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Bridge Design
The bridge unit extends the study of forces into the realm of static equilibrium,
introducing the new concepts of torque, stress, and strain. Bridge success and
failures are used as case studies to illustrate principles from physics and
engineering. For the final project, you will construct a model bridge, damage
another group’s bridge to simulate natural wear and tear, repair the bridge under
a budget and finally test their bridge to the breaking point. In the written report,
you will must write a letter to the community bridge selection committee
describing the bridge construction and repair process, as well as using physics
terms to explain how and why the bridge failed.

PHYSICS CONTENT
• Newton’s Laws of Motion
• Torque & Statics
• Stress & Strain
SCIENCE & ENGINEERING PRACTICES
• Developing & Using Models
• Using Mathematics & Computational Thinking
• Analyzing and Interpreting Data
• Engaging in Argument from Evidence
CROSS-CUTTING CONCEPTS
• Systems & System Models
• Structure & Function
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Reading: Introduction to Bridge Design
Bridges are a key part of our modern transportation infrastructure. The design of bridges
is part of the interdisciplinary field of civil engineering. Civil engineers design bridges based on
not only on an understanding physics principles, but also the geology of the area to ensure a
stable foundation. They also have to consider factors such as the strength and flexibility of the
materials, as well as economic and social factors such as the cost of the project and its effect on
traffic patterns. These engineers also work with architects and city planners to ensure that the
location and aesthetics of the bridge will work for a particular community.

Figure 1: Bridge in Tenney Park, Madison, WI (Image credit: OnlyInYourState.com)

In this unit, we will focus on the physics of bridge design, including techniques for
finding the forces acting on individual components of a bridge, and how materials respond to the
forces applied to them. Your final project for the unit will be to act as a civil engineer to build,
damage, repair, and test a scale model of a bridge. You will then write a proposal that convinces
the city council that, based on these tests of your model bridge, they should hire you to build a
bridge in their town.
The principal characteristic of a successful bridge is that it doesn’t fall down. This means
that all of the forces are balanced and there is no acceleration in the system. The study of such a
system is called statics because the forces are in static equilibrium; static is a fancy word for not
moving. (The study of moving systems is called dynamics, which we studied previously).
Engineers take entire courses in statics, so we’ll just begin to scratch the surface of the topic in
this unit.
All bridges consist of a road surface (beam) that spans the gap between two abutments
(one on each end). The beam must be supported, so that it doesn’t fall and can support the
weight of the people or cars that use the bridge. There are a variety of ways to design that
support, and we will discuss several of them blow.
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Beam Bridges
The simplest bridge is called a beam bridge, which is essentially a solid beam supported
by two or more piers (see Figure 2). To understand the forces that are acting on this system, we
will draw a free body diagram. In our original model for representing forces, we draw all of the
forces acting on the center of the object. This is called the point particle approximation. This is
a good approximation for many systems, particularly if the objects are relatively small.

Figure 2: A diagram of a beam bridge.

However, in statics, it is important to consider what part of the object the forces are
acting on. An off-center force can cause a rotation in the system, setting it off balance. To
represent this information, we use a variation of free body diagram called an extended free body
diagram, in which the force vectors are drawn at the point where the force acts. Figure 3 shows
the difference between these two representations for the beam bridge.

𝐹𝑁.𝑅𝑖𝑔ℎ𝑡
𝐹𝑁,𝑙𝑒𝑓𝑡

𝐹𝑁,𝑡𝑟𝑢𝑐𝑘

𝐹𝑁,𝑅𝑖𝑔ℎ𝑡

𝐹𝑁,𝑙𝑒𝑓𝑡

𝐹𝑔,𝑏𝑒𝑎𝑚

𝐹𝑔,𝑏𝑒𝑎𝑚

𝐹𝑁,𝑡𝑟𝑢𝑐𝑘

Figure 3: Free body diagram of the beam bridge (left) which shows all of the forces acting on a point, and extended
free body diagram (right) that shows all of the forces drawn where they are acting.

The normal force from the left and right supports are draw over the supports (where the
beam and the supports touch). The weight of the truck pushing down on the beam is also
technically a normal force because it is resulting from the contact between the truck and the
beam. But how do we decide where to draw the gravitational (weight) force? Gravity is acting on
all parts of the beam simultaneously. This could be tricky to model, but every object has a
special point called the center of mass (sometimes called center of gravity). The easiest way to
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understand center of mass is to think about the balance point of an object. If I were to find the
point where a uniform beam would balance on my finger that would be the center of mass. It is
generally a good approximation to model the gravitational force as acting at the center of mass.
The center of mass is also the point that you would be using if you used the point particle
approximation to model the motion (which we did in the video analysis unit). To better
understand this, let’s look the example in Figure 4. A large object, such as a hammer is thrown
through the air. It rotates around, but one special point behaves just like a simple projectiles.
That special point is called the the center of mass.

Figure 4: The red line shows how the hammer’s center of mass moves like a simple projectile.
(Image credit:askeyphysics.com)

The study of statics is more than just making sure the forces in the extended free body
diagram are balanced; we also have to think about the stresses that could be put on the bridge
while it is in use. Engineers have to make sure that the materials they choose for a given bridge
will hold up to the forces experienced by everyday use. Image you have a plastic ruler supported
by a book at either end and you push down in the middle. What happens?
The ruler will bend, as shown in Figure 5. On the top side of the beam, the material is
experiencing compression, which means the molecules that make up the material get closer
together. This is easily seen with a plastic ruler, but is also true for steel and iron beams. On the
bottom side of the beam, the material is stretched, or under tension. Engineers have to choose
materials that won’t bend much during every day use.

Figure 5: A beam experiencing compression on the top and tension on the bottom.
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Other Bridge Designs
Modifications to the beam bridge design can help to support the main beam. A truss
bridge (Figure 6) is an example of a bridge with additional beams in a triangle formation that
help to prevent the main beam from bending too much. In a truss bridge, some of the beams are
under tension (experiencing pulling forces) and some are under compression (being squished).
Figure 7 shows the tension and compression forces for a truss bridge.

Figure 6: Blatnik Bridge in Superior, WI. In the photo, you can see the ends of the bridge are a beam bridge with
trusses and the middle (in the fog) is a suspension bridge. (Image credit:OnlyInYourState.com)

Figure 7: Tension and Compression Stresses on a Truss Bridge.

A suspension bridge alleviates the load of the bridge using large cables that are under
tension. The vertical cables are then attached to a larger cable that is anchored to the ground, or
some other more rigid support, such as the arch shown in Figure 8.
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Figure 8: Suspension bridge crossing the Mississippi River into Dubuque, IA
(Image credit:OnlyInYourState.com)

A cable-stayed bridge is similar to a suspension bridge, but all of the cables are attached
to one or two central supports, as shown in Figure 9. In this case the cables are under tension,
and the towers are under compression.
The last bridge we will examine is the arch bridge, as shown in Figure 10. This is
different from the other bridges we have looked at because the design is not based on a central
beam. Rather the supports come from the bottom. The arch structure distributes the load so that
the stones are all under compression, which makes it very stable.

Figure 9: The Zakim bridge in Boston is a cable-stayed bridge.
(Image credit: Leonard Zakim)
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Figure 10: Arch Bridge (Image Credit: Wikipedia)
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Tutorial: Forces & Torques in Bridges
In this tutorial, we’ll explore how we can use our force model to understand the stability of
bridges. An analysis of a bridge (or any system) that is not moving is called statics because the
system is in static equilibrium. We can write out Newton’s 2nd Law (Σ𝐹 = 𝑚𝑎) for static
equilibrium:
Σ𝐹𝑦 = 0

and

Σ𝐹𝑥 = 0

Where we see that the forces must be balanced in both the horizontal and vertical directions.

Part 1: Forces & Free Body Diagrams

The method we used to draw free body diagrams previously uses the point particle
approximation. This approximation assumes that the object behaves the same way very small
object with the same mass. (We also used the point particle approximation in our study of motion
when we had to choose a point to track in the video analysis.)
1. Look at the diagram of the bridge shown above. Draw a free body diagram of the beam of the
bridge, where all of the forces are draw at a single point.

2. Do you think the point particle model will make good predictions for this system? Explain
your thinking.

3. How can we modify our force diagram to account for the fact that the forces are not all acting
at a single point on the beam of the bridge?

4. For large objects, such as bridges, we can draw an extended free body diagram in which the
whole object is drawn, and forces are drawn where they act on the object. Draw an extended
free body diagram for the bridge shown above. Hint: Gravity acts at the center of mass.
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5. Write out an expression for Newton’s 2nd Law (Σ𝐹⃑ = 𝑚𝑎⃑) in the vertical direction for the
bridge to find a relationship between the upward forces and the downward forces. Hint: What
is the acceleration of the system?

6. Assume the beam has a weight of 150,000 N. If the weight of the beam of the bridge is
uniformly distributed, each pillar will support half the load. What is the normal force in each
pillar under these conditions?

7. Now a truck drives across the bridge, as shown below. How does this affect the forces acting
on the beam?

8. Write our Newton’s 2nd Law for this new scenario. Leave your answer in terms of the forces
acting on the beam.

9. The weight of the truck is 20,000 N. Do you have enough information to solve for the
normal forces in each support pillar?

10
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Part 2: Torque
It turns out that we do not have enough information to solve the problem posed above. To
solve it, we must use another piece of information we have about the bridge. In addition to the
fact that the bridge isn’t falling, we know that it isn’t spinning, either. The physical model for
interactions that causes rotations is torque. A torque is defined as:
𝜏⃑ = 𝑅⃑⃑ × 𝐹⃑
Where 𝜏 is the torque, R is the radius or distance from the pivot point, and F is the force applied.
The units of torque are Newton-meters (Nm). The cross in the middle indicates that this is a
cross-product. Mathematically, this means that we only include the component of the force that
is perpendicular to the radius, as shown in the figure below.
R

F

A force that causes the object to rotate in the counter-clockwise direction will be
considered positive torque. A force that causes the object to rotate in the clockwise direction will
be considered negative. (The signs are arbitrary, but we’ll use this convention for now.)
Because we want our bridges to be stable and in static equilibrium, we have to make sure
that the torques are balanced as well as the forces. Our new model for static equilibrium
therefore has three elements:
Σ𝐹𝑦 = 0

Σ𝐹𝑥 = 0

Σ𝜏 = 0

Let’s look back at the bridge problem from Part 1. The bridge is 25 meters long, and the truck is
10 meters from the right edge. Assume that the supports are acting on the ends of the beam.

1. Draw all of the forces and distances on the diagram above.
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To find the torques, we have to choose a pivot point. If an object were rotating, this would be the
point is rotates around. In the case of a static problem, we can choose any point to be the pivot
point, which can help to simplify the problem.
2. Let’s start by using the left support as the pivot point. Write out the torques for each of the
following forces. If you can find a numerical answer, do so. Otherwise, leave it as a variable.
Don’t forget to assign a sign to the torque.
𝜏𝑁,𝐿 =
𝜏𝑔,𝑏𝑒𝑎𝑚 =
𝜏𝑡𝑟𝑢𝑐𝑘,𝑏𝑒𝑎𝑚 =
𝜏𝑁,𝑅 =
3. Now use the center of mass as the pivot and repeat the exercise.
𝜏𝑁,𝐿 =
𝜏𝑔,𝑏𝑒𝑎𝑚 =
𝜏𝑡𝑟𝑢𝑐𝑘,𝑏𝑒𝑎𝑚 =
𝜏𝑁,𝑅 =
4. One more time, using the right support as the pivot.
𝜏𝑁,𝐿 =
𝜏𝑔,𝑏𝑒𝑎𝑚 =
𝜏𝑡𝑟𝑢𝑐𝑘,𝑏𝑒𝑎𝑚 =
𝜏𝑁,𝑅 =
5. Look at the above calculations. If you were to write out Newton’s 2nd Law for rotational
motion (Σ𝜏 = 0), which pivot point would allow you to solve for the force exerted by the
right support? Explain your reasoning.

6. The general problem solving strategy is to always choose a pivot point to be at a place where
an unknown force is acting. Find the force exerted by the right support on the beam.

7. If you were to write out Newton’s 2nd Law for rotational motion (Σ𝜏 = 0), which pivot point
would allow you to solve for the force exerted by the left support? Find the force exerted by
the left support on the beam.

12
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Activity: Center of Mass & Torque
In physics, we often simplify problems and pretend that
large, massive objects behave as point particles. But are
we justified in doing this? It turns out we often are, if we
pick the right point. The right point turns out to be the
center of mass: the part of an object that moves in the
same way as a point particle with the same mass. This is
illustrated in the diagram at right that shows the center
of mass of the diver behaving like a projectile.
If an object is not supported beneath the center of mass,
then it rotates. We can think of this as a torque being
applied to the system, where the torque is due to the
force of gravity acting on the different parts of the
object.
1. Experimentally, find the center of mass of the meter
stick by balancing it on the blue torque balance. Draw an extended free body diagram of the
meter stick under these conditions.

2. Are there any unbalanced forces in this scenario? Are there any unbalanced torques?

3. Record the location of the center of mass of the meter stick here:
Xcm = _________________
4. Slide the meter stick so that the 40 cm point is over the support. Let go of the meter stick.
What happens?

5. Are there any unbalanced forces in this scenario? Are there any unbalanced torques? Draw an
extended free body diagram to help figure this out.
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6. Add masses to the meter stick until it is balanced again. Draw a diagram of the system below,
including all forces acting on the meter stick.

7. Calculate the torques acting on the system, using the pivot point as your origin. You will
need to do two calculations: one for the hanging mass and one for the meter stick.

8. Typically we assign a sign of + (positive) to torques that rotate the system in the counterclockwise direction and a sign of – (negative) to torques that rotate the system in a clockwise
direction. Given this, calculate the total torque on the system.

9. What does this exercise teach us about bridge design? If you were to build a bridge with just
one support, where would you put it? What would happen when traffic tried to cross the
bridge? Why is it more stable to have more than one pillar supporting the beam of the
bridge?

14
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Reading: Forces, Torques, & Static
Equilibrium
An analysis of a bridge (or any system) that is not moving is called statics because the
system is in static equilibrium. Equilibrium means that the forces are balanced, and static is a
fancy way of saying that the system is at rest. This is opposed to a system in dynamic
equilibrium, in which the forces are balanced (acceleration is zero) but the system is moving with
constant velocity.

Figure 1: Diagram of a beam bridge

Let’s look at the example of the truck on the beam bridge. Since the bridge is stable, and
not falling down, is in static equilibrium. We can write out Newton’s 2nd Law (Σ𝐹 = 𝑚𝑎) for
static equilibrium by substituting in zero for acceleration (𝑎 = 0 m/s2 ) in each direction:
Σ𝐹𝑦 = 0

(1)

Σ𝐹𝑥 = 0

(2)

Which means that the forces must be balanced in both the horizontal and vertical directions. The
figure below shows an extended free body diagram for the bridge. From this diagram, we can see
that there aren’t any horizontal forces acting on the beam, so we only need to worry about the
vertical forces.

𝐹𝑁,𝑅𝑖𝑔ℎ𝑡

𝐹𝑁,𝑙𝑒𝑓𝑡

𝐹𝑔,𝑏𝑒𝑎𝑚

𝐹𝑁,𝑡𝑟𝑢𝑐𝑘

Figure 2: Extended free body diagram of the beam bridge

The weight of the bridge itself pressing down on the supports is known as the dead load.
However, the weight that must be supported by the pillars is higher than this due to the traffic on
the bridge. The traffic on the bridge is typically not evenly distributed, and changes depending
Bridge Design: Student Reader
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on traffic patterns. This is what engineers call the live load. The live load can also be affected by
external factors such as weather. The pillars must be able to support both the dead load and the
engineer’s estimate for the maximum live load. The maximum live load is tricky to calculate
because there are so many factors involved. Engineers typically design the supports for the
bridge conservatively so that there is not a risk for the bridge falling down in the event of a
traffic jam or snow storm.
Assuming that the dead load and live load are known, then the engineers can solve for the
normal force that will be exerted on the beam by the supports. To do this, we can plus the forces
from the diagram into equation (1):
Σ𝐹𝑦 = 0
𝐹𝑁,𝐿 − 𝐹𝑔,𝑏𝑒𝑎𝑚 − 𝐹𝑔,𝑡𝑟𝑢𝑐𝑘 + 𝐹𝑁,𝑅 = 0
Where we have assigned the upward forces to be positive and the downward forces to be
negative. We can rearrange to see that the total upward forces must be equal to the total
downward forces.
𝐹𝑁,𝐿 + 𝐹𝑁,𝑅 = 𝐹𝑔,𝑏𝑒𝑎𝑚 + 𝐹𝑔,𝑡𝑟𝑢𝑐𝑘
Which we can simplify to say that the upward forces have to balance the downward forces:
Σ𝐹𝑢𝑝 = Σ𝐹𝑑𝑜𝑤𝑛
Newton’s 2nd Law is useful only if we know three of the four forces. In many case, such as this
one, we don’t know either of the normal forces, so we need another tool to help solve the
problems.

Part 2: Torque
We must now expand our force model to account for systems that are able to rotate. This
is a consequence of abandoning the point particle approximation. If I have an extended object,
imagine a door, a force could be holding one end of the object stable (like the hinge) while a
force is applied at the other end that causes the object to rotate. This happens when you open the
door; essentially, you are applying a force that causes the door to rotate around the hinge. A
force that causes a rotation is called a torque. Torque is defined as:
𝜏⃑ = 𝑅⃑⃑ × 𝐹⃑

(3)

Where 𝜏 is the torque, R is the radius or distance from the pivot point, and F is the force applied.
The units for torque are Newton-meters (Nm).
The cross in the middle of equation (3) indicates that this is a cross-product.
Mathematically, this means that we only include the component of the force that is perpendicular
to the radius. To remember this, I recommend rewriting equation (3) as:
𝜏 = 𝑅𝐹𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟
The top diagram in Figure 3 shows a force that is perpendicular to the radius, which would
generate a maximum torque. If that same force is applied at an angle, as shown in the middle
diagram, then only the perpendicular component contributes to the torque (this is the component
of the force vector drawn in orange). The extreme case is when a force is applied in the same
direction or in the opposite direction as the radius vector. In this case, no torque is generated.

16
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Think about trying to open a door by pushing on the end of the door. It’s not going to work very
well.
R

F

R

F

R
F

Figure 3: A torque is caused by a force acting on a system some distance (R) away from the pivot point, which is
indicated by the big black dot.

A torque that causes the object to rotate in the counter-clockwise direction will be
considered positive torque. A torque that causes the object to rotate in the clockwise direction
will be considered negative. The signs are arbitrary, but we’ll use this convention for now. The
important thing is that you are consistent when you write out your equations.
Because we want our bridges to be stable and in static equilibrium, we have to make sure
that the torques are balanced as well as the forces. We can write out Newton’s 2nd Law for
rotational motion:
Σ𝜏 = 𝐼𝛼

(4)

Where Σ𝜏 is sum of the torques acting on the system, I is the moment of inertia, which is the
rotational equivalent of mass, and 𝛼 is the angular acceleration. We won’t worry too much about
how to calculate moment of inertia and angular acceleration right now because we are limiting
ourselves to bridges that are not falling down. The bridge is not accelerating in either a linear or
rotational way, so the right hand side of the equation is zero. This means that the torques must be
balanced: the clockwise torques will be equal to the counter-clockwise torques.
Σ𝜏 = 0
𝜏𝐶𝑊 = 𝜏𝐶𝐶𝑊
Our expanded model for static equilibrium therefore has three elements:
Σ𝐹𝑦 = 0
Bridge Design: Student Reader

Σ𝐹𝑥 = 0

Σ𝜏 = 0
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Let’s look back at the bridge problem from above. The bridge has a dead load of 300,000
N and the truck (the live load) is 10,000N. The bridge is 50 m long, and the truck is 10 m from
the right end. We’ll assume the supports are acting at the ends of the beam. We were stuck using
equation (1) (Σ𝐹𝑦 = 0) to find the normal forces because we had two unknowns, as shown
below:
𝐹𝑁,𝐿 − 𝐹𝑔,𝑏𝑒𝑎𝑚 − 𝐹𝑔,𝑡𝑟𝑢𝑐𝑘 + 𝐹𝑁,𝑅 = 0
With the addition of the rotational version of Newton’s 2nd Law, we can write a second equation.
However, before we do that, we have to choose a pivot point. If an object were rotating, this
would be the point is rotates around. In the case of a static problem, we can choose any point to
be the pivot point, which can help to simplify the problem. In general, it is good to start by
choosing a pivot point at one of the places where an unknown force acts. Let’s start by using the
left support as the pivot point.
Σ𝜏 = 0
𝜏𝐿 − 𝜏𝑔,𝑏𝑒𝑎𝑚 − 𝜏𝑔,𝑡𝑟𝑢𝑐𝑘 + 𝜏𝑅 = 0
𝐹𝑁,𝐿 𝑅𝐿 − 𝐹𝑔,𝑏𝑒𝑎𝑚 𝑅𝑐𝑚 − 𝐹𝑔,𝑡𝑟𝑢𝑐𝑘 𝑅𝑡𝑟𝑢𝑐𝑘 + 𝐹𝑁,𝑅 𝑅𝑅 = 0
Where we have substituted in equation (3) to find each of the torques. Now we can plug in some
numbers:
𝐹𝑁,𝐿 (0 𝑚) − (300,000 N)(25 m) − (10,000 N)(40 m) + 𝐹𝑁,𝑅 (50 m) = 0
The first term goes to zero, which means that we can solve for the normal force from the right
support:
𝐹𝑁,𝑅 (50 m) = (300,000 N)(25 m) + (10,000 N)(40 m)
7.9 × 106 Nm
= 1.6 × 105 N
50 m
Now that we know one of the normal forces, we can find the other using the force equation:
𝐹𝑁,𝑅 =

𝐹𝑁,𝐿 − 𝐹𝑔,𝑏𝑒𝑎𝑚 − 𝐹𝑔,𝑡𝑟𝑢𝑐𝑘 + 𝐹𝑁,𝑅 = 0
𝐹𝑁,𝐿 − 300,000 N − 10,000 N + 1.6 × 105 N = 0
𝐹𝑁,𝐿 = 300,000 N + 10,000 N − 1.6 × 105 N = 1.5 × 105 N
Note that the support on the right has a higher normal force than the support on the left. This is
because the live load (the truck) is closer to that support, and therefore it carries more of the load.

18
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Tutorial: Bridges & Static Equilibrium
In this tutorial, we will use forces and torques to find the forces acting on various parts of various
types of bridges. Here are some tips for solving static equilibrium problems:
•
•
•
•
•

Draw an extended free body diagram.
Write down the known and unknown forces. What are you trying to find?
All the forces and torques must be balanced. Start by writing down the Newton’s 2nd Law
equations in each direction: Σ𝐹𝑦 = 0; Σ𝐹𝑥 = 0; Σ𝜏 = 0
Usually, you will start by using Σ𝜏 = 0. Remember to choose your pivot point wisely to
eliminate unknown values.
Keep a consistent coordinate system. Remember that for torques, it is not “up and down”
but clockwise and counter-clockwise that correspond to positive and negative values.

Part 1: Beam Bridge
Consider a simple beam bridge, shown below. The mass of the truck (which is 7m from the right
edge of the beam) is 17,000 kg, the mass of the bridge is 100,000 kg, and the length of the bridge
is 25m.

1. Draw an extended free body of the beam on the diagram above. Label all of the distances.
2. Find the normal forces between the two supports and the beam.

Bridge Design: Student Reader
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Part 2: Cable-stayed Bridge
Look at the cable-stayed bridge below. The mass of the bridge is 200,000 kg, and it is 35 meters
long. The truck is 10 m from the right end of the bridge. Note that in this type of bridge, the
beam does not rest on the left and right abutments. It is supported by the central tower and the
cables.
Knowing that the tension forces in the cables are 1,120,000 N for the left cable and 1,260,000 N
for the right cable, we can find the weight of the truck.

30°

30°

1. Draw an extended free body diagram of the beam on the diagram above. (Note that you can
ignore forces acting on the abutments and central support. We are just focusing on the beam
of the bridge.)
2. Why is the tension in the right cable greater than the tension in the left cable?

3. What would be the best place to choose as a pivot point for calculating the torques? Explain
your answer.

4. Calculate the torques due to each of the cables for the pivot point you selected. Note that the
tension in the cable is not perpendicular to the beam of the bridge. This means that in order to
find the torque, we need to first find the perpendicular component of the tension forces.

20
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5. Use the fact that the bridge is in static equilibrium to find the weight of the truck (i.e. the live
load).

6. In real life, sensors can be attached to the cables on a bridge to measure the tension force
they are experiencing. Why would engineers want to measure this?

Let’s look at a second cable-stayed bridge. A 300,000 kg, 40 m long bridge, has a 30,000 kg
truck 5 m from the left edge of the bridge.

40°

40°

7. Draw an extended free body diagram for the beam of the bridge
8. If the force between the support in the center of the bridge and the beam is 1,000,000 N, what
are the tensions in the bridge cables?
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Cable-stayed bridges are designed so that the beam is not anchored to the abutments on either
side of the bridge where the road leads onto the main beam of the bridge. However, depending
on the live load, the bridge can lean up against one side or the other. In a case such as this, the
abutments shown above would be pushing on the beam in a horizontal direction. This would be
considered a normal force from the abutment on the beam.
9. In the scenario we are modeling, is the bridge pressing up against an abutment? Hint: what
are the horizontal components of the tension forces?

10. Which way is the bridge leaning? Which pillar is providing a normal force on the beam?
What is the horizontal (sideways) force between the pillar and the bridge?
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Reading: Stress-Strain Curves
We now have tools to determine the forces and torques that act on a bridge. The next step
is to determine whether or not our materials are strong enough to support the required loads.
Engineers use stress-strain curves (see Figure 2 below) to understand the strength and
flexibility of materials.
A stress is a force applied to a material over a given cross sectional area, which is
represented using the Greek letter sigma (𝜎):
𝐹

𝜎=𝐴

(1)

Where F is the applied force and A is the cross-sectional area of the beam (or other material).
The units for stress are the same as for pressure, Pascals (Pa). A Pascal is a Newton per metersquared. Because we are dealing with fairly strong materials for our bridges, we will typically
see stresses units of mega-Pascals (1 MPa = 106 Pa). A stress can be a tensile stress if it
stretches the material, or a compressive stress if it compresses the material.
Δ𝐿

L

L

Δ𝐿
Figure 1: The top diagram illustrates a tensile stress that stretches the material. The lower diagram illustrates a
compressive stress that shortens the material.

The strain is a measure of how much the material stretches or compressed due to this
applied force, as shown in Figure 1. The strain (𝜀) is a dimensionless quantity defined as the
ratio of the change in length (Δ𝐿) to the original length (L):
𝜀=

Δ𝐿

(2)

𝐿

The stress-strain curve (see Figure 2) is a tool used by engineers to characterize the strength of
materials. The curve can be created by applying a known, increasing force on a sample and
recording how much the sample stretches or compresses in response. Stress is on the vertical
axis and strain on the horizontal axis. For the first portion of the graph, there is a linear
relationship between stress and strain. This is called the elastic region. In this region, a force can
be applied to stretch or compress a material, and when the force is removed, the material goes
back to its original length, similar to an elastic band. For this region of the graph, we can write
the relationship:
𝜎 = 𝑌𝜀
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This expression is more useful if we plug in the definitions of stress and strain from above.
𝐹

Δ𝐿

= 𝑌(𝐿 )
𝐴

(3)

Where Y is the slope of the line. This is a quantity called the Young’s Modulus, which tells us
something about the stiffness of the material. A material with a high Young’s modulus will not
stretch or compress much when a stress is applied. Most of the materials used in bridge design
have a relatively high Young’s modulus.

Figure 2: Stress-Strain Curve. (Image credit: Wikimedia)

If enough stress is applied to a beam or other material, it will deform and eventually
break. The maximum stress that can be applied before the object is permanently deformed is
called the Yield Strength. Above this point, the material goes through a phase where greater
stress will still stretch the material, but it does not return to its original length. This goes on until
the Ultimate Strength point is reached. At this point, the material continues to stretch, but with
a lower applied stress until eventually is breaks at the Fracture Point.
In a suspension bridge, the cables will be under tensile stress and the concrete support
pillars will be under compressive stress. In both case, the engineers need to ensure that the
stresses caused by the live and dead load to exceed the yield strength of the materials. Structural
engineers have to understand the forces and torques acting on the materials, to predict whether
there will be permanent damage done to them.
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Tutorial: Stress-Strain on Bridges
In this tutorial, we’ll use stress-strain curves to better understand how material properties affect
bridge design. The stress applied to an object is the force applied divided by the area:
𝐹
𝐴
And the strain is a measure of how
much the material stretches under
this stress:
𝜎=

Δ𝐿
𝐿
For materials that aren’t stressed or
compressed too much, the
relationship between stress and strain
is given by the following expression:
𝜀=

𝐹
Δ𝐿
= 𝑌( )
𝐴
𝐿

Image credit: http://www.theconcreteportal.com/cons_rel.html

Where F is the applied force, A is the cross-sectional area, Y is the Young’s modulus, Δ𝐿 is the
change in the length, and L is the original length of the object. This expression holds for the
elastic region of the material. This is the linear part of the stress-strain curve. The yield point is
the point where the material is no longer considered elastic and will sustain permanent damage.
On the graph, this is the point where the curve begins to bend.

Part 1: Compressive Stress
Consider a simple beam bridge, shown below. The mass of the truck is 17,000 kg. Imagine this
is a U-Haul type truck, not a big tractor trailer. The mass of the bridge is 100,000 kg, and the
length of the bridge is 25 m.

1. With no traffic on the bridge (dead load), what is the force the beam applies to each support?
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2. If the supports are made from normal weight concrete, as shown in the stress-strain plot
above, what is the maximum compressive stress you would allow?

3. Given this maximum allowable stress and assuming the dead load force, what would the
cross sectional area of each support have to be? If the supports are square, how long would
each side be?

4. Estimate the maximum live load for this bridge. (Hint: how many trucks can fit on the bridge
at once?).

5. What size supports would you need to support both the dead load and the maximum live
load?

6. Does this seem like a reasonable size for a bridge support? Explain.

7. What other factors might we need to consider when designing a bridge?
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Part 2: Tensile Strength
Now look at the cable stayed bridge below. The mass of the bridge is 200,000 kg, and it is 35
meters long. The truck is 10 m from the right end of the bridge.

30°

30°

1. Which parts of the bridge are experiencing a tensile stress? Which parts of the bridge are
experiencing a compressive stress?

With only the dead load, the tension forces in the cables are 1,120,000 N. The steel used in them
has a very high tensile strength. The yield point is at about 1180 MPa.
2. Under these conditions, what would be the minimum diameter of the cables have to be so
that this stress is not exceeded?

3. Modern steel cables are made from steel “strings” that are
7mm in diameter. How many “strings would the cable be
made out of? The diagram at right is a sketch of the crosssection of a large cable, in which you can see how the many
little strings are combined to make a big cable. Use this to help
with your calculation.

Bridge Design: Student Reader

27

4. The Young’s modulus of the steel cables is 205 GPa (1 GPa = 109 Pa). If the cables are 20.2
m long, what is the maximum amount they will stretch under this load? Is this likely to be a
problem?

5. The cable steel has a much higher modulus than many other types of steel. Why is this
desirable?

6. Estimate the maximum total (live & dead) load of the bridge. Use the same U-Haul truck as
above (mass = 17,000 kg). Estimate the percent increase in the tension forces based on the
percent increase in the load. For this load, what diameter do the cables need to be?
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Case Study: Golden Gate Bridge
The Golden Gate Bridge in San Francisco is one of the most famous suspension bridges
in the country. The span of the bridge from abutment to abutment is almost 2.8 km. The segment
that is suspended is almost two kilometers long!
Acting as structural engineers, we will use our understanding of forces, stress, and strain
to calculate how large the cables and towers need to be to support the load. We’ll also assess
whether the model we have been developing is sufficient to solve this problem.

Figure 1: The Golden Gate Bridge in San Francisco, CA. (Image By Frank Schulenburg)

Part 1: Cables
The mass of the beam of the Golden Gate bridge (including the steel structure and the asphalt) is
𝑚 = 1.39 × 108 kg. The beam is held up by 250 pairs of vertical support cables.1
1. If the dead load of the empty bridge is evenly distributed, what is the tension force in each
cable?

2. If the yield stress of the steel used in the cables is 𝜎𝑦 = 9 × 108 Pa, what is the minimum
cross sectional area of each cable needed to support the dead load? What is the
corresponding cable diameter?

1

Reference for bridge data: http://goldengatebridge.org/research/factsGGBDesign.php
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3. Estimate the live load of the bridge. The bridge is 1966 m long, with 6 lanes of traffic. A
standard estimate is a live load of 9300 N per meter per lane.

4. What would be the total load (live plus dead)?

5. For this total load, what diameter of cable is necessary?

6. Compare your estimate to the real cable diameter of 2 11/16”. (Note that the conversion from
inches is: 1 in = 2.54 cm) What could explain the discrepancy?

7. If the Young’s Modulus of the steel cables is 5 x 1010 Pa, how much will a 70 m long cable
stretch under the strain of the total load? Do you think this will be a problem? Would this
need to be taken into account when deciding how long the cables should be?

8. Watch the following video: https://www.youtube.com/watch?v=N81R9tXBX00 . Why do the
engineers want the cables to have some elasticity?

9. In 1986, the deck of the bridge was replaced, and the mass was reduced by 1.1 × 107 kg
(1133 kg per linear foot!) compared the original 1937 deck. What is the benefit of reducing
the dead load of the bridge?
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Part 2: Towers
10. Under dead load, the two support towers are compressed by the main support cables with a
force of 5.49 x 108 N. What fraction of the total weight of the beam is held up by the towers?
What is holding up the remainder of the weight?

11. Use the stress-strain curve for mild
steel, to find its yield stress.

12. What area must the steel tower have,
for the compressive stress to be equal
to the yield stress. Does this seem
like a reasonable area for the tower?

13. Estimate the contribution to tower compression from the live load. Try using the fraction
from #7 as the fraction of the live load that will be added to the tower. What area of steel
tower is needed to support this much force?

14. Does this seem like a reasonable estimate of the cross-sectional area of the towers? Compare
to the actual dimensions of the towers (10 m by 16 m).

15. What other forces could be acting on the bridge that we haven’t considered? How would
these forces affect our bridge design? Are there other types of stress on the towers?
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Reading: Bending Stress
We have developed several mathematical models to use in the bridge design process. We
have models to analyze a bridge in static equilibrium by balancing forces and torques. Structural
engineers use these force calculations to determine the stresses that will be placed on the bridge,
and use that information to choose construction materials (e.g. steel, concrete) that can meet the
needs of the bridge.
However, the compressive and tensile stressed we studied previously don’t tell the entire
story. Let’s look at the support towers in a suspension bridge as an example. Our previous
calculations have shown that the cross-sectional area necessary to support the load of the bridge
is much less than the actual cross sectional area of the towers. This is true for all bridges, not just
the Golden Gate Bridge. What we are missing in our analysis is a study of how the materials can
bend. Imagine a strong wind blows on the Golden Gate Bridge. This can cause the towers to
bend significantly. The towers are designed to bend up to 0.32 meters perpendicular to the road
bed, 0.56 meters towards the shore, and 0.46 meters towards the water.2 Bending can also
damage materials, and to quantify the effect of bending we introduce a bending stress.
The bending stress is calculated by the following equation:
𝜎𝑏 =

𝜏𝑦

(1)

𝐼

Where 𝜎𝑏 is the bending stress at some point in the material,  is the torque due to the force that
is bending the material, y is the distance at a particular point in the material to the neutral axis
(see Figure 1 below), and I is the area moment of inertia. The torque is calculated (as before)
using the following formula:
𝜏⃑ = 𝑅⃑⃑ × 𝐹⃑

(2)

Where F is the applied force and R is the distance from the pivot point. In the case of a bridge
tower, the pivot point is where the tower is anchored to the ground.
Neutral axis
y
R

F

Figure 1: Diagram of the components necessary for calculating bending stress.

The area moment of inertia is a measure of how the shape of an object effects how easy
it is to bend. This could be calculated using calculus, but typically we just look the formula up in
a table of values for beams of different shapes. For a rectangular beam, the area moment of
inertia is given by:

2

Golden Gate Bridge data reference: http://goldengatebridge.org/research/factsGGBDesign.php
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𝐼=

𝑤𝑡 3

(3)

12

Where w is the width of the beam and t is the thickness of the beam. Note that the length of beam
does not enter into this equation, only the factors that contribute to the cross-sectional area.
As with compressive and tensile stresses, materials can be tested to see how they respond
to bending stress. Then, a maximum allowable bending stress can be determined, and used with
mathematical modeling of the forces on bridge elements to determine the minimum size of
bridge piers and towers.
The ease with which materials bend can also be measured, and characterized by the
elastic modulus E (similar to the Young’s modulus, but for bending). The amount that a beam
bends in response to a bending stress is known as deflection. For a cantilever, such as the towers
of the bridge, we can quantify the deflection (𝛿𝐵 ) as:
𝐹𝐿3

δB = 3𝐸𝐼

(4)

Where F is the applied force, L is the distance from the anchor point to where the force is
applied, and I is the area moment of inertia, which we defined above. Note that defection has
units of length, and the angle of deflection will give the angle in radians.
Engineers define the angle of deflection (see Figure 2) to be:
𝐹𝐿2

ϕB = 2𝐸𝐼

(5)

Where 𝜙𝐵 is the angle of deflection, and the other variables are the same as equation (4). Note
that defection has units of length, and the angle of deflection will give the angle in radians.
F
L

𝜙𝐵
Figure 2: Defection of a cantilever when a force is applied at the end of the beam.
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Tutorial: Bending Stress
In this tutorial, we’ll explore how the bending stress can help to explain why the supports and
towers of bridges are much larger than we would expect if we only consider compressive
stresses.

Part A: Supports
Consider a simple beam bridge, shown below. The mass of the truck is 17,000 kg, the mass of
the beam is 100,000 kg, and the length of the bridge is 25 m.

If we assume that the truck is about 5 meters long, then five trucks will fit across the bridge.
With this live load, we can calculate that the supports need to be only about 20 cm on each side
to support the compressive stress! Now let’s calculate a bending stress on a support that size, if it
was 5 meters tall.
0.20 m
0.20 m

F

1. Calculate the area moment of inertia of for this support.

5m

2. As traffic moves along the bridge, there are horizontal forces that act on the bridge. If a force
of 20,000 N is applied sideways to the top of the support, what is the torque applied to the
support (which is held in place at the bottom)?

3. What is the max bending stress associated with this force? (The distance to the neutral axis
(y) can have a maximum value of half the width of the support.)
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4. The maximum bending stress of the concrete is 20MPa. Is this exceeded here?

5. Compare the bending stress on a support of this size to the compressive stress. Which is more
important in determining the size of the supports?

Part 2: Golden Gate Towers
Let’s look at the towers of the Golden Gate Bridge. In the last tutorial, we calculated the
minimum area of the towers to be 2.0 m2 to withstand the compression stress of 5.49 x 108 N.
6. Given the area we calculated (A = 2.0 m2 )for dimensions for the towers (and knowing that
they are 227 m tall), if the cables put a sideways force on the top of the towers that was just
1% the size of the downward force, what would the bending stress be?

7. What affect would increasing the cross-sectional area of the supports have on the bending
stress? (Hint: what affect would increasing the area have on the area moment of inertia?)
How does this help explain why the supports are so large?

8. The actual area of the towers is 10 m x 16 m (thickness x width). Calculate the bending stress
for the actual towers using the assumptions above. How does it compare to your first
calculation (#6)?
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The towers are designed to bend up to 0.32 meters perpendicular to the road bed, 0.56 meters
towards the shore, and 0.46 meters towards the water.3 The elastic modulus for steel is about
20 × 104 MPa. We can treat the tower as a cantilever that is anchored to the ground.
9. To find the maximum angle of deflection, we’ll need to write the formula in terms of the
deflection because that is the data we have available. Compare the two equations for angle of
deflection and deflection due to bending stress to write an expression that gives the angle of
deflection in terms of deflection and length of the beam.

10. Calculate the maximum angle of deflection for the towers in each of the directions based on
the data above?

3

Golden Gate Bridge data reference: http://goldengatebridge.org/research/factsGGBDesign.php
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Tutorial: Bridge Design
In the previous tutorial, we looked at specific examples of bridges and calculate how
large the towers or supports needed to be in each case. This could get tedious to do over and over
again, so engineers develop mathematical models that simplify the calculations for general
situations. The previous examples looked at the bending stresses on tower/supports that could be
treated like cantilevers. In this tutorial, we develop a general mathematical model that can be
used for the beam of a bridge, which experiences a bending stress applied at the middle (center
of mass).
For the deflection of a simple beam bridge supported at both ends (see Figure 1), we can
calculate the deflection using the following equation:
𝐹𝐿3
𝛿𝐶 =
48𝐸𝐼
Note that this is slightly different than the bending stress on a cantilever. This is due to the
different geometry of the problem. In this case, a force is applied at the center of the beam,
which could be the weight of the beam itself. The subscript C in the deflection 𝛿𝐶 refers to the
deflection at the center of the beam.
L

Figure 1: A beam supported at both ends bends when a force is applied at the middle. (Image credit: wikiuniversity)

Consider a simple concrete beam bridge, with a rectangular beam of width w, thickness t, and
length L supported by columns at each end. We want to consider the design of a bridge where we
know the necessary length and width for the beam, and want to calculate the necessary thickness
so that the beam will not sag and collapse in the middle. This will be done by finding an
expression for the bending stress on the beam and finding the thickness needed to keep it below
the maximum bending stress for concrete.
1. First draw an extended free body diagram for the beam, with no extra weight on the bridge
(the dead load).
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2. What is the force that will cause the bridge to sag?

3. Write down an expression for the gravitational force on the bridge in terms of ρc (the density
of concrete), V (the volume of the beam), and g (the acceleration due to gravity).

4. Now write down an expression for Fg in terms of ρc, g and the design parameters of our beam
L, w and t.

5. Write an expression for the torque produced by the gravitational force, if the point of rotation
is at one end of the beam (again in terms of ρc, g , L, w and t).

6.

Find an approximation for y, the maximum perpendicular distance from the neutral axis, at
the spot where the bending stress is applied.
y

7. Now write an expression for the bending stress 𝜎𝑏 =

38

𝜏𝑦
𝐼

, given that 𝐼 =

𝑤 𝑡3
12
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8. Look at this expression. Will the bending stress increase if the length of the beam is
increased? How about the width or thickness?

9. How could an engineer use this general model to help design the beam of a bridge?

10. If the bridge has a length of 25m, a width of 15m, the density of concrete is 2500 kg/m3 and
the maximum bending stress of the concrete is 2 x 107 Pa, how thick does the beam have to
be?
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Lab: Deflection of a Beam
You are a member of an engineering firm that specializes in designing and building bridges.
Your team has been hired to build and inspect a truss bridge. Like many engineers, you will
build a model of some of the structures that are part of that bridge to test them for strength and to
better understand the forces that are acting on the bridge.
One important measurement engineers use to classify materials is the amount of deflection a
member (of a particular material) experiences when a load is applied.

Part 1: Exploring Deflection
1. Take your ruler and use it to span the space between two books Make sure that the ruler is
supported enough so it doesn’t fall if you gently press on the top.
2. Use your hands to press down gently on the center of the plank, or find an object to place on
top of the plank at its center (the object has to be heavy enough to bend it but not break it!).
The plank is acting similar to the supporting beam in a beam bridge.
3. Kneel down and look at the side of the plank at eye level—have one of your group members
lightly press on it and visualize the vertical distance that the center of the plank moves as it
bends downward compared to its unloaded horizontal position. This is the plank’s deflection
for that particular load. It would have a different deflection if a different load was applied.
4. Sketch a side view of the plank when the force is acting on it. Where is the beam under
tension? Where is the beam under compression?

The deflection seen in a beam, as well as the strain in response to tension and compression
stresses, are key factors engineers have to consider in design. As you can imagine, the deck of a
bridge shouldn’t display much load deflection when vehicles cross over!
5. How hard, or how easy is it to bend your plank? The amount of resistance you feel when
trying to press down on the center of the plank (how easily it bends) is a key property of the
material it’s made out of. Each material will have different characteristics. Try out the
different materials that are on your desk. Which bend the most? Which bend the least?

Part 2: Measuring Elastic Modulus
The deflection of a beam with a force applied at the center is difficult to measure, so we will
measure the elastic modulus by treating the ruler as a cantilever. The deflection of a cantilever is
given by the following equation:
𝛿𝐵 =
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𝐹𝐿3
3𝐸𝐼
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Where F is the applied force, L is the distance from the anchor point to where the force is
applied, E is the elastic modulus (similar to the Young’s modulus, but for bending), and I is the
area moment of inertia.
F
L
𝛿𝐵
We also know that for a rectangular beam, the area moment of inertia is:
𝑤𝑡 3
12
6. What are the parameters that you can easily measure?
𝐼=

7. What parameters are more difficult to measure? How might you make an accurate
measurement of these parameters?

8. Write your experimental plan below.
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9. DO NOT START COLLECTING DATA YET. Before you begin collecting data, I want you
to think carefully about the analysis. Use the equations above to decide what the graph will
look like. What will be on each axis? What will the slope be?

10. Have your experimental plan checked by your instructor before you begin.
11. Collect data, and do your analysis to find the elastic modulus of the material. Email your data
file to the instructor. Be sure to include the names of everyone in your group.

Conclusion Questions
1. What are the limitations to this experiment? If you were an engineering testing materials,
what modifications would you make?

2. Compare the results for the elastic modulus with other groups. Which material had the largest
elastic modulus? Which was the smallest? What physical property of the material does this
correspond to?

3. Is the stiffest material always the best one to use in construction? Explain.
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Project: Bridge Design & Testing
Your engineering firm has been asked to complete a bid for a bridge construction project. To
demonstrate your worthiness as engineers, they want you to construct a model bridge and
demonstrate that you can repair damages effectively. There are several steps in this process:
1. The first step of the project is to construct a bridge out of Popsicle sticks using the blueprints
provided. As a team, build the bridge and complete the Bridge Construction Activity.
2. After building the bridge, we will simulate damage that the bridges might experience in the
real world due to weathering, etc. You will do this by switching bridges with another team
and subtly damaging the bridge.
3. Your engineering firm must then budget for the repairs and fix the bridge. The bridges will
undergo a final test to determine the maximum load that can be supported as the bridge spans
a distance of 40 cm between tables.
If this were a real bridge design contest, the city would want to assess the bridge on various
factors to determine which engineering firm it will hire to build the bridge. A final
assessment of the bridge will include three parts: Budget, aesthetics, and maximum load. As
a class, we will determine how to weight these factors.
4. Your final task is to write a report documenting the bridge design, construction, repair, and
testing. You want to convince the city council that you are the team to build their bridge. In
particular, they will be impressed by seeing how you apply your knowledge of forces,
torques, stress, and strain to explain how the bridge failed, and how your repairs will fix the
damage.

Project adapted from UW-Madison Grand Challenges in Engineering curriculum.
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Bridge Project Rubric
Points
Points
Awarded Possible
10

Bridge Design
✓ Extended free body diagram of the original bridge with only a dead
load. Assume that it spans a gap of 40 cm.
✓ Under these conditions (no live load), calculate the normal force
exerted by the supports on the bridge.
✓ Sketch of the bridge on which you have indicated which parts of the
bridge are under tension, and which are under compression. Color
coding may be useful here.
Damage & Repair

10

✓ Identify the damage that was done to your bridge. How does the
damage represent damage a real bridge might experience in
Wisconsin?
✓ Include your budget for repairs, and indicate how you prioritized
your limited amount of funds.
✓ Include your aesthetic score, and discuss the role of aesthetics in the
repair of your bridge. How did you balance cosmetic repairs with
structural repairs? Why do engineers need to consider both?
Final Assessment

20

✓ Include the results of your final test. How much weight (live load)
was the bridge able to hold? How did you decide to distribute that
weight?
✓ Sketch a diagram of the bridge with the live load. Indicate where
the bridge is under compression and tension.
✓ How did the bridge fail? Draw a free body diagram of the structure
(including the live load) right before failure. How could the free
body diagram help you predict where the bridge would fail?
✓ How did you decide to weight the three factors that are included in
the assessment? Which of the factors is most important to the
engineers? What factors might be most important to the city
council?
Technical Details

10

✓
✓
✓
✓
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Paper is well-written; logically organized and free of typos.
Physics content is accurate.
All diagrams are labeled and referenced in the text.
Sample calculations are included, where appropriate.
Final Score

50
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Project Part 1: Bridge Construction
Introduction
Your engineering firm has been awarded the contract to inspect and repair an aging
bridge. To get a better understanding of the bridge you’re going to work with, your firm has
asked your team to construct a scale model of the bridge. They’ve provided you with the
blueprints and materials to use in building the model. You will work with your team members in
your office’s design studio to first analyze the blueprints, study the forces acting on this bridge,
and then create the model.
The bridge your firm is going to renovate was originally built as a simple beam bridge—
12 years after its construction a truss was added to increase the strength of the bridge and to
support the increased traffic flow in the area. To help gain an understanding of how the truss
strengthens the bridge, your team must first construct and work with a model of the bridge built
according the original design (in the style of a simple beam bridge).

Construction Instructions
Use blueprint 1 (all views) to construct your model beam bridge. Try to first arrange
craft sticks to match the dimensions of the side beams of the bridge—find how much of the
sticks must overlap to get this overall length. You will want to lay pieces out in a “dry run”
before gluing them together. (Hint: Make the 2 long sides of the bridge before adding the cross
pieces underneath them. Be sure to have the side beams of the bridge standing upright, not flat
against the cross pieces, when you attach the cross pieces. Look CAREFULLY at the
blueprints! This will make it easier to attach the components you will build in subsequent steps.)
Once your beam bridge has been constructed and the glue has cooled, gently flex your
beam bridge to gain a sense of how rigid or flexible it would be if the deck was installed and
loads were on the bridge.
Safety Warning!
Take care when using the hot glue guns. The tip gets very hot and the melted glue can
burn you. Never leave the glue gun plugged in and unattended.
1. Sketch an extended free body diagram of this bridge below. How would the dead and live
loads effect the forces acting on the bridge?
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Improve the Design
Now use Blueprint 2 (all views) to modify the beam bridge model by adding the truss structure;
this new model will resemble the bridge as it currently stands.
2. Examine Blueprint 2. Identify the parts of the design that will make the bridge stronger and
stiffer (compared to the simple beam bridge).

3. Modify the model beam bridge by adding the truss structure according to Blueprint 2 (all
views). No craft sticks will need to be cut to build this model. Try adding the truss first to
one side of the bridge, then add the truss to the other side, then brace the top with the cross
pieces. (Hint: Look at Blueprint 2 – 3D to get a better idea of where to attach the craft sticks
to the bridge when you are adding the truss pieces.)
4. Cut a piece of corrugated cardboard to model the deck of the bridge.
5. Put your team name on your bridge and add other decoration as you wish.
6. Once your bridge is complete and the glue has cooled, gently flex your bridge as loads on the
bridge deck would do. Notice any changes to the strength and flexibility of the bridge.

Analyzing the Forces
1. Draw an extended free body diagram of your truss bridge, supported by piers on each end.

2. The mass of the real bridge is 72,500 kg. Find each of the forces in your diagram above,
assuming the dead load is evenly distributed.

3. What structures shown in Blueprint 2 will give strength to your bridge?
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4. If weight is placed on the bridge due to a live load (such as traffic), and it remains stable, will
the normal force from the ground increase or decrease or stay the same? Explain.

5. Because bridges are usually symmetrical, the dead load of a bridge is fairly evenly
distributed across its supports. The flow of traffic (live load) over the bridge can be highly
variable. Can engineers assume that forces on the bridge will be evenly distributed during
usage? Would it make a difference if all of the live load was concentrated at the center of the
bridge versus over a single support on one end of the bridge? Explain.

6. How do engineers balance strength and flexibility when designing bridges? Explain.
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Project Part 2: Bridge Damage, Repair, & Testing
Part 1: Assessment Criteria
Before we begin the process of testing our bridges, we need to determine the criteria that
our bridges will be judged on. It is important to do this before we start the process of damaging
and repairing the bridge so that your engineering firm knows how they will be judged by the city
council.
Our bridges will be assessed on three criteria:
•

Budget. Can the engineering firm make the repairs within the allotted budget?

•

Strength. How much load can the bridge withstand?

•

Aesthetics. The bridge is a part of the community and must be pleasing to look at.

What weight would you give to each of these three criteria? Compare with your group and make
a recommendation to the class.

Part 2: Simulated Aging
Once bridges are constructed, they continue to exist in the real world. This means that
they sustain damages due to everyday wear and tear, or sometimes more catastrophic events.
Sometimes the damage is enough to cause failure. Other times the damage is not so bad, or so
obvious. Damage comes in two basic types. The first is cosmetic. This makes the bridge look
less pleasing but does not alter its performance. Like having a scuff on your shoe. The other kind
of damage is structural. This kind of damage does affect the structure, and therefore the
performance, of the bridge. Like having a broken zipper on your pants….bad idea. Some
structural defects are major, and some are minor.
Your task now is to trade bridges with another group of engineers and simulate the aging
of their bridge, while they do the same to yours. The goal is for the bridge to remain intact,
look essentially the same, and remain basically functional. It has to be able to stand on its
own and hold its own weight (no smashing or destroying the bridge).
The next step will be to return the damaged bridge to the original group, who will conduct an
inspection, and later repair their bridge. So be sneaky. Weakened, cracked, or thinned elements,
and otherwise moderate damages to the bridge may severely weaken it while not being obvious.
You can structurally and cosmetically age the bridge.
1. You should make at least 3 (but no more than 5) changes to the bridge. Be sure not to tell
anyone outside of your group what you are doing.
2. Return the damaged bridge to your teacher who will distribute the bridges back to the groups
who built them.
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3. After you’ve received your original bridge, conduct a visual inspection of the bridge. In real
life, engineers conduct such inspections and also have many kinds of technology available to
test for things such as fatigue and cracks in metal and wood, and to accurately measure any
deflection or movement of the bridge deck, piers, or abutments. List below all of the damages
that you identify on the bridge:

4. Once your group has agreed that your inspection is complete and that you have discovered all
of the bridge’s problems, you can start to plan for the repair of the bridge as your group has
been hired to do. On the bridge that you are working to repair, what damage do you think
will present the greatest challenge to repair? Why?

5. Why are engineers less concerned about cosmetic damage to structures than they are
structural damage?

6. In this activity, you simulated damage and the aging process on your model bridge. In the
area where you live, what kinds of agents are the most damaging to bridges? How do you
think the engineers in your area protect your local bridges from those agents?

7. When repairing a bridge, adding or restoring strength is clearly important. The bridge must
hold up under the forces that act upon it. What are some other considerations that engineers
must take into account when choosing a method for repairing a bridge or other aging
infrastructure?
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Part 3: Repairs
The main challenge to working engineers and also to you: make the old bridge safer and
better. However, there is a difference between what the public might want, something that is
perfect, and what engineers know, that nothing is perfect under all conditions.
Many engineering decisions are trade-offs. For instance, adding materials to strengthen a
bridge also adds to its dead weight. This means that these added materials must be strategically
placed to add strength while also supporting their own weight. Think back to your force
diagrams; the heavier the bridge, the greater the downward force of the bridge’s weight. Some
materials might change the aesthetic of the bridge, making it unattractive. Most citizens take
some pride in their city and certainly in its major structures. Think of the Golden Gate Bridge in
San Francisco or the Tower Bridge in London.
If your engineering firm is to be successful, your repairs cannot significantly change the
look of the existing bridge. Like anyone buying a service, the folks that have hired you want to
get good value for their money. And, like the rest of us, they have a budget for the repairs that
you have to stay within. You will have to bring together your
•
•
•
•
•

Creativity
Knowledge of forces and strong structures
Artistic ability
Teamwork
Mathematical skills

to repair this bridge, making it strong, “beautiful “ (OK…as beautiful as it can be with popsicle
sticks…go with it!) and staying within budget. In short, this is what engineers do every day. Oh,
and there is a time limit, too. Remember all those people that are impatiently waiting for the
construction to be over so they are no longer inconvenienced? You need to keep them happy,
too, so add “working efficiently” to your to do list.

Materials Cost List
Modeling Clay

$100 per pea size ball

Patching Compound

Masking Tape

$500 per centimeter

Patching and reinforcing
material

Hot glue gun stick

$15,000 per stick

Joint reinforcement/adhesive

Aluminum Foil

$10,000 per square inch

Deck sealant/coating

Craft Sticks

$30,000 per stick

Reinforcing beams
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1. Review your Visual Inspection data and the cost of materials above. Create your repair plan
(see next page). Your team must address each damage point noted from the inspection and
come up with a cost-effective solution. There must be no visible damage left on the bridge
when you’re done with the job. You have a budget of $65,000.
Problem

Repair Description

Materials Needed

Total Cost for
this repair

Total cost: ______________________
2. Ask your company CEO (your teacher) to approve your plan. Once your plan is approved,
you can purchase your materials.
3. Make repairs on your bridge in the time allotted.
•

Any additional materials that you find you need will be available for purchase. However,
because you didn’t plan ahead, you will need to do a rush order and everything will cost
20% more.

•

Leftover materials may be sold to other groups for 50% of the original cost. The store
will NOT buy back used or leftover materials.

4. How much of the damage that was inflicted did you successfully identify? If you missed any,
why do you think that was?
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5. Your engineering firm was given a budget under which to work. What was the final cost of
your repair project? By what percentage of that budget were you either over or under?

6. We will have a judge help us to determine the aesthetic appeal of your bridge on a scale of 1
to 10, to rate the aesthetic appeal of your repairs. A 1 is “Nasty!” and a 10 is “Better than the
original.”
Record your aesthetic score here: _______________________

Part 4: Strength Test
The final step in our bridge construction project will be to test the bridges. Each group will test
their own bridge to determine how much live load it can handle before breaking.
Record the results of your bridge test here: _______________________

Part 5: Final Assessment
For your group, calculate your final assessment score. We will need to calibrate each of the three
categories so the scores are out of 10 points.
•

Cost – The calibrated score will be based on the rank of the final costs of the bridges.
(10 = lowest cost, 1 = highest cost) If there are fewer than two groups in the class, defer
to your teacher on how many points your group will receive.

•

Load - The calibrated score will be based on the rank of the final costs of the bridges.
(10 = most load supported, 1 = least load supported) If there are fewer than two groups in
the class, defer to your teacher on how many points your group will receive.

•

Aesthetics – Use the score from the outside observer.

The weight of each score was determined by the class at the start of the activity.
Raw Score

Calibrated Score

Weight

Contribution to
Total Score

Cost
Load
Aesthetics
Total Score
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