PEDESTRIAN CABLE-STAYED BRIDGE PROJECT
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Introduction

This research project evaluates the feasibility of using a cable stay bridge on a short span pedestrian structure. Cable-stayed bridges have become an established solution for long span structures in the last 40 years but few have been constructed for short spans possibly due to the complicated analysis of their structural behavior. A cable-stayed bridge consists of an orthotropic deck and continuous girders supported by stays, i.e. inclined cables attached to one or more supporting towers as shown in Figure 1. This design effort is the culmination of CE 491C, a senior design class emphasizing structures and foundations at Ohio University.
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Figure 1. Maysville, Kentucky Bridge

The structural behavior of the cable-stayed bridge will be evaluated using a simplified linear-elastic analysis. The results of the linear-elastic analysis will be compared to a finite element analysis. The structural principal behind a cable-stayed bridge is simple. It is a triangulated force system. The multiplicity of triangles provides static indeterminacy of this structural type. The applied loads produce tension in the cables that are resisted by compression in the deck and towers. These forces are indicated in Figure 2. In an actual bridge, nonlinear effects due to changes in the position of the applied loads, the distribution of the loads, lateral loading, and deformation of the structure may induce bending moments and shear into the structure. Nonlinear analysis was not included in this design project.
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Figure 2. Simple Force System

The design team wanted to evaluate a cable-stayed pedestrian bridge that was both economically feasible and aesthetically pleasing. Ease of construction was a primary concern to enable municipal or county work crews to erect the bridge and reduce the overall cost of the structure. Steel was chosen as the primary structural material and a 

metal-deck supported concrete slab was selected for the surface of the bridge. The bridge is a conceptual design so the exact geometric parameters were assumed. The bridge is 25 

meters long and 3 meters wide. The structure is a 12 meter high, single tower design with the cable stays attached near the top of the tower and spreading out to the deck in a ray fashion. The preliminary concept is shown in Figure 3.
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Figure 3. Preliminary Concept Drawing

Deck Analysis:
[image: image1.jpg]
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This bridge design will utilize composite deck construction, consisting of 20 gage corrugated metal deck oriented laterally across the two main girders.  Concrete will be placed on the decking to a maximum thickness of 4.0 inches in the corrugation troughs and a minimum thickness of 2.5 inches at the corrugation peaks as shown in Figure 1-B.  Stand-off screws will act as shear studs in the design, adding strength and rigidity.  The following values were assumed as properties of the deck materials:

normal weight concrete:  
fc’ = 3600 psi 

E = 3500 ksi

A36 steel:

     
fc’ = 36 ksi

E = 29,000 ksi

Bending:


The metal deck provides stiffness in only one direction; therefore, the primary consideration in the analysis is that of flexure.  The deck was designed as a one-way slab, where it is assumed to be a typical beam with a rectangular cross-section.  The centroid of the metal deck was determined and used as the bottom of the rectangular concrete beam.  The metal deck acts as reinforcing steel located at the extreme limit of the tensile portion of the beam (i.e. the bottom).  The area of metal deck in a one foot width was determined to be 0.570 in.2/ft..  This value was used as the area of reinforcing steel in the idealized beam for the remaining calculations.  Figure 2-B shows the rectangular beam’s strain and stress diagrams, as well as the resulting compression and tension forces:
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Figure 2-B:  Stress-Strain Diagram

The result was that the decking was analyzed as a 1 foot wide reinforced concrete beam 3.2 inches deep with reinforcing steel at limit of tensile zone.  The first step in the analytical process was determining the depth of the ideal rectangular stress block:

As = 0.570 in.2/ft.



thickness of steel:  0.0475 in.
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Having obtained the dimensions of our stress block, the total factored moment capacity for the beam can be calculated as:
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The load contributions for the concrete and steel components of the deck are 38.20 psf and 1.94 psf, respectively.  These values yield a total deck dead load of 40.14 psf (0.2788 psi).  A pedestrian live load of 100 psf (0.6944 psi) has been assumed for the duration of the project.  Applying ACI load factors to these values yields:
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This value was used in the calculation of the ultimate moment to which the beam/deck will be subjected:
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The deck is adequate for the applied live and dead loads with regard to the total factored capacity.

Deflection:


For deflection calculations the concrete’s moment of inertia was transformed into an equivalent steel moment of inertia:
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Figure 3-B:  Transformation of Moment of Inertia

The area of the cross-section of the beam and its centroid were determined:
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The ideal beam’s moment of inertia was then calculated:
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A summary of the calculations is shown in Table 1-B:

Table 1-B:  Moment of Inertia of Beam

Portion of Beam
Area, in2.
Centroid about y-axis, in.
I, in.4

Transformed Concrete
4.58
1.64
1.18

Steel
0.570
0.0238
4.00


( = 5.15
(Ay/(A = 1.46 in.
( = 5.18


With the moment of inertia successfully transformed into that of one material, analysis can be completed by finding the reactions of the beam to the applied loading.  Deflection of the beam in response to the loads is calculated below, using unfactored loads in the formulae:

Dead load:  
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Live load:  
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The total force in the compression and tension zones of the beam is:
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Having known ‘(1’, and having found ‘a’, the location of the neutral axis of the beam can be determined using the following equation:
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Finally, using the neutral axis, the strain of the reinforcing steel at the point of failure for the concrete can be calculated by the similar triangle method.  This yields the following ratio:
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By using the equation  = E to relate stress and strain, the following strain can be obtained for A36 steel:

 = /E = (36,000 psi)/(29 x 106 psi) = .0012       <     y

The strain at failure is significantly less than the allowable.

Handrail:
For design purposes, an applied lateral load of 50 pounds per foot at the topmost rail (4 ft.) was assumed.  To choose appropriate bolts for the handrail baseplates, the tensile force on the bolts was found.  The bolts were designed to a distance of 2.1 inches from the center of the square handrail post:

M = 0 = (50 lb./ft.)(4 ft.) - Rbolts(2.1 in.)   (    Rbolts = 1143 lb./ft. tensile force

each bolt:  (1143 lb./ft.)/(2 bolts per side) = 572 lb./ft.

For each foot of rail, a single bolt will be subjected to 572 lb. of tensile force.  Next, the diameter of the bolts was determined:

Rn = (FtAb)n   (    Ab = (.75)(.572 kips)/(36 ksi) = .012 in.2 per foot of rail

Since our desired span between the vertical posts is 13’4”:

(13.33 ft.)(.012 in.2/ ft.) = .160 in.2 needed for bolts

.160 in.2 = r2    (    r = .226 in.   (    d = .452 in.   (   use ½” bolts

Socket diameter for 5/8” bolts is 1 ¾”.  This requirement was used for design of the baseplate and ample clearance was provided.

Girder / Joist Design

In the design of the cable-stayed bridge four girders (W12X22) were utilized. Girders “A” and “C” will both be 38ft. in length, girders “B” and ”D” 42ft. in length.  The girders will be assembled on site and a full penetration weld will connect girder “A” to “B” (drawing 3 – Beam Fabrication Details).   Two 6in2 splice plates with ¼in. thickness will then be attached on both sides of the web to connect the two girders.  The plates have four 13/16in. diameter holes and ¾in. diameter bolts will be used to attach the splice plate and girders together.  Girders “C” and “D” will be assembled in the same manner; however, they will be orientated in reverse of girder “A” and “B”.  With the girders staggered, additional safety is added to the bridge.  Also, the girders and joists were both over designed primarily for safety reasons.  Seven joists (W10X22) at 13.33ft. intervals will run perpendicular to the deck.  These joists were coped to the girders so that they would be flushed for the decking.   

Once the total load of the deck was calculated, the shear and bending moments for the girders and joists were determined (Appendix A).  The shear force and bending moment for the girders of equal spans and loads were determined by LRFD (4-206).  The factored uniformly distributed load was calculated earlier to be 1.15kips/ft and the entire span length was 80ft.    


Maximum Shear,  V  =  wl (63/104)  =  (1.15k/ft) (80ft) ( 63/104)  =  55.7kips


Maximum Moment,  M  =  wl2 (.106)  =  (1.15k/ft) (80ft)2 (.106)  =  780k-ft.

The W12X22 girder is supported by the cables every 13.33ft.  Using LRFD (4-92) the maximum factored uniform load was determined to be 63kips.  For a distance of 13.33ft between each support, the factored load of the beam was calculated to be 15.3kips.  Therefore, the girder can safely accommodate the factored load. 

Likewise, The shear force and bending moment for the joists were determined by LRFD (4-195) consisting of a beam fixed at both ends with a uniformly distributed load.


Maximum Shear,  V  =  wl / 2  =  3.1k/ft X 10ft / 2  =  15.5kips


Maximum Moment ,  M  =  wl2 / 12  =  3.1k/ft X (10ft)2 / 12  =  12.92k-ft.

For a W10X22 the maximum factored uniformed load, using LRFD (4-94), was determined to be 78kips for a span of 10ft.  The load for the beam was calculated to be 31kips, which was more than adequate.

GIRDER-GIRDER CONNECTION (Bolt)

Bolts diameter(d)= ¾”

Hole Diameter = ¾”+ 1/8” = 7/8”

Type connection A325

Plate A572 Gr50 (Fu = 65ksi)

Plate Dimensions  6”x 6”x ¼”

A = (r2 = ((
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Shear on Girder ((Vn) = 55.7 kips 

(Vn = (FVn A ( 55.7 kips = (0.65)( FVn)(2)(0.442in2) 

Nominal Shear (FVn) =96.9 kips

So, need yield strength (Fy) to be greater than 96.9 kips.

Use A-490-x ( Fy = 150 kips

Gross Area = Ag = 
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Yield in Gross

(Tn = (FyAg = 0.90(50 ksi)(1.5in2) = 67.5 kips

Yield in Net


(Tn = (FuAe = 0.75(65 ksi)(1.06in2) = 51.675 kips

Design Strength in Shear  (since two plates, m = 2 due to double shear) 


(Rn = ((0.4Fub)mAb = 0.75(.4)(150ksi)(2)(1.178in2) = 106.02 kips/bolt 

Design Strength in Bearing on ¼” Plate


(Rn = ((2.4Fudt) = 0.75(2.4)(65ksi)(¾in )(¼in) = 21.94 kips/bolt 

GIRDER-GIRDER CONNECTION (Weld)

Plate A572 Gr50 (Fu = 65ksi)

Plate Dimensions  6”x 6”x ¼”

Length of Weld

Shear on Girder = 55.7 kips

Minimun Throat = 1/8”

Throat = 
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Using an E70 electrode fillet weld

Area based on the design strength per unit length of a fillet weld based on the shear resistance through the throat of the weld.

 (Rnw = 0.75(te)(0.60FEXX) ( 
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Since the connection will be welded all the way around, there will be a 12in weld on each side of the girder, which satisfies the 10in length of weld needed.

Minimum and Maximum Welds 


Min Weld Size = 1/8”


Max Weld Size = 3/16”

The weld size will be a 1/8” weld, which satisfies the criteria.

Plate Yielding


(Tn = ((Fy)(Ag) = (0.9)(50ksi)(1/4in)(6in) = 67.5 kips


(Tn = ((Fy)(Ae) = (0.9)(50ksi)(10.125in)(1/4in) = 113.96 kips

Plate Rupture


w = 6in ( L = 6in  ( 1.5w = (1.5in)(6in) = 9in


so, u = 0.75


(Tn = ((Fu)(u)(An) = (0.75)(65ksi)(0.75)(1/4in)(6in) = 54.84 kips


(Tn = ((Fu)(u)(Ae) = (0.75)(65ksi)(0.75)(10.125in)(1/4in) = 92.55 kips


So, use an E70 electrode fillet weld, which with the A325-x bolts will be more than adequate for the plate connection.  The design meets all limit states of both the bolt and weld.  
Joist Girder Connection


The angles that are going to be used to connect the joists to the girders are going to be 31/2 X 3 X 1/4(in), and 6(in) long.  There will be two angles connected to the ends of the joists one on each side, therefore four angles will be used for each joist.  The angles will be connected to the joists by two 3/4(in) bolts on the side of the angle that is 31/2(in) long, and will be fillet welded to the girders on the side of the angle that is 3(in) long.  The spacing on the bolts will be 11/2(in) from the edge of the angle, and 11/2(in) from each end with 3(in) in-between the bolts.  The max shear that two angles together will have to resist will be 55.7(k), therefore the bolts, welds, and the angles can’t fail.  The bolt strength is calculated by the following equation.
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The required strength of the bolts has to be 105.0(k/in2), and the strength of the bolts being used is going to be 150(k/in2), therefore the bolts have sufficient strength.  The following equations will check the yielding strength, and the rupturing strength of the angles.
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The following equation will calculate how much the steel around the bolts can handle.
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The gross area of the angle, which is subject to shear, is (Avg) 1.5(in2).  The nominal area of the angle, which is subject to shear, is (Ans) 1.0625(in2). For the tension force the gross area is (Ag) 0.375(in2), and the nominal area is (An) 0.15625(in2).  The forces that the angles can encounter are as follows.
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The weld strength is calculated by the following equations. The minimum throat thickness of the weld that a quarter in thick piece of steel can have is 1/8(in).
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Each angle will only need 10(in) of weld, because the 20(in) is for both angles at the minimum throat thickness.  The welds will be sufficient because the angle will be fillet welded all the way around which has a length of 18(in).        

Cable Analysis

The cables we are using are ¾ in. diameter cables, IWRC (inner wire core) class 6.19,  that can sufficiently support the deck.  We wanted to find the tension in the cables in order to determine the amount of axial force our tower would be experiencing.  First, the amount of vertical force for each cable needed to be computed.  The load of the entire deck was calculated:
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This means that each cable has a vertical component of 13.4 kips.  To find the actual tension in the cables, the angles were found between the cables and deck first using simple geometry.
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The tension that each cable experienced was then found using the geometry of the structure and the vertical forces of the cables.


[image: image39.wmf]kips

 

26.4

 

 

30.5

 

sin

kips

 

13.4

 

 

T

o

1

=

=


The results for the right side of the structure are provided below:

Table 1-D

cable #
h (ft)
l (ft)
( (()
Tx (kips)
Ty (kips)
T (kips)

1
39.33
66.67
30.54
22.71
13.4
26.37

2
38.67
53.33
35.94
18.48
13.4
22.83

3
38.00
40.00
43.53
14.11
13.4
19.46

4
37.33
26.67
54.46
9.57
13.4
16.47

5
36.67
13.33
70.02
4.87
13.4
14.26

SUM



69.74
67.00


The horizontal tension components in the cables must be equivalent on both sides of the tower, so the tower doesn’t experience any moment.


T1x =T10x, T2x = T9x, T3x = T8x, etc.

Using the equations above, the vertical component of the tension can be found,
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The equations can be used to find the total tension force in each cable,
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Presented below are the results of the left side of the bridge:

Table 2-D

cable #
h (ft)
l (ft)
( (()
Tx (kips)
Ty (kips)
T (kips)

6
36.67
13.33
70.02
4.87
13.400
14.26

7
37.33
16.33
66.37
9.57
21.878
23.88

8
38.00
19.33
63.03
14.11
27.725
31.11

9
38.67
22.33
59.99
18.48
32.000
36.95

10
39.33
25.33
57.22
22.71
35.264
41.94

SUM



69.74
130.27


Summing up the vertical forces results in a vertical force, Pu = 197 kips.

Refer to figure 4 for a visual summary.

Cable plate connections

After the cable forces are calculated and an adequate cable type is found, the connection of the cable to the tower needs to be detailed.  The connection on the deck side of the tower will consist of five 6”X6”X1”, 1” filleted plates welded to each tower.  The plates will be welded at 8” intervals from the top of the tower. Since the angles of the cables is greatly increased on the dead man side of the tower the connection plates must decrease in area from 6”X6”X1”to 4-1/2”X6”X1”to avoid any interference. Five 6”X6”X1”, 1” filletted plate will also be used to connect the cables to each side of the deck.  Each plate will be welded to the girder.   In order to make sure that these plates are adequate in size and will not fail, tension yielding and tension rupture were calculated. 

Total Area:



Effective area:
Ultimate Load:

 Tu= 41.94 kips

Tension Yielding:

Tension Rupture:


41.94 kips < 184.9 kips   Okay Design

The pins and fasteners used in the connection are supplied by the manufacturer of the cables and provide adequate strength.

Column Analysis:

Once the resultant force of the cables is found, the column was designed to carry the resultant compressive force.  Since the safety factors were used in the deck design, the resultant force is the factored load (Pu) on the column.  The total factored load (Pu) on the column is 197kips.  The length of the column is 40ft.  The steel used is Gr50.  The following are the calculations for the sizing of the steel column.
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Pu = 197kips


Figure 1-E: Column Force Diagram

Factored Compressive Load: Pu = 197kips

Column Length: l = 40ft

Slenderness Ratio Assumed: 
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Design Strength: (Fcr = 21.85 ksi = 150.65 MPa  (Using AISC 6-147)

Radius Of Gyration: ry = 
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Required Area Of Column: AREQU =
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Due to possible secondary effects and non-linearity, we chose to use a larger column than needed such as a W12x87, which also satisfies AREQU and ry. 

The specifications of the W12x87 are as follows: (Using AISC 1-38)

Area: A=25.6in2
Radius of Gyration Y-axis: ry=3.07 in

Radius of Gyration X-axis: rx=5.38 in 

Slenderness ratio:

 (y): 
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Slenderness ratio about the y-axis controls since its value is the largest.

Design Strength: (Fcr = 8.74 ksi  (Using AISC 6-147)

(Pn = (Fcr Ag  = (8.74ksi)(25.6in2) = 223.744 kips > Pu = 197 kips (so, OK) 

Check Local Buckling


Flange:
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Web:
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So, a W12x87  Gr50 will be used as the column and is more than adequate giving the bridge a greater safety factor.

Base-Plate Calculations

The force that is going to be exerted on the base-plate will be 198(kips), also there will be 5.03(kips) due to the weight of the W 12 X 87 column that is going to be used, and 0.6(kips) due to the weight of the cables. 
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The force to be calculated for on the Base-Plate was actually 198(kips), because it was a good round number.  The steel to be used for the Base-Plate will be A36 steel, which has a strength of 36(ksi), and the concrete that the Base-Plate will rest on will have a strength of 2.5(ksi).  The height of the W 12 X 87 column is 12.53(in), which is represented by the variable d.  The width of the column, or flange width is 12.08(in), that number is represented by the variable bf.

The force that will be exerted by the Base-Plate can be expressed by the following equation. 
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The column is 12.53(in) X 12.125(in), since the area of that is about 152(in2).  That area is larger than the area that is required for A1, therefore a B and N will have to be assumed that will give you an area that is larger than that of 152(in2), which is just d*bf.  The assumed dimensions that will be used will be B X N = 20( X 16(, therefore the resulting area will be 320(in2).  
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A plate thickness of 1.0(in) will be used so it meets the required plate thickness, and is a good number, which is easily measured off.  

The Plate dimensions will be:       1” X 20” X 16”  
Foundation Design
The biggest concern in designing the foundation was to have the foundation (“dead man”) large enough to resist the upward tension forces of the cables.

  

Due to the tower spacing and required cover near the terminations for the cables, the width, B, of the “dead man” shall be 15 ft.  The length, L, shall span from the most extreme cable on the left, to the tower, and provide enough cover at the ends according to ACI specifications,

use L=28 ft.


Now the bearing pressure of the tower and its applied loads must be checked against the bearing capacity of the soil.  The contributing length of the “dead man” to the bearing pressure must be found.  The location of the resultant load of the tension in the cables, the weight of the tower, and the applied loads will give the location where this length begins:

cable             Ty,left (kips)
6 13.4

7 21.9

8 27.7


( Ty,left= 130.3 kips

9 32.0

10 35.3

The following moment arm calculation gives the length:


  = 7.8 ft


The following properties were obtained for a typical saturated soil in the area:

Using the Terizaghi equation, these values can be substituted into the equation to obtain the bearing capacity, then the safety factor can be computed.


Now the amount of rebar to be used in the “dead man” must be decided upon.  Since bending and shear are minimal, only enough rebar needs to be used to protect against excess soil pressures.

3.5 in of cover will be provided

The development lengths of the J-bolts for the anchors need to be calculated also.


h for “dead man” = 2.5 ft = 30 in

d for “dead man” = 30 in – 3.5 in = 26.5 in

tail for development length (with 90( bend) = 28.5 in – 26.5 in = 2 in
lead-in-length = 26.5 in

Cost Estimate

The cost estimation of this cable-stayed bridge is based on raw materials only.  The total cost of raw materials is approximately $28,000.  This is a reasonable price for a short spanned cable-stayed bridge.  These prices were found by calling various supply companies and using other resources such as the Internet.  The price of constructing this bridge will increase with the labor and equipment fees.   However, this cable-stayed pedestrian bridge would still be economical to construct.  The breakdown of the amount of materials and unit prices are shown on the following page in Table 1-G.

Summary


Most cable-stayed bridges that are built are used for vehicular traffic and have long spans.  The main objective of the senior design research project was to evaluate the feasibility of using a cable-stayed bridge for a short span.   After careful evaluation of the pedestrian cable-stayed bridge, the design has proven to be both economically feasible and aesthetically pleasing.   The cost of the materials was determined to be approximately thirty thousand dollars.  These estimates were based on the average prices from a variety of manufacturers.   Since a primary concern was ease of construction for municipal or county work crews, the construction costs should be reduced.  The structural behavior of the bridge was evaluated using linear-elastic analysis.  The Load and Resistance Factor Design Manual (LRFD) published by the American Institute of Steel Construction was used to determine the dimensions and properties of the structural shapes and other relevant information.  The bridge was evaluated and determined to be in compliance with specifications and codes set forth by AISC.  

Enter Materials.xls here!
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FIG. A-1  GIRDER FORCE DIAGRAMS
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FIG. A-2  JOIST FORCE DIAGRAMS
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Plan Set

Sheet

Description





                 

1 Side and Front Elevations

2 Plan View

3 Beam Fabrication Details

4 Deck Details

5 Columns and Baseplates

6 Foundation Details

7 Cables and Connections Details

8 Handrail Details

9 3D with Deck

10 3D without Deck

Figure 1-B:  Deck Cross-Section
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