09/20/02

PHOTOELASTICITY LAB


CEE 102

FALL 2002

From the mid twentieth century to present time, bridge engineers have worked to maintain our nation’s deteriorating bridges.  By the late 1970’s, Princeton’s most prominent bridge, the Harrison Street Bridge, showed signs of serious deterioration.  The damage was so severe that government officials and engineers decided that the bridge should be replaced.  The original Harrison Street Bridge, a steel arch bridge, was to be replaced with a beam bridge. The engineers had to decide whether to use four simple spans, continuous beams with a uniform cross section, or continuous beams with haunches.   The continuous beam with haunches design scheme was selected and built in the late 1980’s.  
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         Figure 1: Harrison St. Bridge

In this lab, photoelastic models will allow us to measure the bending stresses in a cantilever, a simply supported beam, a continuous beam with a uniform cross section, and a continuous beam with haunches, ultimately allowing us to determine the suitability of the engineers’ decision to use haunched continuous beams for the Harrison Street Bridge.

Structural Concepts 


We have thus far studied structural forms that are subjected to tensile forces (cable) or compressive forces (arch) which either shorten or extend the primary load bearing elements.  We have not examined how a structure will react to forces which cause bending.   Beam bridges, commonly used to span short to medium distances, are structures that are primarily subjected to bending forces.  The following section will introduce you to the important structural concepts associated with four types of beams: the cantilever, the simply supported beam, the continuous beam with a constant cross section, and the continuous beam with a haunched cross section.

A cantilever beam is a beam that is free at one end and fixed at the other end.  If a cantilever is subjected to a vertical load, P, at its free end, as shown in figure 2, a vertical force at A, acting in the opposite direction, must counteract that force in order to maintain equilibrium (figure 2b). 
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Figure 2a: A Cantilever beam










   PA



P



 Figure 2b: Cantilever with vertical forces in equilibrium

If the fixed end in figure 2b were to only apply a vertical force PA to counteract the vertical load at the right end, the cantilever would rotate in a clockwise direction.  The wall must apply a moment, a resistance to rotation, in order to prevent the cantilever from rotating.  This moment would act in the counterclockwise direction as shown in figure 3. Since the moment created by a force about any point is simply the magnitude of the force times the perpendicular distance to that point, the magnitude of the moment at A created by the force P is P * L. 
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   Figure 3:  Reaction forces at A


A simply supported beam is a beam which is supported by a pin at one end and a roller at the other end. 






          Figure 4: A simply supported beam 


When a simply supported beam is subjected to a uniformly distributed load, q, it will deflect as shown in Figure 5.  This causes the top portion of the beam to be in compression (squeezed together), while the bottom portion is in tension (pulled apart).  If we look at the beam at midspan, as shown in figure 6, as a result of this deflection, there will be a compressive force, C, acting on the top portion of the beam and a tensile force, T, acting on the bottom portion of the beam. Since these forces are separated, they will create an internal moment that will resist the rotation caused by the uniformly distributed load. (the greater the compression and tension force within the beam, the greater the internal moment created by these two forces)  Since the deflection is at a maximum at the midspan of a simply supported beam, the internal compression and tension, and therefore the moment, are also at a maximum at midspan.  The internal moment at midspan equals ql2 / 8.   Moreover, since there is no deflection at the supports, the internal compression and tension at the supports equal zero; therefore, the moment at this location is also zero.  The moment within the beam varies as shown in figure 8.   
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    Figure 5: Deflected Shape of a S.S. Beam under a uniform load
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    Figure 6: Internal Forces within a beam  
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    Figure 7: Bending Moment within a beam
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Figure 8: Moment as a function of x

For a beam subjected to bending, the stress at any point along the beam is simply the moment at that point divided by the section modulus. (f = M / S)  The section modulus is a function of the cross sectional geometry. For a beam with a rectangular cross section, the section modulus equals th2 / 6, where t = thickness and h = depth.
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                         Figure 9:  Rectangular cross section dimensions

Since the maximum moment in a simply supported beam occurs at midspan, the maximum stress also occurs at midspan and has a magnitude of M/S.  Since there is zero moment at the left and right ends, the stress is also zero at the two ends.  


If an engineer is to design a bridge with three spans, one option is to design three simply supported beams as shown in figure 10.  This design scheme leads to large moments (and stresses) in the middle of each beam and zero moment at the ends.   
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    Figure 10: Three simple supported spans

Another option is to design a continuous beam with a uniform cross section.  For this design scheme, part of the midspan moment of the simply supported beam (ql2/8) is transferred to the supports, resulting in a reduced moment at midspan but moments at each interior support as shown in figure 12.  One can think of each span in a continuous beam as comprised of cantilevers and a simply supported beam.  The cantilever sections extend from the interior supports (where the moment is at a maximum) to the point in the span where the internal moment equals zero.  The simply supported portion of a continuous beam is the section where the moment goes from zero to maximum and then back to zero. Comparing figures 10 - 12, the length of the simply supported section of the continuous beam, L’, is less than L.  Since the moment at midspan is a function of the length of the simply supported section squared (qL2/8), the midspan moment of a continuous beam will be less than that of a s.s. beam.  Moreover, even though moments exist at the interior supports, the maximum moment in a continuous beam, which occurs at the supports is less than that of a simply supported beam (at midspan).  
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                   Figure 11: Continuous beam with a uniform cross section 

       Figure 12: Interior span moment diagram


Structural engineers often use a haunched design scheme rather than one with a uniform cross section. A haunched cross section has a smooth increase in beam height from the interior supports as shown in figure 13.  The beam height increases at the interior supports to accommodate the large moments at these locations.  Because the moments towards the middle of an interior span are smaller than at the interior supports, the beam can be much shallower away from the interior supports. In addition, the length of the simply supported section of a haunched continuous beam is even less than that of a continuous beam with a uniform cross section.  Therefore, the moment at midspan of a haunched continuous beam is less than that of a continuous beam with a uniform cross section.    
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Figure 13: Continuous beam with haunches

Photoelasticity


We will investigate these structural concepts using photoelastic models.  Photoelastic modeling is an experimental method in which polarized light is shown through a transparent material (in this case polycarbonate) causing patterns of light and dark regions to appear in the material.  These patterns, the dark regions of which are called fringes, can be read both qualitatively and quantitatively.  Qualitatively, close lines indicate regions of stress concentrations, areas where stress is present.  Quantitatively, the number of fringes can be read then transformed into a stress by the equation: f =  N * F / t, where N is the number of fringes, F is the material constant, and t is the thickness of the model.  F for this experiment equals 40 lb/ in-fringe.  


The key to reading the number of fringes for a beam in bending is to determine the neutral axis of the beam and designate it as N = 0.  For a beam with a rectangular cross section, the neutral axis will be a dark line or area located at the center of the beam’s cross section.  Then every dark line on either side of the zero order is labeled with whole number increments, as are the light lines with ½ number increments.  The beam shown in figure 14, would be given a fringe count of N = 1.5.  













  




 








Figure 14 – Fringe Count Example

Once fringes have been read, we can compare the experimental stress (fexp = NF/t) of the model to the theoretical stress (ftheo = M/S). 

Important Equations

Cantilever 

Moment at support = M support =  P * L 

Where: P = point load applied at the free end


                        L = length of cantilever

Simply Supported Beam

Moment at midspan = M midspan = q * L2 / 8

Where: q = uniformly distributed load 



             L = beam length

Theoretical Stress Equations

Section Modulus = S = th2/6



Where: t = beam thickness



             h = beam depth


Bending Stress = f = M / S



Where:  M = bending moment




  S = section modulus

Experimental Stress Equation

Bending Stress = f = N* F / t



Where: N = number of fringes


                         F = material constant (For polycarbonate, F = 40 lb/in-fringe)

Pre lab Problem
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   L  = 20”

A twenty inch long simply supported beam must carry a uniform load of 2 lb/in.  If the beam is .5 inches thick and two inches deep, find:

(a) the section modulus at midspan

(b) the bending moment at midspan

(c) the bending stress at midspan
Procedure

Cantilever

You will first study the structural behavior of a cantilever. The main purpose of this experiment is to introduce you to bending moments and bending stresses.    By loading a cantilever with a point load, P, the experimental stress at the support, determined by reading the fringes, will be compared to the theoretical value of stress.

1. Do not change the position of the large round dial lenses on the apparatus.
2. Since any moisture on your hands will damage the models, please put on gloves before beginning the lab. 

3. You will not need the loading trees for this part of the lab, so remove them from the loading frame.

4. Five beam supports are used during this experiment. They are all labeled accordingly. Do not move any of the supports except for the exterior cantilever support, which you should find on the table. The other four supports are already clamped to the top of the green loading frame. The exterior cantilever support should be placed three inches, center to center, to the left of the left interior support. Clamp it in place using the screw that is laying in the green channel and the wing nut on the table. Do not move the left interior support! 
5. Using calipers, measure the depth (h) and the thickness (t) of the sixteen inch model.

6. Once the supports are in position, place the sixteen inch model on the supports. The notches near the ends of the model should be on top, and the letter ‘F’ should be readable on the right end.  The left end of the beam should be placed in the exterior cantilever support, while the center of the left interior support should line up with the model’s second hole from the left. The vertical support locations are illustrated in figure 15.
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  Figure 15: Cantilever Vertical Support Locations
7. The section of the model between the exterior cantilever support and the left interior support is acting as our fixed support, the typical end condition for a cantilever.  Essentially, the cantilever section of the model spans from the left interior support to the right end. (L = 13”)  We will only be concerned with the cantilever portion of the model. 

8. Adjust the upper and lower screws on the exterior cantilever support until the cantilever appears level.  Make sure the cantilever is resting squarely on its vertical supports. 

9. Once the supports and cantilever are in place, ask your AI to check your setup. 

10. Slide the top loop of the cantilever loading hook over the right end of the model and rest it on the notch on the top of the beam. 

11. Place the 1.75 lb. bottle on the cantilever loading hook. 

12. Turn on the lamp and observe the fringe patterns.

13. Count the number of fringes at the cantilever’s left support (ICS). (If you are having trouble determining the number of fringes, gently press down on the right end of the beam.  The number of fringes at the left support should become more apparent.)  Determine the stress at this location using the equation which relates stress to fringe order.  

14. Calculate the theoretical stress at the support by first calculating the theoretical moment (M = P * L) and then calculating stress for this value of moment. ( f = M / S where S = th2 / 6)

15. How does the experimental stress compare with the theoretical stress?  

16. If the maximum stress to which this cantilever can be subjected is 800 psi, what is the maximum point load that one can apply at the right end?  

17. If the model’s depth is increased to 1.5 inches, what would be the stress at the cantilever’s support?   

Simply Supported Beam 

You will now investigate the bending moments and stresses carried by a simply supported beam loaded with a uniformly distributed load.  

1. Remove the exterior cantilever support from the loading frame.  It will no longer be needed, so place the support, the winged nut and the washer on the table in front of the loading frame.  Do not move any of the other supports or turn any of the white plastic screws for the remainder of this procedure.
2. Place the sixteen inch model on the interior supports with the notches down and nested over the pins in the supports.  The letter ‘F’ should be readable on the right end. 
3. Now you are ready to place a loading tree on the simply supported beam.  Place the hooks of the loading tree through the holes in the beam. Figure 16 illustrates how the loading tree should be hung from the beam.





















































































                            Figure 16: Loading Tree Setup

4. Hang a 6.67 lb. bottle from the bottom hook of the loading tree. The beam is now carrying a total load, Q, of 6.67 lb.  The loading tree distributes this weight uniformly across the entire span.  Calculate the uniformly distributed load, q. Remember: q = Q/L.

5. According to the fringe patterns, where is the moment at its maximum?  Where is it the smallest? Where is the stress at its maximum? Where is it the smallest? 

6. Determine the number of fringes at midspan.  (If you are having trouble determining the number of fringes, gently press down on the beam at midspan.  The number of fringes at midspan should become more apparent.) Calculate the experimental stress (f = NF/t) at midspan.  

7. Calculate the theoretical stress at midspan.  Remember for a simply supported beam, the moment at midspan equals qL2 / 8.  

8. Repeat steps 4-7 with a 10 lb. bottle.

9. How does the stress at midspan change when the total load is increased to 10 lb? Is stress directly proportional to total load?

Continuous Span with Uniform Cross Section and Continuous Span with Haunches

You will now examine how the moments and stresses are distributed along a continuous span with a uniform cross section and a continuous span with haunches.   

1. Remove the weight bottles and then remove the loading tree from the simply supported beam, and hang it on the loading frame.

2. Using calipers, measure the depth (h) and thickness (t) of the thirty two inch continuous beam of uniform cross-section.

3. Replace the simply supported beam with the thirty two inch continuous beam of uniform cross section.  The letter ‘F’ should be readable at the right end.

4. Adjust the screws below the exterior supports so that the beam is resting evenly on all four supports (i.e., all four supports should be touching the beam).

5. Hang two loading trees from the beam.  One loading tree should be attached to the left side span and the left half of the center span.  The other loading tree should be attached to the right side span and the right half of the center span.

6. Place a 6.67 lb. bottle on the bottom hook of each loading tree.

7. Determine the total load, Q, and uniformly distributed load, q, acting on the beam. 

8. Observe how the fringe order varies along the center span. Where is the moment at its maximum?  Are there points along the span where there is zero moment?  

9. Recall that one can think of a continuous beam as being comprised of cantilevers and simply supported beams.  Locate the cantilever sections and simply supported section of the center span.  Measure the length of the simply supported section. How does it compare to the length of the simply supported beam of part II? For the haunched beam, how does the length of the simply supported section compare to that of the continuous beam with a uniform cross section?

10. Determine the number of fringes at the supports and at the midspan of the center span.  

11. Calculate the experimental stress at each of these locations. 

12. Repeat steps 6-11 with the 10 lb. bottles.  

13. Repeat steps 1-12 with the haunched continuous beam. Be certain to adjust the screws below the exterior supports (raise them) per step 4 before loading the beam. Include the depth (h) at the supports when taking measurements per step 2.

Analysis/Discussion Questions

1. How do the three beams’ (simply supported, continuous with constant cross section, and continuous with haunches) stresses at the supports and at midspan  compare?

2.  In light of your findings, is the design of the Harrison Street Bridge the most efficient beam design scheme?  If so, why?  If not, which of the other two design schemes (s.s. beam or continuous beam with a constant cross section) would you have chosen, and why would it be the most efficient? 
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