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SI* (MODERN METRIC) CONVERSION FACTORS  
APPROXIMATE CONVERSION S 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 INTRODUCTION  

1.1 Background 

The majority of existing standards for concrete bridge rails were designed and evaluated 

according to the safety performance criteria published in the National Cooperative Highway 

Research Program (NCHRP) Report 350 [1]. Testing according to Test Level 4 (TL-4) impact 

conditions of NCHRP Report 350 demonstrated that 32-in. tall barriers had sufficient height to 

contain and redirect a 17,600-lb single-unit truck (SUT) (designated 8000S). However, with the 

adoption of the American Association of State Highway and Transportation Officialôs (AASHTO) 

Manual for Assessing Safety Hardware (MASH) in 2009 [2] and its second edition in 2016 [3], 

the TL-4 SUT vehicle became 4,400 lb heavier, and the impact speed was increased from 50 mph 

to 56 mph. The increased mass and impact speed have resulted in the MASH 22,000-lb SUT 

(designated 10000S) rolling over the top of multiple 32-in. tall rigid barriers [4-5]. Thus, the 

minimum height of MASH TL-4 barriers was increased to 36 in. to satisfy the current crash testing 

standard. 

Additionally, roadway overlays reduce the effective height of the barrier relative to the new 

roadway surface and increase the likelihood of an impacting vehicle overriding the barrier. 

Retrofitting existing barriers to account for this loss of height can be costly, so many state 

departments of transportation (DOTs) are beginning to install barriers taller than their nominal 

heights to account for future roadway overlays. 

With the increase in vehicle mass and impact speed, the MASH criteria also resulted in 

increased impact loading for TL-4 bridge rails. These increased loads may potentially result in 

premature failure of existing bridge rails that were designed for lower impact loads. Additionally, 

these higher impact loads may be transferred to the bridge deck and cause greater damage. New 

bridges should be designed with railings and decks that can resist MASH impact loads while 

minimizing the potential for damage.  

Many of the existing concrete bridge rail standards utilize New Jersey shape or F-shape 

configurations, commonly referred to as safety shapes. However, research has shown that taller 

slope break points for safety shape barriers can increase vehicle climb, instability, and rollover 

rates, especially for passenger vehicles. One study found that 5.7 percent of safety shape barrier 

crashes result in rollover, and that safety shape barriers have roughly twice the rollover rate of 

vertical barriers [6], which becomes critical as rollover crashes are more likely to be severe or fatal 

than non-rollover crashes. Full-scale crash testing on safety shape barrier systems has also shown 

significant vehicle climb and roll during impact events with passenger vehicles. Alternatively, full-

scale crash tests into vertical-faced barriers have demonstrated little to no propensity for passenger 

vehicles to climb the barrier or roll over [7]. Therefore, an optimized, MASH-compliant, TL-4 

concrete bridge rail was desired to satisfy design loads, improve vehicle stability, and 

accommodate future roadway overlays up to 3 in. thick. 

1.2 Objective 

The objective of this research effort was to develop a MASH-compliant, TL-4 concrete 

bridge rail. The bridge rail had to remain crashworthy after roadway overlays up to 3 in. thick. The 

bridge rail design was to be optimized to satisfy MASH TL-4 design loads, improve vehicle 
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stability, minimize installation costs, and minimize the potential for deck damage. Details were 

desired for both interior and end regions of the barrier. Further, minimum deck strengths were 

determined, and a deck overhang design procedure was provided for users desiring to modify their 

existing deck details. Finally, full-scale crash testing was conducted to evaluate the MASH safety 

performance of the bridge rail, damage to barrier and deck, and the working width for the new 

barrier. 

1.3 Scope 

The research objective was achieved through the completion of several tasks. First, a 

review of existing literature and state DOT plans was conducted. Next, the barrier design was 

optimized to satisfy MASH TL-4 impact conditions, maximize vehicle stability, and minimize 

installation costs. Additionally, a deck overhang design methodology was established and used to 

design a bridge deck to support the new railing. One full-scale crash test was conducted on the 

TL-4 bridge rail according to MASH 2016 [3] test designation no. 4-12. The test was conducted 

in compliance with the Midwest Roadside Safety Facilityôs (MwRSF) list of accredited testing 

services granted by the A2LA laboratory accreditation body (A2LA Cert. No. 2937.01). The test 

results were analyzed, evaluated, and documented. Conclusions and recommendations were then 

made pertaining to the safety performance of the TL-4 bridge rail.  
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2 LITERATURE REVIEW  

Transitioning from the prior NCHRP Report 350 [1] testing standards to the current MASH 

2016 [3] testing standards involved significant changes to vehicle characteristics and impact 

conditions. Specific to TL-4, the weight of the SUT vehicle increased 25 percent, and the impact 

speed increased from 50 mph to 56 mph, thus increasing the impact severity of this test by 

56 percent. This increased impact severity imposed more severe demands on MASH TL-4 bridge 

rails. Thus, a literature review was conducted to form a base of information from which the 

optimized bridge rail could be designed. Key areas of interest included (1) the required bridge rail 

height to contain the 10000S test vehicle, (2) updated MASH TL-4 design loads, (3) optimal bridge 

rail shape, (4) overhang deck design, and (5) head slap mitigation. 

2.1 Bridge Rail Height 

In 2006, MwRSF conducted a full-scale crash test according to the proposed impact 

conditions MASH test designation no. 4-12 on a 32-in. tall New Jersey safety shape barrier [4]. 

Note, MASH had not yet been finalized and published at the time of the crash test. While the 32-in. 

test article was proven adequate for TL-4 conditions under NCHRP Report 350, it failed to redirect 

the impacting vehicle, and the SUT rolled over the barrier, as shown in Figure 1. 

   

Figure 1. SUT Rollover in MwRSF TL-4 Test with 32-in. Tall Barrier [4] 

In a similar study, Texas A&M Transportation Institute (TTI) conducted a MASH test 

designation no. 4-12 crash test on another 32-in. tall New Jersey safety shape bridge rail [5]. In 

this 2010 test, the SUT rolled 101 degrees, traversed past the end of the test installation, and 

ultimately came to rest upright. Researchers determined that the vehicle would have rolled over 

the barrier had the test installation length been longer. The roll angle experienced near the end of 

the barrier installation is shown in Figure 2. Both of these studies illustrated that 32-in. tall barriers 

were no longer sufficient to contain the TL-4 SUT according to MASH impact conditions. 
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Figure 2. SUT Rollover in TTI TL-4 Test with 32-in. Tall Barrier [5] 

Multiple studies were performed to establish a new minimum height for MASH TL-4 

barriers. In 2011, researchers at TTI conducted a parametric simulation study using a nonlinear 

finite element analysis software called LS-DYNA [8] to investigate the effect of barrier height on 

vehicle stability [9]. Rigid, single-slope barriers of varying height were impacted in a series of 

simulated tests consistent with MASH test designation no. 4-12. Beginning with a barrier height 

of 42 in., the height was incrementally reduced until a critical vehicle roll angle was observed at a 

barrier height of 36 in., as shown in Figure 3. As a result, a minimum height requirement of 36 in. 

was proposed for further evaluation in that study. 

 

Figure 3. SUT Critical Scenario in Simulated TL-4 Test with 36-in. Tall Barrier [9] 

Subsequently, a full-scale crash test conforming to MASH test designation no. 4-12 was 

performed on a 36-in. tall single-slope concrete barrier. The results of the test were consistent with 

the simulation study, and the SUT was contained and redirected while maintaining its stability, as 

shown in Figure 4. To date, the minimum rigid barrier height (including all concrete barrier shapes 

and steel bridge rails) to satisfy MASH TL-4 criteria has been 36 in.  
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Figure 4. SUT Stability in TL-4 Test with 36-in. Tall Barrier [9] 

2.2 Bridge Rail Design Loads 

A multitude of methods for estimating traffic impact loads have been described in roadside 

safety literature. An early, widespread method was Olsonôs 1970 method documented in NCHRP 

Report No. 86, which relied on simplified vehicle and impact geometry [10]. In 1978, Hirsch 

proposed a modification to this method, converting Olsonôs average force estimate to a peak 

estimate with further idealization of the impact scenario [11]. Alternatively, in 1993, Faller 

proposed a rudimentary impulse-momentum based method [12]. Although these methods have 

been used in prior roadside safety designs and evaluations, more robust methods have been 

developed since their formulation. 

While the above methods relied on mechanics and idealizations of the impact scenario, 

alternative methods involving actual load measurement have also been utilized. Instrumented wall 

tests, in which impacted barriers were equipped with load cells and accelerometers to directly 

measure impact loads, were performed by Noel et al. in 1981 [13] and by Beason et al. in 1989 

[14]. The instrumented wall tests were robust, accounting for complicated impact behavior that 

was not considered in a theoretical analysis. In fact, the current lateral design loads presented in 

the AASHTO LRFD Bridge Design Specifications, 8th Edition (AASHTO LRFD BDS) [15] were 

derived from the results of the instrumented wall tests performed by Beason et al. [14]. The 

AASHTO LRFD BDS design loads are shown in Table 1. 

Table 1. Design Loads for Traffic Railings, AASHTO LRFD BDS 

Design Forces and Designations 
Railing Test Levels 

TL-1 TL-2 TL-3 TL-4 TL-5 TL-6 

Impact Force, Ft (kips) 13.5 27.0 54.0 54.0 124.0 175.0 

Friction Force, FL (kips) 4.5 9.0 18.0 18.0 41.0 58.0 

Vertical Force, Fv (kips) 4.5 4.5 4.5 18.0 80.0 80.0 

Length of Force, Lt and LL (ft) 4.0 4.0 4.0 3.5 8.0 8.0 

Length of Vertical Force, Lv (ft) 18.0 18.0 18.0 18.0 40.0 40.0 

Effective Load Height, He (in.) 18.0 20.0 24.0 32.0 42.0 56.0 

Minimum Height of Rail, H (in.) 27.0 27.0 27.0 32.0 42.0 90.0 
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Another method to measure actual crash test impact loads utilized the on-board vehicle 

accelerometers and the inertia of the vehicle. Typically, in full-scale crash tests, the test vehicle is 

equipped with accelerometers to measure lateral, longitudinal, and vertical accelerations. Using 

the acceleration data from these instruments, impact force estimates can be derived from Newtonôs 

second law of motion, force equals mass times acceleration. A procedure for estimating impact 

forces using vehicle deceleration data was outlined by Eller et al. [16]. The lateral and longitudinal 

coordinate system was transformed to coincide with that of the barrier using yaw measurements, 

and lateral impact forces were calculated accordingly using vehicle deceleration measurements. 

Utilizing this load analysis method on test data from the RESTORE barrier [17] and a steel tube 

bridge rail [18], the TL-4 impact loads have been estimated to be between 95 kips and 110 kips.  

Impact forces can also be estimated from computer simulations. The most recent estimation 

of TL-4 impact demands was produced by Bligh et al. in 2017 under NCHRP Project 22-20(2) 

[19] using LS-DYNA [8]. In this effort, simulations of SUT impacts with rigid barriers of varying 

heights were performed, and impact loads and load application locations were extracted. Impact 

forces were found to vary significantly with the barrier height, as shown in Table 2. Taller barrier 

heights resulted in more direct contact between the side of the cargo box and the barrier, which 

increases the magnitude and height of the lateral loads during impact. 

Table 2. TL-4 Impact Force Variation with Barrier Height [19] 

Design Parameter 
Barrier Height (in.) 

36 39 42 Tall 

Impact Force, Ft (kips) 67.2 72.3 79.1 93.3 

Friction Force, FL (kips) 21.6 23.6 26.8 27.5 

Vertical Force, Fv (kips) 37.8 32.7 22.0 N/A 

Length of Forve, Lt and LL (ft) 4 5 5 14 

Effective Load Height, He (in.) 25.1 28.7 30.2 45.5 

N/A ï Not Applicable 

 

Due to the variation of impact forces with respect to barrier height, Bligh et al. 

recommended the division of TL-4 into subcategories based on the height of the barrier. Proposed 

subcategory TL-4-1 corresponded to the minimum barrier height of 36 in. required for vehicle 

stability. Subcategory TL-4-2 corresponded to barriers taller than the minimum height. The final 

design parameters are collected in Table 3. It should be noted that the parameters proposed in this 

study were associated with simulated impacts with rigid barriers. In reality, any barrier 

deformations or displacements would result in decreasing the sustained impact force. Since 

concrete barriers only minimally deform, the design loads for rigid barriers were applicable. 
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Table 3. NCHRP Report 22-20(2) TL-4 Design Parameters [19] 

Design Parameter 
Railing Test Level 

TL-4-1 TL-4-2 

Bridge Rail Height, H (in.) 36 > 36 

Lateral Force, Ft (kips) 70 80 

Longitudinal Force, FL (kips) 22 27 

Vertical Force, Fv (kips) 38 33 

Length of Lateral Force, LL (ft) 4 5 

Length of Vertical Force, Lv (ft) 18 18 

Effective Load Height, He (in.) 25 30 

 

2.3 Traffic Face Geometry 

In a 2011 analysis of actual crash data, Albuquerque et al. investigated the relationship 

between rollover propensity (i.e., the propensity for a redirected vehicle to roll at least 90 degrees 

on the roadway) and the traffic face shape of the impacted barrier [20]. In this investigation, it was 

determined that safety shape rails are at 1.7 to 2.1 times more likely to cause vehicle rollovers as 

compared to vertical-faced barriers. Since vehicle rollovers are associated with increased risk of 

fatalities and serious injuries, these findings would support vertical-faced barriers being a safer 

barrier shape than safety shapes. 

A 2007 study of over 100 previously conducted crash tests reached similar conclusions 

[21]. Safety shape barriers showed higher tire climb and vehicle roll during crash testing. Single 

slope barriers showed improved vehicle stability over safety shape barriers, but still had moderate 

amounts of climb and roll. Vertical face barriers minimized tire climb and vehicle roll with only 

slightly increased vehicle decelerations (well within MASH safety limits). Examples of vehicle 

roll and climb are shown in Figure 5. 

       
New Jersey  

Test No. 2214NJ-1 [22] 

Single Slope 

Test No. 140MASH3c16-04 [23] 

Vertical  

Test No. H34BR-1 [24] 

Figure 5. 1100C Small Car Roll during MASH Impacts into Various Barrier Shapes 
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2.4 Barrier Strength  

For decades, the strength of concrete bridge rails has been calculated using yield-line 

theory, which is based on the plastic bending failure of the barrier over a predetermined failure 

shape. Equations for calculating barrier capacity using yield-line theory are provided in Section 13 

of AASHTO LRFD BDS [15]. Contemporary research has identified mechanisms contributing to 

the capacity of concrete barriers, which have not been considered in past design efforts. These 

mechanisms include punching shear failure and the relationship of effective load height on barrier 

capacity. 

2.4.1 Effective Load Height and Flexure Strength 

The current yield-line calculations published within AASHTO LRFD BDS assume that the 

load is applied at the top of the barrier. However, recent research conducted as part of NCHRP 

Project 22-20(2) has quantified effective impact heights and found them to be significantly lower 

than typical barrier heights [19]. Due to the overestimation of load application height in the current 

methodology, Silvestri-Dobrovolny et al. suggested many concrete barriers have been designed 

with an unintentional reserve capacity over the historical AASHTO design loads [25]. 

In the derivation of yield-line equations, the internal absorbed energy within the bending 

failure was set equal to the external work done (i.e., impact load multiplied by displacement within 

the barrierôs deformed shape). The internal energy at failure is assumed to be constant, but the 

displacement of the barrier would vary along the height of the barrier. As such, the failure load 

increases as the effective impact load height decreases. Altering the current yield-line equations to 

account for the effective load height of an impact event results in the modified barrier strength, 

Rw-eff, being equal to the standard yield-line strength, Rw, multiplied by the ratio of the barrier 

height, H, over the effective load height, He [26]. This relationship is shown in Equation 1. 

2 2
(

(
 (1) 

 

2.4.2 Punching Shear  

Existing AASHTO LRFD BDS guidance does not discuss punching shear as a possible 

failure mechanism for concrete barriers. However, recent research has demonstrated that punching 

shear behavior can occur and may control the strength of concrete barriers [27-29]. Examples of 

punching shear failures in concrete barriers are shown in Figure 6. 
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Figure 6. Punching Shear Failures of Concrete Barriers [29] 

According to ACI 318 [30], punching shear strength can be conservatively estimated with 

Equation 2 for strip loading: 

6 ςʇÆᴂÂÄ 
(2) 

 

where ɚ is the lightweight concrete factor, fôc is the concrete compressive strength (psi), bo 

is the critical perimeter, and d is the average depth of the barrier across the punching shear region. 

Consideration of the shear strength of the steel is permitted if the barrier is at least 6 in. thick and 

at least sixteen times as deep as the shear reinforcement bar diameter. 

The critical perimeter for barrier punching shear can be defined by a box formed around 

the impact load applied over a length of Lt and at a height of He [26]. Shear failure surfaces extend 

outward from the loaded region at approximately 45-degree angles. Thus, mid-depth of the shear 

failure region extends a distance equal to half the depth, d/2, below the impact region and on both 

the upstream and downstream ends of the impact region. The assumed shear failure perimeters for 

both interior and end section conditions are demonstrated in Figure 7.  
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(a) 

 

 
(b)  

 

Figure 7. Punching Shear Failure Patterns for (a) Interior Sections and (b) End Sections 

2.5 Deck Design 

The integrity of any bridge rail system is dependent upon the deck structure to which it is 

secured. The design of the bridge deck is of equal importance to that of the bridge rail, as either 

can limit the strength of the overall system in the event of a vehicle impact. The bridge deck 

overhang, or the cantilevered portion of the bridge deck protruding from the outermost girder, is 

particularly sensitive to railing impacts.  
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2.5.1 Deck Design Cases 

Bridge deck overhangs are subjected to a suite of loads varying in application, magnitude, 

direction of force, and likelihood of occurrence. As such, the design of bridge deck overhangs 

requires consideration of multiple load cases. AASHTO LRFD BDS [15] guidance specifies three 

design cases by which deck overhangs must be analyzed. Cases are considered independently, 

though dead loads produced by the barrier, deck slab, and wearing surface are considered in each 

case. 

Design Case 1 includes the lateral impact forces, Ft, developed during vehicle impacts with 

the bridge rail, and is analyzed considering the Extreme Event Load Combination II limit state. 

Design Case 2 includes the vertical impact forces, Fv, resulting from vehicle impacts to the bridge 

rail, and is also analyzed with the Extreme Event Load Combination II limit state. Both the lateral 

and vertical impact loads are functions of the Test Level of the bridge railing, as discussed in 

Section 2.2. Finally, Design Case III addresses the vertical vehicle wheel loads occupying the 

overhang region at any point in time. As such, Design Case 3 is independent of bridge rail impact 

considerations, and is analyzed with the Load Combination Strength I limit state. All three Design 

Cases are shown in Figure 8. 

   
Design Case 1 Design Case 2 Design Case 3 

Figure 8. AASHTO LRFD BDS Bridge Deck Overhang Design Cases 

2.5.2 Critical Deck Sections 

AASHTO LRFD BDS does not specify the critical deck sections in which to analyze the 

provided design cases. However, other sources [27, 31-32] have identified two critical sections to 

be evaluated: (1) the deck section coincident with the face of the rail and (2) the deck section 

coincident with the critical girder section, where the critical girder section is determined in 

AASHTO LRFD BDS Article 4.6.2.1.6. For example, the critical section of an overhang on a 

concrete box is at the face of the box, and the critical section an overhang on a precast I-shaped 

concrete beam is at one-third of the flange width inset from the outer face of the flange. These 

recommendations are shown in Figure 9. Note, for Design Case 2, the deck section coincident with 

the rail face does not require analysis, as the vertical impact force acts at a very small moment arm.  
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Figure 9. Deck Overhang Design Sections 

2.5.3 Deck Loading and Distribution  

For solid concrete bridge rails, AASHTO LRFD BDS suggests that for Design Case 1 the 

deck overhang may be designed to resist a unit-length flexural demand, Ms, acting coincident with 

a unit-length tensile force, T. The overhang design moment, Ms, may be greater than or equal to 

the overturn bending strength of the concrete barrier, Mc, at its base. The unit-length tensile force 

acting on the overhang section (k/ft) is calculated as: 

4
2

, ς(
 (3) 

where Rw is the yield-line capacity of the barrier, Lc is the critical length of the barrier calculated 

during the Yield Line analysis, and H is the barrier height.  

This methodology does not account for any longitudinal distribution of the impact loads 

along the deck and neglects to consider barriers designed with strengths far exceeding design loads. 

Thus, the AASHTO LRFD BDS methodology is highly conservative and can result in significantly 

overdesigned deck overhangs. In fact, both static testing and full-scale crash tests have been 

performed on deck overhangs with lower flexural strength than the barriers they support [33-34]. 

This conservatism is widely known and has led to alternative design methods growing in 

popularity within state DOTs and roadside safety agencies. One methodology simply reduces the 

design moment on the deck to only a portion of the barrier overturning moment, or ŬMc, where 

Ŭ < 1.0. Typical factors for Ŭ range from 0.7 to 0.9.  

Other design methods utilize a lateral impact load to determine the moment demand on the 

deck and an enlarged length of deck over which the load is distributed. The lateral load can be 

defined as a factor of the design load, ɓFt, where ɓ can range from 1.0 to 1.5, or as the design 

capacity of the barrier, Rw, depending on the specific roadway agency and how conservatively they 

wish to design their decks [35]. The lateral load is applied at the effective load height, He, or at the 

full height of the barrier, H, if using an Rw calculated at the top of the barrier.  
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The moments and tensile loads created by the lateral loads described above are then 

distributed longitudinally along the deck overhang. At design section 1 at the face of the barrier, 

the design deck length is typically taken as the critical barrier length, Lc, as calculated within the 

yield-line analysis of the barrier, plus two times the barrier height, H, as shown in Equation 4. 

Essentially, the impact loads are assumed to spread outward at a 45-degree angle from the 

calculated failure shape as they travel downward through the barrier and into the deck [27, 31-32, 

36], as shown in Figure 10.  

L1-1 = Lc + 2H (4) 

AASHTO LRFD BDS suggested that deck loads in post-and-beam installations distribute 

at a 45-degree angle as they translate inward toward deck section 2 [15]. However, AASHTO does 

not provide guidance for solid concrete bridge rails. The Precast Concrete Institute Bridge Design 

Manual [36] and the National Highway Institute [31-32] suggest that deck loads distribute at a 

30-degree angle, as demonstrated in Figure 10. Using a 30-degree angle, the deck design length at 

deck section 2 is calculated using Equation 5: 

L2-2 = L1-1 + 2Y tan 30° (5) 

where Y is the distance from the face of the barrier to Design Section 2 over the external girder.  

 

Figure 10. Transmission of Impact Loads into Deck Overhang, Interior Section 

For impacts near discontinuities, such as expansion joints, impact loads would not 

distribute across the open joint. Thus, the load only distributes outward on the impact side, 

effectively shortening the deck design length, as shown in Figure 11. 
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Figure 11. Transmission of Impact Loads into Deck Overhang, End Section 

2.6 Head Slap Mitigation 

Redirection of vehicles impacting safety shape barriers is typically characterized by vehicle 

roll away from the barrier. Alternatively, vertical and single-slope barriers do not allow significant 

climb and exert greater lateral forces onto impacting vehicles. As such, a significant risk of head-

slap, or impact between the barrier and the vehicle occupantôs head, arises for tall vertical and 

single-slope barriers. Head-slap is associated with high risks of serious injury or fatality. 

In 2007, Rosenbaugh et al. analyzed digital video of full -scale crash tests to develop a head 

ejection envelope [7]. Lateral and vertical ejection of seatbelted dummies were measured from the 

lower edge of the window, as shown in Figure 12. By superimposing dummy head locations during 

multiple impacts, head ejection envelopes were developed for both small car and pickup truck 

impacts. The head ejection envelope was adjusted to account for vehicle roll toward the barrier 

and interpolated to account for midsize vehicles, such as SUVs and small pickup trucks. Barriers 

and attachments in violation of the head ejection envelope would be at risk for head slap during 

vehicle impacts. The final head ejection envelope is shown in Figure 13. 
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Figure 12. Measurement of Head Ejection Envelope [7] 

 

 

Figure 13. Head Ejection Envelope for Barrier Design [7] 

 

Lateral 

Vertical 
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3 BARRIER ANALYSIS AND DESIGN  

3.1 Barrier Geometry 

As discussed in Section 2.1, crash testing to MASH TL-4 impact criteria has demonstrated 

that the 10000S SUT will likely  roll over the top of 32-in. tall rigid concrete barriers [4-5]. 

Conversely, 36-in. tall barriers have successfully contained and redirected the MASH TL-4 SUT 

[9, 18]. Thus, the height for the new TL-4 concrete bridge rail was required to be at least 36 in. A 

roadway overlay would reduce the effective height of the bridge rail, so the design height of the 

barrier needed to be increased by the thickness of any anticipated future overlays. This project 

assumed a maximum overlay thickness of 3 in.; thus, a 39-in. design height was selected for the 

new TL-4 bridge rail. 

The barrier shape was designed to maximize vehicle stability during impacts while also 

being easy to construct. Studies have shown that vertical-faced barriers provide the best 

performance in terms of vehicle climb and stability during impact events as compared to safety 

shape, or even standard single-slope barriers [6-7], which typically have sloped front faces of either 

9 degrees or 11 degrees away from vertical. However, tall vertical parapets are not easy to slipform 

and often result in concrete slumping near the base of the barrier. In a nationwide survey, most 

slipform contractors indicated they were confident in slipforming barriers with slopes (i.e., batters) 

as steep as 1H:24V. Taking these survey responses into consideration and desiring to have barrier 

dimensions be whole numbers, the top of the front face of the barrier was set back 2 in. from the 

base, which created a 1H:19.5V front slope.   

Several state DOTs sponsoring this project desired to minimize the width of the bridge rail 

to maximize the traversable roadway width on narrow bridges. Accordingly, the back side of the 

bridge rail could be made vertical to reduce the width of the barrier. However, installations with a 

vertical back may require conventional formwork as opposed to slipforming. Barrier cross section 

options with a sloped back face and vertical back face with a top width, W, are shown in Figure 

14.   

                                            
Double-sided configuration 

for slipform construction 

Single-sided configuration with 

a vertical back for narrow bridges 

Figure 14. Barrier Geometries 
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3.2 Design Load 

Section 13 of AASHTO LRFD BDS [15] provides design loads for traffic barriers based 

on test level. For a TL-4 barrier, the transverse impact load, Ft, is 54 kips. However, this design 

load was determined for the TL-4 impact conditions specified by NCHRP Report 350 [1], and 

Section 13 of AASHTO LRFD BDS has not been revised to include design loads for MASH 

barriers. Due to the increases in MASH SUT weight and speed as compared to NCHRP Report 

350 conditions, MASH TL-4 design loads were expected to be higher than those listed in AASHTO 

LRFD BDS. 

As discussed in Section 2.2, researchers at TTI recently conducted an LS-DYNA 

simulation study to evaluate barrier design loads under MASH impact conditions as part of 

NCHRP Project 22-20(2) [19]. MASH TL-4 impacts were simulated with rigid barriers ranging 

from 36-in. to 90-in. heights. As the barrier height increased, the amount of roll experienced by 

the TL-4 truck decreased, the magnitude of the impact force increased, and the effective height of 

the impact force increased. Subsequently, different TL-4 design loads were recommended for 

36-in. tall barriers (designated TL-4-1) and barriers taller than 36 in. (designated TL-4-2), as shown 

in Table 4. Since the new TL-4 concrete bridge rail was designed with a 39-in. height, the design 

load was selected as 80 kips at an effective height of 30 in. above the roadway in accordance with 

the recommendations for TL-4-2. 

Table 4. Recommended MASH TL-4 Design Impact Loads for Traffic Barriers [19] 

Design Parameter 
Railing Test Level 

TL-4-1 TL-4-2 

Bridge Rail Height, H (in.) 36       > 36 

Lateral Force, Ft (kips) 70 80 

Longitudinal Force, FL (kips) 22 27 

Vertical Force, Fv (kips) 38 33 

Distribution of Lateral Force, LL (ft) 4 5 

Distribution of Vertical Force, Lv (ft) 18 18 

Height of Resultant Load, He (in.) 25 30 

 

3.3 Barrier Reinforcement Optimization 

The optimal bridge rail configuration was defined as having the strength to satisfy MASH 

TL-4 design loads while minimizing installation costs. As such, strength and cost analyses were 

conducted on hundreds of possible bridge rail configurations to identify the optimum design. Each 

configuration varied in longitudinal bar size, number of longitudinal bars, stirrup bar size, stirrup 

spacing, and bridge rail width.  

Both longitudinal and transverse steel bar size options included #4, #5, and #6 rebar. 

Longitudinal bar quantities included six, eight, and ten, with the bars split evenly between the front 
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and back faces of the bridge rail. A 2.5-in. clear cover was required for all reinforcement. Possible 

bridge rail widths, as measured at the top of the rail, varied from 8 in. to 12 in. at 1-in. intervals. 

Note, 8 in. was the minimum width required to fit a bent stirrup within the parapet and satisfy the 

clear cover requirement.  

The strength of each bridge rail configuration was calculated using modified yield-line 

equations, which included a height scaling ration of (H/He), as discussed in Section 2.4.1. The 

applied load height, He, and length, LL, were taken from the values recommended by NCHRP 

Project 22-20(2) and shown previously in Table 4. Note, the actual load height used in the 

equations was 33 in. to account for a future 3-in. thick overlay in a worst-case scenario. 

Additionally, each design configuration was checked for punching shear failure along the top of 

the barrier, consistent with the discussion presented in Section 2.4.2. Both the flexural (yield-line) 

and punching shear capacities had to satisfy the 80-kip design load for a design configuration to 

be considered a viable option. All strength calculations were conducted on the single-sided, 

vertical-back, railing configuration since the reduced width would result in a reduced strength as 

compared to the corresponding double-sided configuration, shown previously in Figure 14. 

Installation costs were estimated based on a cost per linear foot of barrier. Concrete barrier 

installers from across the United States were surveyed to obtain average installation costs for 

concrete and steel rebar. At the time of the survey, the average costs were found to be $122.50 per 

yd3 of concrete and $1.30 per pound of steel rebar. These estimates included material costs, 

transportation, and bending and tying of the rebar. The cost of concrete labor and formwork was 

not included in these estimates as these costs were considered consistent among all of the design 

options since each design had the same basic shape.  

Three configurations satisfied the strength criteria and had similar installation costs well 

below other configurations. These three design options are shown in Table 5. However, one design 

had a significantly reduced Mc value, or the overturning moment capacity along the base of the 

barrier that would be transferred into the deck. Limiting the impact loads into the deck was 

preferred, as it would reduce the potential for deck damage during an impact event. This barrier 

design configuration, which consisted of an 8-in. top width, eight #5 longitudinal bars, and a #4 

stirrup spaced at 12 in. on-center, was therefore selected for the new TL-4 concrete bridge rail. 

The barrier capacity for interior sections of this design was calculated to be 84.4 kips. 

Table 5. Top Design Options Based on Optimization Analysis 

Option 

Top 

Width 

(in.) 

Base 

Width 

(in.) 

Stirrups 

Longitudinal Steel 
ὲMc  

(k-ft)/ft. 

Capacity, 

Rw  

(kips) 

Weight 

(lb/ft) 
Cost ($/ft) 

Bar Size Quantity 

1 8 10 #4 @ 9ò 4 8 11.3 85.3 379 $29.06 

2 8 10 #4 @12ò 5 8 8.6 84.4 380 $30.19 

3 9 11 #5 @16ò 4 8 11.0 82.5 420 $29.29 

 



March 26, 2021 

MwRSF Report No. TRP-03-415-21 

19 

3.4 Bridge Rail End Region Design 

End regions of bridge rails are found adjacent to discontinuities like expansion/contraction 

joints and the ends of installations. Barrier end regions are more susceptible to failure, as impact 

loads cannot be transferred across the open joint. Thus, bridge rail end regions often require 

additional reinforcement, additional width, or another mechanism to transfer loads to adjacent 

barrier sections.  

An end region configuration was designed with the same methodology described above for 

interior regions, except the yield-line analysis equations were switched to the end region 

calculations provided in Section 13 of AASHTO LRFD BDS [15]. Additionally, it was desired to 

maintain the same bridge rail width and longitudinal steel pattern for construction purposes. Thus, 

only the stirrup sizes and spacing were varied. The optimal barrier end region design configuration 

consisted of an 8-in. top width, eight #5 longitudinal bars, and a #4 stirrup spaced at 4 in. on-

center, which provided a capacity of 90.9 kips. The calculated critical length of the end section 

was 6.1 ft. Cross sections for both the interior and end regions of the new TL-4 barrier are shown 

in Figure 15. 

                    
Interior region End region, minimum length, Lcr = 6 ft 

Figure 15. Cross Sections of Concrete Bridge Rail Design 
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4 DECK ANALYSIS AND DESIGN  

4.1 Deck Design Methodology 

Section 13 of AASHTO LRFD BDS [15] provides three design cases for the analysis of 

bridge deck overhangs in combination with bridge rails, as shown in Table 6. Design Cases 1 and 

2 are the lateral and vertical design loads applied to the bridge rail, while Design Case 3 is a vehicle 

live load applied near the face of the barrier. As discussed previously, the design impact loads in 

AASHTO LRFD BDS have not yet been updated to reflect MASH 2016 impact conditions. Thus, 

the design loads recommended by NCHRP Project 22-20(2) [19] were used for Design Cases 1 

and 2. 

Table 6. Design Cases for Bridge Deck Overhangs 

Design 

Case 
Load Type 

TL-4 Design Loads 
Limit  State 

AASHTO LRFD BDS [15] NCHRP 22-20(2) [19] 

1 
Horizontal 

impact load 

54 kips 

at 32-in. height 

80 kips 

  at 30-in. height1 Extreme Event II 

2 
Vertical 

impact load 

18 kips 

over 18 ft 

33 kips 

over 18 ft 
Extreme Event II 

3 Live load 
1kip/ft 

at 1 ft from barrier 
N/A Strength I 

1 For barriers of heights greater than 36 in. 

 

For concrete bridge railings, AASHTO LRFD BDS also states that for Design Case 1, the 

deck overhang may be designed with a flexural resistance equal to Mc, the barrier overturning 

moment, acting coincident with a tensile force, T, which is calculated from the yield-line capacity 

of the barrier. Thus, either the horizontal design load, as shown in Table 6, or the overturning 

capacity of the barrier, Mc, could be used for Design Case 1. The difference in magnitude between 

these design load methodologies depends on the bridge design. 

In general, conservatively-designed bridge rails (those with capacities well above the 

horizontal design load) will have relatively high Mc values. Designing the deck based on these 

high Mc values will result in significantly overdesigned decks. Conversely, more optimal bridge 

rail designs (those with capacities at or near the horizontal design load) will likely have lower Mc 

values. The use of horizontal design load to configure the deck will result in an overdesigned deck 

that is significantly stronger than the loads that the barrier can physically transfer to it. In an effort 

to optimize the deck overhang for the new TL-4 concrete bridge rail, Design Case 1 design loads 

were calculated from both the 80-kip design load and the barrier Mc, and the lesser of the two 

approaches was selected as the demand on the deck. This methodology was applied at both the 

interior and end sections of the bridge deck using the load distribution patterns, barrier strength, 

and barrier critical length corresponding to interior and end conditions, respectively. 

Section 13 of AASHTO LRFD BDS does not define the critical deck sections or the 

longitudinal length of the deck overhang in which the loads are distributed. With these aspects 

undefined, the design/analysis cannot be completed. Thus, guidance for these critical design 
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aspects was taken from a reference manual and design examples compiled by the Federal Highway 

Administration (FHWA) and the National Highway Institute [31-32]. Additionally, these critical 

sections are described by Frosch and Morel in an evaluation of existing deck overhangs [27]. 

Two critical deck sections were identified, as shown in Figure 16. Design Section 1 is 

located adjacent to the face of the bridge rail where barrier shear loads become tensile loads in the 

deck. Due to its close proximity to the edge of the deck, transverse deck bars may not have 

adequate development length, thereby limiting the effective strength of the rebar and reducing the 

strength of the deck. Design Section 2 is located over the external support girder and is often the 

location of maximum flexure in the deck overhang. The exact location of Design Section 2 is 

dependent upon the type of girder and is described in AASHTO LRFD BDS Section 4.6.2.1.6 [15]. 

For example, for a typical rolled steel girder, such as the girder shown in Figures 17 and 18, the 

critical section is considered to be one-fourth of the steel flange width away from the center of the 

girder [15, 31]. 

 

                   

Figure 16. Photo [27] and Diagram Showing Locations for Critical Deck Design Sections 

Research has shown that loads applied to a bridge rail are distributed along the length of 

the railing and into the deck. Thus, the loading to the deck is distributed over a much greater 

distance than the applied load [27]. Estimations for the effective load length at each deck section 

were formulated through recommendations shown in the previously referenced FHWA manuals 

[31-32]. The participating deck length for an interior section at Design Section 1, L1,int, was 

estimated as shown in Equation 6: 

,ȟ ,ȟ ς( (6) 

where Lc is the critical length calculated during the yield-line analysis of the bridge rail and H is 

the height of the barrier. Note, L1 matches the recommended distance over which to apply the 

tensile deck load, T, in Section 13 of AASHTO LRFD BDS. However, in this design process, L1 

was also used as the length over which the flexural loads were applied. Similarly, the participating 

deck length for an end condition at Design Section 1, L1,end, was estimated using Equation 7: 

,ȟ ,ȟ ( (7) 
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Contemporary research suggests that impact demands penetrate inward through the deck, 

from Design Section 1 to Design Section 2, at a 30-degree angle, as shown in Figure 17 [27, 31-32, 

36]. Thus, the load length for an interior section at Design Section 2, Ls2,int, was estimated using 

Equation 8: 

,ȟ ,ȟ ς9ÔÁÎσπЈ (8) 

where Y is the distance from Design Section 1 to Design Section 2. This behavior is demonstrated 

at an end condition in Figure 18. The load length for an exterior section at Design Section 2, Ls2,end, 

was estimated using Equation 9.  

,ȟ ,ȟ 9ÔÁÎσπЈ (9) 

 

Figure 17. Distribution of Impact Demands to Deck Design Sections 1 and 2, Interior Section 

 

Figure 18. Distribution of Impact Demands to Deck Design Sections 1 and 2, End Section 

It should be noted that impact forces will be distributed to the deck well outside the bounds 

of Lc. Since Mc is already in terms of moment per unit length, Mc was applied over the full length 

of each design section. This assumption is supported by the results of physical testing of long deck 

overhang sections performed by Frosch and Morel [27]. Conversely, the horizontal impact load, 

Ft, is a prescribed force that is divided by the length of the design section to obtain units of moment 
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per unit length. Finally, all other loads (i.e., dead loads) should be applied in terms of moment per 

unit length so that all factors can be summed together. 

4.2 Deck Design Results 

A survey of sponsoring state DOTs was conducted to determine the critical dimensions 

utilized in their existing deck standards. Multiple state DOTs desired deck overhang widths up to 

5 ft long, and the most commonly-used deck thickness was 8 in. Additionally, the deck was 

assumed to have a 3-in. thick asphalt overlay, which increased the dead loads applied to the deck. 

The optimized TL-4 bridge rail design configuration selected previously had an interior yield-line 

capacity, Rw, of 84.4 kips, a cantilever bending capacity, Mc, of 8.6 kip-ft/ft, and critical length, Lc, 

equal to 13.0 ft. These capacities and dimensions were used with the design methodology 

described in the previous section to calculate deck overhang design loads for the new TL-4 bridge 

rail. The results of this analysis are summarized in Table 7 and shown in terms of M1 and M2, 

which correspond to the design moments per unit length at Design Section 1 and Design Section 2, 

respectively. 

Recall that the design loads for Design Case 1 were calculated from both the 80-kip lateral 

load and the barrier Mc, where only the lower of the two values would be used in the deck design 

process. Design loads calculated from Mc were lower at both design sections. Accordingly, deck 

demands calculated from the impact load were ignored, and Mc was used for the deck demand at 

both design sections for Design Case 1. Further, these design loads were identified as the critical 

load for both sections, as Design Case 1 controlled over Design Cases 2 and 3.  

Table 7. Results of Critical Deck Overhang Design Loads 

Design 

Case 
Design Section 1 Design Section 2 

1 

(Mc) 
M1 = 8.86 (k-ft)/ft  T = 4.15 k/ft M2 = 13.73 (k-ft)/ft  T = 3.24 k/ft 

1* 

(80 kip) 
M1 = 11.59 (k-ft)/ft  T = 4.11 k/ft M2 = 14.17 (k-ft)/ft  T = 3.17 k/ft 

2 M1 = 0.90 (k-ft)/ft  M2 = 10.89 (k-ft)/ft  

3 N/A M2 = 11.72 (k-ft)/ft  

* Loads from the 80-kip load were eliminated from consideration in Design Case 1. 

N/A ï Not Applicable 

 

Design calculations for the strength of the deck at Design Section 1 considered the 

development length of the transverse steel bars and the design sectionôs proximity to the deck edge. 

The barrier was offset 2 in. away from the outer vertical edge of the deck, and the deck utilized a 

2-in. clear cover at the side of the deck. This meant the transverse steel bars had only 10 in. of 

development length between Design Section 1 and the outer edge of the deck. Since the 

development lengths for most bar sizes were greater than 10 in., the design capacity of transverse 

rebar in the deck was reduced by a ratio of the available development length (i.e., 10 in.) divided 
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by the required development length as estimated by ACI 318 [30]. Design Section 2 did not have 

the same development length issues. 

The reinforcement configuration selected for the deck overhang incorporated one #5 bar 

and two #4 bars spaced at 4-in. intervals along the top mat of steel and a #4 bar spaced at 12-in. 

intervals in the bottom mat. This unusual reinforcement pattern was selected because its design 

strength nearly matched the applied loads estimated for the deck. Thus, the full-scale crash test 

incorporated a deck that was configured very near to the limits prescribed by the design 

methodology. If the testing was successful, other reinforcement configurations and decks designed 

using the same methodology would also be acceptable. 
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5 TEST REQUIREMENTS AND EVALUATION CRITERIA  

5.1 Test Requirements 

Longitudinal barriers, such as concrete bridge rails, must satisfy impact safety standards in 

order to be declared eligible for federal reimbursement by FHWA for use on the National Highway 

System. For new hardware, these safety standards consist of the guidelines and procedures 

published in MASH 2016 [3]. Note that there is no difference between MASH 2009 [2] and MASH 

2016 for longitudinal barriers, such as the system tested in this project, except that additional 

occupant compartment deformation measurements, photographs, and documentation are required 

by MASH 2016. According to MASH 2016, TL-4 longitudinal barrier systems must be subjected 

to three full -scale vehicle crash tests, as summarized in Table 8. 

Table 8. MASH 2016 [3] TL-4 Crash Test Conditions for Concrete Barriers 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

Impact Conditions 
Evaluation 

Criteria 1 Speed, 

mph 

Angle, 

deg. 

Concrete 

Barrier 

4-10 1100C 2,420 62 25 A,D,F,H,I 

4-11 2270P 5,000 62 25 A,D,F,H,I 

4-12 10000S 22,000 56 15 A,D,G 

1 Evaluation criteria explained in Table 9. 

 

Following a review of previous crash testing into concrete barrier systems, only MASH 

test designation no. 4-12 was determined to be critical for evaluating the TL-4 concrete bridge rail. 

Due to the mass of the 10000S vehicle being more than four times that of the 2270P pickup truck, 

MASH test designation no. 4-12 has an impact severity 34 percent higher than MASH test 

designation no. 4-11 and 278 percent higher than MASH test designation no. 4-10. NCHRP Project 

22-20(2) found that the increased impact severity translated to increased impact loads for the 

10000S impacts as compared to the 2270P, as observed in the recommended impact loads for TL-3 

and TL-4 MASH impacts [19]. Subsequently, the 10000S test would impart the highest impact 

loads to the barrier and be the critical test for evaluating the strength of both the bridge rail and 

bridge deck overhang. 

Vehicle stability was not considered to be critical for the small car or pickup truck tests. 

Previous crash testing of the 2270P pickup into an 11-degree single-slope concrete bridge rail and 

vertical-faced concrete bridge rails resulted in successful MASH tests with minimal vehicle roll 

and pitch displacements [37-39]. Similarly, previous 1100C crash tests have been successfully 

conducted on both single slope and vertical face concrete bridge rails [23-24]. The 3-degree slope 

of the new concrete TL-4 bridge rail was between those of typical single slope barriers and vertical 

parapets. Thus, vehicle performance had been effectively bracketed by previous crash tests, and 

there were no concerns for vehicle instability or excessive occupant risk measures. Therefore, 

MASH test designation nos. 4-10 and 4-11 were not deemed critical and were not conducted as 

part of this study. 
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The bridge rail designed herein was to be crashworthy both before and after a 3-in. roadway 

overlay was applied to the bridge deck. Thus, the bridge rail had two different height 

configurations: a 39-in. tall configuration before an overlay and an effective 36-in. tall 

configuration after an overlay. At the time of this study, few MASH test designation no. 4-12 crash 

tests had been conducted, so there were some concerns with vehicle containment with the lower 

effective barrier height. Additionally, after an overlay, impact loads on the bridge rail would be 

applied higher on the barrier and result in higher moments transferred to the bridge deck. As such, 

the critical bridge rail configuration was determined to be the 36-in. effective barrier height after 

a 3-in. overlay was applied to the deck surface.  

It should be noted that the test matrix detailed herein represents the researchersô best 

engineering judgement with respect to the MASH 2016 safety requirements and their internal 

evaluation of critical tests necessary to evaluate the crashworthiness of the barrier system. 

However, the recent switch to new vehicle types as part of the implementation of the MASH 2016 

criteria and the lack of experience and knowledge regarding the performance of the new vehicle 

types with certain types of hardware could result in unanticipated barrier performance. Thus, any 

tests within the evaluation matrix deemed non-critical may eventually need to be evaluated based 

on additional knowledge gained over time or revisions to the MASH 2016 criteria.  

5.2 Evaluation Criteria  

Evaluation criteria for full-scale vehicle crash testing are based on three factors: (1) 

structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. Criteria for 

structural adequacy are intended to evaluate the ability of the concrete bridge rail to contain and 

redirect impacting vehicles. In addition, controlled lateral deflection of the test article is 

acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle. 

Post-impact vehicle trajectory is a measure of the potential of the vehicle to result in a secondary 

collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the 

occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are summarized 

in Table 9 and discussed in greater detail in MASH 2016 [3]. The full-scale vehicle crash test 

documented herein was conducted and reported in accordance with the procedures provided in 

MASH 2016. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI) 

were determined and reported. Additional discussion on PHD, THIV and ASI is provided in 

MASH 2016.
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Table 9. MASH 2016 Evaluation Criteria for Longitudinal Barriers 

Structural 

Adequacy 

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 

D. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the occupant 

compartment, or present an 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 2016. 

F. The vehicle should remain upright during and after collision. The 

maximum roll and pitch angles are not to exceed 75 degrees. 

G. It is preferable, although not essential, that the vehicle remain upright 

during and after collision. 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 of 

MASH 2016 for calculation procedure) should satisfy the following 

limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 30 ft/s 40 ft/s 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, 

Section A5.2.2 of MASH 2016 for calculation procedure) should 

satisfy the following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 gôs 20.49 gôs 
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6 DESIGN DETAILS  

The test installation for the new TL-4 bridge rail was 150 ft long. The upstream half of the 

installation was attached to a simulated bridge deck, while the downstream half of the bridge rail 

was attached directly to the test siteôs concrete tarmac. The system was impacted on the upstream 

half of the installation in order to evaluate the bridge rail and deck under maximum loading 

conditions. The downstream half of the installation was only necessary to allow adequate time and 

distance for the single-unit truck box to lean on the barrier and return to an upright position before 

exiting the system, thus evaluating vehicle stability. The critical test configuration for the 

reinforced concrete bridge rail incorporated a 3-in. overlay on the bridge deck. Thus, the 39-in. tall 

bridge rail extended only 36 in. above the roadway surface. This configuration allowed for the 

greatest impact height and moment arm above the bridge deck. Design details for the TL-4 concrete 

bridge rail are shown in Figures 19 through 33, and photographs of the test installation are shown 

in Figure 34. 

Under the upstream half of the system, a 24-in. by 24-in. reinforced concrete grade beam 

was constructed to simulate a bridge girder. An 8-in. thick, reinforced concrete, simulated bridge 

deck was cast on top of the grade beam, but it remained 3 in. below the surface of the surrounding 

tarmac. A 3-in. thick overlay, consisting of a weak concrete mix, was placed on the simulated 

bridge deck to create a uniform surface height with the surrounding tarmac. A polyethylene plastic 

was used between the overlay and the bridge deck so that the overlay could be removed after 

testing to inspect the bridge deck for damage. The simulated bridge deck was installed with a 5-ft 

lateral overhang from the outer face of the grade beam, and it was anchored to the tarmac to prevent 

lateral movement of the deck during the crash test. Lateral reinforcement in the deck consisted of 

two #4 bars and one #5 bar per foot of longitudinal distance. Each of these bars was spaced at 4 in. 

on-center and had a 180-degree hook at the edge of the deck, which tied the top and bottom steel 

mats together. Note that the #5 bar hooks had to be rotated from vertical in order to fit within the 

8-in. thick deck. Longitudinal steel in the deck consisted of #4 bars at 12 in. on-center in both the 

top and bottom mats of steel.  

The bridge rail was installed with a 39-in. height relative to the top of the bridge deck, 

which corresponded to a 36-in. effective height after the 3-in. overlay. The surface of the bridge 

deck was left rough at the rail location before the bridge rail was poured. The bridge rail was 8 in. 

wide at the top and 10 in. wide at the base. The back of the bridge rail was offset 2 in. away from 

the edge of deck. Eight #5 longitudinal bars were divided between the front and the back faces of 

the bridge rail, and #4 transverse U-bars were spaced at 12-in. intervals. The concrete clear cover 

in the bridge rail was 2½ in. Note, the test installation was constructed with interior region 

reinforcement only as a joint was not placed in the bridge rail or deck. Design calculations showed 

that the interior region of the bridge rail was structurally weaker than the end region. Thus, the 

full -scale test was conducted on the critically weak interior section. 

On the downstream half of the test installation, the bridge rail was anchored directly to the 

existing tarmac. A narrow strip of the tarmac was ground down 3 in. so that the same bridge rail 

cross section could be continued downstream from the simulated deck. Vertical no. 4 dowel bars 

were epoxied into the tarmac and placed adjacent to the transverse steel in the barrier.   

End regions were developed for the TL-4 bridge rail as discussed in Section 3.4 and shown 

previously in Figure 15. However, since the vehicle impact was occur in the middle of the test 
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installation and loading of the upstream and downstream ends of the test article would be minimal, 

end region reinforcement was not included in the test article. Note, for real-world installations, the 

6-ft long end regions should be placed adjacent to any bridge rail ends, expansion/contraction gaps, 

or other discontinuities in the railing. 

The bridge rail and deck were designed for a concrete compressive strength of 5,000 psi. 

The actual compressive strength for the deck and bridge rail were 6,170 psi and 5,090 psi, 

respectively. All steel rebar had a minimum yield strength of 60 ksi. Material specifications, mill 

certifications, and certificates of conformity for the system materials are shown in Appendix A. 
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Figure 19. TL-4 Bridge Rail Test Installation, Test No. 4CBR-1 
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Figure 20. Isometric View, Test No. 4CBR-1 
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Figure 21. System Cross Sections, Test No. 4CBR-1 
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Figure 22. TL-4 Bridge Rail Design Details, Test No. 4CBR-1 
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Figure 23. Rail, Deck, and Grade Beam Assemblies, Test No. 4CBR-1 
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Figure 24. Bridge Deck and Rail Sections, Test No. 4CBR-1 
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Figure 25. Bridge Deck Assembly, Test No. 4CBR-1 
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Figure 26. Bridge Deck Assembly, Test No. 4CBR-1 
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Figure 27. Bridge Deck Details, Test No. 4CBR-1 
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Figure 28. Modified Bridge Rail for Downstream Half of System, Test No. 4CBR-1 
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Figure 29. Design Details for Downstream Half of System, Test No. 4CBR-1 
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Figure 30. Concrete Grade Beam Assembly, Test No. 4CBR-1 
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Figure 31. System Rebar, Test No. 4CBR-1 
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Figure 32. System Rebar, Test No. 4CBR-1 
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Figure 33. Bill of Materials, Test No. 4CBR-1 
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Figure 34. Test Installation Photographs, Test No. 4CBR-1 
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7 TEST CONDITIONS 

7.1 Test Facility 

The Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the 

Lincoln Municipal Airport and is approximately 5 miles northwest of the University of Nebraska-

Lincoln. 

7.2 Vehicle Tow and Guidance System 

A reverse-cable, tow system with a 1:2 mechanical advantage was used to propel the test 

vehicle. The distance traveled and the speed of the tow vehicle were one-half that of the test 

vehicle. The test vehicle was released from the tow cable before impact with the barrier system. A 

digital speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed. 

A vehicle guidance system developed by Hinch [40] was used to steer the test vehicle. A 

guide flag, attached to the left-front wheel and the guide cable, was sheared off before impact with 

the barrier system. The Ȩ-in. diameter guide cable was tensioned to approximately 3,500 lb and 

supported both laterally and vertically every 100 ft by hinged stanchions. The hinged stanchions 

stood upright while holding up the guide cable, but as the vehicle was towed down the line, the 

guide flag struck and knocked each stanchion to the ground. 

7.3 Test Vehicle 

For test no. 4CBR-1, a 2005 International 4300 single-unit truck was used as the test 

vehicle. The curb, test inertial, and gross static vehicle weights were 14,742 lb, 22,198 lb, and 

22,360 lb, respectively. The test vehicle and ballast are shown in Figures 35 through 37 and vehicle 

dimensions are shown in Figure 38. 

The longitudinal component of the center of gravity (c.g.) was determined using the 

measured axle weights. The location of the c.g. is shown in Figures 38 and 39. Data used to 

calculate the location of the c.g. and ballast information are shown in Appendix B. 

Square, black- and white-checkered targets were placed on the vehicle for reference to be 

viewed from the high-speed digital video cameras and aid in the video analysis, as shown in Figure 

39. Round, checkered targets were placed at the c.g. on the left-side door, the right-side door, and 

the roof of the vehicle. 

The front wheels of the test vehicle were aligned to vehicle standards except the toe-in 

value was adjusted to zero such that the vehicle would track properly along the guide cable. A 5B 

flash bulb was mounted under the vehicleôs left-side windshield wiper and was fired by a pressure 

tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon initial 

impact with the test article to create a visual indicator of the precise time of impact on the high-

speed digital videos. A radio-controlled brake system was installed in the test vehicle so the vehicle 

could be brought safely to a stop after the test. 
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Figure 35. Test Vehicle, Test No. 4CBR-1 
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Figure 36. Test Vehicle Ballast, Test No. 4CBR-1 
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Figure 37. Test Vehicleôs Interior Floorboards and Undercarriage, Test No. 4CBR-1 
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Figure 38. Vehicle Dimensions, Test No. 4CBR-1 
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Figure 39. Target Geometry, Test No. 4CBR-1 
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7.4 Simulated Occupant 

For test no. 4CBR-1, a Hybrid II 50th-Percentile, Adult Male Dummy, equipped with 

footwear, was placed in the right-front seat of the test vehicle with the seat belt fastened. The 

simulated occupant had a final weight of 162 lb. As recommended by MASH 2016, the simulated 

occupant weight was not included in calculating the c.g. location. 

7.5 Data Acquisition Systems 

7.5.1 Accelerometers 

Two environmental shock and vibration sensor/recorder systems were used to measure the 

accelerations in the longitudinal, lateral, and vertical directions. The electronic accelerometer data 

obtained in dynamic testing was filtered using the SAE Class 60 and the SAE Class 180 

Butterworth filters conforming to the SAE J211/1 specifications [41]. The two systems, the 

SLICE-1 and SLICE-2 units, were modular data acquisition systems manufactured by Diversified 

Technical Systems, Inc. (DTS) of Seal Beach, California. The SLICE-2 unit was mounted in the 

truck box near the c.g., while the SLICE-1 unit was mounted in the cab. The acceleration sensors 

were mounted inside the bodies of custom-built, SLICE 6DX event data recorders and recorded 

data at 10,000 Hz to the onboard microprocessor. Each SLICE 6DX was configured with 7 GB of 

non-volatile flash memory, a range of Ñ500 gôs, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 

1000) anti-aliasing filter. The ñSLICEWareò computer software program and a customized 

Microsoft Excel worksheet were used to analyze and plot the accelerometer data.  

7.5.2 Rate Transducers 

Two identical angular rate sensor systems mounted inside the bodies of the SLICE-1 and 

SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicle. Each 

SLICE MICRO Triax ARS had a range of 1,500 degrees/sec in each of the three directions (roll, 

pitch, and yaw) and recorded data at 10,000 Hz to the onboard microprocessors. The raw data 

measurements were then downloaded, converted to the proper Euler angles for analysis, and 

plotted. The ñSLICEWareò computer software program and a customized Microsoft Excel 

worksheet were used to analyze and plot the angular rate sensor data.  

7.5.3 Retroreflective Optic Speed Trap 

The retroreflective optic speed trap was used to determine the speed of the test vehicle 

before impact. Three retroreflective targets, spaced at approximately 18-in. intervals, were applied 

to the side of the vehicle. When the emitted beam of light was reflected by the targets and returned 

to the Emitter/Receiver, a signal was sent to the data acquisition computer, recording at 10,000 Hz, 

as well as the external LED box activating the LED flashes. The speed was then calculated using 

the spacing between the retroreflective targets and the time between the signals. LED lights and 

high-speed digital video analysis are only used as a backup in the event that vehicle speeds cannot 

be determined from the electronic data. 
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7.5.4 Digital Photography 

Five AOS high-speed digital video cameras, ten GoPro digital video cameras, and two 

Panasonic digital video cameras were utilized to film test no. 4CBR-1. Camera details, camera 

operating speeds, lens information, and a schematic of the camera locations relative to the system 

are shown in Figure 40. Note, cameras AOS-9 and GP-9 experienced technical difficulties and did 

not record the impact event. 

The high-speed videos were analyzed using TEMA Motion and Redlake MotionScope 

software programs. Actual camera speed and camera divergence factors were considered in the 

analysis of the high-speed videos. A digital still camera was also used to document pre- and post-

test conditions for the test. 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-5 AOS X-PRI Gigabit 500 100 mm Fixed  

AOS-6 AOS X-PRI Gigabit 500 Fujinon 35mm Fixed  

AOS-7 AOS X-PRI Gigabit 500 Fujinon 50 mm Fixed  

AOS-8 AOS S-VIT 1531 500 Sigma 28-70 Between 35 and 50 

AOS-9 AOS TRI-VIT  1000 Kowa 12 mm fixed  

GP-7 GoPro Hero 4 30   

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 120   

GP-13 GoPro Hero 4 240   

GP-15 GoPro Hero 4 240   

GP-16 GoPro Hero 4 240   

GP-17 GoPro Hero 4 240   

GP-19 GoPro Hero 6 120   

GP-21 GoPro Hero 6 120   

PAN-1 Panasonic (HC-V770) 60   

PAN-2 Panasonic (HC-V770) 60   

Figure 40. Camera Locations, Speeds, and Lens Settings, Test No. 4CBR-1 
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8 FULL -SCALE CRASH TEST NO. 4CBR-1 

8.1 Weather Conditions 

Test no. 4CBR-1 was conducted on August 21, 2018 at approximately 1:15 p.m. The 

weather conditions as per the National Oceanic and Atmospheric Administration (station 

14939/LNK) were reported and are shown in Table 10. 

Table 10. Weather Conditions, Test No. 4CBR-1 

Temperature 72°F 

Humidity 61% 

Wind Speed 14 mph 

Wind Direction 350° from True North 

Sky Conditions Clear 

Visibility  8 Statute Miles 

Pavement Surface Dry   

Previous 3-Day Precipitation  2.5 in. 

Previous 7-Day Precipitation  2.9 in. 

 

8.2 Test Description 

Initial vehicle impact was to occur 27 ft ï 8 in. downstream from the upstream end of 

barrier, as shown in Figure 41, which was selected to load the center of the simulated bridge deck 

and avoid loads transferring out close to the ends of the deck. During test no. 4CBR-1, the 

22,198-lb SUT impacted the bridge rail 4 in. upstream from the targeted impact point at a speed 

of 57.6 mph and an angle of 16.0 degrees. The barrier contained and redirected the SUT with 

minimal system deflection and negligible system damage. The SUT reached a maximum roll angle 

of 35 degrees during redirection and exited the system with a speed and angle of 41.7 mph and 

2.8 degrees, respectively. After exiting the system, the SUT rolled downstream, impacted a row of 

portable concrete barriers, ruptured a few of the barrier connections, and came to rest on top of 

one of the barrier segments approximately 350 ft downstream from impact. A detailed description 

of the sequential impact events is contained in Table 11, and sequential photographs of the impact 

event are shown in Figures 42 through 44. Documentary photographs are shown in Figure 45. 

Photographs of the vehicle trajectory and final position are shown in Figure 46. 



March 26, 2021 

MwRSF Report No. TRP-03-415-21 

 

56 

Table 11. Sequential Description of Impact Events, Test No. 4CBR-1 

Time 

(sec) 
Event 

0.000 Vehicle's front bumper contacted barrier 328 in. downstream from upstream end of barrier. 

0.010 Vehicle's left-front tire contacted concrete barrier. 

0.026 Vehicle's left-front fender deformed. 

0.036 Vehicle's hood contacted concrete barrier. 

0.042 Vehicle rolled toward system. 

0.116 Vehicle yawed away from system. 

0.136 Vehicle's right-front tire became airborne. 

0.148 Vehicle gouged face of concrete barrier. 

0.210 Vehicle's right-rear tire became airborne. 

0.242 Vehicle's left-rear tire contacted concrete barrier. 

0.262 Vehicle's left-rear lower box corner contacted concrete barrier. 

0.290 Vehicle's grille became disengaged. 

0.296 Vehicle was parallel to system at a speed of 48.7 mph. 

0.366 Vehicle pitched downward. 

0.520 Vehicleôs box in contact with top of concrete barrier. 

0.668 Vehicle reached a maximum roll angle of 35 degrees and began to roll away from barrier.  

0.852 Vehicleôs box gouged top-front corner of concrete barrier. 

0.874 Vehicle's air tank became disengaged. 

1.102 Vehicle's left-front tire re-contacted concrete barrier. 

1.114 Vehicle's left headlight contacted concrete barrier. 

1.166 Vehicle's right-front tire regained contact with ground. 

1.292 Vehicle's right-rear tire regained contact with ground. 

1.382 Vehicle's right box door lower hinge disengaged. 

1.562 Vehicle's left-front tire became airborne. 

1.626 Vehicle exited system at a speed of 41.7 mph and an angle of 2.8 degrees. 

1.828 Vehicle's left-front tire regained contact with ground. 

4.300 Vehicle impacted portable concrete barriers used for vehicle containment. 

4.800 Vehicle overrode a portable concrete barrier segment. 

8.000 Vehicle came to rest approximately 350 feet downstream from impact. 
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Figure 41. Impact Location, Test No. 4CBR-1 
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Figure 42. Sequential Photographs, Test No. 4CBR-1 
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Figure 43. Additional Sequential Photographs, Test No. 4CBR-1 
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Figure 44. Additional Sequential Photographs, Test No. 4CBR-1 
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Figure 45. Documentary Photographs, Test No. 4CBR-1 
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Figure 46. Vehicle Final Position and Trajectory Marks, Test No. 4CBR-1 
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8.3 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 47 through 50. Barrier damage 

consisted of contact marks, concrete gouges and spalling, and minor cracks. Shrinkage cracks 

present before testing were highlighted with a red marker, as can be seen in the damage 

documentation photographs. 

The length of vehicle contact was approximately 112 ft. The primary contact mark on the 

face of the bridge rail began at the impact point and extended 25 ft downstream. Another 

significant contact mark was observed on the top face, starting 27 ft ï 8 in. downstream from the 

impact point and spanning 17 ft ï 8 in., coinciding with the cargo box leaning on the barrier. Less 

severe contact marks were observed on the top face of the barrier starting 45 ft ï 7 in. from the 

impact point and extending 42 ft ï 4 in. downstream. Additionally, minor contact marks were 

observed on the front face of the barrier beginning 44 ft ï 3 in. downstream from impact and 

continuing to the downstream end of the system. 

Significant gouging in the front face of the bridge rail occurred 3 ft ï 8 in. downstream 

from the impact point and continued 9 ft downstream. Additionally, the top front edge of the railing 

experienced significant gouging where the cargo box leaned on the barrier beginning 46 ft ï 2 in. 

downstream from the impact point and extending 10 ft ï 10 in. downstream.  

The bridge deck and overlay remained undamaged during the test. Even after the overlay 

was removed from the deck surface, only minor cracks were observed. However, these cracks were 

likely just shrinkage cracks, and none were thought to be structurally significant.  

The maximum lateral dynamic barrier deflection, including flexure in the deck, was 1.0 in., 

which occurred 22 ft ï 11 in. downstream from the impact point, as determined from high-speed 

digital video analysis. Af ter the impact event, the deck overhang and barrier both returned to their 

original positions resulting in a permanent set of 0.0 in. The working width of the system was 

53.7 in., also determined from high-speed digital video analysis. A schematic of the permanent 

set, dynamic deflection, and working width is shown in Figure 51. 
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Figure 47. Overall System Damage, Test No. 4CBR-1 




























































































































