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The sixth pedestrian/bicycle railing, the Minnesota Combination Traffic/Bicycle 

Rail, as shown in Figure 8, was designed for use with the standard New Jersey safety 

shape bridge rail [13]. The system utilized two longitudinal, tubular steel rails with 

tubular, breakaway steel posts as vertical supports. One wire rope cable was strung 

through each longitudinal tube to prevent the railing from falling below the concrete 

barrier after impact. In addition, solid vertical spindles ran between the upper and lower 

longitudinal rails. The system successfully met the NCHRP Report No. 350 TL-4 criteria 

by passing full-scale crash tests with both a pickup truck and a single-unit truck. 

 
Figure 8. Minnesota Combination Traffic/Bicycle Rail [13]  
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CHAPTER 3. LS-DYNA SIMULATION 

3.1 Introduction 

A study was performed using nonlinear, finite element analysis (FEA) to help 

determine a recommended height for the vertical parapet as well as help determine the 

extent at which the vehicle extends over the front face of the barrier to help aid in 

bicycle/pedestrian rail placement and design. LS-DYNA was the software code used for 

the simulation effort [32]. The simulation study was performed due to the lack of 

combination rails, low-height, vertical-face parapets previously tested, and the lack of 

information regarding ZOI for these systems.  

3.2 Validation Effort 

3.2.1 Introduction 

Previous studies had been performed on low-height, vertical-faced parapets using 

NCHRP 350 criteria [1]. However, no previously-performed simulation efforts were 

found of vertical-faced parapets using MASH criteria. Thus, it was determined that a 

validation effort was necessary in order to build confidence in any conclusions or 

recommendations that would be made using the results from the FEA study.  

3.2.2 Background 

To validate the model that was used for this research project, a TL-3 vertical-face 

parapet was simulated using full-scale crash test no. 490024-2-1 [33]. The system, 

referred to as the T222 bridge rail, was developed by researchers at Texas A&M 

Transportation Institute (TTI) for use on their roadways. The system utilized a 32-in. 

(813-mm) tall parapet that was attached to the roadway using steel anchor plates, which 

produced an overall system height of 32¾ in. (832 mm). The T222 system was 
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CHAPTER 5. PEDESTRIAN/BICYCLE RAIL DESIGN 

5.1 Iowa DOT Requirements 

The Iowa DOT provided several preferences regarding the design of the vehicle-

bicycle-pedestrian rail. First and foremost, the pedestrian/bicycle railing was to be 

designed to withstand the loadings stated for pedestrian/bicycle railings within 

AASHTO’s LRFD Bridge Design Specifications [3]. Additionally, the Iowa DOT 

preferred that the pedestrian/bicycle railing be mounted on top of the concrete parapet. 

Mounting the rail on top would eliminate the need for a backside curb on the bike path in 

order to comply with American with Disabilities Act (ADA) [38] requirements for 

railings mounted to the back of the parapet. The Iowa DOT also stated the design should 

maximize visibility by using widely-spaced, small section elements, and minimize 

horizontal elements used (i.e., use one horizontal rail, rather than two). It was desired that 

the rail design considered the need for increased lateral setback to mitigate negative 

vehicle interaction with the rail, head ejection concerns, and the potential for interference 

of the combination rail with snow plows. The IaDOT originally preferred to have two 

configurations, one used when no raised sidewalk was present and one to be used when a 

6-in. (152-mm) tall raised sidewalk was present. With respect to the parapet, the IaDOT 

stated that the rail would need to be designed to be used with a 10-in. (254-mm) wide 

concrete parapet utilizing no. 4 steel reinforcement.  

5.2 LRFD Pedestrian/Bicycle Railing Design Loading 

Chapter 13 of AASHTO’s LRFD Bridge Design Specifications [3] lays out the 

design requirements for railings. Specifically, sections 13.8 through 13.10 describes the 

design requirements for pedestrian, bicycle, and combination rails. With respect to 
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and flexure were present. The capacity of the rail was then found using Equation 17. This 

process was performed for both loading cases and for each major axis of the rail. 

 

𝑀𝑟𝑎𝑖𝑙

𝜙𝑀𝑛𝑠𝑟𝑎𝑖𝑙
+ ( 

𝑉𝑟𝑎𝑖𝑙

𝜙𝑉𝑛𝑟𝑎𝑖𝑙
)

2

 ≤  1 
(17) 

Where:            Mrail  = Bending moment in rail 

𝜙Mnsrail  = Rail’s nominal elastic flexural strength 

Vpost = Shear in rail 

  𝜙Vnrail = Rail’s nominal shear strength 

 

5.6.2 Vertical Post Element 

The posts were subjected to a concentrated live load, PLL, as defined in (1). The 

concentrated live load was applied transversely at the center of gravity of the upper 

horizontal element. The post was assumed to act as a single cantilever beam, as shown in 

Figure 56. The bending moment and shear force in the post were calculated using 

Equations 18 and 19, respectively. 
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Figure 56. Post Force Diagram 

 𝑀𝑃𝑜𝑠𝑡 =  𝑃𝐿𝐿𝐻𝐿 (18) 

 𝑉𝑝𝑜𝑠𝑡 =  𝑃𝐿𝐿 (19) 

Where:            Mpost = Bending moment in post due to force PLL 

  PLL = Post live load 

  HL = Height at which load is applied 

Vpost  = Shear in post 

 

The resistance of the post to both flexure and shear were found using the same 

process used for the rail element. However, loading was only in one direction, removing 

the need to analyze the moment in two directions. Since the post was introduced to both 
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(64 mm x 25 mm) at most. However, no standard section size listed within the AISC 

Steel Construction Manual provided adequate stiffness and clearance.  

 

 
Figure 64. Typical Splice Tube Detail 

Since no standard section sizes provided the correct strength and clearance, a 

built-up section design was pursued. Built-up sections are the joining of plate steel, 

usually by fillet welds, to create a non-standard section. An example of the cross section 

of a built-up section is shown in Figure 65. Using this method allows the designer to 

select all the parameters of the section to meet design needs.  

To solve for section modulus, the built-up section was analyzed as separate 

sections then summed to find the total section modulus about both major axes. First, the 

two plates parallel to the axis of bending were analyzed, creating a configuration similar 

to Figure 66. The section modulus for this case was then solved using Equation 3O. The 

plates that run were placed perpendicular to the axis of bending were treated simply as 

rectangles, as shown in Figure 67 and the appropriate section modulus was calculated 

using Equation 31. The section moduli from both cases were then summed in order to 

find the total section modulus. The same process was repeated about the other major axis. 
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 𝑆1 =  
𝑏(𝑑3 − 𝑑1

3)

6𝑑
=

𝑏((2𝑡1 + 𝑑1)3 − 𝑑1
3)

6(2𝑡1 + 𝑑1)
 (30) 

Where:            S1 = Section Modulus of Parallel Plates 

  b = Width of horizontal plates 

  d = Outside distance between plates 

d1 = Inside distance between plates 

t1 = Thickness of horizontal plates 

 

 𝑆2 =  
2𝑏1𝑑2

2

6
=

2𝑡2𝑑2
2

6
 (31) 

Where:            S2 = Section Modulus of Perpendicular Plates 

d2 = Height of vertical plates 

b = Width of vertical plates 

t1 = Thickness of horizontal plates 

t2 = Thickness of vertical plates 

 

 

Using this process, a 2.5-in. x 1.5-in. x 5/16-in. (64-mm x 38-mm x 8-mm) built-

up section, utilizing 3/16-in. (5-mm) fillet welds provided the appropriate strength and 

clearance. The section modulus of the designed built-up section was calculated to be 

1.044 in.3 (17,108 mm3) about the strong axis and 0.695 in.3 (11,389 mm3) about the 

weak axis, providing a built-up section with higher bending capacity along both major 

axes. The section also provided the necessary clearance of 1/8 in. (3 mm) on all sides.  

The rail sections were designed to be spliced at 20 ft (6.1 m) intervals, and each 

rail was connected to the next rail with a splice tube assembly using a 1/2 in. (13 mm) 

gap between each rail end. The splices in the rail were placed 30 in. (762 mm) away from 

the end of the post. The splice was placed at this location (quarter-span) rather than at the 

mid-span of the rail because maximum bending would occur in the center of the span. 
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Placing the splice in at quarter-span was used to reduce the loading to the splice tube 

assembly. 

 

 
Figure 65. Standard Built-up Section Cross Section 

 
Figure 66. Splice Tube Parallel Plates Configuration for Section Modulus Calculation 
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Figure 67. Splice Tube Perpendicular Plates Configuration for Section Modulus 

Calculation 

5.11 Parapet Details 

The general parapet dimensions desired by the IaDOT was 24 in. (610 mm) tall 

by 10 in. (254 mm) wide. The compressive strength of the concrete was specified to be 

4,000 psi (27.6 MPa). The reinforcement for the parapet was determined by MwRSF 

engineers to resist an estimated TL-2 vehicle impact loading of 35 kips (156 kN) using 

yield-line theory. IaDOT had stated that the design should employ no greater than no. 4 

steel reinforcing bars using 2-in. (51-mm) concrete clear cover. From the estimated 

vehicle loading and IaDOT requirements, the reinforcement for the parapet was 

generated. 

5.12 Preliminary Design Details for Full System Simulation Effort 

The design that was modeled for the final simulation effort utilized the parapet 

details selected by the Iowa DOT, which was a 24 in. (610 mm) tall by 10 in. (254 mm) 



124 
 

 

wide concrete parapet. For the posts, HSS 3 in. x 2 in. x 1/8 in. (76 mm x 51 mm x 3 mm) 

ASTM A500 Grade C steel tube sections were selected. For the rails, HSS 2 in. x 2 in. x 

1/8 in. (51 mm x 51 mm x 3 mm) ASTM A500 Grade C steel sections were chosen. The 

baseplate dimensions were 6 in. (152 mm) deep by 7 in. (178 mm) wide by 3/8 in. (10 

mm) thick and the material selected was ASTM A572 Grade 50 steel. The post was 

placed on the baseplate such that it allowed for the front flange of the post to have a 5 in. 

(127 mm) offset from the front face of the parapet.  

The baseplate design allowed for the uses of two anchor rods spaced 5 in. (127 

mm) apart along the longitudinal axis of the barrier. These anchor rods were centered 

between the front and rear faces of the parapet. The anchor rods were selected to be 5/8 

in. (16 mm) diameter, ASTM F1554 Grade 55 threaded rods utilizing an embedment 

depth of 6 in. (152 mm) and epoxy to attach them to the parapet. The post-to-baseplate 

and rail-to-post connections used 1/8 in. (3 mm) fillet welds.  

The attached bicycle rail was designed to be installed using 20 ft (6 m) pre-

assembled sections with a post spacing of 10 ft (3 m). For future full-scale crash testing, 

the design was assembled with five sections, creating an overall system length of 100 ft. 

(30 m). Adjacent rail sections connected through the use of splices tubes and ASTM 

A325 bolts. Originally, HSS 2.5 in. x 1.5 in. x 1/8 in. (64 mm x 38 mm x 3 mm) ASTM 

A500 Grade C steel sections and 1/8 in. (3 mm) thick ASTM A572 thick shims were 

selected. However, during the simulation process, the splice tube assemblies were 

changed to the same built-up splice tube sections that were employed in the final system 

design. 
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Table A-6 displays the process followed, and the equations used to determine the 

required baseplate thickness using the AISC Steel Design Guide 1 for column baseplates. 

This process assumed an applied moment and axial load to the post from the 

pedestrian/bicycle loading. ASTM A572 Grade 50 steel properties were used to design 

the baseplate.  

Table A-6. AISC Baseplate Design Guide Calculations 

 
 

The additional required thickness and anchor rod tension calculation process is 

shown in Figure A-1. This procedure is explained in the baseplate section of CHAPTER 

5. Case 1 studied the condition where the pedestrian/bicycle loading was placed on the 

non-traffic side. Case 2 studied a loading applied on the vehicle traffic side that would 

exceed the post’s moment capacity. 

Variable Input Units Calculation Description

B 9.25 in. Width of BP

N 7 in. Depth of BP

Pu 0.45 kips Axial Load on BP

M 24.3 kip-in. Max Moment at Base of Post

Fp1 2.75 ksi ϕ*0.85*Fc'*SQRT(A1/A2) Allowable Bearing Stress

Fp2 4.42 ksi ϕ*1.7*Fc' Allowable Bearing Stress

Fp 2.75 ksi Allowable Bearing Stress

e 54.0 in. Ecentricity

f' 33.64 kips M/Pu

A 7.13 in.2 (f'+sqrt((f')^2-4*(Fp*B/6)(Pu*A'+M)))/(Fp*B/3) length of bear stress block along N

A 0.82 in.2 (f'-sqrt((f')^2-4*(Fp*B/6)(Pu*A'+M)))/(Fp*B/3) length of bear stress block along N

T 9.97 kips (Fp*A*B/2)-Pu Tension in Anchors

T/2 4.99 T/2 Tension in each Anchor

T 9970.2 lb Tension in Anchors

T/2 4985.1 lb Tension in each Anchor

Critical Section 2.55 in. (N-0.95d)/2 Critical Section

m 2.55 in. (N-0.95d)/2 location of critcal section along N

n 3.675 in. (B-0.95d)/2 location of critical section along B

fpu(m) -5.79 ksi Fp*(A-m)/A Pressure at critical bending plane

Mupl -0.32 kip-in./in. (Fp*m^2/2)+((Fp-fpu(m))*m^2/3) Required moment strength

Mupl 2.49 kip-in./in. T*(m-3)/(2*(m-3)) Required moment strength

t 0.47 in. sqrt(4*Mpl/(ϕ*Fy)) required thickness
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Figure A-1. Baseplate Additional Calculations 

The process followed, and equations used to calculate the load and capacities of 

the fillet welds used in the final design are shown in Table A-7. The calculations used in 

Table A-7 were the same used to populate the cells in Table A-8. The loads and 

capacities were compared to evaluate the section of interest’s ability to resist the design 

loads. 

 

 

 



 

 

1
9

5 

Table A-7. Weld - Load and Capacity Calculations 



196 

 

Table A-8. Weld Connection Load vs. Resistance Comparisons 

 
 

 

Figures A-2 and A-3 both display the outputs from the hybrid epoxy anchorage 

design process. The process was performed using a modified Microsoft Excel spreadsheet 

that was produced to calculate the epoxy anchorage capacities according to ACI concrete 

code. The outputs shown were then compared to the anchor rod tensions and shear force 

values observed during simulation to ensure the connection provided adequate capacity. 
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Figure A-2. Tensile Adhesive Anchorage Calculations 

TENSION ANCHORS (FRONT FACE)
Embedment Depth, hef: 5.5 in.

Embedment Depth, hef: 6.5 in.

Total 12 in.

Steel Bar Diameter, da: 0.75 in.

Area of Steel, As: 0.334 in.2   Tension Strengths
Front (Tension) Anchor Spacing, s: 5 in.

Front (Tension) Anchor to deck edge, ca,min: 5 in.

Bond Strength, τcr: 1440 psi 26.30

Steel Ultimate Stength, futa: 105 ksi 4.24

Concrete Strength, f'c: 4000 psi 12.54

Deck Reinforced? (y/n): y 16.78

Steel DIF, ψsd: 1

Concrete DIF, ψcd: 1

Adhesive/Bond DIF, ψbd: 1

Tension Shear

ACI Steel Strength Reduction Factor,  ɸs: 0.75 0.65

ACI Concrete Strength Reduction Factor,  ɸc: 0.65 0.75

ACI Adhesive Strength Reduction Factor,  ɸa: 0.65 NA

TENSION CAPACITY
Steel Fracture: ɸNs=As,Nfutaψsd

ɸNs= 26.30 kips

Concrete Breakout: ɸNcb=  ANc/ANco * ψed,N ψc,N ψcp,N ψcd * Nb

Nb = kc *hef
1.5 √f'c

kc: 17 (24 for cast in place, 17 for post installed)

ψc,N: 1.4 (1.25 for cast in anchors, 1.4 for post installed

Nb = 13.87 kips

cac: 11

ψcp,N: 1

ψed,N: 0.881818

ANco = 9*hef
2
: 272.25 in.2

ANc: 103.75 in.2

ANc/ANco: 0.381084

ɸNcb= 4.24 kips

Adhesive / Bond Failure: ɸNa=  ANa/ANao * ψed,Na ψcp,Na ψbd * Nba

Nba=  τcr π dahef

Nba= 22.05 kips

ANao = (2*CNa)2

CNa = 10*da*√(τcr /1100)

CNa = 8.58 in.

ANao = 294.55 in.2

ANa = 85.81163 in.2
134.9403

ANa/ANao: 1

ψcp,Na: 1 (should be the same as ψcp,N)

ψed,Na: 0.874801

ɸNa= 12.54 kips

Hybrid:

Steel Fracture:

Concrete Breakout:

Bond Failure:

Failure Mode
Load             

(kips)
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Figure A-3. Shear Adhesive Anchorage Calculations 

SHEAR ANCHORS (BACK FACE)

Number of threads per inch length9

Embedment Depth, hef: 12 in. Shear Strengths
Steel Bar Diameter, da: 0.75 in.

Area of Steel, As: 0.334 in.2   

Anchor Spacing, s: 5 in. 22.80

Anchor to Deck Edge Distance, ca1: 5 in. 2.23

Steel Ultimate Stength, futa: 105 ksi 10.21

Concrete Strength, f'c: 4000 psi

Deck Thickness, ha: 24 in.

Deck Reinforced? (y/n): y

Bond Strength, τcr: 1440 psi

Total Anchor Shear for Barrier

LCR: 1 ft

ΦVbarrier: 5.35 kips

SHEAR CAPACITY
Steel Fracture: ɸVsa=As,Nfutaψsd deleted 0.6 factor

ɸVsa= 22.80 kips

Concrete Breakout: ɸVcb=  AVc/AVco * ψed,V ψc,V ψh,V ψcd * Vb

Vb1 = 7 * (le/da)0.2 *√da * √f'c * Ca1
1.5 

le: 6.00

Vb1 = 6.50 kips

Vb2 = 9*ca1
1.5*√f'c  

6.36 kips

Vb = min (Vb1, Vb2) = 6.36 kips

ψed,V: 1 (only reduced for anchor adjacent to deck discontinuity)

ψc,V: 1.4 (1.4 for uncracked deck, 1.2 for cracked reinforced)

ψh,V: 1.00

Avco= 4.5*(ca1)2 = 112.5 in.2

Avc = 37.5 in.2

AVco/AVc= 0.333333

ɸVcb = 2.23 kips

Concrete Pryout Strength: ɸVcp = kcp Ncp

kcp = 2

Ncp= Min (Ncb, Na)

Ncb=  ANc/ANco * ψed,N ψc,N ψcp,N ψcd * Nb Na=  ANa/ANao * ψed,Na ψcp,Na ψbd * Nba

Nb = kc *hef
1.5 √f'c Nba=  τcr π dahef

kc: 17 Nba= 40.72 kips

ψc,N: 1.4

Nb = 44.69 kips ANao = (2*CNa)2

CNa = 10*da*√(τcr /1100)

cac: 24 CNa = 8.58

ψcp,N: 1 ANao = 294.55 in.2

ψed,N: 0.783333 ANa = 85.81163 in.2

ANa/ANao: 0.291336

ANco = 9*hef
2
: 1296 in.2

ANc: 180 in.2
ψcp,Na: 1 (should be the same as ψcp,N)

ANc/ANco: 0.138889 ψed,Na: 0.874801

Ncb= 6.81 Na= 10.38

Ncp= 6.81

ɸVcp = 10.21 kips

Failure Mode
Load             

(kips)

Steel Fracture:

Concrete Breakout:

Concrete Pryout:
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The section modulus calculations for the final built-up splice tube section is 

shown in Figure A-5. The results from the calculation were compared with the section 

properties of the selected rail section in Table A-2 to ensure the section provide more 

bending resistance the rail sections it would be connecting. 

 

 
 

Figure A-4. Built-Up Splice Tube Section Moduli Calculations 

 


