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CVEN 363 Projects: Overview of Guidelines Fall 2010


 


Team Performance 
 


Some or all portions of the computing assignments will be designated as team actities, and they are 
expected to be completed through cooperation of all members of the team, with four or less students per 
team.  Students are responsible for forming their own team.  You are expected to have the same team for all 
teaming assignments in this course.  Each assignment must have a title section with the signatures of all team 
members attesting to the calculations in the assignment.  Members that have not signed the final submission 
will receive no credit for the assignment. 
 
 
Grading: 
 


The team report will be evaluated based on two criteria:  
(1) the quality and accuracy of the work/analysis performed by the team, and  
(2) the quality of the report/technical memo submitted documenting your work.   


 
The first criteria evaluates how well you are applying the concepts of this and supporting courses to 


solve the problem posed by the assignment.  It considers the approach taken as well as the accuracy of your 
computations.  This component will also look at your computing approach and documentation. 


The second criteria evaluates the report/technical memo you submitted presenting the work you’ve 
done.  It considers organization, grammar, and content of the report.  As an engineer, you will find that 
communicating your findings and conclusions is an integral part of your future career.  If you cannot 
communicate your ideas, both to other engineers and future clients, your career will be severly limited. 


Your final grade for the team submission will, therefore, be a combination of the grade earned on the 
analysis and the grade earned for the report/technical memo.  A grading chart, available on the web site, 
shows how the report grade will be determined.  The relative weights for each grade component are 70% for 
the analysis grade and 30% for the report grade. 


 
 


Peer Evaluation: 
 
Peer evaluation is a common practice in the engineering community.  Critical evaluation is a 


necessary component of improving the engineering profession.  It is generally believed that honors and 
awards granted by peers are the highest possible honors.  After all, it is our peers who know best what is 
required to do an adequate, good, or outstanding job.  Accordingly, at the end of the semester, you will 
submit a peer review form where you evaluate both yours and your teammates’ performances.  See the 
sample peer review form posted on the web site. 


Your individual final project grades will be determined from your graded team projects multiplied by 
your individual performance factor.  Therefore it is possible to achieve higher and lower individual project 
scores than the team averages from the graded assignments.  Note that the highest percentage increase in 
your project grade will be limited to 10 percent.  However there are no limitations for lower percentages and 
grades.   


Turn in ONE Peer Evaluation at the end of the semester for your team members. If you feel each 
project had widely different ratings, then you can submit separate evaluations for each project with an 
explanation as to why you are choosing to do so.  The evaluations must be turned in separately from the 
project reports! 
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Project Background: 
 
A bell tower is a good example of a structural system that is highly dynamic in nature. Ringing a 
bell can impose large dynamic forces onto the tower and connecting structures, inducing them to 
sway. When several bells are mounted, where each bell is rung at a different speed, the resulting 
motion is particularly complex. 
 


Recently, this problem was encountered when a bell tower was added to a church cathedral in 
Dallas.  While data from the bell manufacturers was given on the expected effective load of the 
bells on the tower, significant vibrations were observed when the bells were tested. At that point, 
a detailed dynamic investigation was required to ensure the safety of the tower and supporting 
church building. The pictures below are of the bell system installed in the cathedral (courtesy of: 
Steve Lucy, Principal, Jaster-Quintanilla, Dallas, Texas) 
 


  
 
Project Overview: 
 


An investigation into the dynamic response of a bell tower is to be performed over the course of 
the semester. Our bell tower will be built directly on the ground – this avoids consideration of 
dynamic interaction between the tower and any supporting structures. As a first, simplified 
approximation, the tower and bell system are modeled as a single-degree-of-freedom (SDOF) 
cantilever system, where the degree of freedom is the lateral displacement at the top of the tower 
in the plane of the drawing on the next page. 
 
Project Goal and Objectives: 
 


1. Determine dynamic properties for a SDOF model of the tower and bell 
 Equivalent mass and stiffness 
 Undamped frequency and period 


2. Determine the dynamic response of the tower to a harmonic base load 
 Viscous damping model to account for energy loss and at rest initial conditions 


3. Determine the peak demands: 
 Peak deformations 
 Combined static and dynamic forces/moments at the base of the tower. 
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System Description: 
 
The bell tower to be analyzed supports one large 
bell with a system of tapered concrete columns. 
As only the vibration in a specific plane of motion 
is to be analyzed, only two of the columns 
contribute to the lateral stiffness of the system. A 
drawing of the tower is given to the right of this 
paragraph. 
 
The bell being supported weighs 2750 pounds. It 
is supported by a steel girder weighing 1250 
pounds. A secondary bracing beam is present for 
stability, but its weight is negligible. 
 
The supporting columns are each assumed to be 
fixed-connected to their foundation, and the 
combination of bracing beam and steel girder are 
pinned connected and axially rigid.  The towers 
are of made of normal-weight reinforced concrete, 
with a density of 150 pounds per cubic foot (pcf).  
At the top, the tower’s cross-section is square, with side dimensions of one foot. While the wall 
at the center of the tower is perfectly vertical, the outside wall flares outward, until the bottom 
dimension of the cross section is 3 feet by 1 foot. The modulus of elasticity for normal-weight 
reinforced concrete is given by: 


 57,000 cE f   (1) 


where cf   = 5000 psi for this structure. (You must enter the value in psi, and the resulting units 


of E are also psi). 
 
 
Excitation Description: 
 
The tower is excited by (1) horizontal harmonic forces due to motors required to ring the bell, 
and (2) a horizontal ground motion acting simultaneously at the base of both columns.  An 
accelerometer is typically used to record ground accelerations, and as a first order approximation 
it will be modeled as a harmonic function given by: 
 


  0( ) singx t x t   (2) 


Where: 
 ( )gx t  = Time-history of the ground acceleration (measured by accelerometer) 


0x  = Peak ground acceleration 


  = Circular natural frequency of the ground motion (in radians/sec) 
 


Wbell


Wgirder


bracing beam


10 feet3 feet 3 feet


10 feet1 ft 1 ft


60 feet








CVEN 363 Project Part 1 – Modeling the Bell Tower Fall 2010
 


Part 1 – Modeling 
 
The system is to be modeled, for a simplified approximation, as a heavy weight at the end of a 
cantilever beam.  For a cantilever beam with a concentrated weight at the end, a corresponding 
system is that of a simple spring-mass-damper (SMD) model for horizontal motion as shown in 
the figure below. The displacement of interest is that at the bell location – or the tip of the 
tower – so our degree of freedom is a function of that displacement. The first part of the project 
is determining effective mass and stiffness values that can be used in the simple SMD model. 
 


m


k


c


p(t)


u(t)


 
 


a) Determine the contributions to the mass from the bell. For this model, the bell is assumed 
to move exactly with the tip of the tower (as opposed to being able to swing 
independently of the tower – which would require additional degrees of freedom). The 
bell is a modeled as a rigid point mass, so it will not contribute to the lateral stiffness. 


 
b) Determine the contributions to the mass from the girder that supports the bell. For this 


model, the girder is assumed to move exactly with the tower, so what percentage of its 
full weight of the bell will experience the acceleration captured by our degree of freedom.  
 
The girder is taken to be pin-connected at either end – so it will not directly contribute to 
the lateral stiffness of the system, its impact is in the overall coupling behavior of the two 
towers. 


 
c) Determine the contributions to the mass from the columns. You must determine the 


percentage of its full weight that will experience the acceleration captured by our degree 
of freedom.  For example, if the full weight of the column were used, that would be 
equivalent to taking the entire mass of the columns and lumping it at the top. That would 
assume that all of the tower experiences the same acceleration – Is this a realistic 
assumption?  
 
Explore options for determining a reasonable fraction of the mass. If you find something 
in a book or other reference, be sure to note your source. If your team is not sure of the 
exact percentage, then a range of percentages will need to be explored. 
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d) Determine the effective lateral stiffness of the tapered columns.  
 
Remember: An elastic body undergoing deformation under the action of external forces 
(whether static or dynamic) sets up internal forces within the system to resist the 
deformation (and so must act in opposition to the motion). These restoring forces, or 
spring forces, can be linear or nonlinear in nature.  If the restoring forces can be assumed 
to be linear, then the simplest representation of an element is through the use of linear 
springs, where the spring stiffness constant is a property of the element material and 
geometric properties.  
 
Since we are interested in the behavior at the top of the tower, that is the location where 
all the forces (inertial force, spring force, damper force) will be applied. You need to 
determine the columns resistance to a point force applied at the tip. 


 


Hint: The effective stiffness is not given by 
3


3EI


L
 in this case. 
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Project Overview: 
 
An analysis of the behavior of the bell tower under 
harmonic loads is desired. As a variety of rhythms 
and sounds will be generated, a range of forcing 
function magnitudes and frequencies will be 
considered. Additionally, as concrete is likely to 
crack if enough tension is present, an evaluation of 
the system utilizing cracked section properties will 
also be conducted. 
 
The response properties of interest are: 


 peak lateral displacement at the top of the 
tower in the plane of the drawing. 


 Shear force and stress 
 Bending moment and flexural stress 


 
Project Goal and Objectives: 
 


1. Determine the dynamic response of the 
tower to a harmonic load 


 Range of force magnitudes 
 Range of frequencies 


 
2. Determine the lateral displacement 


response 
 Total response 
 Steady-state response only 


 
3. Determine the combined static and dynamic forces/moments at the base of the tower as well as 


corresponding stresses. 
 


 
Excitation Description: 
 
The response of the system will be performed using a harmonic load of the form: 


   0 sinF t F t  


The magnitude of the force function, Fo, is specified as a fraction of the weight of the bell, and the 
possible values to be considered are: 


0


1 1 1 1 1 1 1 1
*


25 20 15 10 5 4 3 2 bellF w
    


 


 
The forcing function frequency ranges between 10 and 100 rpms, with the following values to be 
explicitly considered: 
 
Frequency (rpm) 100 75 60 50 25 20 15 10 
  (rad/sec) 10.472 7.854 6.2832 5.2360 2.6180 2.0944 1.5708 1.0472 
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Figure 1: Bell Tower Schematic 
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Part 2 -- Detailed Tasks: 
 


Part 2.1 – Modeling Refinement 
 
Your team has already completed the basic modeling of the system. Depending on the feedback received, 
you may need to update your model to better capture the system. This first model is to be referred to as 
the linear uncracked model of the tower. 
 
Additionally, a second model is to be considered where some of the column is assumed to crack under 
tensile stress. The code allows for evaluation of lateral deflections utilizing 50% of the uncracked section 
properties. So determine a new model, linear cracked model of the tower, by reducing the effective 
stiffness for the columns by 50%.  
 
Part 2.2 – Dynamic Equation and Properties for BOTH models 
 


a) Determine the equation of motion for the system using the relative horizontal motion of the top of 
the towers to the ground as your degree of freedom. 


 
b) Determine the undamped natural frequency,  , and the corresponding undamped period, T, for 


this system. 
 


c) Some energy loss will occur in this system due to cracking of the concrete, friction at 
connections, etc… To account for the energy loss, a damping ratio of 5 % is assumed. Determine 
the corresponding damped frequency for the system. 


 
Part 2.3 – Displacement and Force Response 
 


a) Determine the dynamic response of your system (displacement and rotation/slope at tip). 
Take your initial conditions to be zero for relative lateral motion. (Note: how can you 
relate the rotation/slope to strains? Will need that for the next part.) 


 
b) Develop a plot for the time history response (displacement vs. time) for each model. 


Comment/compare the plots obtained.  Some things to consider: the change in amplitude of 
vibration, the change in frequencies (both model and force function). You must determine how to 
best present the comparisons – it will NOT be to just include a plot for each individual simulation 
you have done. 


 
c) Utilizing the response results, determine the reactions (horizontal, vertical and moment) at the 


base of the columns due to dynamic behavior only for the system. Again, you must do this for 
both models and the various combinations of frequency and force magnitude. Determine how to 
best show the results (place peak values in a plot? In a table?). 


 
d) As the columns must also carry static loads, determine the reactions (horizontal, vertical and 


moment) at the base of the columns due to the combined static and dynamic loads for the system. 
Again, you must do this for both models and the various combinations of frequency and force 
magnitude. Determine how to best show the results (place peak values in a plot? In a table?). 


 
e) Based on the previous results, determine the peak shear and flexural stresses of the column for 


both models and the various combinations of frequency and force magnitude.  
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Part 2.4 – System evaluation and recommendation 
 
Based on the previous results, comment on how well you believe the models capture the 
response of the system. Additionally, consider how well the system behaves under the loads: 
Does it seem sufficient? Overdesigned? Underdesigned? What changes would you recommend 
to the system and why?  
 
Keep in mind the following: 


 Concrete can be assumed to crack in tension when tensile flexural stresses reach: 


7.5r cf f  , where cf must be entered in psi. 


 
 Concrete is deemed to fail when the strain in compression reaches 0.003 


 


 Ultimate shear force capacity can be found by 2 cbd f   -- for simplification, take: 


b = width of column (1 ft) 
h = depth of cross-section (varies from 1 ft at top to 3 ft at bottom) 
d 3 inchesh    


 
Note: concrete behaves nonlinearly. While a linear analysis using cracked section properties is 
allowed by code, the capacity is determined accounting for the nonlinear behavior and knowing 
the steel reinforcement. For the purposes of this project, assume that a first-pass estimate 
utilizing linear capacity (linear stress-strain relationships) is acceptable. So no knowledge of 
concrete design is required! (Only the material from CVEN 305 – Mechanics of Structures) 
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Project Overview: 
 
A more detailed investigation into the dynamic 
response of a bell tower is to be performed. The 
tower and bell system are now to be modeled as a 
two-degree-of-freedom (2DOF) system, where the 
degrees of freedom are: 


 the lateral displacement at the top of the 
tower in the plane of the drawing. 


 The rotation of the bell relative to the 
vertical line defined by the tip of the 
tower 


 
Project Goal and Objectives: 
 


1. Determine dynamic properties for a 
MDOF model of the tower and bell 


 Equivalent mass and stiffness 
 Linearized EoM for 2DOF system 
 Undamped frequencies and 


periods 
2. Determine the dynamic response of the 


tower to an earthquake load 
 Given assumed damping ratio to 


account for energy loss and at rest 
initial conditions 


3. Determine the combined static and 
dynamic forces/moments at the base of the tower. 


 
 
System Description: 
 
The bell tower to be analyzed supports one large bell with a system of tapered concrete columns. As only 
the vibration in a specific plane of motion is to be analyzed, only two of the columns contribute to the 
lateral stiffness of the system. A drawing of the tower is given to the right of this paragraph. 
 
Bell 


 The bell being supported weighs 2750 pounds and is 
composed of brass. 


 The bell is to be modeled as a cut conical section. The 
diameter at the top is 2 feet and the thickness is 3 inches 
throughout. 


 The top of the bell is to be modeled as a flat surface, and the 
sides flare out at 15 degrees.  The height is to be determined 
such that the weight of the bell is as given. 


 As a simplification, the entire weight of the bell is to be 
lumped at its centroid, so that the system is composed of 
particles (and not rigid bodies) 
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Figure 1: Bell Tower Schematic 
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Figure 2: Bell Schematic







CVEN 363 Project Part 3 – Bell Tower Fall 2010
 


Supporting Girder  
 It is supported by a steel girder weighing 1500 pounds.  
 Girder pin-connected at each end. Will not contribute to lateral stiffness directly. Causes the 


towers to act as individual springs in parallel. 
 


Bracing Beam: 
 A secondary bracing beam is present for stability, but its weight and effective stiffness are 


neglible. 
 
Supporting Columns: 


 Fixed support condition to their foundations.  Each tower will act as an individual cantilever 
beam bending about its own neutral axis. The towers then act as springs in parallel due to 
supporting girder. 


 They are of normalweight concrete, with a density of 150 pounds per cubic foot (pcf) 
 At the top, the tower’s cross-section is square, with side dimensions of one foot. While the wall at 


the center of the tower is perfectly vertical, the outside wall flares outward, until the bottom 
dimension of the cross section is 3 feet by 1 foot 


 The modulus of elasticity for reinforced concrete is given by: 


 57,000 cE f   (1) 


where cf   = 6000 psi for this structure. (You must enter the value in psi, and the resulting units of 


E are also psi). 
 
 
Excitation Description: 
 
The response of the system will be performed using the data for the El Centro 1940 earthquake.  A file 
named el_centro_data.txt is available on cenotes containing ground acceleration values in units of g 
measured every 0.02 seconds. 
 
You will need to add zeros at the end of this earthquake history to allow for the system to go into free-
vibration at the end of the ground motion. The typical convention is to add as many zeros as you have 
earthquake data points. 
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Detailed Tasks: 
 


Part 3.1 – Modeling 
 


a) Determine the equivalent mass-spring model that would represent the behavior of the system as 
described.  In other words, for Project Part 1 the simplified physical model of the tower looked 
like the following figure: 


m


k


c


p(t)


u(t)


 
For this project, what is the simplified physical model? 


 
b) Determine the contributions to the mass from the bell. For this model, the bell is assumed to 


move relative to the tower. The entire mass is to be lumped at the bell’s centroid, which needs to 
be calculated. The bell can then be modeled as a pendulum component. 


 
c) Determine the contributions to the mass from the girder that supports the bell. For this model, the 


girder is assumed to move exactly with the tower and its full weight of the bell will be utilized. 
 


d) Determine the contributions to the mass from the columns that should be lumped at the tip of the 
columns. This should be the exact same value as found in Project 1. 


 
e) Determine the effective lateral stiffness of the tapered columns bending about their own Neutral 


Axis. You will again need to utilize the deflection equation of the tower due to a concentrated 
load applied at the tip. Find the stiffness for each tower, then combine them as springs in parallel. 
Recall from part 2, that concrete structures are frequently modeled using cracked section 
properties, you may need to evaluate both models (cracked and uncracked) of the structure. 


 
 
Part 3.2 – Dynamic Equation and Properties 
 


a) Determine the linearized equations of motion for the system using 
 the relative lateral displacement at the top of the tower in the plane of the drawing. 
 The rotation of the bell relative to the vertical line defined by the tip of the tower 
 


Be sure and place your equations in matrix form and include that EoM in the body of your memo. 
 


b) Determine the undamped natural frequencies, the corresponding undamped periods and the mode 
shapes for this system. 


 
c) Transform the EoM to Modal Space, normalizing the mode shape so the value at the rotational 


dof is one. 
 


d) Some energy loss will occur in this system due to cracking of the concrete, friction at 
connections, etc… To account for the energy loss, a damping ratio of 5%  in all modes is 
assumed. Determine the corresponding damping matrix in modal space. 
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Part 3.3 – Displacement and Force Response 
 


a) Determine the dynamic response of your system (displacement and rotation). Take your 
initial conditions to be zero for relative lateral motion.  


 
b) Develop a plot for the response. Comment/compare the plots obtained.  Some things to consider: 


the change in amplitude of vibration, the change in frequencies, and how quickly the response 
dies down to zero. 


 
c) If a rotational spring added between the bell and tower (to account for the fact that the connection 


is not truly frictionless), what value of rotational stiffness would result in a reduction by half of 
the bell’s swing? 


 
d) Utilizing the response results, actual horizontal and vertical reactions at the base of the columns 


due to dynamic behavior only for the system with and without the rotational spring. Show the 
results in a plot. 


 
e) As the columns must also carry static loads, determine the actual horizontal and vertical reactions 


at the base of the columns due to the combined static and dynamic loads for the system with and 
without the rotational spring. Show the results in a plot. 


 
f) Tabulate the following values for the system with and without the rotational spring: 


 Peak lateral displacement of tower tip; peak slope/rotation at tower tip 
 Peak rotation of the bell (does small angle assumption hold?) 
 Peak shear force in the tower 
 Peak moment in the tower 


 
Part 2.4 – System evaluation and recommendation 
 
Based on the previous results, comment on how well you believe the models capture the 
response of the system. Additionally, consider how well the system behaves under the loads: 
Does it seem sufficient? Overdesigned? Underdesigned? What changes would you recommend 
to the system and why?  Keep in mind the following: 


 Concrete can be assumed to crack in tension when tensile flexural stresses reach: 


7.5r cf f  , where cf must be entered in psi. 


 Concrete is deemed to fail when the strain in compression reaches 0.003 


 Ultimate shear force capacity can be found by 2 cbd f   -- for simplification, take: 


b = width of column (1 ft) 
h = depth of cross-section (varies from 1 ft at top to 3 ft at bottom) 
d 3 inchesh    


 
Note: concrete behaves nonlinearly. While a linear analysis using cracked section properties is 
allowed by code, the capacity is determined accounting for the nonlinear behavior and knowing 
the steel reinforcement. For the purposes of this project, assume that a first-pass estimate 
utilizing linear capacity (linear stress-strain relationships) is acceptable. So no knowledge of 
concrete design is required! (Only the material from CVEN 305 – Mechanics of Structures) 
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CVEN 363:  Team Evaluations of Individual Performances 
 


Please rate all members of your team (fill in names below), including yourself, on the following questions by dividing a total of 100 points per question 
among the members of your team (ie, #1-40 pts, #2-25 pts, #3-35 pts  = Total 100 pts).  Sum the total points for each member and divide the total by 3.33 
(3 person team) or 2.5 (4 person team) to get a weight in percent.  The average of this weight percentage from all your team members (note maximum 
110 %) will be multiplied by your average Project Team Grade at the end of the semester. 
 
For example, your team earns 60 points for an average project grade, and your team gives you an average of 95% on this team evaluation.  Your project 
grade is 60*0.95 = 57 points. 
 
Evaluation Person:_____________________________    Team Number:_____________________________ 
 
#1: 
 
 


#2: #3: #4 
Question 


    1. Attended all team meetings and contributed to the activities 
    2. Met task deadlines by the team 
    3. Quality ideas in the team activity 
    4. Quality and quantity of work in the team activity throughout the process 
    5. Quality and quantity of work in preparing the final projects 
    6. Helped keep the team organized, cohesive, and progressing toward completion of goals 
    7. Showed concern for the feelings of other team members 
    8. Demonstrated a positive attitude toward the team 
    9. Listened to ideas of other team members 
    10. Encouraged other team members to contribute to discussions 
 
 


   Total (add columns and divide by 3.3 (3 person team) or 2.5 (4 person team)) 


 
How satisfied are you with your team’s performance?      Very Satisfied;      Satisfied;      Slightly dissatisfied;     Very dissatisfied 
 
Is there team leader? 
 
Is there anyone in your team that you feel is either doing an exceptional job or is holding the team back?  If so, who is it and what is the situation? (use 
back of sheet). 





