OIV, ORA, and Maximum Angular Displacement Value (2270P vehicle) 

Evaluation Criteria  

Single Slope Near Vertical 
MASH  

Limits  Mid -

span 

4.3ft  

u/s 
Joint 

Mid -

span 

4.3 ft  

u/s 
Joint 

OIV 

(ft/s) 

Longitudinal -4.31 -4.44 -4.20 -5.51 -5.62 -5.82 ±12.2 

Lateral -7.79 -7.78 -7.95 -7.88 -7.73 -8.31 ±12.2 

ORA 

(gôs) 

Longitudinal -8.75 -13.72 -11.13 -7.66 -6.45 -6.78 ±20.49 

Lateral -20.14 -21.03 -22.49 -13.66 -13.65 -16.11 ±20.49 

Maximum 

Angular 

Displacement 

(deg.) 

Roll -33.18° -38.56° -43.08° -21.94° -23.42° -22.59° ±75 

Pitch -5.27° 12.48° 11.39° 9.42° 10.2° 7.83° ±75 

Yaw -28.74° -29.17° -30.16° -31.75° -31.47° -32.30° not required 
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Table 8. OIV, ORA, and Maximum Angular Displacement Value (10000S vehicle) 

Evaluation Criteria  

Single Slope Near Vertical 
MASH  

Limits  
Mid -

span 
¾-span Joint 

Mid -

span 
¾-span  Joint 

OIV 

(m/s) 

Longitudinal -0.99 -0.72 -0.86 -0.99 -1.35 -2.01 not required 

Lateral -5.31 -5.19 -5.33 -5.31 -5.61 -5.02 not required 

ORA 

(gôs) 

Longitudinal -6.27 -6.92 -4.68 -6.27 -6.02 -10.19 not required 

Lateral -7.10 -8.55 -6.41 -7.10 -8.82 -6.13 not required 

Maximum 

Angular 

Displacement

(deg.) 

Roll -17.40° -17.96° -21.70° -8.87° -15.17° -9.42° not required 

Pitch 5.87° 6.00° 7.11° 2.88° 4.36° 4.13° not required 

Yaw -20.96° -21.08° -18.16° -17.07° -20.86° -15.27° not required 

 

Figure 22 shows the angular displacement-time histories of the 10000S vehicle collision 

model with the single-slope barrier. An analysis of the roll, yaw, and pitch dynamics revealed a 

general insensitivity to the point of impact for the majority of simulated collision events. Notably, 

the angular displacement metrics exhibit pronounced deviations at later time intervals when the 

point of impact aligns with the barrier joint, in contrast to mid-span and 1.3 meters (4.3 feet) 

upstream of a joint locations. Interestingly, the angular displacement-time histories for impacts at 

the mid-span and 1.3 meters upstream of a joint were nearly congruent, as corroborated by Figure 

22. Maximal roll behavior was observed for impact at the joint. A comprehensive set of angular 

displacement-time histories for 1100C and 2270P vehicle models in collisions with a single-slope 

barrier is documented in Appendix B. 

Figure 23 elucidates the angular displacement-time histories for the 10000S vehicle upon 

collision with a near-vertical barrier. While yaw and pitch dynamics remained largely invariant 

across varying impact locations, roll behavior exhibited marked disparities between points of 

impact. Specifically, the most accentuated roll response was observed for impacts situated 1.1 m 

(3.6 ft) upstream of the barrier joint. The complete datasets for angular displacement-time histories 

for 1100C and 2270P vehicle models with near-vertical barriers are also encompassed in Appendix 

B. 
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Figure 22. Angular Displacement-Time History and Vehicle Coordination System ï 10000S Vehicle Impact with Single-Slope Barrier 
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Figure 23. Angular Displacement-Time History and Vehicle Coordination System ï 10000S Vehicle Impact with Near-Vertical 

Barrier 
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2.5.4 Impact Forces 

The impact force-time history of the 10000S vehicle collision models with the single-slope 

barrier is depicted in Figure 24. The contact force data was filtered using a CFC 60 filter to obtain 

impact forces on the barrier and averaged over a moving 50-millisecond interval. As shown in 

Figure 24, the location of impact significantly influenced the forces experienced by the barriers. 

When the impact occurred at the mid-span of barrier no.2, the impact forces on barrier no.4 were 

approximately zero. However, when the impact location is oriented at the joint between barrier 

nos. 2 and 3, barrier no. 4 started to experience forces. The complete impact force-time histories 

for 1100C and 2270P vehicle collisions with single-slope barriers can be found in Appendix C. 

Figure 25 further elucidates the force-time histories of the 10000S vehicle model during a 

collision with the near-vertical barrier. The location of the impact point exerted a conspicuous 

influence on the force dissipation across different barrier segments. Impacts at the mid-span and 

¾-span locations primarily funnel to barrier no. 2, which experienced the highest impact loads, 

while barrier no. 4 registered the smallest. Conversely, impacts localized at the joint between 

barrier nos. 2 and 3 resulted in peak force to barrier no. 3. The complete datasets of the impact 

force-time histories for the 1100C and 2270P vehicle models collisions with near-vertical barrier 

are archived in Appendix C. 
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Figure 24. Impact Force-Time History ï 10000S Vehicle Impact with Single-Slope Barrier  
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Figure 25. Impact Force-Time History ï 10000S Vehicle Impact with Near-Vertical Barrier 
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2.5.5 Forces in Barrier Connections 

To analyze the joint between the barrier ends, data recording cross sections were placed at 

each joint location. These cross sections served the purpose of measuring the shear and tensile 

forces developed at the joints. The locations of these cross sections and the corresponding numbers 

assigned to the joint connection rebar can be found in Figure 26. Figures 27 through 29 present the 

axial stress-time histories on the joint rebars for different barriers numbered 1 to 4, indicating no 

yielding of the rebars. Data shown corresponds to the 10000S vehicle impacting the single-slope 

barrier at the mid-span, ¾-span, and joint. The complete axial force-time and von-Mises-time 

histories for 1100C, 2270P, 10000S vehicle collisions with single-slope and near-vertical barriers 

can be found in Appendix D. 

 

Figure 26. Section Location and Number of the Joint-Spanning Rebar 

2.5.6 Velocity and Acceleration  

The longitudinal and lateral vehicle velocity and acceleration histories were measured at 

the center of gravity and processed using a moving average with a 10-millisecond interval. Figures 

30 and 31 display the velocity and acceleration time history of the 10000S vehicle collision with 

the mid-span of the single-slope and near-vertical barriers, respectively. The complete longitudinal 

and lateral vehicle acceleration and velocity time histories can be found in Appendix E. 
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Figure 27. Axial Stress Developed in Joint-Spanning Rebar ï 10000S Vehicle Impact at Mid-Span ï Single-Slope Barrier 
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Figure 28. Axial Stress Developed in Joint-Spanning Rebar ï 10000S Vehicle Impact at ¾ -Span ï Single-Slope Barrier 



 

 

4
0 

J
u

ly 2
6
, 2

0
24

  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-4
7

6-2
4
 

 

 

Figure 29. Axial Stress Developed in Joint-Spanning Rebar ï 10000S Vehicle Impact at Joint ï Single-Slope Barrier 
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Figure 30. Velocity and Acceleration Time History ï 10000S Vehicle Impact at Mid-Span ï Single-Slope Barrier 
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Figure 31. Velocity and Acceleration Time History ï 10000S Vehicle Impact at Mid-Span ï Near-Vertical Barrier 
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2.5.7 Deck Load Distribution Lengths 

The load distribution length was investigated by observing stresses in transverse deck bars 

at the time of peak stress for two cross sections, which are shown in Table 9. The evaluation focal 

points are the mid-span, ¾-span, and joint locations, and the load distribution length was studied 

in the context of a 10000S vehicle impact. The data shows that both barrier configurations 

exhibited an increasing trend in load distribution length as the impact location moved from the 

mid-span toward the joint. It is noteworthy that the near-vertical barrier system, despite its 

additional inclined bar, does not manifest a substantially different load distribution profile 

compared to its single-slope counterpart. The slight divergence between the two systems at the 

barrier base level for impact at the joint location warrants further computational and experimental 

studies to elucidate the underlying mechanics.  

Table 9. Load Distribution Length (10000S vehicle) 

Section Location 

Single-slope barrier 

(four inclined bars) 

Near-vertical barrier 

(five inclined bars) 

Mid-span Ĳ-span Joint Mid-span Ĳ-span Joint 

Deck at barrier 

base 
6.61 m 7.24 m 9.53 m 6.73 m 7.24 m 7.49 m 

Deck at girder 11.31 m 12.32 m 13.21 m 11.19 m 12.19 m 13.46 m 

 

2.5.8 Investigation on Dynamic Response of Inclined Bars 

To determine the mechanical response of inclined reinforcing bars, comprehensive stress 

analyses were conducted on Grades 60 and 75 reinforcement bars, as depicted in Figure 32. For 

inclined bars of Grade 60, the anticipated yield strength was quantified as 415 MPa (60 ksi), while 

the ultimate tensile strength was expected to be 620 MPa (90 ksi). In contrast, Grade 75 bars 

manifested superior mechanical characteristics, with an estimated yield strength and ultimate 

tensile strength of 520 MPa (75 ksi) and 720 MPa (105 ksi), respectively. 
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Figure 32. Stress vs. Strain Curves of Grade 60 and Grade 75 Bars [21] 

Stress distribution profiles were assessed along the longitudinal axis of the inclined bars in 

proximity to the deck interface. Two specific constraint conditions were employed to evaluate the 

interaction between the inclined bars and the overlying barrier in the presence of grout: (1) a fully 

constrained condition in all spatial dimensions (Case 1) and (2) an axially unconstrained condition 

over a length of 4 in. (Case 2), as illustrated in Figure 33. 

A selection of three distinct elements (Element 1, Element 2, and Element 3) was chosen 

to determine the stress magnitudes localized within the inclined bars. This multi-element approach 

enabled an understanding of the mechanical behavior of these specialized reinforcing elements 

under varied constraint conditions. 

 

Figure 33. Constraint Conditions Between Inclined Bars and Barrier Above Grout Pad 
























































































































































































































































































































































































































































