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ABSTRACT 

 

Many rural communities around the world become isolated from their basic needs during 

the rainy season, so pedestrian suspension bridges are being built to provide hundreds of 

thousands of people with basic access.  However, suspension pedestrian bridges have low 

stiffness, mass, and damping, causing them to be prone to vibration problems.  Pedestrian 

loading can cause a dynamic effect that creates public alarm to the point where bridge users 

perceive it to be unsafe.  The present study analyzed two scaled, physical models and forty 

numerical models to determine how changing certain design parameters affects modal 

frequencies and the dynamic response compared to human comfort limits.  The physical models 

were created to calibrate and validate the numerical models which were used to conduct the 

parametric study, which included a modal analysis and time-history analysis of a person walking 

across the bridge.  The parametric study analyzed span length, cable sag, vertical stiffening, and 

lateral stiffening.   

The study determined that the modal frequencies of pedestrian suspension bridges do not 

meet the recommended ranges and the vertical velocities, lateral accelerations, and vertical 

accelerations of the structure when one pedestrian walks across exceed human comfort limits.  

Shorter span lengths have higher modal frequencies and dynamic responses.  Lower cable sags 

have higher vertical frequencies and lower vertical dynamic responses. Adding stiffening 

increases the frequencies and decreases the dynamic response, but the response still exceeds 

human comfort limits.  
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Chapter 1  
 

Information  

1.1 Background 

While strength is a very important design consideration, serviceability is also important, 

especially for suspension footbridges.  Pedestrian loading can cause a dynamic effect that creates 

public alarm to the point where bridge users perceive it to be unsafe.  The dynamic response of 

pedestrian suspension bridges has been an issue for many years and continues to be a problem.  

The Millennium Bridge in London is an example of a pedestrian suspension bridge that had a 

serviceability failure as a result of not meeting serviceability limits for pedestrian loading.  The 

bridge was opened on June 10, 2000 and closed two days later due to the continuous lateral sway 

of the deck that was approximately 70 mm (ARUP, 2014).  This is an example of a serviceability 

problem that can result from the dynamic response of pedestrian bridges.  Therefore, pedestrian 

bridges must be analyzed for the dynamic response, and the structure must be designed to 

mitigate serviceability failures and to maximize public acceptance of the bridge.   

Resonance is caused when a modal frequency of a bridge matches the loading frequency.  

This is not a new problem.  Soldiers were ordered to break step when crossing bridges to reduce 

the likelihood of impacting the structural integrity.  Today, pedestrian loading remains a concern 

for footbridge design.  Pedestrian bridges are slender, meaning they have a low mass, stiffness, 

and damping.  This increases their susceptibility to serviceability failures under normal human 

walking loads (Shi, 2013).  The overall bridge stiffness depends on the bridge mass and 
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damping.  The structural damping depends on the elements that make up the bridge and how they 

are distributed.  The stiffness of the bridge determines its modal frequencies and the dynamic 

response, including the displacements, velocities, and accelerations of the structure.  If the modal 

frequency of the bridge matches the frequency of the pedestrian loading, the bridge will 

experience resonance that could lead to a serviceability failure.  Vibration response is a concern 

for pedestrian bridges, and this dynamic response must be accounted for in the design.    

Many people in third world countries around the globe are in need of pedestrian bridges 

to access their basic needs.  During the rainy season, some rural communities are isolated from 

healthcare, education, and markets; people must either do without these necessities or risk their 

lives trying to cross rushing rivers.  Bridges to Prosperity (B2P) is a non-profit organization that 

builds pedestrian suspension bridges in communities in Africa, Asia, Central America, and South 

America.  B2P has created a standard design, which has evolved after several versions of the 

Bridge Builder Manual, so a company can adapt the standard design to a site and construct a 

bridge for a community in need.  Therefore, pedestrian suspension bridges are becoming very 

common, but there is little research done on the dynamic movement of these slender structures.   

1.2 Problem Statement 

Serviceability failures are a problem for footbridges where pedestrian loading is often at a 

frequency near the first modal frequency of the footbridge.  The first six modal frequencies for 

typical pedestrian suspension bridges are about 2 Hz or less, with the first lateral mode having a 

frequency around 0.3 Hz and the first vertical mode having a frequency around 0.7 Hz.  A typical 

human stride frequency is between 1.6 and 2.4 Hz.  Therefore, the fundamental load frequency 
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for vertical excitation is about 2 Hz.  The fundamental load frequency for lateral excitation is 

about 1 Hz; this response is a result from the way people shift their weight from right to left as 

they walk (Shi, 2013).  The American Association of State Highway and Transportation Officials 

provides limits for fundamental frequencies in the Specification for Pedestrian Bridge Design; 

the fundamental frequency in the vertical plane of a pedestrian bridge without live load must be 

greater than 3 Hz, and the fundamental frequency in the lateral direction, which is transverse to 

the deck, must be greater than 1.3 Hz (Chung, 2014).  These fundamental frequency limits are 

important because if a modal frequency of the bridge matches a fundamental frequency from 

pedestrian loading, large displacements can occur.  Therefore, the dynamic response of 

footbridges must be determined before they are constructed to create structures without 

serviceability problems.   

 Many pedestrian suspension bridges are experiencing large vibrations from normal 

pedestrian loading.  Pedestrian bridges are useless if people feel unsafe to use the structure.  

Therefore, this serviceability problem warrants research specifically dealing with the dynamics 

of pedestrian suspension bridges.   

1.3 Focus of Research 

The purpose of the present study is to determine how certain structural parameters affect 

the displacements, velocities, accelerations, and modal frequencies of suspension footbridges to 

mitigate the potential for serviceability concerns.  There are many different types of suspension 

footbridges, but the footbridges used for the present study will be based off the standards from 
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Bridges to Prosperity because this type of footbridge is being built in countries all around the 

world and vibration problems are known to be an issue.   

1.4 Scope of Research 

There are three design quantities evaluated for the present study: 1) cable sag; 2) vertical 

stiffness; and 3) lateral stiffness.  Two values for cable sag are evaluated for the present study ï 5 

percent of the span and 7.5 percent of the span.  Larger cable sag values are unable to be 

evaluated due to physical constraints.  Vertical stiffening is added through cross bracing that 

connects the main cable to the sides of the deck.  The stiffening is located in the middle and at 

the ends of the footbridges to mitigate the fundamental vertical mode shapes.  Lateral bracing is 

added through cross bracing that connects one corner of the crossbeam to the opposite corner of 

the adjacent crossbeam underneath the decking boards.  Lateral stiffening is also present in the 

middle and at the ends of the footbridges due to the fundamental lateral mode shapes.   

These three design quantities are studied for five different span lengths: 40 m, 50 m, 60 

m, 70 m, and 80 m.  Numerical models are created to determine the modal frequencies and 

dynamic response of pedestrian suspension bridges.   

SAP2000 is used to complete the parametric study for the numerical models.  Each 

suspension footbridge is modeled in SAP2000, and a modal analysis is conducted to determine 

the modal frequencies of the structure.  Also, the displacements, velocities, and accelerations 

under pedestrian loading are calculated through the use of a nonlinear direct-integration time-

history analysis to determine if the model meets the human tolerance criteria.   
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Two scaled physical models are constructed to calibrate the numerical models.  The 

physical modelsô behavior is used to adjust base fixity, material properties, and mass distribution 

to create numerical models with modal frequencies that match the frequencies of the physical 

models.  The physical models are of a scaled 40 m bridge with 5 percent cable sag and a scaled 

80 m bridge with 7.5 percent cable sag because these are the two extremes for the bridges used 

for the present study; this allows for a comparison of how the bridges behave.  The physical 

models incorporate materials with properties similar to the actual materials used to construct 

common footbridges; however, the mass and dimensions of the elements are scaled. The physical 

models are tested by applying an initial pedestrian walking force and recording the vibration on a 

high speed video camera to determine the modal frequencies.   

1.5 Objectives 

¶ Determine how changing span length, cable sag, vertical stiffness, and lateral 

stiffness changes the dynamic response of footbridges 

¶ Determine ways to mitigate vibration concerns, including displacements, 

velocities, and accelerations, to meet requirements for human comfort 

¶ Determine ways to adjust the first several modal frequencies to meet the 

frequency limits for pedestrian bridges 

1.6 Organization of Thesis 

Chapter 2 presents the literature review conducted for the present study.  Chapter 3 

presents the physical model design, construction, loading and data collection.  Two scaled bridge 
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models were tested to obtain the modal frequencies.  These frequencies were used to calibrate the 

numerical models presented in Chapter 4.  Chapter 4 discusses the model design, calibration 

process, and the parametric study.  The parametric study involves forty SAP2000 models used to 

determine how changing the cable sag or stiffness affects the dynamic response of suspension 

footbridges.  The physical model results are used to validate the numerical models for the 

parametric study.  The results from the parametric study and physical models are presented in 

Chapter 5; the conclusions and further research are presented in Chapter 6.   
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Chapter 2  
 

Literature Review 

2.1 Suspension Bridge Analysis 

The first suspension bridge that had a flat deck connected to a cable through suspended 

hangers was the Jacobôs Creek Bridge build in Pennsylvania in 1801.  This was an iron-chain 

suspension bridge that, unfortunately, collapsed only halfway through its 50-year design life.  

Several suspension bridges collapsed in the 1800s due to oscillations and vibrations caused by 

wind and pedestrian loading; this demonstrated the need to develop suspension bridge analysis 

techniques to design safe structures.   

2.1.1 Historical Suspension Bridge Analysis 

Suspension bridge analysis theory in the 1800s differs greatly from current suspension 

bridge theory. Henri Navier was an influential figure in suspension bridge analysis advancement 

and he considered the cable geometry of suspension bridges as a parabola.  He suggested that 

designers use a flexible deck with sag ratios of 1/12 to 1/15.  However, Navier had several 

misconceptions about suspension bridge behavior.  James Finley, who designed Jacobôs Creek 

Bridge, suggested a rigid deck with a 1/7 sag ratio (Kawada, 2010).  However, most bridges built 

in the early 1800s had low stiffness and mass, which resulted in high deflections and oscillations.   

The elastic theory was used to design most suspension bridges built in the 1800s.  This 

theory is based on the assumption that cables do not deform under live loads.  However, this 

theory is incorrect, and it was later replaced with the deflection theory.  Therefore, many 

suspension bridges that were designed based on the elastic theory collapsed and the overall 
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suspension bridge analysis techniques did not result in a safe structural design.  The Wheeling 

Bridge in West Virginia collapsed during a storm; the bridge vibrations continued to increase in 

magnitude, and the structure failed due to the low stiffness of the suspension bridge design 

(Kawada, 2010).   

John Roebling understood the stiffness problems with suspension bridge design of the 

time.  He fabricated wire ropes, which are still in use for suspension bridges.  Some suspension 

bridges were built from chain cable, so when one chain in the cable failed, the entire cable failed; 

however, the breakage of a single wire in a wire rope cable does not greatly affect the strength of 

the structure .  Roebling bundled wires together to form a cylinder that had the same cross 

section throughout the cable length.  This wire rope was the best solution for economical 

construction of long span suspension bridges (Kawada, 2010).   

Suspension bridge analysis did not turn from the elastic theory to the deflection theory 

until the 1900s.  The deflection theory considers the deflection in the cable caused by loads; this 

deflection increases the stiffness of the cable as it is loaded due to the geometry of the deflected 

shape.  This method allows for a more efficient structural design because the stiffening effects of 

the dead load are considered.  The deflection theory also allowed for longer span suspension 

bridges to be built because the vertical stiffness could be increased through the use of the mass of 

the cables and the suspended structure (Kawada, 2010).   

2.1.2 Modern Suspension Bridge Analysis 

Stiffness of suspension bridges continues to be a problem today.  The Tacoma Narrows 

Bridge failed under wind loading due to its extreme slenderness.  The suspended bridge had a 

depth-to-span ratio of 1:350 and a width-to-span ratio of 1:72.  In addition, the structure had 

plate girders with no large stiffening trusses that were common for suspension bridges built 
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during that time.  To overcome aerodynamic response of suspension bridges, either a stiffening 

truss with open grating decks was used or the mass of the suspension bridge was increased.  

Additional mass improves the dynamic properties of the bridge by decreasing the amplitude of 

the oscillations and increasing the critical wind speed.  However, the Severn Bridge attempted to 

design for stiffness using diagonal hangers.  These hangers experienced high stress amplitudes 

that varied from zero to levels exceeding the allowable design limit, resulting in a fatigue failure 

of the suspenders after only 10 years of service (Kawada, 2010).   

In addition, pedestrian loading can cause concerns regarding lateral stiffness if not 

properly accounted for in the bridge design.  The Millennium Bridge was closed a few days after 

opening due to large lateral vibrations induced by pedestrian loading.  The structure had a first 

lateral modal frequency of 0.9 Hz, which is very similar to the 1 Hz lateral frequency of 

pedestrian loading.  Therefore, chevron bracing and tuned mass dampers were added beneath the 

deck to reduce the lateral vibrations.  This serviceability problem demonstrates the importance of 

analyzing suspension bridges for vibrations in the vertical and lateral directions (Kawada, 2010).   

Today, suspension footbridges must be designed for both strength and serviceability limit 

states.  Factored design loads are used to size the members for strength limit states.  However, to 

complete a serviceability evaluation, several pieces of information, including the footbridge 

dynamic properties, a model of the human-induced force, and the human tolerance level for 

vibrations, must be known (Zivanovic, 2005).   
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2.2 Dynamic Response 

2.2.1 Basic Footbridge Dynamics 

Footbridges follow the basic equation of motion, so their dynamics are based on their 

mass, damping, and stiffness.  The stiffness of a slender footbridge is not constant because it 

experiences large displacements.  The stiffness of footbridges is provided by the cable, and it 

depends on the axial forces in the cable; the axial force depends on the cable geometry, which 

changes as the structure is loaded and unloaded (Huang, 2007).  Therefore, the stiffness changes 

as the cable deforms or vibrates during loading because cables behave non-linearly.  This change 

must be considered to accurately predict the dynamic response of the structure.  The present 

parametric study was designed based on the dynamics of footbridges and the expected response 

to certain changes to the structure.   

2.2.2 Vibration Modes 

Footbridges have several vibration modes that can be in the vertical, lateral, torsional, or 

longitudinal direction.  According to Huang (2007), lateral and torsional modes are coupled 

together into lateral-torsional modes or torsional-lateral modes.  Vertical modes typically appear 

as pure modes, and longitudinal modes are typically not present in the first 20 frequencies 

(Huang, 2007).  Suspension footbridges are easily excited in the vertical direction due to 

pedestrian loading; however, lateral vibrations are not excited as easily.  People tend to create a 

larger force in the vertical direction when they walk, which excites the vertical frequencies more 

easily.  In addition, suspension footbridges do not easily develop a torsional response 

(Brownjohn, 1997).  However, some studies, such as the Morca suspension footbridge in 

northern Italy, exhibit vertical modes in addition to vertical torsion modes that result from the 
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deck moving in the vertical direction while twisting around the centerline of the deck (Gentile, 

2008).   

2.2.2.1 Singapore Footbridge Response 

A 35 m suspension footbridge in Singapore was tested with heel-dropping, walking, and 

bouncing, and then the bridge was modeled using finite element software.  The bridge has a 5.5 

m sag with back spans located at a 30 degree angle below the horizontal.  The hangers are 

located at 3 m on center with a 1.2 m wide deck.  Two-dimensional models with the deck 

represented as a beam accurately predicted the dynamic response of the bridge.  This accuracy 

means the lateral and torsional resistance of the deck has little effect on the vertical vibrations, 

which means the vertical vibration modes are pure (Brownjohn, 1997).  This pedestrian bridge 

was designed with stiff hangers, so the deck and cable vibrated together when the bridge was 

excited.   

Brownjohn (1997) developed 2-D and 3-D numerical models to determine the dynamic 

response of the footbridge.  He developed the 3-D models to confirm the accuracy of the 

simplified 2-D model.  Because the difference between the models was minimal, even for 

complex mode shapes, the 2-D model was used by Brownjohn to study the critical vertical plane 

dynamic response of the bridge.   

Brownjohn discovered five vibration modes from the 3-D finite element model as 

presented in Figure 1.  The first two vertical modes, which are VS1 and VA1, were excited by 

jumping followed by free decay.  The fundamental lateral mode is LS1 and was heavily damped.  

The two torsional modes, which are TS1 and TA1, were not easily excited, so they are not a 

critical concern (Brownjohn, 1997).   
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Figure 1: Vibration Modes for Footbridge in Singapore (Brownjohn, 1997) 

Because of these results, the present study does not consider longitudinal forces from 

pedestrians because longitudinal modes are not excited on typical footbridges.  However, 

vertical, lateral, and torsional modes are studied.   

2.2.2.2 Morca Footbridge Response 

A 91.6 meter suspension bridge in northern Italy was dynamically tested under normal 

pedestrian and wind loading.  This bridge has lateral stiffening trusses along each side of the 2.5 

meter wide deck.  Five vibration modes were detected within the 0 to 2 Hz frequency range.  

These modes are vertical bending modes or vertical torsional modes.  Figure 2 presents the five 

vibration modes.  Both the first vertical (VA1) and first torsional (TA1) mode involved one 

complete sine wave (Gentile, 2008).  Lateral vibration modes are likely not present due to the 
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lateral stiffening trusses.  The first (VA1), second (VS2), and fifth modes (VS3) are bending 

modes, and the third (TA1) and fourth modes (TS2) are torsional modes.   

 

Figure 2: Vibration Modes for Morca Footbridge (Gentile, 2008) 

The Morca Footbridge confirms the need to analyze vertical modes for the present study.  

Because the footbridges considered for the present study do not have a lateral stiffening truss, 

lateral modes are also analyzed for the present study.  However, lateral stiffening is considered 

for the present study because the Morca Footbridge had no lateral modes due to stiffening in that 

direction.   
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2.2.3 Modal Frequency 

Each suspension bridge has different modal frequencies; however, the vibration modes 

are similar.  The Singapore frequencies are as follows: the first symmetric mode (VS1) has a 

frequency of 2.15 Hz, the first asymmetric mode (VA1) has a frequency of 2.11 Hz, the 

fundamental lateral mode (LS1) has a frequency of 1.25 Hz, and the two torsional modes (TS1 

and TA1) have frequencies of 2.52 Hz and 1.84 Hz (Brownjohn, 1997).  These frequencies are in 

the range of walking, which results in large displacements.   

The frequency of the bridge in the lateral modes depends heavily on the effectiveness of 

the diagonal bracing under the deck.  The cable axial stiffness affects the frequency of the first 

symmetric mode in the vertical plane (VS1) the most.  The first asymmetric mode in the vertical 

plane (VA1) behaves similar to a beam with partially fixed ends.  This bridge experienced a high 

dynamic response under typical pedestrian loading due to the match between the frequency for 

the first modes in the vertical plane (VS1 and VA1) and the typical footfall frequency of 2 Hz.  

The Singapore footbridge is rigid; however, the modal frequencies match the pedestrian 

frequency, which results in large vibrations.  The frequencies in the vertical modes could be 

adjusted by changing the girder rigidity or cable stiffness.  Also, the length of the backstay could 

be changed to change the modal frequency of the first vertical mode (VS1) (Brownjohn, 1997).   

The modal frequency of the first vertical bending mode (VA1) of the Morca footbridge is 

0.443 Hz, the second vertical bending mode (VS2) has a frequency of 0.646 Hz, and the last 

bending mode (VS3) has a frequency of 1.264 Hz. The first torsional mode (TA1) has a 

frequency of 0.738 Hz, and the second torsional mode (TS2) has a frequency of 0.965 Hz.  The 

Morca footbridge modal frequencies are lower than those of the Singapore footbridge.  



15 

Therefore, the Morca footbridge has a greater chance of reaching resonance for pedestrians 

walking at a lower frequency.   

Overall, many of the structural decisions made during design greatly affect the dynamic 

response of the bridge and its modal frequencies which could result in serviceability problems 

under certain types of loading.  Based on results of previous studies, it is expected that the 

footbridges analyzed in the present study will have modal frequencies that fall in the same range 

as pedestrian walking frequencies.  Additional cable stiffening is being considered to adjust the 

frequencies of the footbridges.   

2.2.4 Pedestrian Loading and Structure Interaction 

The dynamic response of footbridges changes when pedestrians are present on the 

structure.  Moving pedestrians increase the mass and damping of flexible footbridges with light 

timber floors.  This is due to the fact that the mass of people is significant compared to the mass 

of the structure.  Walking crowds can increase the damping of the structure in the vertical 

direction; however, there is limited data to quantify this effect, and data for lateral dynamics of 

footbridges with moving people is very scarce.  In addition, jumping and bouncing can change 

dynamic properties.  Jumping forces are about two times less on flexible footbridges than on 

rigid structures (Zivanovic, 2005).  The present study does not model pedestrian and structure 

interaction.   

2.2.5 Dynamic Response Measurement 

While calculating the dynamic response of structures from numerical models is helpful, 

the numerical models must be validated with the actual response of the structures.  Therefore, 

research has been conducted to determine accurate ways to measure the dynamic response of 

pedestrian suspension bridges; this research includes studying the proper equipment to use and 
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how to place the equipment on the bridge.  Modern research includes studying the use of Global 

Position System (GPS) with accelerometers to gain a full understanding of the dynamic response 

of the footbridge (Moschas, 2011).  After the data is collected, it must be processed properly to 

obtain the modal frequency of the bridge (Meng, 2007).  These results can then be compared to 

models to validate the model response. However, for small scale models, sensors cannot be 

attached to the model because the mass of the sensors will greatly affect the dynamic response of 

the structure.  Other tools, such as high speed video cameras, must be used to track the 

displacements over time intervals.  The present study uses a 300 frames-per-second high speed 

video camera to measure the dynamic response of the physical model footbridges.   

2.3 Scaling and Modeling Techniques 

The present study includes creating two scaled footbridge models and many numerical 

models in SAP2000.  The present study used the following scaling and modeling techniques.  

2.3.1 Scaling 

There are several methods that can be used to scale a large object down to a smaller size 

for experimental testing.  However, when gravity loads affect the structure, the scale factor for 

mass is set at S
3
, where S is the scale factor for length that can be calculated by dividing the 

structureôs length by the smaller modelôs length.  The scale factor for force is set at S
2
, which 

results in unity as the scale factor for stress.  The scale factor can be determined for additional 

quantities using dimensional analysis.  Table 1 presents the scale factor for pertinent quantities.  

Smaller models can be built from elements with parameters calculated by dividing the 
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parameters of the actual structure by the scale factor listed in Table 1.  The physical footbridge 

models built for the present study follow the scaling parameters presented in Table 1.   

Table 1: Scale Factors for Dynamic Testing (Kumar, 1997) 

 

2.3.2 Numerical Modeling 

Most footbridge numerical models are analyzed through the use of a commercially 

available structural analysis finite element program.  Several of the footbridges discussed in this 

literature review used SAP2000 to determine modes and frequencies of the structures.  SAP2000 

is used for the present study to determine the mode shapes and the vibration response.   

Several types of elements are available in SAP2000 to create the 3D bridge models.  

Cable elements are used to model the main cables and suspenders because these elements only 

provide tension forces.  Frame elements are used to model the crossbeams, decking, and towers.  

Frame elements produce internal axial, shear, and moment forces.  The end moments between 

decking boards are released.   

Cable elements in SAP2000 use elastic catenary formulation that is ideal for modeling 

slender cables.  A catenary is the curve formed by a free hanging cable, and it is represented by a 
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hyperbolic cosine function.  For suspension footbridges, the representation of the main cables is 

between a catenary curve and a parabolic curve.  The catenary action of cable elements results in 

an increase in stiffness as the cable is loaded.  When a cable is initially loaded, it will deflect 

under small loads; however, as the cable deforms, more load will be required to cause the cable 

to continue to deflect.  The main cables were modeled using the deformed length under self-

weight.  The curve of the cable can be input by the user in several ways ï undeformed length, 

maximum vertical sag, maximum vertical low-point sag, constant horizontal component of 

tension, tension at either end, or the minimum tension at either end.  The main cables are defined 

by the maximum vertical sag.   

A geometric, nonlinear analysis is required for cable elements.  This is due to the changes 

in the stiffness matrix as the cable deforms.  SAP2000 will run 25 or more iterations in each 

nonlinear load case for models with cable elements to allow for proper convergence.  In addition, 

convergence behavior improves for cable objects with fewer segments.   

The mass of a cable element is lumped at the joints in SAP2000, so no inertial effects are 

considered within the element itself.  For the present study, the cable is made up of many 

elements to connect each of the suspenders at one meter intervals along the bridge, resulting in 

the mass being lumped at each suspender.  Unlike the mass for inertial forces, the self-weight is 

distributed along the arc length of the cable element (Computers and Structures, Inc., 1995).   

2.3.2.1 Numerical Model Updating 

Idealized numerical models are based on many assumptions and even very detailed 

models can have up to 37 percent error (Zivanovic, 2007).  Therefore, numerical models are 

often updated or calibrated to real world experimental data to ensure the model is behaving 
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properly.  This experimental data can also provide the modal damping that cannot be obtained 

analytically (Zivanovic, 2007).   

The aerospace and mechanical engineering disciplines use finite element model updating 

technology ñto automatically update numerical models of structures to match their 

experimentally measured counterpartsò (Zivanovic, 2007).  However, the numerical models must 

first be manually adjusted by the user to allow the software to correctly update the model by 

adjusting a larger number of parameters within defined limits to more accurately match the 

experimental results.  While automatic updating software was not available for the present study, 

manual model updating was performed.   

The goal of manually adjusting the model is to minimize the difference between the 

measured results and the numerical results by changing uncertain parameters: geometry, 

boundary conditions, material properties and non-structural elements including decks and 

handrails, which have a strong relationship to the dynamic response.  While these changes are 

guided by engineering judgment, they are made by systematic trial and error.  Models can be 

updated to more closely match measured response for smaller span bridges; the modal response 

error increases for larger span bridges, even after the bridges are updated (Zivanovic, 2007).  In 

general, numerical models must be updated, or calibrated, based on measurements to adjust 

uncertain parameters to create a model that behaves similarly to the physical structure.  The 

present study uses the scaled physical model results to update the numerical models.  
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2.4 Pedestrian Loading 

Pedestrian loading of footbridges is complex to characterize; however, it can often 

control the dynamic response of the footbridge.  Typical pedestrian loading is between 320 

kg/m
2
 (65 psf) and 415 kg/m

2
 (85 psf) (AASHTO, 1997).  In extreme cases, the pedestrian 

loading dynamic response can lead to total structure failure.  A bridge in Broughton, England 

collapsed in 1831 while 60 soldiers were marching across (Zivanovic, 2005).  This is the reason 

soldiers are ordered to break stride while crossing a bridge (Shi, 2013).  While most footbridges 

are controlled by serviceability limits today, total system failure occurs if vibration issues 

escalate and cause resonance.   

2.4.1 Frequency of Pedestrian Loading 

Humans typically walk with a frequency up to 2.2 Hz. People can walk quickly with a 

frequency ranging from 2.2 Hz to over 2.7 Hz (Huang, 2007).  ñ95 percent of pedestrians walk at 

rates between 1.65 and 2.35 Hzò (Gentile, 2008).  Several studies have been conducted to 

determine frequency ranges for dynamic loading of suspension footbridges.  The typical 

frequency range for walking is 1.6 to 2.4 Hz.  Therefore, the mean frequency is 2.0 Hz 

(Zivanovic, 2005), which is used for the model loading for the present study.   

2.4.2 Forces from Pedestrian Loading 

As people walk they produce forces in three directions: 1) vertical; 2) lateral; and 3) 

longitudinal.  The forces on a bridge that result from pedestrian loading occur due to the 

acceleration and deceleration of the personôs mass. The largest force is produced in the vertical 

direction; it is represented as two peaks with a trough in the middle as presented in Figure 3.  The 

magnitude of the force is presented in the figure, and the direction is downward.  The lateral 

force is initially medial and then reaches an almost constant lateral force level through a normal 
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walking stride as presented in Figure 4.  Figure 5 presents the longitudinal force that is anterior at 

first and then posterior.    

 

Figure 3: Vertical Pedestrian Walking Force (Zivanovic, 2005) 

 

Figure 4: Lateral Pedestrian Walking Force (Zivanovic, 2005) 

 

Figure 5: Longitudinal Pedestrian Walking Force (Zivanovic, 2005) 

Forces due to pedestrian loading depend on many factors, including pedestrian velocity, 

stride length, step frequency, mass, and number of pedestrians using the structure.  A typical 
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walking speed is slightly greater than 1 m/s.  This walking velocity results from pedestrians 

walking with a stride length of 0.6 m (Zivanovic, 2005).  A typical pedestrianôs center of gravity 

is 1 m above the ground.  People tend to take two steps per second and they step 10 cm on each 

side of a centerline, causing their center of gravity to vary by 1 cm from the centerline as 

presented in Figure 6 (Kawada, 2010).  For an average person, this results in a maximum vertical 

force of 800 N (180 lb) on average with the trough between the peaks reaching about 400 N (90 

lb) (Zivanovic, 2005) as presented in Figure 3 and a lateral pedestrian loading of less than 8 

percent of a personôs weight at a frequency of 1 Hz.  The resultant mean lateral force of multiple 

pedestrians is given in equation (2.1).  

 

  (2.1) 

 

where H is the mean lateral force of a group of pedestrians, h is the lateral force from one 

pedestrian, and N is the number of people on the bridge (Kawada, 2010).  Lateral forces for one 

pedestrian typically start at -45 N (10 lb) in the medial direction and then remain constant at 30 

N (6.7 lb) in the lateral direction (Zivanovic, 2005).   
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Figure 6: Lateral Pedestrian Movements 

The present study models pedestrian forces in the vertical and lateral directions. The 

longitudinal direction is ignored because the bridge cannot be easily excited in this direction.  

The vertical pedestrian force used for the present study is 800 N peaks with a 400 N trough and 

follows the shape in Figure 3.  The lateral pedestrian force used for the present study is 30 N 

with an initial force of -45 N following the shape in Figure 4.  The stride length used for the 

present study is 0.6 m.   

2.5 Serviceability Limits  

While strength limits are very important for structural design, serviceability limits are as 

well, especially for modern suspension footbridges.  Footbridges are being built with longer 

spans and greater slenderness due to the reduction in weight of bridge elements.  These types of 

bridges have low stiffness, low mass, and low damping.  Suspension footbridges have low modal 

frequencies and are therefore susceptible to pedestrian loading that occurs at low frequencies.  

Under typical pedestrian loading, suspension footbridges are at risk of reaching resonance or 

exceeding human tolerance levels for comfort (Huang, 2007).   
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2.5.1 Typical Pedestrian Tolerance Levels 

While most footbridges are designed to withstand strength criteria, some footbridges have 

not been designed to satisfy serviceability limits.  Pedestrians must use footbridges for the 

structure to fulfill its purpose; however, in the process of walking across a footbridge, 

pedestrians create vibrations that cause the structure to move or twist in all directions.  If the 

bridge has excessive movements, the pedestrians become uncomfortable, resulting in a 

serviceability failure.   

Moving pedestrians typically have a higher tolerance level than stationary pedestrians on 

the bridge.  In addition, people have a higher tolerance level when they expect the structure to 

have certain vibrations (Zivanovic, 2005).  Most pedestrians are more sensitive to lateral 

vibrations than to vertical vibrations.  Accepted vertical acceleration amplitudes and deflection 

amplitudes can be up to five times greater than the lateral accepted amplitudes (Huang, 2007).   

2.5.1.1 Pedestrian Vertical Movement Tolerance Levels 

Pedestrian sensitivity maximum frequency for typical vertical vibrations is between 1 and 

2 Hz with an equivalent harmonic peak acceleration of 0.07 m/s
2 
(0.23 ft/s

2
).  The level of 

acceptable vertical acceleration, alimit, is defined in equation (2.2) (Zivanovic, 2005).   

 

 (2.2)  

 

where f is the fundamental frequency in Hertz and c is 0.5 for alimit in m/s
2
 or 1.6 for alimit in ft/s

2
.  

Another study observes that outside the frequency range of 1.7 to 2.2 Hz, a more appropriate c 

value might be 1 for alimit in m/s
2
 or 3.28 for alimit in ft/s

2
 (Zivanovic, 2005).  
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According to AISC Design Guide 11 (Murray, 2012), the recommended peak 

acceleration for outdoor footbridges for human comfort varies from 10 percent of g at a 

frequency of 1 Hz to 5 percent of g at a frequency of 4 Hz (Murray, 2012).  The peak 

acceleration is calculated by equation (2.3). 

 

  (2.3) 

 

where ap is the peak acceleration due to walking excitation, P0 is a constant force representing 

the excitation, fn is the fundamental natural frequency,  is the modal damping ratio, and W is the 

effective weight of a panel.  The criterion states that the peak acceleration, calculated by the 

equation above, is acceptable if it does not exceed the acceleration limit.  For outdoor 

footbridges, P0 is 0.41 kN (92 lb),  is 0.01, and the acceleration limit (a0/g) is 5 percent 

(Murray, 2012).   

Most standards have different vertical acceleration limits.  BS 5400 (British Standards 

Association, 1978) limits the acceleration of footbridges to equation (2.2).  Eurocode (European 

Committee for Standardization, 2002) governs the design for all construction works in the 

European Union.  It limits the vertical acceleration to 0.7 m/s
2 
(2.3 ft/s

2
).  ISO 10137 

(International Standardization Organization, 2005) limits the vertical accelerations to 60 times 

the curve presented in Figure 7.  Bro 2004, which is published by the Swedish Road 

Administration, limits the root mean square acceleration to 0.5 m/s
2  

(1.6 ft/s
2
) (Hauksson, 2005).  
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According to the European Design Guide for Footbridge Vibration (Heinemeyer, 2008), 

pedestrians are comfortable with vertical accelerations up to 0.50 m/s
2 
(1.6 ft/s

2
).  They have a 

medium comfort level up to 1.00 m/s
2 
(3.3 ft/s

2
), and the maximum acceleration pedestrians can 

tolerate is 2.50 m/s
2 
(8.2 ft/s

2
).     

 

Figure 7: ISO 10137 Vertical Acceleration Vibration Base Curve (International 

Standardization Organization, 2005) 

Obata (1995) found that the maximum velocity of a footbridge that humans can tolerate is 

1 cm/s (0.033 ft/s), and typically, pedestrians are comfortable with velocities up to 1.4 cm/s 

(0.046 ft/s).  If these velocity peaks are converted to acceleration peaks for a footbridge with a 

frequency of 2 Hz, the maximum accelerations for comfort are 0.13 m/s
2
 (0.43 ft/s

2
) and 0.18 

m/s
2 
(0.59 ft/s

2
) (Zivanovic, 2005).  However, these accelerations are much lower than those 

calculated using equation (2.2).  Overall, many studies have concluded different limits for 

acceptable velocities and accelerations; therefore, no definite serviceability limits for vertical 

vibrations in footbridges currently exist.  The present study will set human tolerance limits at 0.7 

m/s
2
 (2.3 ft/s

2
) for vertical accelerations and at 1 cm/s (0.033 ft/s) for vertical velocities.  These 

limits will be used to evaluate the performance of the footbridges to determine if the models 

meet human comfort criteria.   
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2.5.1.2 Pedestrian Lateral Movement Tolerance Levels 

Pedestrians on footbridges are much more sensitive to lateral movements than vertical 

movements; however, lateral movements are typically smaller than vertical movements in 

suspension footbridges.  The Millennium Bridge in London is an example of a bridge that failed 

due to lateral vibration problems; the deck swayed laterally, and people started to hang onto the 

sides of the footbridge because they felt unsafe (Huang, 2007).  At frequencies over 3 Hz, 

pedestrians are actually more sensitive to vertical movements than to lateral movements.  Based 

on testing of full-scale footbridges, a reasonable serviceability limit is 45 mm (1.77 inches) for 

maximum lateral displacements and 1.35 m/s
2 
(4.43 ft/s

2
) for maximum lateral accelerations.  A 

maximum lateral displacement of 70 mm (2.76 inches) with a 2.1 m/s
2
 (6.89 ft/s

2
) lateral 

acceleration caused most people to feel unsafe and avoid using the footbridge (Zivanovic, 2005).   

BS 5400 (British Standards Association, 1978) and Bro 2004 (Hauksson, 2005) do not 

provide requirements for lateral accelerations of footbridges.  Eurocode (European Committee 

for Standardization, 2002) limits the maximum acceleration in the lateral direction to 0.2 m/s
2 

(0.66 ft/s
2
) for normal use and to 0.4 m/s

2
 (1.31 ft/s

2
) for crowded conditions.  ISO 10137 

(International Standardization Organization, 2005) limits the lateral acceleration to 60 times the 

base curve presented in Figure 8.  The highest sensitivity of 3.1 percent g is for bridges up to 2 

Hz (Hauksson, 2005).  All pedestrians are comfortable with lateral accelerations up to 0.10 m/s
2
 

(0.33 ft/s
2
) according to the European Design Guide for Footbridge Vibration (Heinemeyer, 

2008).  Pedestrians have a medium comfort for lateral accelerations up to 0.30 m/s
2 
(0.98 ft/s

2
), 

and the maximum lateral acceleration a person can tolerate is 0.80 m/s
2 
(2.62 ft/s

2
).  The present 

study will set human tolerance limits at 0.3 m/s
2 
(0.98 ft/s

2
)  for lateral accelerations and at 45 
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mm (1.77 inches) for lateral displacements.  These limits will be used to evaluate the 

performance of the footbridges to determine if the models meet human comfort criteria.   

 

Figure 8: ISO 10137 Lateral Acceleration Vibration Base Curve (International 

Standardization Organization, 2005) 

2.5.2 Synchronization of Pedestrians with Bridge Vibrations 

While pedestrians have certain tolerance levels, they also can subconsciously add to the 

dynamic response of the bridge through synchronization.  High densities of people can add to 

synchronous excitation when they walk together with a frequency that matches the low 

frequency of the footbridge.  When the footbridge starts to resonate, pedestrians have a tendency 

to change their walking frequency to match the vibration of the bridge.  This escalates the 

vibration and adds to the discomfort of the users (Huang, 2007).   

Sometimes pedestrians are limited in their movement on footbridges.  When people walk 

in small groups, they tend to all walk at the same velocity.  Therefore, each person walks with a 

different frequency because their step length varies.  However, when footbridges are exposed to 

a crowd of people with a density between 0.6 and 1.0 pedestrians/m
2
, free walking is limited, and 

pedestrians are forced to adjust their step length and velocity to the group.  This is typically when 

synchronization occurs, which can lead to structure serviceability problems (Zivanovic, 2005).   
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2.5.2.1 Vertical Synchronization 

Vertical synchronization of pedestrians with footbridge vibrations is less common than 

lateral synchronization and more difficult to measure.  Therefore, there are several ranges of 

predictions for the probability of pedestrians synchronizing to vertical vibrations.  One study 

suggested a probability of synchronization of 22.5 percent for a bridge with a frequency of 2 Hz.  

However, other studies predicted higher percentages.  While there are many equations that 

attempt to characterize pedestrian synchronization, more research is needed to determine the 

relationship between the number of pedestrians, walking speed, walking frequency, and 

probability of synchronization (Zivanovic, 2005).  Vertical synchronization will not be modeled 

for the present study.   

2.5.2.2 Lateral Synchronization  

Synchronization in the lateral direction is much more probable than in the vertical 

direction due to the way humans maintain their body balance on a laterally moving structure.  

The only known way to reduce the change of the vibration escalating to the point where it 

exceeds serviceability limits is to reduce the number of people on the bridge or disrupt the 

pedestrian movement.  However, not all people will move in a way to escalate lateral vibrations, 

and excessive swaying only occurs when the lateral modal frequency of the footbridge is 1 Hz, 

which matches the first harmonic of the pedestrian lateral force.  According to tests of a single 

walking person on a platform, there is a 40 percent chance people will change their step to match 

the bridge movement when the structure is moving at 1 Hz with a 5 mm (0.2 inch) amplitude.  

However, people tend to change their steps more often when they are in a large crowd of people 

(Zivanovic, 2005).  While lateral synchronization is dependent on many variables, people do 
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tend to match their step to the structure, which results in increased vibrations and lateral 

movement of the footbridge.  Lateral synchronization will not be modeled for the present study.   

2.5.3 Serviceability Design Procedures 

Most design procedures for serviceability limit states determine the peak or root mean 

squares response of the pedestrian bridge.  There are two domains for design procedures ï time 

or frequency.  The time domain is based on the assumption that human-induced forces are 

perfectly periodic, so they can be broken into harmonics through Fourier decomposition.  

Therefore, a single force harmonic is considered that could cause a single degree of freedom 

footbridge to resonate through one of the first three or four excitation harmonics.  This type of 

time domain modeling is only applicable for vertical forces.  Frequency domain modeling has 

not specifically been studied for footbridges; however, the auto spectral density can be 

determined by applying the theory of stationary random processes to obtain the peak acceleration 

(Zivanovic, 2005).   

Currently, design guidelines have different approaches to evaluating footbridge 

performance against serviceability limits.  Some codes, such as the British Standard 5400 

recommend avoiding the first or second force harmonic to avoid the resonant frequency range.  

There are no universal limits for frequencies; however, requiring the minimum bridge frequency 

in the vertical direction to be 4 Hz and the minimum bridge frequency in the lateral direction to 

be the smaller of 1.5 times the vertical frequency or 1.5 Hz typically results in a pedestrian 

bridge with no vibration problems (Zivanovic, 2005).  Eurocode 5 allows all frequency ranges 

but requires a complex design procedure to determine the acceptability of the bridge response.  

However, for footbridges with a lateral fundamental frequency of less than 2.5 Hz or a vertical 

fundamental frequency less than 5 Hz, a detailed dynamic analysis is required.  This method is 
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not described, but procedures for checking vertical vibrations for footbridges with frequencies up 

to 5 Hz are available.   

The Ontario Highway Bridge Design Code requires footbridge dynamics to be studied 

due to footfall force represented by a moving sinusoidal force with an amplitude of 180 N (40.5 

lbs) and a frequency equal to the fundamental frequency of the structure or 4 Hz, whichever is 

lower (Zivanovic, 2005).  The European Design Guide for Footbridge Vibration specifies a 

lively bridge as having a vertical fundamental frequency between 1.3 and 2.3 Hz and a lateral 

fundamental frequency between 0.5 and 1.2 Hz (Heinemeyer, 2008).  The American Association 

of State Highway and Transportation Officials (1997) provides limits for fundamental 

frequencies in the Specification for Pedestrian Bridge Design; The fundamental frequency in the 

vertical plane of a pedestrian bridge without live load must be greater than 3 Hz, and the 

fundamental frequency in the lateral direction must be greater than 1.3 Hz (Chung, 2014).   

Therefore, codes have limits on frequencies that fall within a typical range but do not 

exactly agree on the frequency range; also, the codes propose design procedures to evaluate the 

footbridge performance against serviceability limits, but finite element modeling is still the 

standard procedure used to evaluate the serviceability limit state of the footbridge.  The present 

study uses SAP2000 to evaluate the vibration response of the bridge based on the tolerance limits 

described in this section.   

2.6 Summary 

Suspension bridge analysis has changed over the years, but serviceability analysis of 

suspension bridges continues to be a problem.  Suspension footbridges can have a large dynamic 
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response to pedestrian loading because of their low modal frequencies.  Modal frequencies for 

suspension footbridges can be determined through properly scaling models.  In addition, 

numerical models can be used to study footbridge dynamics.  Pedestrian loading must be applied 

to determine the response of the footbridge, and this response must be compared to serviceability 

limits to determine if the footbridge meets human comfort criteria.   
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Chapter 3  
 

Physical Model 

3.1 Overview 

Two physical models were constructed to calibrate the numerical models and validate the 

parametric study.  Physical, scaled models were built of a 40 m span bridge with 5 percent cable 

sag and an 80 m span bridge with 7.5 percent cable sag.  The overall model geometry is 

presented in Figure 9 and the model elements are presented in Figure 10.  These span and sag 

limits are the two extremes for the bridges used for the present study, which allow for a 

comparison of bridge behaviors.   

 

Figure 9: Suspension Bridge Model (Bridges to Prosperity, 2013) 

 

Figure 10: Suspension Bridge Model Elements 
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The models were designed based on a calculated scale factor.  The materials were chosen 

to most closely match the full scale bridge material stiffness and scaled mass.  The models were 

created based on the scaled geometry of suspension footbridges.  Both models were loaded with 

a scaled pedestrian model and the vibration response was recorded with a high speed video 

camera.  The response data was processed to determine the modal frequencies of the bridge 

models.  The response data were then used to calibrate the numerical simulations.   

3.2 Physical Model Design 

The physical model design included setting the scale factor for the models relative to the 

full scale suspension footbridges and determining materials for the models.   The materials were 

selected based on mass, which is the controlling parameter.   

3.2.1 Model Scale 

The models were designed at a 1:18 scale of the 40 and 80 m suspension footbridges.  

Scale factors depend on the parameter being scaled; therefore, scale factors were determined as 

presented in Table 1.  The controlling parameter for the present study is mass.  Mass is scaled by 

S
3
; where S = model length/actual length (Kumar 1997).  The smallest steel cable available for 

the physical model is 
16

1  inch diameter galvanized cable.  The mass of the 
16

1  inch diameter 

cable is 10.7 g/m (0.0072 lb/ft).  The mass of 1ȧ inch diameter cable is 3480 g/m (2.34 lb/ft).  

The mass of the cables and the scale factor was determined based on the following:   

 

m real cable = 3480 g/m  130 m = 452,400 g (3.1)  
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m model cable = 10.7 g/m  (130 m / S) = 452,400 g / S
3 

(3.2) 

 

Solving equation (3.2) for S resulted in a scale factor of 18 that was used for the present study.  S 

also scales the cable diameter, which is scaled from 1ȧ inch to 
16

1  inch.  However, the effective 

area of 1ȧ inch diameter cable is 382 mm
2
 or 1.18 mm

2
 scaled (0.59 inch

2
 or 0.0018 inch

2
 

scaled) and the effective area of 
16

1  inch diameter cable is 1.15 mm
2
 (0.00178 inch

2
), a 2.5 

percent scaling error in the effective cable areas.  The effective cable area was calculated based 

on equation (3.3).  

 

 (3.3) 

where A is the effective cable area in mm
2
, F is the compactness factor, and d is the nominal 

diameter of the cable in mm.  The 
16

1  inch diameter cable used for the physical models is 67 

around a strand core.  The compactness factor for 67 wire cable is 0.38.  In addition, for six 

strand cable with strand core, 20 percent must be added to the cross sectional area (A. Noble and 

Son Ltd., 2013).  Therefore, the resulting cross sectional area of 1.59 mm (
16

1  inch) diameter 

wire cable is 1.15 mm
2
 (0.00178 inch

2
) as presented in equation (3.4).  

 

 (3.4) 
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3.2.2 Model Materials 

The model materials were chosen to most closely match the full scale bridge materials.  

Some model materials, such as decking and cables, have the same properties as the full scale 

bridges.  The decking is constructed of wood for the full scale structure and model structure.  

While the properties of wood vary greatly, the properties of the physical model deck are in the 

same range as a full scale footbridge deck.  In addition, the cables are made of wire rope for both 

structures.   

The model materials used to represent the crossbeams, suspenders, and fence do not 

perfectly match the full scale bridge materials because of modeling constraints and masses.  The 

crossbeams are made of aluminum instead of steel.  Aluminum is a metal, but its mechanical 

properties differ from steel.  Steel has a higher elastic modulus, strength, and hardness.  

However, aluminum has a lower density, which is needed to achieve the proper mass for the 

model.  Because mass is the controlling scaling parameter, aluminum elements are used for the 

crossbeams instead of steel elements.  The suspenders are made out of copper wire that 

represents rebar.  Rebar is heavier and less ductile than copper.  However, the proper weight of 

steel wire was not available, which is why copper wire is used for the suspenders.  Steel wire is 

used to represent the chain link fence, hand cable, and cable clamps on the full scale footbridge.   

The tower model materials do not need to closely match the full scale bridge towers 

because the tower material properties do not significantly affect the dynamic response.  The 

towers are considerably stiffer than all other elements and do not participate so the material 

properties are not required to closely match the full scale bridge materials.  

Materials were identified based on a scale factor of 18 to closely represent the bridge 

elements.  Table 2 presents the materials used for the physical scaled model corresponding to the 
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full scale bridge materials (Bridges to Prosperity, 2013).  The 40 m scaled model towers are 

made of  Ȩ inch hollow, square aluminum tubing and the 80 m scaled model towers are made of  

½ inch hollow, square aluminum tubing.   

Table 2: Model Materials 

 

3.2.3 Model Element Masses 

Aside from the towers, the mass of all other elements is within 10 percent of the ideal 

scale mass determined from the full scale bridge elements.  The mass of the towers does not 

exactly match the scaled mass; however, Gentile (2008) demonstrated that the towers need not 

be modeled in his dynamic analysis of the Morca suspension footbridge because the towers are 

considerably stiffer than all of the other structural elements.  For the present study, the numerical 

model was used to verify that the mass of the towers does not greatly affect the dynamic 

response of the footbridge.   
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3.2.3.1 40 m Span Model Mass 

Table 3 presents the mass of each element for the 40 m span model. The actual scaled 

mass was determined by weighing the member or calculating the weight from the material 

specifications.  The weight of the copper wire is based on 1.233 lb/1000 ft or 1.82 kg/km.  The 

aluminum tower weight and aluminum plate weight is established on the specified density of 

0.097 lbs/in
3
 (2.7 g/cm

3
) for 6061 alloy aluminum.  The weight of the basswood is based on a 

wood density of 29 pcf.  The weight of the fence is constructed off a standard 2" mesh, 11 gage, 

3.5ô high fence weight of 1.63 lb/ft (0.00243 kg/mm) (Builders Fence Company, 2014).  The 

weight of the hand cable is established on 6 mm (¼") 6 19 IPS-IWRC diameter wire cable 

weight of 0.11 lb/ft (Armstrong ï Alar Chain Corporation, 2014).  The weight of the clamps for 

the hand cable is based off 0.48 lbs (0.218 kg) per clamp (The Crosby Group, 2012). This results 

in a total weight for the fence and fence components of 2.84 kg (6.26 lbs) per suspender.   
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Table 3: 40 m Span Model Masses 

 

3.2.3.2 80 m Span Model Mass 

Table 4 presents the mass of each element for the 80 m span model. The actual scaled 

mass was determined by weighing the member or calculating the weight from the material 

specifications.  The weight of the copper wire is based on 1.233 lb/1000 ft or 1.82 kg/km.  The 

aluminum tower weight and aluminum plate weight is established on the specified density of 
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0.097 lbs/in
3
 (2.7 g/cm

3
) for 6061 alloy aluminum.  The weight of the basswood is based on a 

wood density of 29 pcf.  The weight of the fence is constructed off a standard 2ò mesh, 11 gage, 

3.5ô high fence weight of 1.63 lb/ft (0.00243 kg/mm) (Builders Fence Company, 2014).  The 

weight of the hand cable is established on 6 mm (¼") 6 19 IPS-IWRC diameter wire cable 

weight of 0.11 lb/ft (Armstrong ï Alar Chain Corporation, 2014).  The weight of the clamps for 

the hand cable is based off 0.48 lbs (0.218 kg) per clamp (The Crosby Group, 2012).  This results 

in a total weight for the fence and fence components of 2.84 kg (6.26 lbs) per suspender.   
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Table 4: 80 m Span Model Masses 

 

3.3 Model Geometry 

Each elementôs dimensions and the overall dimensions of the model bridges are scaled to 

represent the full scale suspension footbridge as closely as possible.   
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3.3.1 Model Element Geometry 

The scaled dimensions of some elements do not closely match the full scale dimensions 

because the ideal scaled mass is the controlling parameter.  Tradeoffs were considered to most 

closely match the full scale bridge response.  In addition, physical constraints, such as having a 

nailer that is long enough to support all decking pieces, had to be considered for constructability.  

The lengths of most members were chosen to match the ideal model.  However, the nailer was 

cut slightly shorter so a hole could be drilled in the crossbeam to attach the suspender.   

3.3.1.1 40 m Span Model Element Geometry 

Table 5 presents the dimensions of each element for the 40 m span model.  The width and 

height or the diameter of some elements varies from the ideal model to most closely match the 

mass of the ideal model.    
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Table 5: 40 m Span Model Element Dimensions 

 

3.3.1.2 80 m Span Model Element Dimensions 

The dimensions of each element for the 80 m span model were calculated in a way 

similar to the 40 m span model.  Because the decking is the same for all span lengths, the 

dimensions for the crossbeams, nailers, and decking did not change.  Table 6 presents the 

dimensions of each element for the 80 m span model. 



44 

Table 6: 80 m Span Model Element Dimensions 

 

3.3.2 Overall Model Geometry 

The standard tower height, tower width, and deck camber are used based on the Bridge 

Builder Manual (2013).  In addition, the cable back span length is a 1:2 slope ï one vertical to 

two horizontal ï to the anchor that is at the same elevation as the tower base.  The cable sag is 

one of the variables being studied.  According to the Bridge Builder Manual (2013), the standard 

cable sag is 7.3 percent.  A 1 m deck width (23
16

 
inch scaled) with 2 m staggered decking boards 

is used with the nailers and crossbeams extending past the deck for connection details.  The 

spacing of suspenders along the length is 1 m (23
16

 
inch scaled).  The width between suspenders 
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increases along the bridge height as presented in Figure 11.  This gives the bridge more stiffness 

because the two sides of the bridge are not in parallel planes.  Also, due to the weight of the 

structure, the main cables are pulled closer to the deck width in the center of the bridge, which 

provides lateral stability.   

 

Figure 11: Suspender Geometry 

3.3.2.1 40 m Span Model Geometry 

The complete 40 m span model is slightly less than 11 feet long.  It is built on a 13 foot 

by 1 foot wide OSB plywood board.   The length from tower to tower is 7' 3½".  The length from 

tower to anchor connection is 1' 9Ȫ".  This model has a deck camber of 211
16" and cable sag of 

4Ȩ" that results in an initial cable sag height above the ground of 69
16".  The tower design was 

based on the full scale towers for 40 m span bridges specified in the Bridge Builder Manual 

(2013).  Figure 12 presents the tower layout on the plywood foundation. Figure 13 presents the 

final bridge model with the span length, back span length, deck camber, and cable sag 

dimensions labeled.  
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Figure 12: Towers for 40 m Span Model 

 

Figure 13: 40 m Span Bridge Model with Dimensions 

3.3.2.2 80 m Span Model Geometry 

The complete 80 m span model is slightly less than 21 feet long.  It is built on a 22 foot 

by 2 foot wide OSB board.   The length from tower to tower is 14' 7".  The length from tower to 

anchor connection is 3' 13
16".  This model has a deck camber of 315

16" and cable sag of 13ȧ" that 

results in an initial cable sag height above the ground of 5
16

7 ".  The tower design was based on 

the full scale towers for 80 m span bridges specified in the Bridge Builder Manual (2013).  

Plywood Foundation 
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Figure 14 presents the tower design. Figure 15 presents the final bridge model with the span 

length, back span length, deck camber, and cable sag dimensions labeled.   

 

Figure 14: Towers for 80 m Span Model 

 

Figure 15: 80 m Span Bridge Model with Dimensions 
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3.4 Model Construction 

The bridge construction method for the two models was very similar, except the 80 m 

span model involved more elements.  The materials were purchased and cut to size.  Table 7 

presents all quantities for the 40 m span model, and Table 8 presents all quantities for the 80 m 

span model.  

Table 7: Quantities for 40 m Span Model 
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Table 8: Quantities for 80 m Span Model 

 

The anchor and tower base connections are simplified compared to real pedestrian 

suspension bridges.  The physical models are built on OSB plywood boards elevated off the 

ground with 2" 4" wood supports to allow for all connections to be made to the foundation.  The 

tower base connection is modeled as a pin connection, and it was constructed by drilling a hole 

in the plywood board and inserting a bolt.  The bolt diameter is slightly smaller than the inner 
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diameter of the tube, so the tower can rotate but not slide on the surface.  Figure 16 presents the 

tower connection.  The bolt is glued in place from beneath the plywood board.  

 

Figure 16: Tower Connection 

The anchor connection is modeled as a pin connection, and it was constructed by running 

the cable through a #208 screw eye that is attached to the plywood board and securing the cable 

with three 
16

1 " diameter drop forged cable clamps.  Three clamps is the standard for this size 

cable.  The clamps are spaced at 2" on center.  The clamps are attached to saddle the live cable, 

which is the part of the cable that comes from the bridge, and compress the dead end of the 

cable.  Figure 17 presents the anchor connection.  Figure 18 presents the tower and anchor 

connections before the bridge was attached.   

 

Figure 17: Anchor Connection 

  

Bolt 

Plywood Board 

Screw Eye 
Cable Clamp 
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Figure 18: Tower and Anchor Connections 

The tower elements are glued together with epoxy and screw eyes are inserted through 

the horizontal double angle at the top of the tower into the tower tubes to allow the cable to run 

over the tower as presented in Figure 19.  The crossbeams were cut to size and holes were drilled 

in each end to allow the suspenders to connect to the crossbeam.  In addition, epoxy was used to 

attach the nailers to the crossbeams as presented in Figure 20.  Then, loops were created at both 

ends of the suspenders around the crossbeam and cable.  Figure 21 presents the crossbeam/nailer 

connection to the cable through the suspender.  After all suspenders were attached, the decking 

was glued to the nailer using wood glue.  Figure 22 presents the staggered pattern of the decking.  

The decking boards are continuous over one crossbeam.  Next, the model fence was attached as 

presented in Figure 23.  

Tower Connection 

Anchor Connection 
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Figure 19: Cable to Tower Connection 

   

Figure 20: Nailer and Crossbeam 

   

Figure 21: Suspender Connection 
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Figure 22: Bridge Deck 

 

Figure 23: Model Fence 

Lastly, the connection at the end of the deck was completed.  Full scale suspension 

bridges are built with a masonry ramp up to the bridge, but there is a 20 mm (0.79") gap on all 

sides of the bridge to allow the structure to expand or contract and move slightly when in service.  

Figure 24 presents a plan view of the end of the deck connection for full scale footbridges.  For 

the present study, the deck connection is modeled by a wood block around the end of the deck 
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with a small gap of 1.11 mm (0.044"), which is the scaled distance from the full scale deck 

connection.  Figure 25 presents the model deck connection.   

 

Figure 24: Deck Connection (Bridges to Prosperity, 2013) 

 

Figure 25: Model Deck Connection 

3.5 Loading 

The bridges were loaded with a symbolic pedestrian.  The symbolic person is made of a 

plastic cylinder with eight small feet spaced evenly around the circumference.  A typical walking 

speed is approximately 1 m/s (3.3 ft/s), and because velocity is scaled by unity, the symbolic 

20 mm GAP 
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personôs walking speed is 1 m/s (3.3 ft/s).  This walking velocity results from pedestrians 

walking with a stride length of 0.6 m (Zivanovic, 2004).  The scaled stride length for the 

symbolic person is 1.31 inches.  An average foot is slightly over 10 inches long, so the symbolic 

person has 0.5 inch long feet.  Figure 26 presents the symbolic person.  A marble was added 

inside the person to keep it vertical during testing.  Also, a hole was drilled through the cylinder 

and a straw was placed through the hole to make an axle.  Washers were placed on either side of 

the cylinder and they were taped in place to keep the cylinder from wobbling back and forth. 

Fishing line was used to pull the symbolic person.   

 

Figure 26: Symbolic Person 

The symbolic person was powered with a dc motor.  The motor was attached to a power 

supply, amplifier, and attenuator to adjust the speed.  Figure 27 presents the motor.  The fishing 

line was attached to the axle on the motor to pull the symbolic person.  The speed was properly 

calibrated by counting the number of frames in the high speed video per revolution of the 

symbolic person.   

Symbolic Foot 
































































































































































































