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1 INTRODUCTION  

1.1 Background 

Manitoba Infrastructure (MI) currently utilizes 825-mm (32-in.) tall, F-shape concrete 

barriers along high-speed roadways. However, an increased barrier height is often desired in 

medians to eliminate headlight glare from opposing traffic. Additionally, an increase to the 

volume of truck traffic has increased the need to utilize a barrier system capable of containing 

heavy trucks. Thus, MI desired a tall concrete barrier that satisfied the Test Level 5 (TL-5) safety 

requirements found in the American Association of State Highway and Transportation Officials 

(AASHTO) Manual for Assessing Safety Hardware (MASH) [1]. 

MI conducted a review of previously designed TL-5 barriers and elected to alter the 

cross-section shape of its barrier from the previous F-shape to a single-slope shape. The State 

Departments of Transportation for both California and Texas have developed high containment, 

concrete median barriers utilizing a constant slope on the front face of the barrier [2-4]. Both 

barriers have a height of 1,070 mm (42 in.), but they differ slightly in face geometry as the slopes 

measure 9.1 and 10.8 degrees from vertical, respectively. However, MI required a taller barrier 

to eliminate headlight glare. Utilizing the guidelines provided in National Cooperative Highway 

Research Programôs (NCHRP) Synthesis of Highway Practice 66 [5], MI desired a barrier height 

of 1,250 mm (49¼ in.). Additionally, MI desired a footprint width of 600 mm (23¾ in.) to match 

current roadway median geometries. Thus, MI  desired to modify the California Single-Slope 

barrier to match these geometric requirements.  

Variations of both single-slope barriers have previously been developed by other 

transportation agencies desiring high-capacity concrete barriers. However, the barrier height has 

not typically been altered. Increasing the barrier height above the standard 1,070 mm (42 in.) 

would likely restrict the amount of roll experienced by the tractor trailer during redirection, thus 

reducing the time duration of the impulse wave and increasing the load imparted to the barrier. 

Additionally, taller barriers may potentially result in an increased applied load height. Impacts 

with 1,070 mm (42 in.) tall barriers have resulted in the box extending over and leaning on the 

top of the barrier during redirection. With a taller barrier, the trailer box could impact the barrier 

laterally and apply loads near the top of the barrier. An increased applied load height would 

require more anchorage strength to prevent barrier overturning. Subsequently, in order to 

increase the height of a TL-5 barrier, additional reinforcement and barrier anchorage may be 

required to maintain the structural integrity of the system. 

Finally, MI  desired to utilize the new barrier system in a variety of different installation 

applications, including as a median barrier, roadside barrier, and bridge rail. Therefore, a need 

existed to develop a new family of MASH TL-5 concrete barriers to satisfy MIôs geometric 

desires and encompass multiple installation configurations. Additionally, transitions would be 

needed to attach the new barrier system to existing barriers and/or new lower-height (lower-

containment level) barriers. 
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1.2 Objective 

The objective of this research effort was to develop a tall, single slope, concrete barrier 

system to satisfy MASH TL-5 safety performance criteria. The barrier was to be modeled after 

the California Single-Slope barrier, have a height of 1,250 mm (49¼ in.), and have a maximum 

base width of 600 mm (23¾ in.). Multiple configurations of the new barrier system were desired 

including median, roadside, and bridge rail applications. Both interior and end sections (adjacent 

to discontinuities) were to be developed. The new barrier was to be optimized to minimize 

installation costs while satisfying MASH TL-5 standards. Additionally, a bridge deck with 

minimal thickness and maximum cantilever overhang distance was desired to support the new 

bridge rail. Finally, transitions from the new TL-5 barrier to various existing barrier structures 

were to be developed. 

1.3 Scope 

The research objective was achieved by performing several tasks. First, a literature 

review was conducted on previous crash tests involving tractor-trailer vehicles impacting bridge 

rails, roadside barriers, and median barriers. The structural capacities of these systems were 

calculated, and the level of damage sustained to the system was noted. Next, the barrier width 

and reinforcement configuration was optimized to minimize installation costs while satisfying 

MASH TL-5 structural requirements. Design efforts focused on a single-sided bridge rail 

configuration since narrower barriers are more likely to sustain damage during impact events 

than wider, symmetric barriers. A full -scale crash test was then conducted with a 36,000-kg 

(80,000-lb) van-type tractor trailer impacting a 46 m (150 ft) long bridge rail installation 

according to MASH test no. 5-12. The successfully-tested TL-5 bridge rail was modified into 

multiple other configurations, including median and roadside applications. Finally, multiple 

transitions were developed to attach the new TL-5 barriers to various new and existing concrete 

barrier systems.  
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2 LITERATURE REVIEW  

At the onset of the project, a literature review was conducted on previously crash-tested, 

TL-5 barrier systems. The review focused on testing of van-style tractor-trailers impacting bridge 

rails and concrete roadside and median barriers. In all, nine tests on bridge rails and four tests on 

concrete median barriers we reviewed. Eleven of the tests were conducted according to the 

impact criteria of National Cooperative Highway Research Program (NCHRP) Report No. 350 

[6], which are the same for test no. 5-12 in the current MASH standard. The remaining two tests 

were conducted in accordance with the 1989 edition of AASHTOôs Guide Specifications for 

Bridge Railings [7]. The main difference between the crash testing standards was the required 

weight of the tractor trailer from the AASHTO guide was 22,680 kg (50,000 lb), while NCHRP 

Report No. 350 and MASH required a vehicle weight of 36,287 kg (80,000 lb). All 13 of these 

crash tests resulted in vehicle redirection and satisfactory barrier performance. 

The literature review focused on the geometry and strength of each of these high-

containment barrier systems. The geometric shape, height, and width of each barrier were 

documented along with the mass, speed, and angle of the impacting vehicle. Deck thicknesses 

and cantilever overhang distances were also recorded for the nine bridge rails. Additionally, the 

material strengths and reinforcement configurations were documented in order to calculate 

barrier and deck strengths. System strengths were utilized in establishing the design strength for 

the new Manitoba barrier and are discussed in Chapter 3. Finally, the damage sustained by each 

system was documented in order to compare performances between the barrier systems. The 

crash tests are summarized in Tables 1 and 2.  
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Table 1. Summary of Tractor-Trailer Crash Tests, Barrier Descriptions and Impact Conditions 

Test 

No. 

Ref. 

 No. 
Configuration 

Barrier  

Shape 

Barrier 

Height 

mm 

 (in.) 

Deck 

Thickness 

mm 

 (in.) 

Deck 

Overhang 

mm 

 (in.) 

Impact 

Speed 

km/h 

(mph) 

Impact 

Angle  

Vehicle 

Mass 

kg  

(lb) 

Test 6 [8] Bridge Rail 
Open Concrete Rail 

with Steel Rail 

914/1,372 

(36/54) 

191 

(7.5) 

762 

(30) 

79.0  

(49.1) 
15° 

36,183 

(79,770) 

2416-1 [9] Bridge Rail 
F-Shape  

with Steel Rail 

1,270 

(50) 

203 

(8) 

457 

(18) 

77.9  

(48.4) 
14.5° 

36,324 

(80,080) 

7069-10 [10] Bridge Rail F-Shape 
1,067 

(42) 

254 

(10) 

991 

(39) 

84.0  

(52.2) 
14° 

22,680 

(50,000) 

7069-13 [10] Bridge Rail Vertical 
1,067 

(42) 

254 

(10) 

991 

(39) 

82.7  

(51.4) 
16.2° 

22,702 

(50,050) 

405511-2 [11] Bridge Rail Vertical 
1,067 

(42) 

254 

(10) 

991 

(39) 

80.1  

(49.8) 
14.5° 

36,000 

(79,366) 

ACBR-1 [12] Bridge Rail Open Concrete Rail 
1,067 

(42) 

254 

(10) 

1,321 

(52) 

79.5  

(49.4) 
16.3° 

35,822 

(78,975) 

7D 04/HK [13-14] Bridge Rail 
Steel New Jersey 

with Steel Rail 

980/1,595 

(38.5/62.8) 
Unknown Unknown 

67.6  

(42.0) 
20° 

38,000 

(83,776) 

SBG-1 [15] Bridge Rail 
Modified New 

Jersey Shape 

1,050 

(41.3) 

340 

(13.5) 

1,000 

(39.4) 

81.3  

(50.5) 
15.6° 

35,934 

(79,220) 

RYU-1 [16] Bridge Rail 
Modified New 

Jersey Shape 

1,050 

(41.3) 

450 

(17.7) 

1,000  

(39.4) 

79.0  

(49.1) 
14.6° 

36,129 

(79,650) 

TL5CMB-2 [17] Median Barrier 
Modified Single 

Slope 

1,067 

(42) 
NA NA 

84.9 

(52.8) 
15.4° 

36,154 

(79,705) 

4798-13 [18] Median Barrier New Jersey Shape 
1,067 

(42) 
NA NA 

83.8 

(52.1) 
16.5° 

36,369 

(80,180) 

7162-1 [19] Median Barrier New Jersey Shape 
1,067 

(42) 
NA NA 

79.8 

(49.6) 
15.1° 

36,287 

(80,000) 

7046-3 [21] Instrumented Wall Vertical Wall 
2,286 

(90) 
NA NA 

88.5 

(55) 
15.3° 

36,324 

(80,080) 

   NA = Not Applicable 

4
 



 

 

S
e

p
te

m
b
e

r 26
, 2

0
1

6  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-3
5

6-1
6 

Table 2. Summary of Tractor-Trailer Crash Tests, Resulting Barrier and Deck Damage 

Test No. Barrier Damage Deck Damage 

Test 6 

40 mm (1.5 in.) concrete rail displacement, 

300 mm (12 in.) steel rail displacement, 

cracking in rail; 

Cracking in bridge deck extending 9 m (30 ft) upstream 

and 15 m (50 ft) downstream of impact 

2416-1 

13 mm (0.5 in.) concrete rail displacement, 

150 mm (6 in.) steel rail displacement, 

Anchor failure on post 5 & 6 

Unavailable 

7069-10 
Spalling along top of barrier 

Contact marks and gouging 
Unavailable 

7069-13 
Spalling along top of barrier 

Contact marks and gouging 
Unavailable 

405511-2 
Spalling along top of barrier 

Contact marks and gouging 
Unavailable 

ACBR-1 

100 mm (4 in.) displacement in rail 

Cracking gouging and spalling on face of rail 

Small pieces fractured off from top of barrier 

Cracking in deck 

Significant spalling/fracture behind posts 

7D 04/HK 

Contact marks and gouging 

Bent and dented panels  

Barriers displaced (slid) backward 

None documented in report 

SBG-1 Contact marks and gouging None documented in report 

RYU-1 Contact marks and gouging None documented in report 

TL5CMB-2 

Contact marks and gouging 

Spalling along top of barrier 

Minor cracking 

NA 

4798-13 Unavailable NA 

7162-1 

Contact marks and gouging 

Spalling along the top of the barrier 

Cracking ï up to 6 mm (¼ in.) wide 

NA 

7046-3 NA NA 

   NA = Not Applicable 

5
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3 DESIGN CRITERIA  

3.1 Geometric Requirements and Material Specifications 

Although median barrier, roadside barrier, and bridge rail configurations were all desired 

for the new MASH TL-5 concrete barrier, the bridge rail was considered the most critical design 

as it was single-sided with the narrowest cross section, thus requiring the most anchorage 

strength. Additionally, the bridge rail required attachment to a thin, cantilever bridge deck, which 

was more susceptible to damage than a foundation slab or footing utilized for the median or 

roadside applications. Thus, design and testing was to focus on the bridge rail configuration. 

Then, pending a successful crash test, the other configurations would be designed to have 

equivalent strength as the bridge rail. Both interior and end sections (adjacent to discontinuities) 

of the barrier were designed. 

The new median barrier and bridge rail systems were required to have a height of 1,250 

mm (49¼ in.) and a maximum base width of 600 mm (23¾ in.). The barrier was to have a 

constant slope face geometry with a 9 degree slope from vertical, creating a 200-mm (8-in.) 

lateral offset from its base to its top. The bridge deck was to have a minimum thickness of 250 

mm (10 in.), and the backside of the barrier was to be offset from the edge of the deck by 50 mm 

(2 in.). Barrier reinforcement was to consist of both longitudinal and transverse steel with 

additional reinforcing bars required to anchor the barrier to the deck. 

System discontinuities can create higher stresses and a higher risk of component failure. 

Thus, the full-scale test was to be conducted on a test installation incorporating an expansion and 

contraction joint in both the bridge rail and the deck. Typical joints in MI bridge decks were an 

average of 215 mm (8.5 in.) wide and consisted of steel components utilized to transfer shear 

across the joint. Concrete barriers cannot be cast directly on these adjustable steel joints, so gaps 

the size of the steel joint hardware were often left in the barrier system. Therefore, a similar 

width gap was to be placed within the test installation. Development of a steel cover plate was 

desired to span across the open joint in the barrier and protect a vehicle from snagging on 

exposed ends of the barrier. The cap would be anchored only to the upstream side of the joint to 

allow the joint to expand and contract. A steel cover plate design currently utilized by MI served 

as the basis for the barrier joint design herein. 

The new TL-5 barrier was to be designed, constructed, and evaluated with materials in 

compliance with MIôs standard specifications. MI specifies that 35 MPa (5,000 psi) concrete 

design strength be used for its bridge decks and concrete bridge barriers in the design process. 

For construction, MI specifies the minimum concrete design strength be increased to 45 MPa 

(6,500 psi) for enhanced durability. Since the as-constructed concrete design strength is 45 MPa 

(6,500 psi) or greater for current bridge barriers, it was thought more prudent to crash test a 

barrier using the higher concrete design strength as this would be more representative of the as-

constructed barriers. Thus, the concrete was required to have a minimum compressive strength of 

45 MPa (6,500 psi). Reinforcement was to consist of Steel Grade 400W Canadian Metric Rebar 

with sizes between 10M and 20M. Transverse steel bars were to be spaced at intervals divisible 

by 50 mm (2 in.) with a 100-mm (4-in.) minimum spacing. Steel reinforcement required 75 mm 
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(3 in.) of concrete cover with the exception of a 50-mm (2-in.) cover allowance for the bottom 

layer of deck reinforcement. 

3.2 Barrier Design Strength 

According to the AASHTO LRFD Bridge Design Specifications [20], a TL-5 barrier 

should be designed to support a 552-kN (124-kips) lateral load applied at the top of the barrier. 

However, a review of prior research and current barrier designs indicated that this design load 

may be too low. Thus, the recommended load application height at the top of the barrier was 

utilized during the development of MIôs new TL-5 barrier, but the magnitude of the load was 

refined based on previous research. 

An extensive study of vehicle impact loads was previously conducted at the Texas A&M 

Transportation Institute (TTI) in which an instrumented vertical wall was subjected to impacts 

from multiple vehicles. Load cells within the wall were used to measure the magnitude of each 

impact event [21]. Of specific interest to this study, a 36,000-kg (79,400-lb) tractor trailer 

impacted the wall at 86 km/h (55 mph) and 15 degrees, matching the MASH TL-5 impact 

criteria. The peak lateral load of the tractor trailer was measured to be 980 kN (220 kips) during 

the impact of the trailerôs rear tandem axles against the wall. 

Barrier strengths were also calculated for previously designed and successfully crash 

tested TL-5 barriers. Barrier capacities were calculated utilizing Yield Line Theory, a common 

analysis method for concrete barriers and recommended by the AASHTO LRFD Bridge Design 

Specifications [20]. The list of barriers shown previously in Tables 1 and 2 was pared down to 

include only barriers tested to the current MASH TL-5 impact criteria and avoid barriers that 

may not satisfy current strength requirements. Additionally, barrier systems containing either 

steel rail components or Fiber Reinforced Polymer (FRP) reinforcement were also disregarded as 

these systems would require different analysis techniques. Although the California Single-Slope 

barrier was never crash tested with heavy vehicles, it has been widely considered to be a TL-5 

barrier and has been listed in the AASHTO Roadside Design Guide [22] as a TL-5 barrier. Thus, 

the California Single-Slope barrier was included in the barrier strength analysis. The five barriers 

that were analyzed are listed along with their calculated strengths in Table 3. 

Four of the five barriers listed in Table 3 had design strengths below the 980-kN (220-

kip) load measured from testing with the instrumented wall, although all barriers were within 10 

percent of this measured value. Only one of the tested TL-5 barriers listed in Table 3 sustained 

heavy damage during the impact, as the open concrete rail evaluated in test no. ACBR-1 showed 

rail, post, and deck damage. Damage to the other four barriers consisted of only contact marks, 

gouging, and minor cracking. Therefore, Yield Line Theory was thought to underestimate the 

actual capacity of a concrete barrier, especially for closed shaped barriers, and the design 

strength required of a concrete barrier to satisfy MASH TL-5 is likely lower than the strength of 

existing TL-5 barrier systems. In recognition of Yield Line Theoryôs conservative nature and 

through discussions with the project sponsor, a minimum design load of 845 kN (190 kips) was 

selected for the new MI TL-5 barrier. 



September 26, 2016  

MwRSF Report No. TRP-03-356-16 

8 

Table 3. TL-5 Concrete Barrier Strengths 

System 

Shape 

Height 

mm 

(in.) 

Configuration 
Ref. 

No. 

Crash Test 

No. 

Barrier 

Strength
1
 

kN 

(kips) 

New Jersey Barrier 
1,067 

(42) 
Median [18] 4798-13 

1,913  

(430) 

Vertical 
1,067 

(42) 
Bridge Rail [11] 405511-2 

890 

(200) 

Open Concrete Rail 
1,067 

(42) 
Bridge Rail [12] ACBR-1 

939 

(211) 

Single Slope ï Modified 

for Head Ejection 

1,067 

(42) 
Median [17] TL5CMB-2 

956 

(215) 

California Single Slope 
1,067 

(42) 
Median [22] NA 

916 

(206) 

  
1
 Barrier Strengths Calculated with Load Applied at Top of Barrier, 1,067 mm (42 in.) 

 

3.3 Deck Design Strength 

The strength of a bridge deck supporting a TL-5 concrete bridge rail must satisfy three 

design cases in order to comply with the AASHTO LRFD Bridge Guide Specifications [20]: 

1. A 552-kN (124-kip) lateral load applied to the face of the bridge rail and transferred 

down to the deck as both a shear force and moment. 

2. A 356-kN (80-kip) vertical load applied to the cantilever portion of the bridge deck 

3. The bending strength of the deck must be equal to or greater than the overturning 

moment strength of the barrier (Mc term in Yield Line analysis of the barrier). 

In practice, the first two design cases rarely control the design strength of the bridge 

deck. Design Case 2 only controls for decks with large cantilever distances (i.e., greater than 2 m 

(6.5 ft) between the edge of the outer most girder and the edge of the deck). The prescribed 

lateral load in Design Case 1 is much lower in magnitude than the targeted design strength of the 

barrier, 845 kN (190 kips), so it would not control the deck design strength either. Therefore, 

Design Case 3 typically controls the required strength of the bridge deck.  

Previous crash testing has demonstrated the ability of bridge decks with bending 

strengths lower than the barrier Mc to support TL-5 impacts without damage. Table 4 contains a 

summary of four TL-5 crash tests on concrete bridge rails supported by simulated bridge decks. 

The overturning strength of each barrier, Mc, and the bending strength of each simulated bridge 

deck was calculated and is shown as strength per unit length. The ratio of the deck strength to the 

barrier overturning strength was also calculated. Three of the reviewed crash tests featured 

bridge decks with strengths significantly lower than that provided by the barrier (strength ratios 

less than 1.0). Two of these reduced-capacity decks, which had strength ratios of 0.71 and 0.85, 

sustained no structural damage during the full-scale crash test. Thus, previous testing has 

demonstrated the ability of decks with only 71 percent of the barrier Mc to adequately support 
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the barrier during impact events. After consulting with the project sponsors, a deck strength of 85 

percent of the barrier Mc was selected as the design strength for the new TL-5 bridge rail. 

Table 4. Crash Tested TL-5 Bridge Rails, Parapet and Deck Strengths  

Test 

No. 

Ref. 

No. 

Barrier Deck 

Shape 

Mc 

kN-m/m 

(k-in./ft) 

Thickness 

mm 

(in.) 

Strength  

kN-m/m 

(k-in/ft) 

3ÔÒÅÎÇÔÈ

"ÁÒÒÉÅÒ -
 Damage 

7069-10 [10] F-shape 
147 

(397) 

254 

(10) 

125 

(336) 
0.85 None 

405511-2 [11] Vertical 
105 

(284) 

254 

(10) 

75 

(203) 
0.71 None 

ACBR-1 [12] 

Open 

Concrete 

Rail 

219 

(590) 

254 

(10) 

102 

(276) 
0.47 

Cracking in deck, 

fractures behind 

posts 

SBG-1 [15] 
New 

Jersey 

169 

(456) 

340 

(13.5) 

249 

(673) 
1.47 None 
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4 BARRIER ANALYSIS  AND DESIGN 

4.1 Bridge Rail Design 

Through discussions with the project sponsor, MI , a general barrier configuration was 

established for the new TL-5 bridge rail. The rail would be a 1,250-mm (49¼-in.) tall, single-

slope barrier with a vertical back side. Steel reinforcement would consist of both longitudinal 

bars and transverse stirrups. The stirrups would be U-shaped with the open ends extending into 

the narrow top of the rail. Minimum bend radii for larger bars prohibited a continuous loop 

stirrup from fitting inside the narrow top of the barrier. A sketch of the general configuration is 

shown in Figure 1. 

 
Figure 1. General Configuration of Manitoba Bridge Rail 

Variables within the general design configuration included barrier width, size and number 

of longitudinal bars, and size and spacing of the transverse steel U-bars. For a median (double-

sided) configuration, a 200-mm (8-in.) top width resulted in the maximum targeted base width of 

600 mm (23¾ in.). However, a narrower, single-sided configuration occupied less space and 

could be widened without unacceptably encroaching towards traffic. Thus, barrier top widths of 

both 200 mm (8 in.) and 250 mm (10 in.) were considered. Top widths greater than 250 mm (10 

in.) were undesirable.  

All steel reinforcement was to consist of bar sizes ranging between 10M and 20M. The 

barrier longitudinal steel was to consist of either 10 or 12 bars, divided evenly between the front 

and back sides of the barrier. These quantities created desirable bar spacings between 200 mm 

and 300 mm (8 in. and 12 in.) along the height of the barrier. The transverse steel U-bars were to 

be spaced at intervals divisible by 50 mm (2 in.) with a minimum spacing of 100 mm (4 in.), 

(e.g., 100 mm, 150 mm, 200 mm, etc.). 
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The bridge rail design was optimized to satisfy the minimum design strength, 845 kN 

(190 kips), and to minimize the cost of the barrier system. The strength of the various 

configuration possibilities was calculated utilizing Yield Line Theory, as recommended by the 

AASHTO LRFD Bridge Design Specifications [20], assuming the lateral impact load was applied 

to the top of the barrier at a height of 1,250 mm (49¼ in.) and distributed over 2.4 m (8 ft). 

Construction costs for the various configurations were thought to be closely related with the 

amount of steel reinforcement within the barrier. Thus, the amount of steel in each configuration 

was calculated per unit length, kg/m, and these values were utilized to compare the relative costs 

of each design configuration.   

Design configurations were analyzed utilizing an iterative approach, changing only one 

variable at a time. For a specific width, longitudinal rebar configuration, and stirrup bar size, the 

largest stirrup spacing to satisfy the 845-MPa (190-kip) strength requirement was determined. 

The resulting barrier configuration was documented, and the amount of steel per unit length was 

calculated. This process was repeated for each possible combination of width, longitudinal bar 

size, longitudinal bar quantity, and stirrup size. Additionally, since design configurations for both 

interior and end sections were required for the new bridge rail, the entire procedure was 

conducted twice, once with the Yield Line equation for interior sections and the second time with 

the equation for end sections.  

Early in the analysis procedure, it was noted that 10M bars, when used as longitudinal 

steel or stirrups, did not provide enough strength to satisfy the 845-kN (190-kip) design load. As 

such, 10M bars were removed from the list of possible bar sizes, and only 15M and 20M bars 

were considered. The results of the optimization analysis are shown in Table 5. 

As expected, the design configurations with a 250-mm (10-in.) top width tended to 

contain less steel than the 200-mm (8-in.) top width designs. The increased width resulted in 

increased strength and decreased the required steel by an average of 4 kg/m (3 lb/ft) for interior 

sections and 10 kg/m (7 lb/ft) for end sections. This reduction in steel was more than enough to 

offset the cost of the additional concrete required for a wider barrier. Thus, the 250-mm (10-in.) 

top width designs were favored over the narrower widths. 

The barrier configuration that resulted in the lowest amount of steel utilized a 250-mm 

(10-in.) top width, ten 15M longitudinal bars, and 20M stirrups spaced at 400 mm (15¾ in.). This 

interior configuration required only 29.7 kg/m (20.0 lb/ft) of steel, about 1 kg/m (0.7 lb/ft) less 

than any other design. This configuration also allowed for a stirrup spacing 150 mm (6 in.) larger 

than the configuration with the second lowest amount of steel, thus requiring less steel ties. 

Therefore, this configuration was identified as the optimal design for interior barrier sections. 

For construction purposes, it was desired to keep the longitudinal steel the same for both 

the interior and end section configurations. Ideally, only the stirrup spacing would be reduced for 

end sections adjacent to rail discontinuities. Conveniently, the end section configuration that 

resulted in the second lowest amount of steel matched perfectly with the optimal interior 

configuration. This end section was identical to the interior section, except the stirrup spacing 

was reduced from 400 mm (15¾ in.) to 200 mm (8 in.), or half of the interior section 

configuration. Therefore, combination of these two configurations, highlighted in Table 5, were 
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selected as the optimal designs for MIôs new TL-5 bridge rail and were recommended for further 

evaluation through full-scale crash testing. 

During the Yield Line analysis of the barrier end section, a critical length, LCR, of 2.7 m 

(8.8 ft) was calculated. Thus, it was recommended that the end section configuration with 

reduced stirrup spacing extend at least 2.7 m (8.8 ft) from any rail discontinuity. 

Although the strength analysis herein was conducted assuming a load height of 1,250 mm 

(49¼ in.), it was recognized that other designers may utilize different load heights and different 

design loads. For comparison purposes, the strength of the selected interior design configuration 

was also calculated assuming load heights of 860 mm (34 in.) and 1,090 mm (43 in.). These 

applied load heights resulted in strength capacities of 1,143 kN (257 kips) and 970 kN (218 

kips), respectively. 



 

 

1
3 

S
e

p
te

m
b
e

r 26
, 2

0
1

6  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-3
5

6-1
6 

Table 5. Optimization Analysis Results for Bridge Rail Configurations 

Top 

Barrier 

Width  

(mm) 

 

Longitudinal  

Steel  

Transverse 

Steel 
Interior Section End Section 

No. of 

Bars 
Size Size 

Transverse 

Steel Spacing 

(mm) 

Barrier 

Strength 

(kN) 

Total Steel 

(kg/m) 

Transverse 

Steel Spacing 

(mm) 

Barrier 

Strength 

(kN) 

Total Steel 

(kg/m) 

200 10 15M 15M 200 927 34.4 100 1,136 53.1 

200 12 15M 15M 200 978 37.5 100 1,150 56.2 

200 10 20M 15M 250 897 38.5 100 1,168 60.9 

200 12 20M 15M 250 847 43.2 100 1,184 65.6 

200 10 15M 20M 300 906 34.4 150 1,077 53.1 

200 12 15M 20M 300 883 37.5 150 1,090 56.2 

200 10 20M 20M 400 862 37.6 200 892 51.6 

200 12 20M 20M 400 909 42.3 200 908 56.3 

          

250 10 15M 15M 250 916 30.6 150 889 40.6 

250 12 15M 15M 300 860 31.3 150 904 43.8 

250 10 20M 15M 300 920 36.0 150 922 48.5 

250 12 20M 15M 350 888 38.9 150 942 53.2 

250 10 15M 20M 400 874 29.7 200 983 43.7 

250 12 15M 20M 450 858 31.3 200 998 46.9 

250 10 20M 20M 500 860 34.8 250 847 46.0 

250 12 20M 20M 500 915 39.5 250 866 50.7 
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4.2 Deck Design 

An optimized bridge deck was designed to support the new TL-5 bridge rail. The deck 

was required to be a minimum of 250 mm (10 in.) thick and contain an upper and lower mat of 

steel reinforcement. The upper and lower mats were to have concrete covers of 75 mm. (3 in.) 

and 50 mm (2 in.), respectively. A 15M bar spaced at 350 mm (13¾ in.) was prescribed as the 

longitudinal steel in both reinforcement mats, which was typical of large bridges in Manitoba. 

The lateral steel bar configurations needed to be designed to support the new bridge rail. 

As discussed previously in Section 3.3, the design strength for the bridge deck was 

established as 85 percent of the overturning strength of the bridge rail, Mc. The bridge rail 

designs selected for further evaluation in Section 4.1 had Mc strengths of 135 kN-m/m (30.3 kip-

ft/ft) and 259 kN-m/m (58.3 kip-ft/ft) for the interior and end section configurations, 

respectively. By multiplying these Mc values by 0.85, the deck design strengths were established 

as 114 kN*m/m (25.7 kip*ft/ft) for regions supporting interior bridge rail sections and 220 

kN*m/m (49.5 kip*ft/ft) for regions supporting end sections near discontinuities.  

For constructability purposes, it was desired for the lateral steel bars in the deck to be 

spaced to match the barrier stirrups so that transverse steel from both structures could be tied 

together. Thus, the lateral bars in the deck were targeted for placement at intervals of 400 mm 

and 200 mm (15¾ in. and 8 in.) for interior and end sections, respectively. However, in order to 

satisfy the design strength requirements for the deck, the lateral steel in the top mat was doubled, 

which still allowed every other bar to be tied to the barrier stirrups. 

The selected deck configuration was 280 mm (11 in.) thick and consisted of 20M bars 

spaced at 200 mm (8 in.) along the top mat of steel and 15M bars spaced at 400 mm (15¾ in.) 

along the bottom mat. This configuration gave the interior deck section a strength of 121 kN-

m/m (27.3 kip-ft/ft). Similar to the bridge rail reinforcement, the lateral steel bars in the deck end 

section were doubled, resulting in a spacing of 100 mm (4 in.) for the 20M bars and 200 mm (8 

in.) for the 15M bars. The deck end section had a calculated strength matching the targeted 

design strength of 220 kN-m/m (49.5 kip-ft/ft).  

The length of the deck overhang, the cantilever portion of the barrier adjacent to the edge 

of the deck, was desired to be 1,300 mm (51¼ in.). This distance represented the largest of the 

overhang lengths typically utilized by MI . Utilizing a distance of 1,300 mm (51¼ in.), the dead 

weight of the barrier, and the 356-kN (80-kip) vertical load recommended by loading Case 2 of 

the AASHTO LRFD Bridge Guide Specifications, resulted in a design load of 58 kN-m/m (13 

kip-ft/ft). This design load was only 50 percent of the strength of the deck, so the 1,300 mm 

(51¼ in.) overhang distance was acceptable for use with the new TL-5 bridge rail and deck 

designs. 

4.3 End Section Design for Testing 

Expansion and contraction joints in concrete barriers create discontinuities and weak 

points within a barrier system. Thus, full-scale crash testing was intended to be conducted with 

the tractor trailer vehicle impacting just upstream from a simulated joint in the bridge rail and 
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deck. However, the calculated strength of the barrier end section was higher than that of the 

interior sections, 983 kN (221 kips) as compared to 874 kN (196 kips). An argument could have 

been made that the interior section was weaker than the end section. To ensure the interior 

section could withstand a TL-5 impact, the design of the barrier end section was altered only for 

the full-scale crash test. By extending the spacing of the barrier stirrups from 200 mm (8 in.) to 

230 mm (9 in.), the design strength of the end section was reduced to 874 kN (196 kips), 

matching the capacity of the interior section. This configuration was utilized for full-scale crash 

testing, but the recommended configuration for real-world installations would still utilize the 

original 200-mm (8-in.) spacing. Spacing of the lateral steel bars in the deck was also increased 

to match the transverse steel in the barrier end sections. 

During the Yield Line analysis of the barrier end section, a critical length, LCR, of 2.7 m 

(8.8 ft) was calculated. Thus, it was recommended that the end section configuration with a 

reduced stirrup spacing extend at least 2.7 m (8.8 ft) from any rail discontinuity. For the test 

installation shown in Chapter 5, end section reinforcement pattern covered a distance of 2.86 m 

(9.4 ft) on each side of the open joint. 
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5 DESIGN DETAILS  

The test installation was comprised of a reinforced concrete bridge rail installed on a 

simulated concrete bridge deck. The total length of the barrier was 45.72 m (150 ft). The 

upstream half of the barrier was installed on a simulated reinforced concrete bridge deck, while 

the downstream half was installed on the test siteôs concrete tarmac. Design details for the test 

installation are shown in Figures 2 through 25. Photographs of the test installation are shown in 

Figures 26 and 27. Material specifications, mill certifications, and certificates of conformity for 

the system materials are shown in Appendix A.  

The bridge rail was a 1,250-mm (49¼-in.) tall, single slope barrier, with a slope 

measuring 9 degrees from vertical. The bridge rail was 250 mm (10 in.) wide at the top and 450 

mm (17¾ in.) wide at the bottom, which matched MIôs current TL-4 vertical-back F-shape 

barrier used on bridge decks. Barrier reinforcement consisted of both longitudinal bars and U-

shaped stirrups, as shown in Figures 7 and 12. All barrier reinforcement had a concrete cover of 

75 mm (3 in.). The edges of the bridge rail contained 20 mm (¾ in.) chamfers, and the back of 

the barrier was 50 mm (2 in.) from the edge of the bridge deck. 

The bridge rail contained a simulated expansion/contraction joint consisting of a 168-mm 

(6ȩ-in.) open gap in the barrier. This distance was selected to represent typical gaps widths in 

real-world installations and to match up with the transverse steel reinforcement in the deck 

without requiring abnormal rebar spacing. A cover plate, fabricated from 13-mm (½-in.) thick 

steel, was placed over the joint and bolted to the upstream side of the barrier, as shown in Figures 

18 and 19. The bolts were 19-mm (¾-in.) diameter, flat head, countersunk bolts that laid flush 

with the cover plate when installed. Steel end caps, containing the corresponding nuts, as shown 

in Figures 20 through 22, were cast into the ends of the bridge rail adjacent to the open gap. The 

barrier was recessed 19 mm (¾ in.) adjacent to the joint so that the cover plate was flush with the 

face of the barrier. Additionally, the leading edge of the cover plate cap was chamfered to 

prevent vehicle snagging. Photographs of the joint with and without the cover plate are shown in 

Figure 27. End section reinforcement, characterized by reduced stirrup spacing, was utilized for a 

distance of 2.86 m (9.4 ft) both upstream and downstream from the open joint.  

The simulated bridge deck was 2.9 m (9.5 ft) wide, 280 mm (11 in.) thick, and 22.86 m 

(75 ft) long. The inner section of the bridge deck was anchored to the adjacent concrete tarmac 

utilizing epoxied dowel bars. The middle of the bridge deck was supported by a 600-mm (23ȩ-

in.) tall by 600-mm (23ȩ-in.) wide grade beam, as shown in Figures 6 and 17. The cantilevered 

portion of the simulated bridge deck extended 1.3 m (51¼ in.) past the grade beam. An open 

joint gap, measuring 19-mm (¾-in.) wide, ran through the middle of the bridge deck and aligned 

with the center of the open joint in the rail. No connection hardware was utilized to connect the 

upstream and downstream halves of the bridge deck. The deck was reinforced with upper and 

lower steel rebar mats. End section reinforcement, characterized by an increase in transverse 

steel bars, was placed underneath the barrier end sections on both sides of the joint. 

The bridge rail, deck, and grade beam were all cast with a concrete mix with a targeted 

28-day compressive design strength of 45 MPa (6,500 psi). Concrete cylinders were tested for 
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strength at 14 days after casting, 28 days after casting, and two days after the test was conducted 

for all of the concrete pours, as shown in Appendix A. Two days after the full-scale test, the 

average concrete strengths of the barrier and deck were 47.6 MPa (6,900 psi) and 55.6 MPa 

(8,065 psi), respectively. Steel reinforcement in the bridge rail and deck consisted of Steel Grade 

400W Canadian Metric Rebar, while the grade beam was reinforced with ASTM A615 Grade 60 

rebar. 

 



 

 

1
8 

S
e

p
te

m
b
e

r 26
, 2

0
1

6  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-3
5

6-1
6 

 
Figure 2 Test Installation Layout, Test No. MAN-1 
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Figure 3. Layout Detail, Test No. MAN-1 
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Figure 4. Rail Joint with Cover Plate, Test No. MAN-1 
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Figure 5. Bridge Deck A and Rail A, Test No. MAN-1 
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Figure 6. Bridge Deck A and Rail A Reinforcement Layout, Test No. MAN-1 
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Figure 7. Bridge Rail A Detail, Test No. MAN-1 
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Figure 8. Bridge Deck A Detail, Test No. MAN-1 
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Figure 9. Bridge Deck A Section, Test No. MAN-1 



 

 

2
6 

S
e

p
te

m
b
e

r 26
, 2

0
1

6  

M
w

R
S

F
 R

e
p

o
rt N

o
. TR

P
-0

3-3
5

6-1
6 

 
Figure 10. Bridge Deck A Section, Test No. MAN-1 
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Figure 11. Bridge Deck B and Rail B, Test No. MAN-1 
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Figure 12. Bridge Deck B and Rail B Sections, Test No. MAN-1 
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Figure 13. Bridge Rail B Detail, Test No. MAN-1 
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Figure 14. Bridge Deck B Detail, Test No. MAN-1 
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Figure 15. Bridge Deck B Section, Test No. MAN-1 
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Figure 16. Bridge Deck B Section, Test No. MAN-1 
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Figure 17. Grade Beam Detail, Test No. MAN-1 
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Figure 18. Rail Joint Cap, Test No. MAN-1 
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Figure 19. Rail Joint Cap Component Detail, Test No. MAN-1 
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Figure 20. Upstream Barrier End Cap, Test No. MAN-1 
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Figure 21. Downstream Barrier End Cap. Test No. MAN-1 
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Figure 22. Barrier End Cap Components, Test No. MAN-1 




























































































































































































































































































