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Abstract 

This report documents the design and implementation of several physical models and hands-on lab 

activities incorporated in an undergraduate structural dynamics lecture and laboratory course pairing 

offered at California Polytechnic State University, San Luis Obispo in the Architectural Engineering 

department during the Winter 2018 quarter. In previous quarters, the laboratory course has lacked 

opportunities for students to conduct their own physical experiments and has consisted primarily of 

MATLAB programming activities. Efforts to illustrate the dynamic behavior of various structures have 

primarily involved instructor demonstrations or online videos.  

 

The addition of physical models in the Winter 2018 offering promotes an engaging learning environment 

where students: 

¶ Learn to collect acceleration data for free or forced vibration tests using an accelerometer 

application on a smartphone and generate plots of this data using MATLAB 

¶ Conduct free vibration tests on various single-degree of freedom (SDOF) systems to investigate 

how mass, stiffness/height, material type, and damping type (pendulum or sloshing damper) 

effect structural period and damping  

¶ Observe and analyze data from forced vibration tests using a small-scale shake table or eccentric 

mass shaker for various SDOF systems, diaphragms, and multi-story frames to understand natural 

frequency, dynamic amplification, and mode shapes 

¶ Carry out a parametric study using a MATLAB tool that animates modal and time history 

response of a rigid diaphragm to investigate impacts of mass, geometry, and stiffness of this 

system type 

 

Student feedback was collected via a survey at the end of the Winter 2018 quarter, and the responses were 

largely positive. In general, these results indicate that observing the dynamic response of physical 

structural models, collecting and processing data, and comparing the results to theoretical predictions is 

highly immersive and encourages students to develop their engineering intuition, rather than memorize 

equations or procedures.  

 

The overarching aim of this report is to provide engineering educators at other institutions with a guide 

document on potential new curricula they could incorporate to achieve a balance of technical rigor and 

engaging activities in an undergraduate structural dynamics course. Detailed laboratory assignment 

handouts, sample data analysis (calculations and plots), as well as model fabrication drawings are 

included. Additional materials, such as sample MATLAB  code and data files can be requested via email 

from the research team. 
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1.  Introduction 

This document summarizes a collection of prototype teaching models developed by the authors to 

enhance the curriculum of two undergraduate courses offered during the Winter 2018 (W18) quarter in 

the Architectural Engineering (ARCE) department at California Polytechnic State University - San Luis 

Obispo (Cal Poly): ARCE 412, Dynamics of Framed Structures, and accompanying lab, ARCE 354, 

Numerical Analysis Laboratory. Cal Poly is known for its robust architectural engineering curriculum, 

and these courses cover advanced material not common in most other universitiesô undergraduate 

programs, including analysis of single- and multi-degree of freedom structures subjected to dynamic 

loads. Historically, these courses have had few interactive lab exercises. Keeping in mind Cal Polyôs 

trademark ñLearn By Doingò philosophy, the authors tried to develop engaging, hands-on activities that 

could be integrated into the curriculum to make difficult concepts more intuitive for students. The models 

are intended to be accessible in terms of cost and implementation so that instructors at other institutions 

can recreate them for their own use. 

This document first identifies the topic area and specific learning objectives for each model or activity, 

then discusses the design process, including photographs and fabrication drawings of the final design. 

Descriptions of the implementation of each model or activity are provided along with sample data 

analysis. Materials lists with costs and potential suppliers are also included. Further lab instruction 

materials and construction details are available in the appendices. Student feedback is presented and 

discussed after all the models are described. This data was collected through surveys conducted at the end 

of the W18 quarter through a Cal Poly IRB approved study titled: Use of Physical Experiments and 

Models in an Undergraduate Structural Dynamics Course (Project # 2018-075-CP), a collaborative effort 

between the student author and faculty member Dr. Anahid Behrouzi. 
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2.  Institutional Context and Details of Course 

Cal Poly is a predominantly undergraduate public university where the ARCE department is housed in the 

College of Architecture & Environmental Design (CAED) and has a total student enrollment of around 

300 students. As a result of this polytechnic multi-disciplinary setting, the ARCE curriculum has been 

developed to provide students with exposure to underlying theory of structural behavior as well as 

practical hands-on design using common building codes. This learning occurs under the guidance of 

research and practitioner tenure-track/lecturer faculty. The Cal Poly ARCE department aims to prepare 

bachelorôs degree students to enter directly into the structural engineering industry and take on challenges 

specifically related to seismic analysis and design. A strong understanding of structural dynamics forms 

the necessary basis for this type of earthquake engineering. 

The structural dynamics lecture and lab combination discussed in this report, ARCE 412/354, is typically 

taken by junior architectural engineering students. The lecture can enroll up to 32 students and the 

corresponding lab is taught in two sections of up to 16 students. The courses are commonly offered in the 

Winter and Spring quarters, and have enrollment demands sufficient for two lectures and 3-4 lab sections. 

Lecture is taught in a standard classroom with a projector, instructor station (computer + laptop 

connection), white/blackboards, a large table at the front of the classroom to display models or 

demonstrations, and individual or shared student tables. Lab is taught in a computer laboratory with a 

MATLAB -enabled computer for each student and includes visits to the seismic lab with access to a small 

shake table, but no student workspaces. 

The curriculum covers structural dynamics concepts that are not commonly taught in undergraduate 

programs and is based on the graduate structural dynamics textbook Dynamics of Structures, 5th Ed by 

Anil K. Chopra (Chopra 2016). Students learn how to analyze single- and multi-degree of freedom 

structures for dynamic response by determining mass and stiffness matrices, calculating natural 

frequencies and mode shapes, and implementing modal analysis to determine the response histories for 

given forcing functions. Relevant portions of the syllabi for the W18 quarter are included in Appendix A. 

Historically, the course has also included numerical analysis concepts that are not as closely related to 

dynamic structural analysis, including Gaussian Elimination and LU decomposition. The ABET 

requirements have recently changed with regards to these mathematical topics, allowing some of the 

topics to be covered in less detail or removed from the course and replaced with more engaging lab 

activities that focus on the core structural dynamics concepts.  
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3.  Proposed Physical Models and Lab Activities 

3.1  Physical Model Type 

The proposed physical models can be classified as table-top classroom models. The models are designed 

to be lightweight and transportable to facilitate their use in a variety of settings, namely lectures, labs, and 

office hours. Materials have been selected to be affordable and readily available at hardware or art supply 

stores. The model design assumes availability of basic power tools found in most workshops and the 

ability to use those tools. Several of the physical models employed the use of a water jet cutter, however, 

a laser cutter would be equally effective for cutting the components. Implementation of several of the 

models requires that at least one student per lab team have access to a functioning smartphone capable of 

downloading and utilizing basic applications.  

3.2  Free Vibration of a Single Degree-of-Freedom System 

3.2.1  Student Learning Objectives 

Students enter this course with an elementary understanding of stiffness, including how to determine the 

stiffness of a fixed-free column, which is all necessary prior knowledge for this single degree-of-freedom 

(SDOF) free vibration lab. This activity is designed to introduce students to some of the core concepts 

that are covered throughout the course, including: natural frequency, damping, and parameters that affect 

the dynamic response of a structure. Additionally, students were introduced to a free smartphone 

accelerometer application (ñAccelerometerò by DreamArc for iOS), which is used for several other lab 

activities throughout the W18 quarter.  

3.2.2  Physical Model 

The model is designed to be a SDOF cantilever model. The individual components of the physical model 

(base plate, cantilever members, and cell phone mount attachment) are shown in Figures 3.1(a-c); the 

experimental test set-up is shown in Figure 3.2. The figures shown here are those implemented in the 

Spring 2018 (S18) quarter. Both the original, and any updated fabrication drawings for the model 

components are included in Appendix D.1. 

                

 

(a) Base Plate                      (b) Cantilever Members                 (c) Phone Mount 

 

Figure 3.1: Single Degree-of-Freedom System Model Components 
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The base plate shown in Figure 3.1(a) is fabricated from 3/4" thick steel using the water jet cutter and 

welded; the clearance between the two feet are intended to reduce the risk of finger pinching when 

moving the model. The base plate is designed to be heavy enough to prevent rocking without clamping 

the model to a table-top. The design implemented in the W18 quarter included three adjustable slots that 

can be tightened into place with wing nuts as shown in fabrication drawings shown in Figure D.1. The 

design was updated for the S18 quarter to address the need for better fixity of the members to the base 

plate as shown in Figure D.2. In the updated design, the adjustable slots were welded upright to the base, 

and threaded bolts were welded to extend from the slots. Cantilever specimens were tightened into place 

against the vertical steel components with a washer and wing nut to create a fixed connection at the base.  

Cantilever members shown in Figure 3.1(b) were cut with the water jet cutter in a variety of materials, 

which were selected to have different properties (namely modulus of elasticity) and with cost in mind. 

Member widths and heights were selected to have noticeable oscillations during free vibration without 

buckling under its self-weight with the weight of the phone and mount. The members shown in Figure 

3.1(b) as pictured from top to bottom were 1/16ò thick steel, 1/4" plexiglass, and 1/4" thick wood at 12ò, 

18ò, and 22ò lengths. All members used in the W18 quarter are 1ò wide and have a reduced width of 3/4ò 

at the ends to fit in the base slot; there are also two holes on each end. A suggested update to the specimen 

design would be to have a single hole at each end of the cantilever and maintain a constant width along 

the height. The two designs are shown in fabrication drawings shown in Figure D.4. 

As shown in Figure 3.1(c), an off-the-shelf phone mount was used with an origami-style folded 24-gauge 

steel sheet metal attachment, fabricated with the water jet cutter, to securely attach the phone mount to the 

cantilever member so the phone screen is perpendicular to the direction of motion. The mount 

implemented in the W18 quarter has two holes for wing nuts, but a revised design having a single hole 

with a bolt welded into place would only require a single wing nut for attachment, thus reducing setup 

time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.2: Cantilever Setup 
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3.2.3  Instruction Using Physical Model 

This lab activity for the W18 quarter has two parts -- hand calculations and experimental testing as 

described in lab assignment included in Appendix B.1. Each student group tests 12ò, 18ò, and 22ò 

cantilevers of a single material. The students are asked to calculate the stiffness, natural circular 

frequency, and period for a single material and length using dimensions and weights that they measure 

with a caliper, tape measure, and weighing scale. Students are instructed to have at least one group 

member download a smartphone accelerometer application. They are given a tutorial on how to obtain 

and use the phone application, which is included in Appendix B.2. 

To collect the experimental data, students are instructed to tighten a test specimen into the slot in the base 

plate and affix the phone mount to the free end of the cantilever. The phone is placed into the mount, and 

the accelerometer application is activated to collect data while the model is stationary. A student displaces 

the free end of the cantilever member a set distance and releases it from rest. Once the oscillations have 

fully attenuated, the accelerometer is stopped, and the data is emailed to one of the students as a comma 

separated values (.csv) file. 

Students follow instructions on the accelerometer application tutorial to import the acceleration data into 

MATLAB. They are instructed to plot the acceleration time history for each cantilever length of their 

assigned material type on a single plot and determine the period of oscillation from the plots, which they 

compare with the values determined from hand calculations. Students are instructed to share data between 

groups in order to make comparisons of dynamic response between a larger variety of cantilever 

specimen materials and lengths. In their submittal, they are asked to include comments on the differences 

in response based on member height and material, as well as to comment on potential sources of error 

between the hand calculated periods and the experimentally found periods. 

3.2.4  Sample Data Analysis 

In the lab assignment, which can be found in Appendix B.1, the students are asked to complete a table 

with hand calculated values for each specimen. The completed table will look similar to Table 3.1. 

Table 3.1: Sample Hand Calculations for SDOF Free Vibration Lab
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Where: E = modulus of elasticity (ksi) 

t = member thickness (in) 

b = member width (in) 

L = effective member height (in) 

I = moment of inertia (in4) 

K = stiffness (lb/in) 

‫  =  natural circular frequency (rad/s) 

Ὢ = natural frequency (Hz) 

Ὕ = natural period (s)

The acceleration time histories recorded with the smartphone accelerometer application can be opened 

with MATLAB. The time histories for each of the nine specimen are shown in Figure 3.3. 

 

Figure 3.3: Acceleration Time Histories for Cantilever Specimens for SDOF Free Vibration Lab 

While there are multiple ways to find the period with MATLAB code, for simplicity, students are asked 

to examine the peaks of the acceleration time history. Using the trace tool in the MATLAB plot, students 

find the time between two consecutive peaks. This is repeated for three sets of peaks, and the average is 

taken to be the period for that cantilever member. 

Students are asked to comment on the results. They should note that taller members have longer periods 

and that the material affects the relative damping. They are also asked to comment on potential sources of 

error between the theoretical and experimental results. For example, all experimental results presented in 

this document have longer periods than those found with hand calculations. A reasonable explanation for 

this could be in the material property assumptions or the calculation of system stiffness is based on a 

length that may not be accurately measured to the actual center of mass. Additionally, in the lab students 

are instructed to assume that half of the member weight is lumped with that of the phone mount and 

smartphone; this lumped mass assumption may result in some inaccuracy as well. 
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3.2.5  Materials List 

 

Students should be provided access to a tape measure, ruler, and weighing scale. Additionally, materials 

to fabricate the base plate, cantilever members, and cell phone mount attachment are listed in Table 3.2. 
 

Table 3.2: SDOF Free Vibration Lab Materials List 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3.3  Structural Damping and the Logarithmic-Decrement Method 

3.3.1  Student Learning Objectives 

Students are introduced to damping, a concept pertinent in the seismic design of structures. In this 

activity, students experiment with a triangular model that can be equipped with a pendulum mass and a 

sloshing liquid damper so students can observe the effects of different damping mechanisms on free 

vibration response. Using the same smartphone accelerometer application from the activity from Section 

3.2, students record acceleration time history data which they use to calculate the damping ratio using the 

logarithmic-decrement method as well as to determine the equation of motion for damped free vibration.  

3.3.2  Physical Model 

An existing triangular model was used for this activity; the dimensions, column fixities, material 

properties, and weight of this structure can be found in Figure D.14. In previous quarters, students have 

conducted free vibration tests to estimate: (i) the period of this structure by using a stopwatch to measure 

the time it takes to complete twenty cycles of motion, and (ii) the damping ratio by determining the 

number of cycles required for the displacement amplitude to decrease from 3ò to 1ò. The major update to 

the triangular model was an attachment for pendulum mass and sloshing liquid dampers to demonstrate 

the effects of different damping mechanisms. In creating this attachment, the original model was not to be 

permanently altered or damaged. The attachment is composed of the upper mount, lower mount, and 

slotted weights as illustrated in Figure 3.4 and described below. Fabrication drawings for the model 

components are included in Appendix D.2. Note: all steel components were cut using the water jet cutter.  
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(a) Damping Attachment Components             (b)Damping Attachment affixed to Triangular Model 

Figure 3.4: Triangular Structural Damping Model Components 

The upper mount is designed to hold a plastic Tupperware® container in place, which can be filled with 

water to act as a sloshing liquid damper. There is a steel strap that spans across the top of the triangular 

wooden diaphragm with holes at each end to attach to the lower mount. Spot welded to this is a T-shaped 

piece of 1/16ò steel. Each end of the T-shaped component has tabs bent at 90-degree angles to prevent 

sliding of the Tupperware® container; an additional tab has a hole for attaching the cell phone mount. 

The lower mount is composed of a bent T-shaped steel strap with a length equal to the upper mount strap, 

and it is connected to the upper mount with a nut and bolt at each end. The vertical portion of the T-

shaped strap, located at its mid-span, has two holes ï one to act as the pivot for the pendulum and the 

other to lock the pendulum in place. The pendulum lever arm is a 1/16ò metal strap with multiple holes 

for attaching weights at various heights.  

Five circular slotted weights were cut from 1/8" steel and designed to slide onto the hanging pendulum or 

on one of the vertical tabs on the top mount (to compare the sloshing mass to an equivalent fixed mass). A 

seat for the weights is cut from 1/16ò steel and folded to be attached to the pendulum lever arm with a 

wing nut. A recommended update to the seat is a design where it only touches one side of the pendulum 

arm allowing a bolt to be welded into the seat so that a single wing nut would be used to attach the 

weights, reducing setup time.  

3.3.3  Instruction Using Physical Model 

Student groups are instructed to set up and collect acceleration data for one of five different conditions 

shown in Figure 3.5: (a) locked pendulum with no weight attached, (b) locked pendulum with slotted 

weights fixed on the top of the structure, (c) locked pendulum with weights on pendulum, (d) unlocked 

pendulum with weights on pendulum, and (e) plastic Tupperware® container filled with water equivalent 

to weight of slotted weights (a measuring cup indicating the volume of water equivalent to one slotted 

weight is provided). Students are given a table of values that summarizes the weight of all the components 

in order to determine the mass for each of the five scenarios. 
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Figure 3.5: Damping Configurations (a-e) 

For each condition, the triangular wooden diaphragm is displaced 2ò and released into damped free 

vibration scenario. Once the data is recorded, students plot the acceleration time history in MATLAB 

utilizing the ñsplineò function to smooth the data. With the acceleration time history plots, students 

implement the logarithmic-decrement method to determine the damping ratio and associated damping 

coefficient for conditions (a -c); for the S18 lab this was updated to conditions (a-b). An example of this 

procedure is presented in the Section 3.3.4.  Students use these values to determine the equation of motion 

for damped free vibration and to plot the idealized displacement time history. Lastly, students comment 

on the damping values they calculated as well as trends they observed in the damped scenarios. 

3.3.4  Sample Data Analysis 

To find the damping ratio and ultimately plot the idealized displacement time history for damped free 

vibration, students use the logarithmic-decrement method which is described in Chopra (2016) Chapter 2. 

First, the acceleration time history for each condition is plotted, as shown in Figure 3.6. 
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Figure 3.6: Acceleration Time Histories for Triangular Damping Model  

Using the trace tool in the MATLAB plot, students determine the damped period and the acceleration 

values at several peaks. Equation 3.1 is used to find the damping ratio, ‒, based on the logarithmic-

decrement method for when ‒ is small (< 0.20). This method is only possible for conditions with a regular 

period and signal attenuation, and is not valid for the pendulum mass or sloshing water conditions. 

‒

ὰὲ
όὭ
όὭὮ

Ὦφ“
           [Equation 3.1] 

Where ό is the peak acceleration, and ό  is the peak acceleration j cycles later.  



16 

 

The equation of motion for damped free vibration can be expressed as shown in Equation 3.2: 

άό  ὧό  Ὧό  π        [Equation 3.2] 

Where  ό = acceleration 

ό = velocity 

u = displacement 

m = mass 

 c = coefficient of damping = φ‒ά‫  

 k = stiffness 

 

The right side of the equation is zero because there is no forcing function acting on the system during free 

vibration. Once the damping ratio is calculated, Equation 3.3 can be used to determine the idealized 

displacement time history, u(t). This can be derived from the equation of motion using linear algebra, as 

described in Chopra (2016) in Chapter 2. The period found by examining the peaks of the acceleration 

time history is the damped natural period, which is used to find the damped natural circular frequency. 

Equation 3.4 is used to determine the undamped natural frequency. 

όὸ  Ὡ ‫ὲ ὃὧέί‫Ὀὸ ὄίὭὲ‫Ὀὸ        [Equation 3.3] 

ὃ  ότ                     [Equation 3.3a] 

ὄ τ ‒‫ὲὃ

ʖὈ
                      [Equation 3.3b] 

‫ ‫ υ ‒φ                                                    [Equation 3.4] 

Where  ‫ = damped natural circular frequency 

‫ = natural circular frequency 

  ότ= initial displacement 

 ότ= initial velocity 
 

Students are asked to plot this idealized displacement time history for conditions (a-c). An example of the 

idealized displacement time history is shown in Figure 3.7 for condition (a). 
 

 

Figure 3.7: Idealized Displacement Time History for Triangular Damping Model Condition (a) 
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3.3.5  Materials List 

 

Students should be provided access to a tape measure or ruler and weighing scale. Additionally, materials 

to fabricate the attachment for the existing triangular mount are listed in Table 3.3. 
 

Table 3.3: Damping Attachment Materials List 

 
 

3.4  Harmonic Forced Vibration of a Single Degree-of-Freedom System  

3.4.1  Student Learning Objectives 

Having taken several structural analysis courses, students are familiar with calculating static deflections; 

this activity introduces them to the concept of dynamic amplification due to a harmonic force input. 

Students first observe a frequency sweep for two steel cantilever models on a Quanser Shake Table II. 

Students then use acceleration data collected during a frequency sweep of a cantilever models to 

experimentally determine natural frequency and damping ratio to develop a dynamic amplification (Rd) 

curve and calculate the Rd factor for any given forcing frequency. By multiplying a static deflection by 

the Rd factor for the forcing frequency of a harmonic input, the actual peak deflection can be determined. 

3.4.2  Physical Model 

Steel cantilever specimen(s) described in Section 3.2 are fixed to the base plate and clamped to the shake 

table. Figure 3.8(a) shows the two cantilever test set-up and Figure 3.8(b) shows the frequency sweep test 

set-up where acceleration time history data was collected for a single 22ò steel cantilever specimen using 

the smartphone accelerometer application. Additional mass (clamps) were fixed to the cantilevers. 

 

 

 

 

 

              

           
 

(a) Two Cantilever Set-up for Observation  (b) Cantilever Set-up for Data Collection 

Figure 3.8: Shake Table Set-ups for Student Observation (left) and Data Collection (right) 
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3.4.3  Instruction Using Physical Model 

Prior to the Lab Session 

The process of recording acceleration data for a complete frequency sweep is time intensive; therefore, it 

was not possible for students to record and analyze the data in a single three-hour lab session. To address 

this, the acceleration data was recorded by the authors beforehand, and the raw acceleration data was 

given to the students in a single Excel file. To perform the frequency sweep, first the natural frequency 

was found to be roughly 1.00 Hz. Once this was determined, 20- 30 seconds of acceleration data was 

collected for frequencies ranging from 0.50 Hz to 3.00 Hz. While conducting the frequency sweep, it is 

helpful to continually update a plot of peak accelerations versus frequency to verify the data and to 

address any errors that occur during data acquisition, particularly due to jolting of the model when 

starting or stopping the accelerometer application. 

During the Lab Session 

First, students observe frequency sweeps for 12ò and 22ò steel cantilevers. They are instructed to record 

qualitative observations and note the natural frequency for each (where they observed the largest 

deformation response). This allows students to make observations about resonance and dynamic 

amplification.  

Then, students are given the pre-recorded acceleration data associated with each forcing frequency 

applied to the 22ò steel specimen and instructed to import the data into MATLAB to plot the normalized 

peak acceleration versus frequency. As an additional activity, students are asked to create approximate Rd 

curves for a SDOF system with given weight, stiffness, and various damping ratios; based on the forcing 

frequency, they then use the curve to determine the appropriate Rd factor. The Excel file with the raw 

acceleration data and a MATLAB script that creates the Rd curve are available upon request. 

3.4.4  Sample Data Analysis 

Students use the raw acceleration data provided in a single Excel file to write MATLAB code to find the 

maximum acceleration for each of the forcing frequencies and create a plot of peak accelerations versus 

forcing frequency, as shown in Figure 3.9. 
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Figure 3.9: Peak Acceleration vs Forcing Frequency, Raw Data 

The half-power bandwidth method described in Chopra (2016) Chapter 3 makes use of the expression 

shown in Equation 4.1 to find the peak acceleration values that corresponds to half power bandwidth, and 

the corresponding frequencies, f1 and f2, are found using MATLAB. Figure 3.10 shows the peak 

acceleration vs forcing frequency plot with the splined data and with the maximum peak (resonant 

amplitude) acceleration and half-power accelerations indicated. 

ὃ
φ

        [Equation 4.1] 
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Figure 3.10: Splined Peak Acceleration vs Forcing Frequency Data with Ὢ, Ὢ, and Ὢ Indicated 

The damping ratio (‒) is found with Equation 4.2. With the damping ratio known, Equations 4.3 is used to 

determine the normalized forcing frequencies (‍), and Equation 4.4 is used to determine the dynamic 

amplification factor (Ὑ ), which can be plotted against the normalized frequencies to create the Ὑ  curve, 

shown in Figure 3.11. 

‒
φ

         [Equation 4.2] 

‍
Ӷ
 where ὪӶ is forcing frequency (Hz)     [Equation 4.3] 

Ὑ
υ

υ‍φ φ‒‍φ
        [Equation 4.4] 

In future quarters, students could be asked to write MATLAB code that plots the Ὑ  vs. forcing 

frequency, like that shown in Figure 3.11 curve using the following steps: 

1. Plot raw peak acceleration vs frequency, 

2. Spline the data to generate a smoother curve with additional interpolated points,  

3. Find the peak acceleration and associated frequency,  

4. Use half-power bandwidth method to find the damping ratio,  

5. Use a ñfor loopò in MATLAB to determine beta and Rd for each frequency, and  

6. Plot the Rd curve.  

 


















































































