CEE 102 Structures Concepts

 11/12/01

Menai Straits Bridge Lab

Transformation: Vertical Load into Horizontal Force
The purpose of this laboratory is to understand forces in a cable suspension bridge.  The laboratory is based on Thomas Telford's Menai Straits Bridge built in 1826.  At the time it was erected, the Menai Straits Bridge was the longest spanning bridge in the world with a 579-foot middle span.  
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It is the most important of Telford's flat form bridges and it served as a precursor to a large number of long-spanning bridges including Othmar Ammann's George Washington Bridge of 1931.

In a suspension bridge, deck loads are transferred by vertical suspenders through a nearly horizontal cable to the towers.  Horizontal and vertical reaction forces occur at the towers as seen below.
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The horizontal and vertical reaction forces are governed by the following equations.
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where q is the deck load per unit length, L is the span, and d is the cable sag.  The factor (qL) is the total weight of the deck, and the factor (L/d) is a non-dimensional ratio that expresses the major visual feature of the bridge, its flatness.  We see from the second equation above that the vertical reaction at each tower is half of the total deck weight and that this quantity is independent of the sag.  This is a reasonable given that structures are in static equilibrium. Static equilibrium means that all forces are balanced.  The downward gravitational force on the deck therefore is exactly balanced by the sum of upward tower reaction forces, V.  We see from the first equation above that since H depends upon L/d and qL, that a flat form (L/d large) means a large H. We can now understand the observation that a cable transforms a vertical load into a horizontal reaction.  This statement applies to the modern flat form bridge.

In the case of the Menai Straits Bridge d is about 43 feet and L is about 580 feet, giving a form factor, L/d, of about 13.5.  An L/d of 13.5 means that H is about three times greater than V.  A consequence of the large H, however, is that the cable must be heavier than it would if the form were deep. This is due to the fact that,
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where A is the cable cross-sectional area, T is the cable tension, and f is the allowable stress. In the shallow form bridge, T may be replaced by H without much error since V is so much smaller than H.  Considerations such as cable thickness and cable length affect the cost of the bridge, as well as the amount of materials needed to construct it. The heavier cable is more expensive and uses more material than a light cable, however, the overall cable length and the length of the deck hangars is less with a shallow form.  A flat form also means that the towers need not be so tall and therefore they are less expensive and easier to build.  Design choices by Telford, a structural artist, concerning the Menai Straits Bridge were made based on the combined factors of economy (cost), efficiency (materials), and elegance.

In the laboratory you will make measurements on a plastic scale-model of the Menai Straits Bridge.  You will simulate the deck load with lead weights and measure vertical and horizontal reaction forces with force sensors, and compare your measurements with those calculated from the formulas above.  You will also calculate the minimum cross-sectional area of wrought iron cables (f ( 30,000 psi) needed to support the deck load in both the small-scale and full-scale Menai Bridge.       

Important Equations

Variables:

L = span (ft, m)


d = sag (ft, m)

Q = Total load (kip, N)

q = distributed load (lbf/in, N/m) = Q/L


qL = applied live distributed load


qD = distributed dead load of structure

As = cross sectional area of a cable (in2, cm2)

f = stress in cable at midspan (kip/in2, N/cm2)

S.F. = safety factor

Equations

  For a load, q, distributed uniformly along the entire span:
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 = horizontal reaction (kip, N), constant along bridge
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 = vertical reaction (kip, N), varies linearly along bridge
  Q = qL

For a load q, distributed uniformly along one-half of the span with location 1 adjacent to the load and location 2 at the opposite end :


H1 = H2 = qL2 / 16d

V1 = 3qL / 8

V2 = qL / 8

  As = ( / 4 * (diameter)2

   f = H / As 

S.F. = breaking stress 

            allowable stress  

Useful Conversions               

1 kip = 1000 lbf
1 lbf = 4.448 N

1 inch = 2.54 cm

1 ft = 0.3048 m

100 cm = 1 m

16 ozf = 1 lbf

Notes

1. For most parts of the course, we use historical units, eg. Pounds, feet, etc.

2. Use consistent units when adding, multiplying, etc.

3. Percent error calculation = theoretical – experimental * 100%

                                                       theoretical

APPARATUS:

The experiment uses a model of the Menai Straits Bridge made out of plastic K’nex pieces, as seen in Figure 1 (with the hanging weights, as you will use in the experiment).  The main cables between the two towers are the focus of the lab.  The vertical towers rest on scales, and a chain with a turnbuckle connected to a horizontal force sensor supports the cables at each end.  The scales and the force sensors read the vertical and horizontal components respectively, of the cable tension. 

Figure 1: Menai Straits Experimental Model

PROCEDURE

Preliminary Set-Up:

1. Ensure that the deck is level by looking from the sides of the towers with your eye at the height of the deck.  Adjust the deck using the turnbuckles if necessary, and try to adjust evenly between the two turnbuckles.  Use the movable spring wire on the ruler to record the position of the cable at the midspan.

2. Check the support conditions for the towers.  At each one, there should be a weight hanging freely that is directly over the center K’nex piece.  The towers should be free to rotate on their two knife-edges, thus making pinned connections.  Be sure that no part of the bridge is touching the wood base or the vertical rulers, as this would affect the results.

3. The force sensors and the scales should be “tared” before each trial, so the output will reflect the applied live loads only and not the dead loads of the bridge itself.  Press the on/off buttons on both scales.  Press MON for monitor on the computer, and the tare button on each force sensor.  When you have finished this step, the two scales under the towers and the displays on the computer will read zero.  If left too long, the scales under the towers will turn off and the displays on the monitor will drift so take readings immediately after loading bridge.  

Experiment:


1. Measure and record the span (L) and the sag (d) of the cable in inches using a ruler (note that the gray K’nex pieces used to mark the position of the level deck is not exactly at the cable).  

2. The first experiment will place 18 small weights, each weighing a little over an ounce, at even intervals along the bridge (this will be the loading q)  Place all 18 weights on the scale, convert the reading to pounds,  record the value of Q, and calculate the uniformly distributed load, q. 

3. Distribute the weights along every other white K’nex piece of the deck at the suspenders.  Observe how the deck deforms under these loads.

4. Adjust the two horizontal turnbuckles at the force sensors to return the deck to its original sag as accurately as possible.  Try to adjust the turnbuckles the same amount on the two sides so the loads are taken evenly by both supports.

5. Record the horizontal and vertical forces from the scales and force sensors in pounds.  Be sure not to wait too long to read the scales because they will shut off.  Note that although only one horizontal and vertical reaction is recorded at each tower, two cables carry the loads.

CALCULATIONS 

1. What are the experimental horizontal and vertical reactions at each tower?  

2. Solve for the theoretical values using the formulas.

3. Find a percentage of error for each.

4. How much experimental horizontal tension force is carried by each of the two cables?  

DISCUSSIONS / PROBLEMS

1.  If we wanted to design a bridge that had half the sag of this bridge, how would the tension in the cables change?

2.  If we wanted to design a bridge with the same safety factor but half the sag, how would the cable diameters be required to change?

3. If the breaking stress of each cable in the Menai Straits model is 30,000 psi, what is the minimum cross sectional area of cable needed to support the deck load? (Assume the safety factor = 1.)

4. If the safety factor of the model is assumed to equal 2.5, what is the minimum cross sectional area of cable needed to support the deck load? 

ADDITIONAL ACTIVITY

1. Repeat the entire procedure and calculations for a second loading case of two-ounce weights at each suspender.  How does the factor of safety compare to the first trial?

2. If time permits, repeat the procedure again but this time load only half the bridge.  Use the 18 one-ounce weights.   How do these reactions compare with the reactions from the first trial (full loading with one ounce weights)?

Note: You can save your results on the computer in the C drive /MyDocuments in the Folder for your preceptor/lab group.  These files will remain on the hard drive of the computer until the end of the semester.

Telford's Menai Straits Bridge of 1826
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Forces and Dimensions in a Cable Bridge
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