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Introduction & Objective 
Stark Industries and Groot Engineering are looking for an efficient column design for the replacement 
section on the drawbridge that spans across the Gulf Outlet Canal.  On The Fly, Inc. have been contacted 
to design and fabricate a scaled model of the proposed design.  The model must undergo a structural 
performance test and motions operations test in order to prove its ability to interface with the existing 
bridge structure.   
 
The column must be able to withstand a 400 kip axial load in compression as well as a 64-94 kip lateral 
earthquake load at the top of the column.  In addition, the column must also withstand at least a 10% 
lateral drift while maintaining at least 75% lateral strength during seismic testing.  These forces will be 
scaled down to 1/40th for the column performance test of the model.  The objective of the column design 
is to create the most cost effective design that balances both strength and ductility.            
 
For the motions operation test, the purpose is to design a mechanical operation to stimulate the real life 
performance of the drawbridge.  In this motion test, a car will be waiting at the gate in order to let a ship 
pass.  After the ship passes, the drawbridge will lower and the car will be released and must smoothly exit 
the bridge. The speed of the car will be factored into the performance index as an indicator of how well 
the column interfaces with the bridge and drawbridge.  

Column Design 

Preliminary Designs 
In order to create the most effective design while still meeting the given structural performance criteria, 
multiple design cases were analyzed on SAP2000 before the final design was chosen.  A cylindrical 
column design was chosen from the beginning because of constructibility and economical purposes.  The 
diameter of the column had to be greater than 60” to meet the load testing constraints.  Multiple designs 
were made by varying diameters from 65”-75” and varying number of longitudinal bars from 10-18.  
Several designs were analyzed on SAP200 with these different variables, where displacement and 
moment curvature were considered.  The challenge was finding the design that was able to meet both the 
ultimate displacement criteria as well as the moment curvature and P-M interaction criteria.  A balance 
had to be found between using the right amount of longitudinal bars in order to get the ultimate 
displacement greater than 60” without sacrificing strength to meet the P-M interaction diagram 
constraints.  After trying all possible cases, the ultimate displacement criteria could not be met with only 
changing the diameter and longitudinal bars; the spacing for the transverse bars had to be changed as 
well.  When the spacing was halved from 8” to 4”, all given design criteria were met with the chosen final 
design.                             
 
Final Design 
The final design for the reinforced concrete column consisted of a cylindrical column with a 
cross-sectional diameter of 70 inches and a length of 50 feet. The cross-sectional view of the column 
design is illustrated in Figure 1. The reinforcement will consist of 14 #14 longitudinal rebars and 8 feet of 
#8 rebars will be spiralled throughout the elastic hinge region length of the column with 16” spacing. The 
plastic hinge length was calculated to be 64” at the base of the column and 4” spacing was the 
determined spacing needed to meet the design criteria.  But because the model would be scaled down to 
1/40th, the spacing for the transverse rebar was increased to 8” to make it easier to construct and provide 
less room for error.  Because the spacing was increased, the transverse rebar for the plastic hinge region 
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would be doubled in order to maintain the steel to concrete ratio from the original design. The rebars will 
be designed to have a 1.5 in concrete cover to provide adequate protection from external elements. The 
reinforcement details are summarized in Table 1. Figure 2 depicts a three dimensional rendering of the 
team’s overall final column design and the final rebar design.  
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1: Cross-sectional view of the column design 
 
 

 
Figure 2: 3-D rendition of final column design (left) & final rebar design 
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Table 1: Final Design Summary 

column diameter (in) 70 

concrete cover (in) 1.5 

# of longitudinal bars 14 

size of longitudinal bars #14 

plastic hinge region length (in) 64 

size of transverse bars #8 

# of transverse bars in the plastic hinge region 16 

spacing of the transverse bars in the plastic hinge region (in) 8 (doubled bars) 

# of transverse bars in the elastic region 34 

spacing of the transverse bars in the elastic region (in) 16 

 
The column was designed to withstand a 400 kip axial load in compression. The P-M Interaction diagram 
was used to verify that enough reinforcement was used in order to resist the moment associated with the 
loading. This is illustrated in Figure 3. The design requirement (orange dot) was calculated from the 
following equation: 

  ​​ ​                          ​       (1) 𝐹 = 𝑀
𝐿 − 𝑃∆

𝐿

 
The force, F, was calculated from the moment, M, and the displacement, , at a particular instance.  This ∆
force was then plotted in relation with the moment to determine the design requirement needed.  The 
design requirement originally laid outside the P-M interaction envelope, which meant that the steel to 
concrete ratio needed to be increased.  The team took this into account during construction and did not 
scale down on the number of rebars used and only scaled the length.  The design was re-analyzed to 
provide the following figure and allowed the team to uphold their design. 
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Figure 3: P-M Interaction Diagram 
 
The force-displacement diagram, Figure 4, was used to ensure that the design was also flexible, allowing 
10% lateral drift without having a 25% reduction from the max lateral force at max displacement.  As 
mentioned earlier, one of the challenges faced was meeting the ultimate deflection constraint.  The 
ultimate deflection can be defined from the following equation:  
 
                                                   ​ ​                                          ​  ∆

𝑢 
=  ∆

𝑦
+  ∆

𝑝 
>  ∆

𝑎

(2) 
 

The subscript y and p represent the yield and plastic deflection respectively. is the ultimate drift of the  ∆
𝑎

column and was calculated to be 10% of the column length.  The final design was analyzed to have a 
ultimate deflection of about 67 in, which is more than 10% of the column’s height (60 in). From the force 
vs displacement diagram, Figure 4, the column behavior can be predicted to reach its maximum force at 
around 81 kips.  It’s expected for the failure to occur in the plastic hinge section of the column because 
the moment is the largest in that section.  The transverse rebars in that section become critical in how 
well the connections were made.  The connection between the footing and the base of the column is also 
crucial to how well the column will perform.  
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Figure 4: Force vs Displacement Diagram 

 
The total cost for the construction of the column, including the construction and assembly of the 
mechanical aspect of the project, was calculated to be $71,843.55. Miscellaneous penalties and charges, 
however, brought up the total cost to $133,843.85. 

Motion Operations 

The car will be mounted in the peak of the bridge using a base plate. The same base plate will be 
attached to a gate assembly consisting of a motor rack with a rack pinion (Figure 5.a). This motor will be 
used to retract the pinion allowing for the release of the car. The drawbridge will be raised to 65-70 
degrees from the horizontal with the use of a pulley system, allowing the boat to pass. The pulley system 
will consist of a motor winch on the back of the bridge (Figure 5.b) which is connected to a balanced 
fixture, attached to the base plate(Figure 5.c), mounted to the raising end of the bridge. The motor on the 
winch assembly will be programed to rotate the pulley by counting the number of clicks it takes for the 
bridge to lift to 65-70 degrees. The bridge will then be released to go back to horizontal. As soon as the 
switch (Figure 5.d) attached on the raising end of the bridge hits the other end of the deck, the motor 
winch will stop. This sends a signal to then release the car.  Refer to Figure 6 and 7, for a better visual of 
the mechanical configuration.  The chosen setup will be further explained in the next section. 
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​ ​ ​ (a)​ ​ ​ ​ ​ ​ (b) 

 
​ ​ ​ ​ (c) ​ ​ ​ ​ ​      (d) 
 
Figure 5: (a) car mounted with gate assembly, (b) pulley motor winch setup, (c) pulley connection to the 

bridge, (d) mini switch bridge stopper. 
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Figure 6: 2-D rendition of ramp and bridge mechanical configuration 

 
Figure 7: 3-D SolidWorks rendition of ramp and bridge mechanical configuration 

 

RoboPro Program 

RoboPro is a programing software that converts computing commands to control signals for motors and 
sensors.  It’s a graphic programming language that uses flowcharts to represent the step to step to 
process of the execution needed.  RoboPro will be used for the motion operations of the project, where 
it’ll program the drawbridge and signal the release of the car. The team’s goal with the RoboPro program 
was to keep the logic as simple as possible while performing the test. The program had only two main 
steps. These were to raise and lower the drawbridge, and to control the car gate. 
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The first step engaged the pulley motor first. After a set of pulses that was determined during practice 
testing, the motor would then stop. These pulses were used to accurately raise the drawbridge to the 
required angle. This was determined to be a better method than using a wait time step. A wait time step 
was, however, used to allow the boat to pass safely underneath the bridge. Once the boat had passed, 
the motor would then engage in the opposite direction to lower the drawbridge. As the drawbridge 
approached horizontal again the mini switch would be engaged, simultaneously stopping the pulley motor 
and starting the car gate motor. This is the beginning of the second step. The car gate would then run for 
1 second, stop, reverse for one second, then stop again. The program then terminated. By running the 
gate in the opposite direction the setup would be ready for further testing without having to reset anything. 
These commands can be seen below (Figure 8). 
 

 
Figure 8:Motion Operations testing RoboPro program 

 

Structural Performance 

Motion Operations Test 
After the team adjusted the RoboPro pulse count for the angle of the drawbridge during practice testing 
the program ran perfectly and the test was executed without problem for every iteration. Since the 
practice tests ran so well, no complications were expected during final testing. 
 
On the day of final testing, the program ran as designed and the drawbridge was raised to the correct 
angle. However, most warm up runs were failures with the car crashing. This was likely caused by two 
issues. For the final testing the team set the bridge up in the exact same manner it had been practice 
tested under. One problem lay in the drawbridge and bridge interface. In retrospect they should both have 
been at the same angle to begin with, however they weren’t for the practice testing and this was 
replicated during the final testing. Adjusting this helped the test execute successfully approximately 
60-80% of the time. Had this been the case to start, it is possible the success rate could have been 
higher. This first issue would not have been a problem if not for the second issue, which could not be 
controlled for. That is that week and a half of testing by various teams on the same setup created small 
misalignments that, when summed together, caused the car to crash more often.  
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Two improvements that could have been made would be to start with the drawbridge and bridge at the 
same angle, and to devise a way to open the car gate as the drawbridge was nearly horizontal, so as to 
save time. 
 
For the final performance, the car crashed twice before a successful run was made.  The wait time for the 
car was 36.5 seconds and the final wait time was 276.5 seconds.  The velocity of the car was 7.59 
seconds.  Refer to the Appendix for full results. 
 
Column Test 
For the column test, the peak force reached was at 79.24 lbs when the displacement was -1.5 inches.  As 
shown from Figure 9 below, the critical section as predicted was in the plastic hinge region.  From the 
load being applied, the base of the column began suffering from brittle failure modes and the rebars 
became exposed.  As the testing went on, the longitudinal bars in the column yielded and necking 
occurred.  This was caused from not bending the transverse rebar ends outward so that the connection 
between the footing and column was stronger.  As the lateral load was applied the longitudinal rebars 
began pulling out of the foundation and led to the disconnection between the column and footing.  

 
Figure 9: Column testing results, exposed rebar and necking shown in longitudinal rebar 

 
The force vs displacement hysteretic data is shown in Figure 10.  The maximum load the column  
reached ranged from 70-80 lbs, which was overly strong compared to the 60 lb maximum design 
constraint.  As compared to the moment curvature from the design analysis, the maximum force was 
around 81 kips which which when scaled down to the model, is 50.6 kips.  The calculated results as 
compared to the actual results were quite different, resulting in a percent error of 56.5%.  This large error 
was mainly caused from the scaling down of the actual design.  In scaling the actual column to the model, 
more considerations should have been taken into account.  Scaling down the length of all reinforcement 
bars but not scaling down the amount of bars used ultimately caused the overdesign of the model column. 
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Figure 10: Force vs displacement hysteresis data  

Performance Index 
The performance index equation involved six values. The velocity of the car after crossing the bridge, the 
cost of the build, the traffic wait time, any performance penalties, and the aesthetics and magnification 
factors. This can be seen below. 
 

                                                      ​ ​ ​                         ​ (3) 𝑃𝐼 =  𝑉×𝐴×𝑀
𝐶×𝑊×𝑃

 
From the practice tests the velocities were approximately 7.5 m/s. Assuming three runs during final 
testing, with 15 seconds for setting up between the runs, traffic wait time would be 126 s. Accounting for 
one failure to be conservative puts the W factor at 246 s. The cost before testing was calculated at 
$131,843.85. Including one crash adds an additional $1000 to the cost. The chosen design was a 
standard design so the aesthetics factor is 1.0. Assuming overdesign, given an increased cross-section 
from repouring and patching, The P factor would be at least 1.2. Given 6 loadings this generates a final P 
of 2.986. 
 
The magnification factor was not detailed anywhere so calculating from known values provided in the 

Final Project PI Results resulted in a M factor of 3.936 x 10  9.
 
With these values and using equation XX the expected PI was found to be 302.6. This is significantly 
close to the experienced PI of 286.6. 
 

Challenges  
One of the main challenges that the team faced was the construction. The water content for the initial 
pour was only about 33%, and since plaster of Paris sets quickly, the team ended up with a column that 
was not completely filled. The whole middle section did not have concrete. Unfortunately, the formwork 
that the team used in the pour was opaque, preventing the team to see what was going on inside the 
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formwork. The team resolved this issue by performing an additional pour and a patching session. These 
were done completely different since they were performed horizontally and with 50% more water content 
to the same amount of plaster.The second pour filled the middle section of the column. Before the final 
patching began, the team used a chisel to create easier access to large voids embedded in the structure. 
The final pour filled these voids and smoothed the outer surface. Construction issues resulted in extra 
expenses in materials and time.  Refer to Figure 11 for the column construction overview. 
 

 
​      (a)​ ​         ​ (b)​ ​       (c) ​ ​             (d)​ ​     (e) 
 
Figure 11: (a) column after the 1st pour, (b) column after the second pour, (c) column after the third pour, 
(d) column after sanding, (e) final column facade 
 
Another challenge that the team faced was the limited mechanical testing times. Since the team signed 
up for testing on the first day of practice, the first teams to sign up scheduled the maximum possible times 
and filled all the spots. Once more times were added, two consecutive mega-charged testing times were 
purchased in haste. The concern was ensuring any practice time, but since this did not conform to the 
rules in one of the many documents the team lost those times and was charged for them. Fortunately, 
practice times opened on Friday and those were purchased correctly. This greatly affected the team’s 
total budget. However, the team felt it necessary to purchase the expensive testing times ensuring safety 
over budget. 
 
In the final testing, the team faced further adversity. Due to bridge deformations following a week and a 
half of testing, as well as not ideal bridge to drawbridge angles, two of the three final runs resulted in the 
car crashing and the driver dying. 

Team Responsibilities  
All team members assisted in the design and construction process. Due to their experience in SE151A 
team members Angela Ramirez and Jenny Chen primarily worked on the P-M diagram and Moment 
Curvature Analysis for the column design. Jason Lee and Xander Schwarz worked on the various other 
calculations for the design. 
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All team members participated in soldering the column reinforcement. Due to a much less than ideal 
soldering iron this took an extended period of time. 
 
Angela and Jason poured the footing. Xander, Jenny and Angela performed the initial pour for the 
column. The hollow middle section required a second pour that Jason and Angela fulfilled. 
Angela and Xander worked together on the final pour to patch the column. This included chiseling the 
column to provide better access to visible voids. The column was finished off by sanding from Xander and 
Jason and painting by Jenny and Angela.  
 
Xander was responsible for generating and executing the RoboPro program. This included adjusting the 
program during testing to ensure fulfilling all requirements of the Motions Operations Test. 
 
For an overview of time the distribute work and time spent, refer to Table 2 below. 
 

Table 2: Distributed team responsibilities with total hours calculated 

 Jenny Chen Jason Lee Angela Ramirez Alexander Schwarz 

Analysis/Design 9 7 9 8 

Soldering 8.5 9 5 6 

Footing Pour  1.5 1.5  

Column Pour 1 1.5  1.5 1.5 

Column Pour 2  1.5 1.5  

Column Pour 3   1.5 1.5 

Sanding 1  1 1 1 

Sanding 2   1  

Aesthetics 1  1  

RoboPro    2 

Total 20 20 23 20 

 

Conclusion 
Team 27 learned a great deal in this project. It enhanced everyone’s knowledge in iterative column 
design, construction, as well as mechanical simulation using RoboPro. The team’s final design 
incorporated longitudinal steel reinforcement. The team found this necessary in order for the column to 
resist tension forces that concrete is weak with. Transverse reinforcement was also enforced for 
confinement and to resist shear failure. The team also incorporated a plastic hinge region in the bottom of 
the column. This was designed to promote enough movement on the column where the moment is at its 
peak, in order for the column to dissipate energy and allow damage to happen where it is controlled. 
Redundancy was another concept that the team enforced. Conservative spacing was observed for the 
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transverse and longitudinal reinforcements.This is to ensure that alternate load path is provided so that 
the structure does not completely fail if one part of the structure gets damaged. 
 
P-M Interaction Diagram and Force-Displacement Diagram were also helpful tools in the iterative design 
process. P-M Interaction Diagram helped verify that the column is able to resist the applied force and the 
moment generated by the force applied. This was also useful in determining if enough steel reinforcement 
was incorporated in the design. Force-Displacement Diagram was used in predicting the column 
behavior under loading, and making sure that the column will be designed both for strength and 
ductility. 
 
Soldering took longer than expected for the team since they soldered outside of class. The foundation 
pour went well, but the construction of the column did not go as well as planned. However, the team was 
able to pull through and construct the column they have designed. The team learned a lot in this particular 
experience, specially in finding creative ways to deliver the work despite the adversities. 
 
This project was also helpful in incorporating basic structural engineering knowledge learned from 
previous classes and apply it to design and build a reinforced concrete column. The team also learned 
how to use RoboPro that is a well-used program in the industry. 
 
Overall, the column tested was over designed for strength. It carried a peak force of 44.33 lbs in the +1.5” 
displacement, and 79.24 lb in the -1.5” displacement. The maximum velocity recorded for the mechanical 
simulation turned out to be 7.59 m/s with a wait time of 36.5 s. However, due to mechanical malfunctions, 
the first two test runs were unsuccessful, increasing the final wait time to 276.5 s. The total cost of the 
column was calculated to be $133,843.85, corresponding to a PI of 286.8. 
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Appendix 
Design Equations (from “Column Design Notes and Procedure”) 
 
Minimum cross sectional area needed 

  𝑃
𝑓'𝑐𝐴

𝑔
≤ 10%

 𝐴
𝑔

≥ 0.1𝑃
𝑓'𝑐 = 1000 𝑖𝑛2

P - axial load 
f’c - compressive strength of concrete 
Ag - gross cross sectional area  
 
# of longitudinal bars needed 

 𝐴
𝑠

= 0. 01 ×  𝐴
𝑔

 𝑛 =  
𝐴

𝑠

𝐴
𝑏

As - total area of longitudinal bars 
Ab - area of a single longitudinal bar 
n - total # of longitudinal bar 
 
Transverse spacing needed for plastic hinge 

 ρ
𝑠

=
4𝐴

𝑠
ℎ

𝐷
𝑐
𝑠

ℎ
> 1%

​  𝑠
ℎ

≤ 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 →  1
𝑠 × 𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑐𝑜𝑙𝑢𝑚𝑛 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

         → 6 ×  𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑏𝑎𝑟
       →   8"

Transverse spacing needed for outside the plastic hinge 
​  𝑠

ℎ
≤ 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 →  2𝑠

ℎ
× 𝑖𝑛𝑠𝑖𝑑𝑒 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ℎ𝑖𝑛𝑔𝑒 𝑟𝑒𝑔𝑖𝑜𝑛

         → 0. 5 ×  𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑐𝑜𝑙𝑢𝑚𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
       →   24"

 
Transverse spacing chosen as 8” for plastic hinge, and 16” for outside the plastic hinge 
 
From these equations the following excel was made: 
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P-M interaction data collected from SAP2000 on  Excel 

 
 
Results from SAP2000 Design Process 
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Testing Results 
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