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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 



2 

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 – 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 models’ 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 Jacob’s 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 Jacob’s 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.  
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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 

structure’s length by the smaller model’s 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 – 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 “to automatically update numerical models of structures to match their 

experimentally measured counterparts” (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).  “95 percent of pedestrians walk at 

rates between 1.65 and 2.35 Hz” (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 person’s 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 pedestrian’s 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 person’s 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 – 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.   



33 

 

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 1⅛ 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 1⅛ inch to 
16

1  inch.  However, the effective 

area of 1⅛ 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 6 7 

around a strand core.  The compactness factor for 6 7 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  ⅜ 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, 

3.5’ 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 – 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 2” mesh, 11 gage, 

3.5’ 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 – 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 element’s 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. 
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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 – one vertical to 

two horizontal – 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 (2 3
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 (2 3
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' 9⅞".  This model has a deck camber of 211
16 " and cable sag of 

4⅜" that results in an initial cable sag height above the ground of 6 9
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' 1 3
16 ".  This model has a deck camber of 315

16 " and cable sag of 13⅛" 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 



47 

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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person’s 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 



56 

 

Figure 27: DC Motor 

3.6 Data Collection 

The response data from the model bridge test was collected through the use of a Casio 

EX-F1 high speed video camera.  The camera is set to a rate of 300 frames per second.  Certain 

points on the bridge are marked with a crosshair target located at points of interest based on the 

fundamental mode shapes from the numerical models.  These points are easily identified in the 

video during analysis.  Figure 28 presents one of the model bridges with seven targets and the 

symbolic person set up for testing.  The video was started before the motor was turned on and 

continued while the symbolic person traversed half of the bridge length.  This test was conducted 

at least three times for each bridge so the results could be compared to ensure accuracy.  For any 

Axle 
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test that produced results that were outliers, the results were discarded, and the test was 

conducted again.    

 

Figure 28: Bridge Model Testing Set-up 

3.7 Data Processing and Results 

The videos collected with the high speed digital camera were imported into Tracker, 

which is a video analysis program.  Each test was analyzed to determine the displacement of 

each crosshair for every frame during the bridge testing.  The video was calibrated by measuring 

the known distance of an object placed in the field of the video.  The origin for the video analysis 

was placed at the base of the tower, and the frame rate was adjusted to 300 frames per second.  

Points labeled A through G (starting with A closest to the tower) were placed on each crosshair 

in each frame of the video to determine the exact displacement the point experienced in that time 

frame.  Figure 29 presents the Tracker program used to analyze the videos.  The displacement 

versus time graphs were overlaid and zeroed to each other.  Then, any trails that did not agree 

with the others were retested and reanalyzed to ensure the average for all trials is accurate.  

Figure 30 presents a sample of the displacement vs. time data for one point on the 40 m span 

model.  Seven points were analyzed for each span length, and the graphs for the other points are 

similar.   
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Figure 29: Tracker Video Analysis 

 

Figure 30: Displacement vs. Time Data for Point E on 40 m Model 

Next, a power spectral density (PSD) program was written in Matlab to determine the 

modal frequencies of the bridge models.  The PSD is calculated through the use of a Fast Fourier 

Transform (FFT).  A FFT is a computer algorithm that is based off Fourier’s theory that any 

signal can be represented by a superposition of several sine wave functions at varying 

frequencies and amplitudes.  The PSD is calculated by determining the frequencies that make up 
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a signal through the use of a FFT.  The modal frequencies are represented by the highest peaks 

on the power versus frequency graph.  The static portion of the signal is represented by the 

lowest frequency peak.  Figure 31 presents a PSD graph of Point B on the 40 m Model.  Seven 

points were analyzed for each span length, and the graphs for the other points are similar.   

 

Figure 31: Power Spectral Density for Point B on 40 m Model 

The modal frequencies of the models were determined by averaging the PSD results from 

the analysis points along each bridge.  Table 9 presents the frequency at each peak for each point 

on the 40 m span model, and Table 10 presents the frequency at each peak for the 80 m span 

model.  The frequencies for each peak from the graph in Figure 31 are located in the B column of 

Table 9.  The mode shapes are determined based on the numerical models.  The results are 

averaged for the three calibration modes: 1) vertical mode with 1 wave; 2) vertical mode with 1.5 

waves; and 3) vertical mode with 2 waves.  The average is calculated by only considering the 
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points on the physical model where the mode shape of interest is represented.  For example, 

point G, which is located at the center of the bridge, does not displace for the vertical mode with 

1 wave; therefore, it was not considered when determining the frequency of this mode shape.  

The scaled modal frequency is found by taking the average from all participating locations and 

dividing it by the scale factor of 18.  The scaled frequencies for the 40 m model footbridge are 

0.45 Hz, 0.87 Hz, and 1.09 Hz for the first three vertical modes present in SAP.  The scaled 

modal frequencies for the 80 m model footbridge are 0.41 Hz, 0.53 Hz, and 0.63 Hz.  These 

scaled modal frequencies were used to calibrate the numerical models.  

Table 9: Results from PSD for Each Point on 40 m Model 

 

Table 10: Results from PSD for Each Point on 80 m Model 
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3.8 Summary 

Two physical models of a 40 m bridge with 5 percent cable sag and an 80 m bridge with 

7.5 percent cable sag were tested to calibrate the numerical simulations.  These span lengths and 

cable sag values are the two extremes of the numerical study; therefore, calibrating these models 

allows for the modeling techniques to be accepted for all of the numerical simulations.  The 

models were designed based on a scale factor of 18.  The geometry and mass of the models was 

scaled from full scale pedestrian suspension bridges.   
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Chapter 4  
 

Numerical Model and Parametric Study 

4.1 Introduction 

Numerical models were constructed in SAP2000 to determine how certain selected 

design parameters affect the dynamic response of suspension footbridges.  Each suspension 

footbridge is modeled in SAP2000 to conduct a modal analysis to determine frequencies of the 

footbridge.  In addition, the maximum displacements, velocities, and accelerations under 

pedestrian loading were calculated through a nonlinear, direct-integration, time-history analysis 

to determine if the numerical models meet human comfort criteria.  The physical models were 

used to calibrate the numerical models and validate the modeling technique.  Numerical 

simulations were evaluated in a parametric study to determine how cable sag, vertical stiffness, 

and lateral stiffness affect 40 m, 50 m, 60 m, 70 m, and 80 m footbridges.  The two cable sag 

values considered are 5 percent and 7.5 percent.  The two types of vertical stiffening considered 

are no additional bracing and cable cross-bracing between suspenders from the deck to the main 

cables.  The two types of lateral bracing considered are no additional lateral bracing and cable 

cross-bracing under the deck.  The bracing schemes evaluated were determined to have the 

greatest effect based on the mode shapes. 
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4.2 Model Design 

The model design was determined based on standard full scale pedestrian suspension 

bridges.  This design was used to model the footbridges in SAP2000 for calibration and to 

conduct the parametric study.  The following sections describe the model materials, model 

element geometry, and overall model geometry.   

4.2.1 Model Materials 

Material properties are based on estimated material properties available in regions where 

pedestrian suspension bridges are common.  Table 11 presents each element and the defined 

properties.  Specific material properties were input for the cable based on A. Noble & Son Ltd. 

Wire Rope and Strand Catalog (2013) and Armstrong-Alan Chain Corporation Wire Rope 

(2014).  Material properties were also input for the wood decking based on research of available 

hardwoods in Central and South America, firsthand experience of hardwood in Central America, 

and testing of wood from Nicaragua.   

Table 11: Material Definitions for Each Element 
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4.2.2 Model Element Geometry 

All element sizes are the same for all span lengths, except the towers.  Table 12 presents 

the dimensions for the bridge model elements.  The 29 mm (1⅛") diameter cable is Improved 

Plowed Steel (IPS) 6 19 class of wire cable with six outer strands of 19 wires and an 

independent wire rope core (IWRC).  The effective cable area is calculated based on equation 

(3.3) with a compactness factor of 0.395 and 15 percent added to the cross sectional area for six 

strand cable with IWRC (Wire Rope and Strand Catalog, 2013).  Therefore, the resulting cross 

sectional area of one 29 mm (1⅛") diameter wire cable is 382 mm
2
 (0.59 in

2
), so the effective 

area used for the parametric study is 764 mm
2 

(1.18 in
2
).   

Table 12: Model Element Dimensions 

 

The tower geometry and steel pipe size differ depending on the span length.  The type of 

angle bracing is constant for all span lengths, but the steel pipe dimensions vary.  Table 13 

presents the dimensions for the hollow steel pipe that is used for the vertical members of the 

towers. Figure 32 presents the overall tower dimensions and the locations of angle bracing.  All 

horizontal members in the towers are double angles and all diagonal members are single angles.   
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Table 13: Tower Pipe Dimensions 

 

 

Figure 32: Tower Elevation Geometry 
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4.2.3 Overall Model Geometry 

Geometry for the models differs depending on the span length.  The height of the towers, 

the width of the towers, and the deck camber depends on the span length.  Table 14 presents the 

parameters as a function of the bridge span (Bridge Builder Manual, 2013).  The deck camber is 

approximated as a sine wave following equation (4.1).   

 

 (4.1) 

 

where z is the vertical coordinate, camber is the deck camber specified in Table 14, span is the 

span length of the model, and x is the horizontal distance coordinate measured from the tower.   

Table 14: Geometric Parameters for Models 

 

4.3 Numerical Model Design 

The SAP2000 numerical models are designed to simulate full scale suspension 

footbridges.  The SAP elements were chosen to correctly represent the behavior of the full scale 

footbridge elements.  The boundary conditions and connectivity are defined to cause the model 
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to behave in the same way as the full scale structure.  The numerical model elements, boundary 

conditions, and connectivity are described below.   

The numerical model consists of cable and frame elements.  The main cables, suspenders, 

and stiffening braces are cable elements because these members only carry tension forces.  The 

suspenders are modeled as undeformed cable elements that connect the main cable to the 

crossbeam.  The main cables are modeled based on the maximum vertical sag in the deformed 

shape.  The stiffening braces are modeled as cables with an initial pretension force of 120 kgf 

(270 lb).  The towers, crossbeams, and decking panels are modeled as 3D frame elements.   

The nailers, which are wood boards attached to the double angle crossbeams for ease of 

nailing the decking boards, are not modeled in SAP explicitly.  Instead, the nailers are 

represented as a distributed dead load centered on the crossbeams that acts along the length of 

the standard nailer.  In addition, the fence and hand rail cable are represented in SAP as 2.84 kg 

(6.3 lbs) joint masses on the ends of every crossbeam.   

The boundary conditions at the anchors, the ends of the deck, and the base of the towers 

consist of pin or roller connections.  All base connections are modeled on the same plane.  The 

tower columns are pin connected.  The cables are pin connected at the anchor locations.  The 

deck has roller connections at both ends with 200 kgf/mm (11.2 ksi) longitudinal and lateral 

springs that were calibrated to the physical models.  Figure 33 presents a plan view of the deck 

boundary conditions, including the rollers and springs.  In addition, the end moments between 

decking boards are released.   
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Figure 33: View of Deck Boundary Conditions 

4.4 Loading 

 Footbridges are subject to many types of loading.  The present study is limited to static 

dead load for the self-weight of the structure and dynamic pedestrian loads.  A dynamic, moving, 

live load is modeled through a time-history analysis to determine the model response to a 

pedestrian traversing the bridge.  A typical stride length for a person is 0.6 m (1.97 ft); therefore, 

a gravity load of 81.6 kgf (180 lb) and a lateral load of 3.06 kgf (6.7 lb) applied in the direction 

away from a person’s center of mass are placed at 0.6 m (1.97 ft) intervals along half of the 

length of the bridge.  Table 15 presents the number of steps from the right foot and left foot for 

each span length.  The loads are placed 20 cm (7.9 inches) apart because people typically step 10 

cm (3.9 inches) out from a centerline when they walk.   
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Table 15: Number of Steps for Each Bridge 

 

The time functions used to define the dynamic loading are based on existing pedestrian 

forces data discussed in Chapter 2.  Figure 34 and Figure 35 present the force vs. time function 

for the vertical pedestrian force and the lateral pedestrian force respectively.  The vertical and 

lateral time functions act simultaneously, and the time function for the next step begins 0.5 

seconds after the previous step began, which means the steps overlap slightly.  The steps overlap 

because walking requires both feet on the ground between steps.  Table 16 presents the time an 

average person requires to traverse half of the bridge for each span length.   

 

Figure 34: Vertical Pedestrian Force Time Function 
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Figure 35: Lateral Pedestrian Force Time Function 

 

Table 16: Analysis Time for Each Bridge 

 

4.5 Analysis 

Several SAP2000 analyses were conducted to determine the total response of the 

structure.  First, a dead load analysis was run because all pedestrian loading occurs after the self-

weight is applied to the structure.  Then a modal analysis and a nonlinear, direct-integration, 

time-history analysis were run to determine the dynamic response.   

The dead load case is defined as nonlinear static to account for the nonlinearity of the 

cable elements.  The case considers self-weight of the members, distributed loads from the 

nailers, and the lumped mass of the fence.   
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A modal analysis was conducted of each model to determine the mode shapes and 

corresponding frequencies.  The modal analysis was set as an Eigen vectors analysis.  The modal 

analysis starts from the end of the nonlinear dead load analysis to evaluate the mode shapes of 

the structure under self-weight.   

To determine the displacements, velocities, and accelerations of the footbridge under 

pedestrian loading, a load case is defined to represent a pedestrian moving halfway across the 

bridge.  The modal damping ratio is defined as 0.01 or 1 percent, which is recommended for 

outdoor footbridges in AISC Design Guide 11 (Murray, 2012).  A damping of 0.005 or 0.5 

percent was also evaluated and the results were not significantly different.  The Rayleigh 

damping frequencies are defined as the first and tenth modal frequencies for each model.  

However, the first and twentieth frequencies were also set as the Rayleigh damping frequencies 

to ensure the results are properly captured by analyzing the models based on the first and tenth 

frequencies, and the results were not significantly different.  Therefore, the present study uses 1 

percent damping with the first and tenth modal frequencies defined for Rayleigh damping.   

4.6 Calibration 

The physical model results for three vertical mode shapes (1 wave, 1.5 waves, and 2 

waves) for two different footbridges were used to adjust connection rigidity, material stiffness, 

and mass distribution to create numerical models that mimic the behavior of the physical models.  

The physical models were studied and used to calibrate the SAP analysis to improve the 

numerical modeling methodology.  The parameters studied for calibration are based on 

differences between the physical and numerical models.  Each parameter was studied and 
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realistic changes were made to the numerical model, so the results are more similar to the 

physical models’ results.   

Table 17 presents all of the changes made to the numerical model based on the physical 

model construction.  These changes were not incorporated into the parametric study.  The 

physical models were built based on one 29 mm (1⅛") diameter cable on each side of the deck, 

so the effective cable area in the numerical calibration models is 382 mm
2
 (0.59 inch

2
).  Two 

cables on each side of the deck are used for the parametric study because the new standard for 

suspension bridge design calls for two cables for redundancy.   

Table 17: Calibration Parameters 

 

After the calibration parameters listed above were adjusted and based on a comparison 

between the physical model results and numerical model results, the longitudinal and lateral 

spring stiffness at the ends of the deck was calibrated to 200 kgf/mm (11.2 kips/inch). Table 18 
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presents the calibration results for the 40 m model, and Table 19 presents the calibration results 

for the 80 m model. 

Table 18: 40 m Model Calibration Results 

 

Table 19: 80 m Model Calibration Results 

 

The SAP model modal frequencies are not the same as the physical model modal 

frequencies.  This is a result of construction imperfections in the physical model that are not 

present in the numerical model.  In addition, wire is used for the suspenders in the physical 

models; some of the suspenders are not perfectly straight, so the load vs. deflection graph for 

each suspender varies.  This uneven response could be greatly affecting the modal frequencies of 

the physical models.  Even though there is error between the physical models and the SAP 

models, the modeling techniques are accepted for the parametric study.  Through constructing 

the physical models, the numerical modeling methodology, including boundary condition 

behavior and member connectivity, was improved and the numerical models were determined to 

accurately represent the full scale structures.   
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4.7 Parametric Study 

The parametric study was conducted through analyzing the forty numerical models 

presented in Table 21.  The models are named according to their span length, cable sag 

percentage, presence of vertical bracing, and presence of lateral bracing.  Table 21 presents each 

model that is studied, and Table 20 presents a key for each character in the bridge model names.  

The vertical and lateral stiffening braces are 6.4 mm (¼") diameter cables with a pretension force 

of 120 kgf (270 lbs).  The purpose of the bracing is to stiffen the structure to increase the modal 

frequencies and decrease the displacements, velocities, and accelerations of the structure 

resulting from a pedestrian walking across the bridge.   

Table 20: Key for Bridge Model Names 
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Table 21: Bridge Models for Parametric Study 
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The mode shapes were studied to determine the best locations for lateral and vertical 

bracing.  The first vertical mode shape, VA1, is presented in Figure 36.  Vertical bracing was 

evaluated at the ends of the structure and near the middle because these areas see the largest 

distortions to rectangular geometry.  It was determined that more bracing is needed for the ends 

than in the middle.   

 

Figure 36: First Vertical Mode Shape 

Vertical bracing is present over 60 percent of the structure: 20 percent on each end and 20 

percent centered in the middle of the bridge.  Vertical bracing connects the ends of the 

crossbeams to the main cable.  The dimensions of the bracing depend on the span length of the 

bridge.  Each brace pattern incorporates approximately 5 percent of the total number of 

suspenders in the bridge.  The brace pattern at the ends of the models is presented in Figure 37 

through Figure 41 for all span lengths, and the brace pattern at the center of the models is 

presented in Figure 42 to Figure 46; the bracing is highlighted in red.  The braces do not connect 

at the center of the “X”; the center of one “X” is indicated by a circle on Figure 37.   

 

 

Figure 37: Vertical Bracing Pattern at Ends of 40 m Span Footbridge 
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Figure 38: Vertical Bracing Pattern at Ends of 50 m Span Footbridge 

 

Figure 39: Vertical Bracing Pattern at Ends of 60 m Span Footbridge 

 

Figure 40: Vertical Bracing Pattern at Ends of 70 m Span Footbridge 

 

Figure 41: Vertical Bracing Pattern at Ends of 80 m Span Footbridge 

   

Figure 42: Vertical Bracing Pattern at Center of 40 m Span Footbridge 
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Figure 43: Vertical Bracing Pattern at Center of 50 m Span Footbridge 

      

Figure 44: Vertical Bracing Pattern at Center of 60 m Span Footbridge 

 

Figure 45: Vertical Bracing Pattern at Center of 70 m Span Footbridge 

 

Figure 46: Vertical Bracing Pattern at Center of 80 m Span Footbridge 

Figure 47 presents the first two lateral modes.  Bracing was also studied at the ends and 

middle of the span, and it was determined that more bracing is needed at the center because this 

is the area with the largest distortions of rectangular geometry for the first lateral mode.  

Therefore, the bracing is located at the ends and middle of the footbridges because the 

rectangular geometry in these areas has the greatest deformations for the first two mode shapes.   
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Figure 47: First Two Lateral Mode Shape 

Lateral bracing is between 40 percent of the crossbeams: 10 percent on each end and 20 

percent centered at the middle of the bridge.  Lateral bracing is located under the deck and it 

connects adjacent crossbeams.  Figure 48 presents the lateral bracing pattern under the deck for a 

60 m span footbridge; the bracing is highlighted in red.  The braces do not connect at the center 

of the “X,” which is located halfway between crossbeams where the cables cross each other.   

 

Figure 48: Lateral Bracing Pattern for 60 m Span Footbridge 

The parametric study was conducted by running a dead load case, modal analysis, and 

nonlinear, direct-integration, time-history analysis for all forty models.  The modal analysis 

calculated the mode shapes and modal frequencies for each model.  These frequencies are 

compared to the suggested limits for footbridges presented in Chapter 2.  Footbridges with 

vertical modal frequencies of 1.3 to 2.3 Hz and lateral modal frequencies of 0.5 to 1.2 Hz are 

known to have serviceability problems.  The time history analysis calculated the displacements, 

velocities, and accelerations for each model.  These movements are compared to human comfort 

criteria presented in Chapter 2.  The vertical velocity limit is 1 cm/s (0.033 ft/s), and the vertical 
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acceleration limit is 0.7 m/s
2 
(2.3 ft/s

2
).  The lateral displacement limit is 45 mm, and the lateral 

acceleration limit is 0.3 m/s
2 
(1.0 ft/s

2
).   

4.8 Summary 

SAP2000 was used for the numerical models.  The physical models were used to 

calibrate and validate the numerical models.  A parametric study was then conducted in SAP by 

studying forty numerical simulations to determine how cable sag, vertical stiffness, and lateral 

stiffness affect suspension footbridges with span lengths ranging from 40 m to 80 m.  These 

analyses calculated the frequencies of each mode shape in addition to the displacements, 

velocities, and accelerations of the bridge under pedestrian loading.  These results are useful in 

determining the best ways to mitigate vibration problems for pedestrian suspension bridges.   
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Chapter 5  
 

Parametric Study Results 

5.1 Overview 

The parametric study was conducted in SAP2000, and it includes studying five span 

lengths, two cable sag values, the presence of vertical stiffening, and the presence of lateral 

stiffening.  A total of forty models were studied to evaluate all combinations of these parameters.  

A modal analysis was conducted to determine the mode shapes and modal frequencies for each 

footbridge.  Also, a nonlinear, direct-integration, time-history analysis was conducted to 

determine the displacements, velocities, and accelerations that result from a person traversing the 

structure.  The results are compared to determine if the modal frequencies fall within the 

recommended range to avoid the frequency at which pedestrians walk and if the displacements, 

velocities, and accelerations meet the human comfort criteria.   

5.2 Results 

The parametric study results include modal frequencies and time history response data.  

The modal frequencies are presented for five mode shapes for all forty models.  The time history 

response data, including vertical velocities, lateral accelerations, and vertical accelerations are 

presented for all forty models in the Appendix.   

 



82 

5.2.1 Modal Frequency Results 

A modal analysis was conducted for all forty models in the parametric study and the 

results are presented in Table 22 through Table 28.  Five mode shapes, including two vertical, 

two lateral, and one torsional, are presented because these were determined to be the critical 

mode shapes; as discussed in Chapter 2, these five mode shapes are known to be problematic for 

pedestrian suspension bridges, and they are the vertical, lateral, and torsional modes with the 

lowest frequencies.  Figure 49 visually presents the five mode shapes listed in the tables.  The 

cables are removed from the lateral mode diagrams for clarity.    
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Figure 49: Mode Shapes 

Table 22: Modal Frequencies for Models with 5 Percent Cable Sag and No Stiffening 
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Table 23: Modal Frequencies for Models with 7.5 Percent Cable Sag and No Stiffening 

 

Table 24: Modal Frequencies for Models with 5 Percent Cable Sag and Lateral Stiffening 

 

Table 25: Modal Frequencies for Models with 7.5 Percent Cable Sag and Lateral Stiffening 

 

Table 26: Modal Frequencies for Models with 5 Percent Cable Sag and Vertical Stiffening 
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Table 27: Modal Frequencies for Models with 7.5 Percent Cable Sag and Vertical 

Stiffening  

 

Table 28: Modal Frequencies for Models with 5 Percent Cable Sag and Vertical and 

Lateral Stiffening 

 

Table 29: Modal Frequencies for Models with 7.5 Percent Cable Sag and Vertical and 

Lateral Stiffening 

 

5.2.2 Time History Results 

The time history results evaluated include lateral displacement, vertical velocity, lateral 

acceleration, and vertical acceleration.  The center of the deck was evaluated based on six meter 

sections; it takes a person five second to walk six meters.  These six meter sections are numbered 

for a 40 m span bridge in Figure 50.  The response data for all numerical models are included in 
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the Appendix.  The tables are named in accordance with the model naming described in Chapter 

4.  The response data is based on one person walking to mid-span from the 0 m location starting 

at time 0 seconds.  The walking pedestrian feels the responses listed on the diagonal line in each 

table; for example, the walking or moving person experiences the response in region 1 when he 

(meaning the moving person) is in region 1.  A bystander, or stationary person, feels a given 

response based on the region they are located in (column in the table) and based on the region the 

walker is in (row in the table).  The lateral displacement data are not included for any of the 

models because the lateral displacement of all models subject to one pedestrian loading does not 

exceed the lateral displacement limit.   

 

Figure 50: Regions of 40 m Models for Time History Results 

5.3 Discussion of Results 

The results are studied to determine the changes in modal frequencies and dynamic 

response data due to span length, cable sag, vertical stiffening, lateral stiffening, and both 

vertical and lateral stiffening.  The dynamic response data are measured against human comfort 

criteria as described in Chapter 2.  The trends and insights in the data are discussed in the 

following sections for each parameter of interest.  A full bracing scheme for the 40 m model with 

5 percent cable sag was also investigated to determine how close the current bracing patterns are 

to the best achievable result.   
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5.3.1 Span Length 

The modal frequencies of footbridges are dependent on the span length of the structure.  

All five modal frequencies are higher for shorter spans as observed from Figure 51.  The 

exception is VA1 and TS1 for longer spans.  The modal frequencies for these two modes begin 

to plateau or remain constant as the span length increases, so the slight increase in modal 

frequencies for the longer spans is expected.  The modal frequencies decrease by 11 to 33 

percent when the span length is increased from 40 m to 50 m.  However, this percent change 

decreases as the span length increases, demonstrating that the span length has a greater effect on 

the modal frequencies for shorter span lengths.   
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Figure 51: Modal Frequencies 

The dynamic response, including the displacements, velocities, and accelerations, tend to 

decrease as the span length increases as observed from Figure 52.  The average vertical velocities 

experienced by the walking pedestrian and by the bystander, who is defined to be a stationary 
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person located away from the walker, typically decrease as the span length increases for models 

with 5 percent cable sag; however, for models with 7.5 percent cable sag, the average vertical 

velocities are the greatest for 60 m span models.  The 60 m span model with 7.5 percent cable 

sag has a higher vertical mode with a frequency of 2 Hz, which is the frequency of the walker.  

Therefore, it is expected that the vertical velocities are larger since the forcing frequency 

matches a modal frequency of the structure causing resonance to occur.  For 40 m span bridges, 

the average vertical velocities experienced by the walking pedestrian are 20 to 26 times greater 

than the comfort limit, and the average vertical velocities experienced by the bystander are 15 to 

18 times great than the 10 mm/sec (0.39 inch/sec) limit.  For 80 m span bridges, the average 

vertical velocities experienced by the walking pedestrian are 12 to 15 times greater than the 

comfort limit, and the average vertical velocities experienced by the bystander are 11 times 

greater than the limit.  It was anticipated that the velocities would be larger for the walker than 

the bystander, since the walker is the forcing function on the structure.   
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Figure 52: Dynamic Response 
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The average lateral accelerations also tend to decrease as the span length increases as 

observed from Figure 52, but 50 m span bridges have the greatest lateral accelerations for both 

cable sag values for both a walker and bystander.  The modal frequency of LA1 for a 50 m span 

model with 7.5 percent cable sag is 0.99 Hz, which is very similar to the 1 Hz lateral frequency 

of the walker, so the lateral accelerations should be higher for this model.  The average lateral 

accelerations experienced by the walking pedestrian and by the bystander are up to 2 times 

greater than the comfort limit of 300 mm/s
2
 (0.98 ft/s

2
); however, the bystander accelerations are 

lower as expected.   

The vertical accelerations tend to decrease as the span length increases.  Models with a 

span length of 40 m have the greatest vertical accelerations for both cable sag types.  The 

average vertical accelerations experienced by the walker are 5 to 10 times the limit of 700 mm/s
2
 

(2.3 ft/s
2
), and the average vertical accelerations experienced by the bystander are up to 5 times 

the limit.  The vertical accelerations experienced by the walker are typically double the vertical 

accelerations experience by the bystander.  The model with a 60 m span length and 7.5 percent 

cable sag has high vertical accelerations because of resonance.   

5.3.2 Cable Sag 

The vertical modal frequencies are dependent on the cable sag.  The frequencies are 

typically lower for the 7.5 percent cable sag models as observed from Figure 51.  The modal 

frequencies differ for 5 percent cable sag as compared to 7.5 percent cable sag by 20 percent for 

the VA1 mode.  The modal frequencies differ by 14 percent for the VS2 mode.  The vertical 

modes are anticipated to depend on the cable sag because the sag is in the vertical direction.  The 

cable sag has less of an effect on LS1, and the percent difference in lateral modes between the 

two cable sag types decreases greatly as the span length increases.  TS1 is the only mode that 
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occasionally has a higher frequency for 7.5 percent cable sag as compared to 5 percent cable sag.  

The stiffest component of pedestrian suspension bridges is the deck, and the lateral modes are 

dependent on the deck so they are not affected by the cable sag.   

The time history responses are not greatly affected by the cable sag, but the vertical 

responses tend to be slightly higher for models with 7.5 percent cable sag as observed from 

Figure 52.  The average vertical velocities and vertical accelerations experienced by the walker 

and bystander are the greatest for 60 m span models with 7.5 percent sag because a higher 

vertical modal frequency for this model matches the walker vertical frequency.  The lateral 

accelerations are similar for 5 percent and 7.5 percent cable sag models.  This is because the 

vertical cable sag does not affect the deck lateral stiffness and the lateral time history response.   

5.3.3 Vertical Stiffening 

Adding vertical stiffening causes the vertical modal frequencies to increase by 5 to 42 

percent.  Figure 53 presents the difference in modal frequencies when vertical stiffening is added 

for models with 5 percent cable sag.  The graphs are similar for models with 7.5 percent cable 

sag.  The first vertical mode, VA1, increases by 14 to 42 percent.  The second vertical mode, 

VS2, increases by 5 to 10 percent.  The increase is similar for all span length and cable sag types.  

The first vertical mode was anticipated to increase more when stiffening was added because the 

vertical stiffening is strategically located to improve this mode.  However, the stiffening is also 

located in some of the areas where it can best mitigate VS2.  Adding vertical stiffening causes 

the lateral modes to change by 5 percent or less.  Vertical stiffening causes the frequency of the 

torsional mode, TS1, to decrease by up to 2 percent for models with 5 percent cable sag and up 

to 7 percent for models with 7.5 percent cable sag.  Vertical stiffening does not affect the lateral 

modes because they are dependent on the deck stiffness, and adding vertical bracing does not 
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increase the deck stiffness.  Overall, vertical stiffening increases the frequencies of the vertical 

modes.   

 

Figure 53: Modal Frequencies with Vertical Bracing 
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Adding vertical stiffening causes the vertical velocities and vertical accelerations to 

decrease for most span lengths.  Figure 54 presents the average vertical velocities, lateral 

accelerations, and vertical accelerations felt by a walker or a bystander for models with 5 percent 

cable sag.  The graphs are similar for models with 7.5 percent cable sag.  For 40 m span bridges 

with vertical stiffening, the average vertical velocity for a walking pedestrian is 15 times the 

comfort limit, and the vertical velocity for a bystander is 4 times the limit.  For 80 m span 

bridges with vertical stiffening, the average vertical velocity experienced by the walking 

pedestrian is 10 times greater than the comfort limit, and the average vertical velocity 

experienced by the bystander are 3 times greater than the limit.  The average vertical 

accelerations for a walking person are typically up to 6 times greater than the limit, and the 

average vertical accelerations for a bystander are less than the comfort limit for models with 

vertical stiffening.  The dynamic response felt by the bystander decreases to a greater degree than 

the response felt by the walker because the stiffening decreases the overall bridge movement, but 

the walker is still creating the force on the bridge, so the localized movement is not as greatly 

affected.  The lateral accelerations decrease slightly when vertical stiffening is added; the lateral 

accelerations were not anticipated to change because the deck stiffness is not affected by the 

presence of vertical bracing.   
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Figure 54: Dynamic Response of Models with Vertical Stiffening 
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5.3.4 Lateral Stiffening 

Adding lateral stiffening causes the lateral modal frequencies to increase by up to 13 

percent.  Figure 55 presents the difference in modal frequencies when lateral stiffening is added 

for models with 5 percent cable sag.  The graphs are similar for models with 7.5 percent cable 

sag.  The first lateral mode, LS1, increases by 3 to 13 percent.  The second lateral mode, LA1, 

increases by 0 to 5 percent.  The first lateral mode was anticipated to increase the most because 

the lateral stiffening is located to strategically limit the displacements for this mode.  The longer 

spans see a higher percent increase than the shorter spans, but the results are similar for both 

cable sag types.  The longer spans have more lateral bracing because the amount of bracing is 

based on the span, so the longer spans should have a slightly higher percent increase.  The lateral 

modes are not dependent on the cable sag, so the results should be the same for both sag types.  

Adding lateral stiffening causes the vertical modes to change by 2 percent or less and the 

torsional mode to increase by up to 6 percent.  The vertical modes are not dependent on the 

lateral stiffness of the deck, so these modes were not anticipated to change.  The torsional mode 

is affected by the deck stiffness, so it was anticipated to increase slightly.   
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Figure 55: Modal Frequencies with Lateral Bracing 



98 

The presence of lateral stiffening has a different response on the lateral accelerations 

depending on the span length of the footbridge.  For most span lengths, the lateral accelerations 

decrease when lateral stiffening is present as observed from Figure 56 for models with 5 percent 

cable sag; the results are similar for models with 7.5 percent cable sag.  However, for 70 m span 

bridges, the lateral accelerations actually increase for the walker and bystander.  The modal 

frequency of LA1 for 70 m models with 5 percent cable sag is close to the walker lateral 

frequency, so the lateral response is greater for this model.  The vertical velocities and vertical 

accelerations are not greatly affected by lateral stiffening because the vertical response does not 

depend on the lateral stiffness of the deck.   
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Figure 56: Dynamic Response of Models with Lateral Stiffening 
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5.3.5 Vertical and Lateral Stiffening 

When vertical and lateral stiffening are provided, the modal frequency that increases the 

most is the first vertical mode, VA1, as observed from Figure 57 for models with 5 percent cable 

sag; the graphs are similar for models with 7.5 percent cable sag.  VA1 increases by 15 to 46 

percent.  The second vertical mode, VS2, increases by 6 to 11 percent.  As observed previously 

vertical bracing has a greater effect on the vertical frequencies than lateral bracing has on the 

lateral frequencies; therefore, VA1 and VS2 were expected to have the greatest increase.  For the 

40 m span bridge with 5 percent cable sag, VA1 increases by 22 percent and VS2 increases by 9 

percent.  For the same model with a full bracing scheme, VA1 increases by 40 percent and VS2 

increases by 72 percent.  The vertical bracing scheme evaluated for the parametric study is based 

on mitigating VA1, so the percent increase when all bays are braced should be less for VA1 than 

VS2.  However, both modes greatly increase when full bracing is provided, so the results could 

be greatly improved if additional bracing is provided.  The first lateral mode, LS1, increases by 

up to 13 percent.  For spans less than 70 m, the second lateral modal frequency decreases by up 

to -5 percent; for 70 and 80 m spans, the LA1 frequency increases by up to 8 percent.  The 

greatest increase in LA1 for models with only lateral stiffening occurred at longer spans, so a 

higher percent increase was anticipated for longer spans.  For the 40 m 5 percent sag model, LS1 

increased by 4 percent, and a fully braced version of this model increases by 5 percent.  

Therefore, the maximum lateral frequencies are almost reached with the current bracing scheme.  

The torsional modal frequency varies by up to 4 percent.  The torsional mode is not directly 

dependent on vertical or lateral stiffness, so adding these bracing schemes does not greatly affect 

the torsional mode.  Vertical and lateral stiffening increase the vertical and lateral modes, but 

little changes are seen in the torsional mode.   
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Figure 57: Modal Frequencies with Vertical and Lateral Bracing 
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Vertical and lateral stiffening typically decreases all of the time history responses.  The 

vertical velocities, lateral accelerations, and vertical accelerations for a walker and bystander are 

greatly improved for almost all models as observed from Figure 58 for models with 5 percent 

cable sag.  The graphs are similar for models with 7.5 percent cable sag.  The average lateral 

accelerations for 70 m span bridges increase when stiffening is present, but all other response 

data decrease.  The lateral accelerations increase for this span length because the second lateral 

modal frequency for this model is very close to the walker lateral frequency, so resonance 

occurs.  In general, the response data for a bystander improves the most because the stiffening is 

very effective on a global scale rather than in the localized area where the walker is positioned.  

The bystander average vertical velocities are only up to 5 times the limit for 40 m span bridges 

and 3 times the limit for 80 m span bridges when vertical and lateral stiffening are provided.  The 

bystander average lateral accelerations are only up to 1.2 times the comfort limit.  The bystander 

average vertical accelerations are only up to 1.1 times the limit.  The walker vertical velocities, 

lateral accelerations, and vertical accelerations are not as greatly affected as the bystander, but all 

of these quantities typically decrease when vertical and lateral stiffening are provided.   

The vertical velocities and vertical accelerations of the 40 m span bridge with 5 percent 

cable sag and both vertical and lateral stiffening are very similar to a fully braced bridge of the 

same size; however, the lateral accelerations decrease by an additional 34 percent for the walker 

and 40 percent for the bystander when the model is fully braced.  Therefore, the vertical 

responses for the models in the parametric study cannot be decreased by adding additional 

vertical stiffening past the vertical stiffening scheme evaluated, but the lateral accelerations can 

be decreased by at least 30 percent to the point where they meet lateral acceleration comfort 

limits when the model is fully braced.   
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Figure 58: Dynamic Response of Models with Vertical and Lateral Stiffening 
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5.4 Summary 

A total of forty models were evaluated in a parametric study to determine the effect of 

span length, cable sag, vertical stiffening, lateral stiffening, and both vertical and lateral 

stiffening on footbridge modal frequencies and dynamic response data, including lateral 

displacements, vertical velocities, lateral accelerations, and vertical accelerations.   The results 

were compared to determine if the modal frequencies fall in the same range as the pedestrian 

walking frequency and if the dynamic response data are within the human comfort limits.  Most 

modal frequencies and response data do not meet the required criteria, except all lateral 

displacements are within the human comfort limit.  In addition, the dynamic responses are larger 

for the walking pedestrian versus the bystander.   

The modal frequencies decrease as the span length increases.  The vertical modal 

frequencies decrease as the cable sag increases, and the lateral and torsional modal frequencies 

are not dependent on the cable sag.  Typically, dynamic responses decrease as the span length 

increases, except when a vertical or lateral modal frequency is close to the walker vertical or 

lateral frequency.  The lateral accelerations are similar for both 5 and 7.5 percent cable sag 

models, and the vertical velocities and vertical accelerations are typically greater for 7.5 percent 

cable sag models.   

Stiffening typically increases the modal frequencies and decreases the response data, 

especially for a bystander.  Vertical stiffening greatly increases the vertical modes and does not 

greatly affect the lateral and torsional modes.  Vertical stiffening also decreases the vertical 

velocities and vertical accelerations.  The vertical accelerations experienced by a bystander are 

within the comfort limits when vertical stiffening is present.  Also, the lateral accelerations 

decrease slightly when vertical stiffening is provided.  Lateral stiffening increases the lateral 
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modes, slightly increases the torsional mode, and has little effect on the vertical modes.  Lateral 

stiffening typically decreases the lateral accelerations and has little effect on the vertical 

velocities and vertical accelerations.  Providing both vertical and lateral stiffening causes modal 

frequencies to increase, except for the torsional mode.  This stiffening also causes all dynamic 

response data to decrease, especially for a bystander.  Overall, stiffening does improve the 

footbridge’s properties and response.  The dynamic response improvement is greater in the 

vertical quantities than in the lateral quantities, but the lateral quantities are closer to the comfort 

limits.  The bracing schemes evaluated increase the lateral modal frequencies to values near the 

maximum achievable with this type of brace and decrease the vertical velocities and vertical 

accelerations to values near the minimum achievable with this type of brace; however, vertical 

modal frequencies can be increased and lateral accelerations can be decreased by adding 

additional bracing.   
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Chapter 6  
 

Conclusions 

6.1 Summary 

Pedestrian suspension bridges are needed in rural communities around the world to 

provide safe, year-long access to basic needs.  However, these bridges have a low mass, stiffness, 

and damping, so they are susceptible to serviceability failures under pedestrian loading.  For this 

reason, the present study investigated how span length, cable sag, vertical stiffness, and lateral 

stiffness affect the dynamic response of suspension footbridges.  This was accomplished through 

a parametric study conducted in SAP2000, which was validated through constructing and testing 

two physical bridge models.  A modal analysis was conducted to determine if the modal 

frequencies of the structures are similar to pedestrian walking frequencies.  In addition, a 

nonlinear, direct-integration, time-history analysis was conducted to compare the displacements, 

velocities, and accelerations to human comfort limits.  Conclusions and future research 

recommendations are presented in the following sections.   

6.2 Conclusions 

The modal frequency and time-history results from the parametric study support several 

conclusions: 
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1. Shorter span lengths have higher modal frequencies; smaller cable sags have higher 

vertical modal frequencies 

2. Adding vertical stiffening greatly increases the first two vertical modal frequencies; 

adding lateral stiffening increases the first two lateral modal frequencies and slightly 

increases the first torsional modal frequency; adding both vertical and lateral stiffening 

causes the all modal frequencies to increase, except the torsional modal frequency 

3. Shorter span lengths typically have higher dynamic responses, but models with a modal 

frequency close to the pedestrian walking frequency have a higher dynamic response; the 

vertical dynamic responses increase as the cable sag increases 

4. Adding vertical stiffening causes the vertical velocities and vertical accelerations to 

decrease, so the vertical accelerations felt by a bystander are within the comfort limits; 

adding lateral stiffening typically causes the lateral accelerations to decrease; adding both 

vertical and lateral stiffening decreases the response felt by a walker for most bridges and 

greatly decreases the response felt by a bystander 

5. For most span lengths, especially 50 m spans, the second lateral mode is close to 1 Hz, 

which is the lateral frequency of a normal pedestrian walk, so these modes are anticipated 

to be most easily excited under normal walking conditions 

6. For all span lengths, the lateral displacements resulting from one pedestrian walking are 

within the limit for human comfort, and the lateral accelerations only slightly exceed the 

limit for human comfort; however, the vertical velocities and vertical accelerations 

greatly exceed the human comfort limits, so the vertical vibrations are a greater concern 

7. The vertical stiffening evaluated does not increase the vertical modal frequencies enough 

to meet vertical frequency limits for pedestrian suspension bridges, and the lateral 
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stiffening evaluated does not increase the lateral modal frequencies enough to meet 

lateral frequency limits; the frequencies are closer to the limits when stiffening is present, 

but large vibrations could occur if many pedestrians walk at frequencies similar to the 

modal frequencies of the structure 

8. The vertical and lateral stiffening do not decrease the dynamic response of the bridge to 

meet human comfort limits; however, the response is improved with stiffening, especially 

regarding the response felt by a bystander 

9. Vertical stiffening has a greater effect on the frequencies and dynamic responses than 

lateral stiffening, but the models are closer to the lateral comfort limits than the vertical 

comfort limits 

6.3 Recommendations for Further Research 

Based on the scope of the present study, the following recommendations are made: 

 Further validate the modeling techniques by calibrating the numerical models to full scale 

bridge data if available 

 Investigate other loading scenarios, including a person running, groups of people, 

animals, and people with animals 

 Consider longer span lengths for pedestrian suspension bridges because the span length 

limits are increasing for standard suspension footbridges 

 Explore different back span cable angles and loaded back stays 

 Examine wind guys, which are cables used to support the bridge on the sides from 

independent anchors 
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 Study additional ways to improve the lateral response because most footbridges have 

lateral modal frequencies similar to a normal pedestrian lateral walking frequency 

 Investigate additional vertical stiffening schemes because many models have a higher 

vertical modal frequency similar to a normal pedestrian vertical walking frequency 

 Explore adding mass in different locations along the bridge to improve the dynamic 

response 
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Appendix 

 

Time History Data 

Table A.1: Time History Results for 40-5-N-N 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 
 

0-5 1 110 103 138 109 132 144 55 
 

5-10 2 167 383 226 235 236 142 119 
 

10-15 3 150 251 301 288 240 215 109 
 

 
Lateral Acceleration (mm/s^2)  

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 
 

0-5 1 137 490 451 290 424 382 86 
 

5-10 2 220 694 825 460 720 445 104 
 

10-15 3 242 422 687 445 667 511 69 
 

 
Vertical Acceleration (mm/s^2)  

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 
 

0-5 1 3480 1878 2143 1802 2367 2095 807 
 

5-10 2 2643 7125 4573 3977 3389 2259 1900 
 

10-15 3 2288 4941 9683 5167 4560 3878 2376 
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Table A.2: Time History Results for 40-5-N-L 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 108 95 145 107 143 141 57 

5-10 2 164 360 216 276 226 343 102 

10-15 3 208 330 275 272 267 299 116 

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 130 262 323 336 335 569 82 

5-10 2 299 711 434 632 450 662 92 

10-15 3 245 602 443 382 596 462 61 

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 3560 1855 2306 1667 2240 2053 880 

5-10 2 2892 8321 7234 5559 3854 6161 1725 

10-15 3 4071 7619 5625 6299 4855 5674 2567 
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Table A.3: Time History Results for 40-5-V-N 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 59 55 49 40 41 56 28 

5-10 2 52 202 131 53 50 61 27 

10-15 3 65 102 181 82 52 43 22 

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 121 395 339 273 297 293 22 

5-10 2 176 514 469 497 524 333 74 

10-15 3 257 438 496 387 728 328 121 

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 1858 787 845 468 557 756 422 

5-10 2 2012 5198 2846 896 739 836 458 

10-15 3 1100 2492 4485 1590 792 703 339 
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Table A.4: Time History Results for 40-5-V-L 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 61 42 49 39 39 58 28 

5-10 2 50 194 130 62 45 63 30 

10-15 3 63 138 159 48 43 41 25 

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 118 241 380 129 279 310 43 

5-10 2 192 734 520 350 484 483 68 

10-15 3 283 662 559 338 628 571 82 

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 1642 939 743 457 486 818 419 

5-10 2 2169 4709 2688 1110 906 828 465 

10-15 3 1055 3696 4395 1925 889 621 382 
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Table A.5: Time History Results for 40-7.5-N-N 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 97 166 97 88 102 164 49 

5-10 2 180 279 325 323 174 358 130 

10-15 3 194 185 222 237 229 272 116 

         

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 287 655 749 320 535 332 98 

5-10 2 297 854 869 531 1112 528 130 

10-15 3 129 431 464 417 505 375 76 

         

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 3150 3465 1906 1430 1546 2531 754 

5-10 2 3281 9078 5477 4764 3492 5762 1948 

10-15 3 3004 5158 9237 5765 5537 5500 2072 
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Table A.6: Time History Results for 40-7.5-N-L 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 84 167 95 94 103 155 45 

5-10 2 123 248 260 253 159 294 150 

10-15 3 180 273 317 241 157 238 98 

         

 
Lateral Acceleration (mm/s^2) 

  Location (m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 162 331 275 173 305 407 51 

5-10 2 228 596 364 402 454 422 69 

10-15 3 262 557 465 476 607 565 95 

         

 
Vertical Acceleration (mm/s^2) 

  Location (m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 2819 3462 1851 1547 1501 2372 756 

5-10 2 2774 5267 4676 4480 2972 4859 2514 

10-15 3 3303 4916 7329 5147 2947 5071 2256 
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Table A.7: Time History Results for 40-7.5-V-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 66 52 50 31 54 25 13 

5-10 2 50 346 413 122 123 43 28 

10-15 3 46 309 306 173 208 43 32 

         

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 107 340 260 188 218 200 27 

5-10 2 153 491 437 361 569 335 81 

10-15 3 187 635 676 362 704 423 94 

         

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 1571 768 725 465 553 343 194 

5-10 2 1846 9466 8097 2743 2244 735 542 

10-15 3 867 5431 7087 3211 3605 821 496 
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Table A.8: Time History Results for 40-7.5-V-L 

 

Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 70 53 51 31 55 26 12 

5-10 2 48 312 292 105 133 47 29 

10-15 3 51 308 356 162 203 37 35 

         

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 95 225 193 132 311 196 27 

5-10 2 235 648 412 265 563 339 64 

10-15 3 266 821 604 302 568 552 70 

         

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 36 to 40 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 

0-5 1 1666 760 724 499 579 361 186 

5-10 2 1696 8547 6221 1790 2340 703 655 

10-15 3 794 6874 6800 2557 3099 712 619 
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Table A.9: Time History Results for 50-5-N-N 

 

Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 

36 to 

42 

42 to 

50 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 134 111 98 81 91 58 94 74 

5-10 2 215 195 166 120 118 159 146 165 

10-15 3 159 181 187 159 144 172 136 154 

15-20 4 160 116 104 138 90 130 98 123 

          

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 

36 to 

40 

42 to 

50 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 178 410 393 382 396 318 588 225 

5-10 2 288 798 727 517 810 578 917 397 

10-15 3 298 877 1025 583 780 612 1012 480 

15-20 4 324 717 657 547 495 540 662 269 

          

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 6 to 12 12 to 18 18 to 24 24 to 30 30 to 36 

36 to 

40 

42 to 

50 

Time (sec) 
Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 2682 2273 1774 1388 1305 1025 1491 1124 

5-10 2 5131 4457 3134 2630 1970 2345 2359 2396 

10-15 3 2861 3513 5191 2496 2651 3105 2046 2451 

15-20 4 2579 2266 1646 4668 2108 2679 2187 2404 
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Table A.10: Time History Results for 50-5-N-L 

 

Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 165 102 123 80 124 85 112 85 
 

5-10 2 235 181 153 120 120 161 127 136 
 

10-15 3 150 154 171 128 112 162 124 141 
 

15-20 4 184 141 153 178 110 95 144 118 
 

          
 

 
Lateral Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 164 426 282 445 270 183 364 220 
 

5-10 2 341 1080 736 623 548 352 643 297 
 

10-15 3 265 890 522 456 474 306 784 403 
 

15-20 4 234 948 521 549 379 348 566 286 
 

          
 

 
Vertical Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 3003 2133 2072 1762 2005 1172 1589 1276 
 

5-10 2 5164 3941 3144 2481 1838 2598 2668 1990 
 

10-15 3 2951 3318 4611 1837 2398 2299 2046 2558 
 

15-20 4 2624 2372 1900 4331 2946 2239 2664 2136 
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Table A.11: Time History Results for 50-5-V-N 

 

Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 70 76 16 37 25 14 38 25 
 

5-10 2 76 214 101 59 65 58 40 29 
 

10-15 3 26 63 207 130 84 82 62 39 
 

15-20 4 34 46 78 200 106 61 59 16 
 

          
 

 
Lateral Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 134 260 318 196 419 173 421 214 
 

5-10 2 145 563 463 278 642 301 630 282 
 

10-15 3 213 568 577 272 538 287 611 305 
 

15-20 4 232 399 324 466 306 176 474 283 
 

          
 

 
Vertical Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 1049 2731 324 576 325 153 512 337 
 

5-10 2 1495 4821 2003 1442 1153 811 530 393 
 

10-15 3 397 2347 5695 2936 1822 1334 1047 506 
 

15-20 4 454 1293 1867 4811 2268 1267 1068 241 
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Table A.12: Time History Results for 50-5-V-L 

 

Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 80 78 16 33 29 16 38 26 
 

5-10 2 83 244 101 60 64 61 37 41 
 

10-15 3 31 111 170 139 94 85 74 37 
 

15-20 4 34 63 84 170 70 75 62 22 
 

          
 

 
Lateral Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 141 304 260 195 319 139 405 250 
 

5-10 2 181 567 472 274 439 208 520 285 
 

10-15 3 207 531 395 327 409 252 519 324 
 

15-20 4 163 412 421 397 308 212 463 347 
 

          
 

 
Vertical Acceleration (mm/s^2)  

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50  

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 
 

0-5 1 1036 2170 293 484 359 176 510 351 
 

5-10 2 1376 5201 2255 1345 972 908 526 489 
 

10-15 3 503 3211 3880 2863 1865 1288 1308 532 
 

15-20 4 446 1744 2377 4583 1586 1299 1116 319 
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Table A.13: Time History Results for 50-7.5-N-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 85 114 83 85 110 107 95 73 

5-10 2 124 254 180 252 208 229 155 226 

10-15 3 130 233 213 151 174 217 129 153 

15-20 4 103 143 194 317 189 200 127 153 

          

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 137 298 249 246 192 282 337 139 

5-10 2 228 796 807 623 771 742 1073 525 

10-15 3 190 601 1026 394 679 684 856 355 

15-20 4 226 395 549 558 389 627 548 337 

          

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 2393 3017 1723 1658 1537 1350 1399 1045 

5-10 2 2645 5048 3797 4842 3827 3698 2845 3820 

10-15 3 2249 6300 5749 3613 2806 4281 2320 2440 

15-20 4 1864 3286 4554 6427 4788 4037 2123 2624 
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Table A.14: Time History Results for 50-7.5-N-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 72 118 82 83 105 117 90 73 

5-10 2 112 248 176 267 198 185 136 242 

10-15 3 157 267 201 155 163 179 130 176 

15-20 4 153 120 229 355 227 260 157 107 

          

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 169 360 331 274 211 163 240 119 

5-10 2 319 888 877 509 522 290 656 387 

10-15 3 230 397 548 313 422 249 481 295 

15-20 4 88 387 395 281 281 211 316 194 

          

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 2254 2949 1763 1602 1468 1428 1339 1046 

5-10 2 2633 5379 3707 5033 3593 2729 2463 3866 

10-15 3 2454 6752 6019 6120 3379 3604 2264 2763 

15-20 4 2311 5219 3715 7158 7874 4283 3153 2068 
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Table A.15: Time History Results for 50-7.5-V-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 55 52 53 29 52 24 47 33 

5-10 2 50 386 118 105 63 64 46 30 

10-15 3 44 91 150 155 71 92 62 57 

15-20 4 37 91 115 228 102 77 71 37 

          

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 146 296 201 221 248 147 308 143 

5-10 2 168 536 421 274 671 347 661 331 

10-15 3 187 619 651 329 645 407 690 457 

15-20 4 256 536 422 595 536 401 592 384 

          

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 1372 1150 917 582 703 382 695 474 

5-10 2 1124 7488 2277 2123 969 626 643 437 

10-15 3 675 3063 4110 2940 1418 1212 998 705 

15-20 4 503 2119 2452 3906 1700 1336 1127 506 
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Table A.16: Time History Results for 50-7.5-V-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 53 47 55 30 55 27 49 33 

5-10 2 50 387 124 107 65 65 47 33 

10-15 3 40 94 156 146 79 92 67 60 

15-20 4 40 76 108 191 102 81 67 40 

          

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 108 270 248 164 260 94 303 185 

5-10 2 202 617 549 264 417 187 542 282 

10-15 3 246 778 658 369 475 222 596 382 

15-20 4 224 746 355 336 213 221 437 213 

          

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

50 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 

0-5 1 1236 1234 918 683 792 410 708 467 

5-10 2 1093 7337 2410 1992 920 830 705 463 

10-15 3 646 3183 3984 2680 1506 1405 1075 744 

15-20 4 579 1600 1993 5369 1544 1159 932 512 
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Table A.17: Time History Results for 60-5-N-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 tp 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 69 106 112 110 79 98 90 131 130 150 

5-10 2 184 197 108 76 76 86 98 134 152 163 

10-15 3 146 139 178 131 106 102 96 93 81 89 

15-20 4 93 127 114 170 129 132 124 145 141 178 

20-25 5 144 132 136 126 146 132 80 86 78 95 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 tp 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 146 339 263 310 197 205 177 193 152 62 

5-10 2 189 375 667 442 347 250 404 436 299 138 

10-15 3 193 489 776 666 454 416 562 588 432 201 

15-20 4 177 393 452 429 378 543 726 571 448 159 

20-25 5 121 249 403 248 456 598 581 537 273 146 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 tp 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1784 3066 2322 2386 1494 1709 1500 1838 2021 2042 

5-10 2 3484 5042 2404 1536 1757 1699 1586 2127 2394 2322 

10-15 3 3328 4224 5033 3785 3192 1937 2170 2048 1452 1629 

15-20 4 1430 2466 2350 4414 3271 3008 2441 2647 2337 2769 

20-25 5 2286 2510 3005 2443 4676 2896 2111 1837 1805 1701 
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Table A.18: Time History Results for 60-5-N-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 68 104 113 107 76 96 83 128 124 142 

5-10 2 176 212 82 69 71 77 102 133 151 159 

10-15 3 179 181 192 126 110 92 98 120 101 109 

15-20 4 84 114 105 170 117 101 114 110 112 125 

20-25 5 112 126 120 102 175 158 93 89 107 113 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 129 233 157 255 85 167 194 118 212 100 

5-10 2 205 361 297 334 119 216 223 318 346 152 

10-15 3 178 393 376 336 189 294 359 334 283 133 

15-20 4 203 383 317 327 190 259 351 269 295 123 

20-25 5 157 325 193 195 205 135 208 172 261 138 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1791 3023 2361 2364 1432 1582 1409 1871 1963 2004 

5-10 2 4173 4805 3087 1550 1762 1541 1679 2110 2356 2186 

10-15 3 3483 5271 5643 2670 2360 1728 2182 2076 1853 1643 

15-20 4 1206 2490 2589 5984 2448 2168 2398 1974 1979 1988 

20-25 5 1905 2349 2806 2013 5265 3439 2236 2196 2189 1812 
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Table A.19: Time History Results for 60-5-V-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 47 32 29 29 19 7 24 30 7 10 

5-10 2 39 42 62 56 29 20 25 26 11 8 

10-15 3 28 44 188 174 69 42 94 93 16 29 

15-20 4 30 16 149 184 73 27 104 111 14 26 

20-25 5 30 18 97 120 69 35 78 95 16 21 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 124 177 182 237 119 143 158 163 201 90 

5-10 2 115 228 313 265 211 134 254 241 204 91 

10-15 3 135 323 488 369 324 391 433 387 375 182 

15-20 4 167 307 439 448 335 456 612 496 411 189 

20-25 5 132 185 379 297 509 591 533 512 226 131 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1474 546 504 432 291 80 339 412 103 156 

5-10 2 1093 1676 1456 1455 338 217 300 377 124 93 

10-15 3 706 2138 7143 3777 1820 1300 1416 1355 277 444 

15-20 4 540 686 3150 6105 2484 1347 1570 1689 313 365 

20-25 5 418 415 2434 2725 2938 1201 1491 1712 234 262 
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Table A.20: Time History Results for 60-5-V-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 46 32 28 29 20 7 25 31 7 11 

5-10 2 40 42 62 54 29 21 26 27 11 8 

10-15 3 29 45 188 169 68 46 99 98 17 31 

15-20 4 30 16 146 181 71 25 103 111 14 26 

20-25 5 30 20 96 113 65 34 82 96 15 21 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 108 154 145 223 80 151 190 122 215 101 

5-10 2 93 195 270 266 104 186 229 207 231 101 

10-15 3 109 218 372 371 141 200 301 192 249 128 

15-20 4 131 251 386 291 163 234 318 190 272 140 

20-25 5 91 158 219 171 124 156 178 155 216 123 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1468 542 487 415 299 79 351 428 102 158 

5-10 2 1088 1681 1463 1426 347 240 310 391 121 95 

10-15 3 719 2142 7227 3832 1983 1346 1427 1457 336 458 

15-20 4 560 785 3135 6180 2462 1453 1547 1717 317 365 

20-25 5 424 450 2467 2760 3140 1183 1407 1777 278 266 
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Table A.21: Time History Results for 60-7.5-N-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 88 137 152 79 103 129 78 151 80 164 

5-10 2 141 246 172 155 240 256 134 207 236 265 

10-15 3 323 259 325 119 305 351 184 287 216 324 

15-20 4 357 318 377 334 338 313 173 332 346 422 

20-25 5 308 308 270 227 378 386 171 247 254 294 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 107 179 237 258 189 180 219 217 221 86 

5-10 2 150 383 502 420 288 259 284 388 263 122 

10-15 3 114 307 533 542 428 495 520 474 350 174 

15-20 4 141 329 470 614 433 558 647 543 308 133 

20-25 5 128 336 466 425 708 815 723 562 221 105 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 2218 2724 2087 1378 1365 1958 1117 2020 1136 2214 

5-10 2 2845 3598 2557 3302 3825 4145 1836 3059 3740 3817 

10-15 3 4887 4087 6186 2247 5175 5619 3610 3966 3742 4795 

15-20 4 5865 4786 5633 8243 6140 4800 2759 5179 5501 6320 

20-25 5 5044 5267 4744 5919 9647 5731 3914 4111 3902 4249 
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Table A.22: Time History Results for 60-7.5-N-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 93 150 161 81 108 126 81 148 81 158 

5-10 2 161 240 179 158 254 245 153 211 242 271 

10-15 3 287 269 334 156 278 365 190 301 240 328 

15-20 4 328 378 345 374 388 302 153 331 366 387 

20-25 5 232 309 246 236 275 294 166 191 196 126 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 94 155 157 188 99 118 198 116 180 88 

5-10 2 165 301 406 372 255 215 261 201 247 114 

10-15 3 198 327 705 485 320 294 265 318 243 157 

15-20 4 122 228 464 371 277 219 290 318 286 113 

20-25 5 56 158 239 250 199 213 186 221 228 101 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 2109 2367 2657 1470 1819 1721 1132 1865 1220 2055 

5-10 2 3067 4348 2581 3494 4129 3783 2152 3064 3571 3908 

10-15 3 4748 4087 5866 2543 4035 5345 3379 4572 4373 4690 

15-20 4 5091 5960 4786 9708 9017 4996 2225 5052 6293 6059 

20-25 5 3346 4879 4157 5749 6898 6386 3849 4191 3201 2002 
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Table A.23: Time History Results for 60-7.5-V-N 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 66 48 33 40 20 24 23 33 35 38 

5-10 2 67 78 64 66 25 29 31 40 38 43 

10-15 3 46 68 231 174 68 32 52 43 39 43 

15-20 4 33 28 165 240 73 42 51 61 22 27 

20-25 5 34 25 115 86 142 52 53 48 32 35 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 129 190 154 244 120 132 141 189 117 59 

5-10 2 126 196 300 268 122 190 185 236 180 88 

10-15 3 129 276 521 507 370 366 441 471 347 201 

15-20 4 189 411 697 612 551 819 758 655 364 145 

20-25 5 136 199 445 578 784 792 704 591 222 148 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1584 999 581 746 348 336 431 527 450 522 

5-10 2 1249 1834 1385 1105 401 456 531 726 535 575 

10-15 3 1006 1743 5633 2741 1773 575 687 593 539 540 

15-20 4 586 798 3360 3798 3010 1608 1239 934 389 337 

20-25 5 540 493 2581 1666 3514 1707 1035 1135 641 524 

 



133 

Table A.24: Time History Results for 60-7.5-V-L 

 
Vertical Velocity (mm/s) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

42 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 66 48 35 43 20 23 28 35 37 41 

5-10 2 70 83 56 69 25 33 33 43 40 45 

10-15 3 45 72 232 177 70 35 53 40 39 44 

15-20 4 32 33 176 258 84 54 51 57 25 29 

20-25 5 37 26 110 120 147 51 51 45 29 35 

            

 
Lateral Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 108 143 195 205 90 152 141 125 171 69 

5-10 2 98 203 273 267 94 176 244 147 226 103 

10-15 3 167 341 656 617 178 357 262 200 270 147 

15-20 4 240 443 747 682 255 280 325 239 338 153 

20-25 5 160 187 312 389 184 220 211 218 196 143 

            

 
Vertical Acceleration (mm/s^2) 

  
Location 

(m) 0 to 6 

6 to 

12 

12 to 

18 

18 to 

24 

24 to 

30 

30 to 

36 

36 to 

40 

42 to 

48 

48 to 

54 

54 to 

60 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 

0-5 1 1716 1043 658 795 333 388 514 599 486 529 

5-10 2 1205 1733 1216 1213 408 521 521 789 579 614 

10-15 3 1072 1831 5963 2677 1700 849 635 609 501 565 

15-20 4 584 984 3739 4036 2816 1453 1203 967 375 383 

20-25 5 605 481 2415 2480 3459 1310 755 691 488 509 
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Table A.25: Time History Results for 70-5-N-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 to 

24 

24 to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 63 104 91 93 90 104 127 116 141 74 37 57 

5-10 2 169 95 96 163 188 206 174 159 178 116 53 66 

10-15 3 200 133 212 162 192 193 190 244 243 181 57 101 

15-20 4 189 134 101 173 161 209 171 168 173 121 48 90 

20-25 5 142 92 67 58 157 79 65 87 89 69 27 39 

25-29.1 6 129 76 47 87 125 251 155 149 135 106 47 77 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 94 206 361 238 225 192 235 289 198 288 227 36 

5-10 2 137 285 422 313 370 195 259 318 286 435 376 56 

10-15 3 215 444 510 391 308 438 234 402 327 307 310 54 

15-20 4 212 483 344 546 373 429 239 379 408 351 307 51 

20-25 5 238 447 252 412 374 268 375 198 401 331 307 48 

25-29.1 6 252 507 272 401 356 429 371 208 512 342 317 54 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1896 1839 1550 1384 1459 1725 2085 1741 1726 1096 457 847 

5-10 2 2776 2323 1637 2301 3019 3044 2341 2497 2500 1900 793 1103 

10-15 3 2952 3006 6647 3135 2711 3144 2825 3652 3423 2391 843 1412 

15-20 4 2656 2507 1888 5613 2854 3291 2357 2490 2580 1762 760 1391 

20-25 5 1945 1592 1253 1469 6349 2084 1031 1432 1453 1046 506 720 

25-29.1 6 1784 1348 1190 1656 2171 8944 2712 2332 2381 1659 795 1263 
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Table A.26: Time History Results for 70-5-N-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 67 105 93 96 87 90 114 125 134 76 35 46 

5-10 2 180 103 111 153 190 194 181 136 170 129 63 62 

10-15 3 221 133 238 168 227 225 190 251 255 195 67 103 

15-20 4 216 146 93 190 184 245 193 223 221 162 59 104 

20-25 5 166 127 76 55 179 144 122 91 94 76 38 47 

25-29.1 6 103 64 54 74 107 178 117 126 113 92 46 50 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 92 143 201 221 244 100 162 307 269 218 232 35 

5-10 2 120 214 339 413 299 214 205 487 633 457 481 73 

10-15 3 153 321 448 806 265 248 207 312 562 311 242 34 

15-20 4 142 339 698 1091 314 266 222 522 904 341 279 47 

20-25 5 145 288 424 722 349 202 213 391 815 328 243 37 

25-29.1 6 110 214 323 509 175 204 202 360 735 277 314 53 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1590 1853 1708 1527 1603 1570 1810 1542 1762 1197 454 713 

5-10 2 2806 2225 2036 2227 3065 2825 2834 2377 2363 1716 926 1099 

10-15 3 2799 2883 6325 3116 2997 3246 3005 3798 3393 2583 905 1450 

15-20 4 2963 2525 1707 5878 3118 3493 2778 3403 2917 2293 953 1423 

20-25 5 2328 2181 1576 1881 6113 2386 1914 1665 1443 1109 653 809 

25-29.1 6 1532 1163 1295 1214 2137 7923 1853 1930 1793 1351 752 725 
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Table A.27: Time History Results for 70-5-V-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 67 105 93 96 87 90 114 125 134 76 35 46 

5-10 2 180 103 111 153 190 194 181 136 170 129 63 62 

10-15 3 221 133 238 168 227 225 190 251 255 195 67 103 

15-20 4 216 146 93 190 184 245 193 223 221 162 59 104 

20-25 5 166 127 76 55 179 144 122 91 94 76 38 47 

25-

29.1 6 103 64 54 74 107 178 117 126 113 92 46 50 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 85 110 166 210 179 130 132 128 261 205 166 25 

5-10 2 64 160 178 232 194 143 159 146 297 221 176 26 

10-15 3 139 247 481 371 325 396 171 450 362 327 203 42 

15-20 4 122 309 365 493 345 439 219 523 493 364 285 45 

20-25 5 136 323 313 446 416 338 208 259 457 248 265 43 

25-

29.1 6 112 194 397 435 391 442 258 260 351 243 223 32 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1497 887 390 234 296 233 125 315 224 89 102 41 

5-10 2 685 1543 758 321 390 256 117 382 269 101 123 54 

10-15 3 598 1430 4590 2257 1787 1121 676 720 632 256 187 111 

15-20 4 533 417 1739 5805 1751 1206 804 1127 851 362 220 147 

20-25 5 344 421 1673 999 5167 1521 926 1304 946 344 307 177 

25-

29.1 6 435 322 1015 730 1573 5998 1875 1144 746 271 196 134 
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Table A.28: Time History Results for 70-5-V-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 45 48 24 16 19 17 10 25 17 7 8 3 

5-10 2 31 48 33 16 22 17 9 29 21 6 10 3 

10-15 3 28 48 151 86 88 65 44 63 44 20 13 8 

15-20 4 20 21 67 132 82 71 45 79 61 24 18 9 

20-25 5 21 19 63 38 164 68 42 80 61 23 21 9 

25-29.1 6 27 15 40 30 50 147 41 64 42 17 14 7 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 95 94 129 221 150 125 95 306 357 222 154 25 

5-10 2 89 231 266 531 306 160 171 425 590 306 244 36 

10-15 3 155 310 494 659 315 196 197 403 580 359 277 50 

15-20 4 213 416 596 854 390 386 277 639 1145 374 438 72 

20-25 5 226 446 469 669 586 322 261 645 1104 351 412 65 

25-29.1 6 117 329 328 545 275 379 189 386 670 310 241 43 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1564 870 388 242 298 226 135 348 251 82 107 40 

5-10 2 709 1548 761 315 392 252 125 398 287 88 129 57 

10-15 3 612 1448 4521 2267 1771 1201 743 825 633 314 208 119 

15-20 4 545 416 1697 5777 1886 1162 857 1143 858 393 240 142 

20-25 5 314 382 1676 976 5204 1452 979 1200 911 345 292 169 

25-29.1 6 439 287 1081 792 1710 5800 1931 800 710 237 202 151 
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Table A.29: Time History Results for 70-7.5-N-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 83 94 119 96 120 108 130 121 149 124 111 59 

5-10 2 149 158 189 156 120 101 134 161 166 113 106 68 

10-15 3 206 167 281 260 226 134 159 229 200 178 83 99 

15-20 4 205 173 218 224 231 97 219 246 243 200 128 107 

20-25 5 166 147 166 121 187 140 87 130 129 134 79 86 

25-

29.1 6 114 132 138 121 135 249 133 132 191 130 98 58 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 109 195 182 226 132 176 82 246 193 200 190 28 

5-10 2 152 340 282 270 306 170 206 272 274 289 258 39 

10-15 3 172 331 401 416 344 402 204 356 460 371 248 39 

15-20 4 187 414 466 575 382 421 241 394 560 396 291 38 

20-25 5 180 387 467 499 376 348 404 299 548 449 295 47 

25-

29.1 6 168 360 262 425 362 492 396 316 500 291 191 41 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1645 1687 2786 1460 1918 1401 1639 1627 2061 1897 1593 874 

5-10 2 2286 2937 3818 2544 1654 1704 1961 2287 2525 1664 1546 1068 

10-15 3 3103 3023 5607 4346 3144 2113 2623 3647 3436 2751 1297 1387 

15-20 4 2828 2974 3395 4504 3600 1668 3652 3758 3556 2971 1731 1701 

20-25 5 2569 2551 2603 2217 3694 2092 1558 1982 2373 2166 1360 1362 

25-

29.1 6 1803 2323 2253 2090 2942 5610 2284 1932 3046 1863 1539 1210 
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Table A.30: Time History Results for 70-7.5-N-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 107 95 120 112 121 111 137 113 148 98 108 50 

5-10 2 146 93 181 170 116 131 151 138 148 94 78 59 

10-15 3 151 126 273 193 139 113 144 247 211 167 94 107 

15-20 4 181 170 211 252 147 84 181 223 210 181 97 103 

20-25 5 218 220 278 181 269 111 156 206 222 181 112 100 

25-29.1 6 165 163 201 147 155 214 172 145 133 112 107 63 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 80 104 227 180 231 124 130 253 215 200 222 35 

5-10 2 112 269 463 634 306 177 157 480 675 394 379 62 

10-15 3 219 497 502 920 448 299 254 490 700 429 301 46 

15-20 4 222 539 907 1474 516 374 252 450 720 403 283 45 

20-25 5 212 436 853 1128 499 315 260 449 657 486 334 52 

25-29.1 6 152 302 508 710 238 404 180 432 682 335 253 39 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1775 2082 1944 1621 2081 1610 1959 1603 2156 1482 1588 816 

5-10 2 2434 1904 3871 3114 1739 2120 2367 2166 2042 1504 1111 935 

10-15 3 2347 2808 4633 3032 2269 1928 2511 3805 3275 2303 1504 1587 

15-20 4 2979 3050 3888 4587 2611 1381 3061 3461 3169 2787 1492 1633 

20-25 5 3344 3434 4175 3154 4634 1761 2468 3155 3833 2711 1719 1711 

25-29.1 6 2484 2570 2962 2619 2552 5126 2916 2093 2141 2143 1639 1433 
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Table A.31: Time History Results for 70-7.5-V-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 42 57 28 34 26 25 15 9 11 12 13 2 

5-10 2 37 69 43 39 36 33 16 15 10 10 13 3 

10-15 3 31 89 194 147 130 92 26 59 25 16 13 6 

15-20 4 18 29 152 174 133 109 31 79 33 21 18 9 

20-25 5 24 35 174 139 208 117 30 65 34 20 20 9 

25-

29.1 6 30 26 110 113 168 215 44 90 43 30 20 10 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 82 74 142 186 147 110 105 157 244 135 97 15 

5-10 2 65 191 257 295 247 120 176 230 367 239 143 19 

10-15 3 200 406 510 529 369 341 230 516 474 334 258 43 

15-20 4 181 422 488 624 501 450 245 634 760 416 354 55 

20-25 5 186 424 476 555 493 332 261 364 719 434 252 43 

25-

29.1 6 192 396 432 601 414 494 478 296 432 328 216 43 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1550 983 465 613 363 360 191 127 160 179 181 49 

5-10 2 830 1595 688 596 538 606 275 216 191 147 186 62 

10-15 3 792 2034 4692 2877 2527 1578 520 707 291 218 187 105 

15-20 4 313 648 3615 4256 2886 2057 781 1085 706 363 260 182 

20-25 5 405 807 3648 3005 5592 2198 765 1237 631 273 278 165 

25-

29.1 6 517 559 3195 2297 3485 4539 1257 1518 768 519 197 230 
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Table A.32: Time History Results for 70-7.5-V-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 40 57 32 39 32 26 13 9 10 11 13 3 

5-10 2 35 65 50 45 40 27 15 20 9 13 13 2 

10-15 3 33 84 204 175 159 118 30 53 28 21 13 6 

15-20 4 24 37 143 222 192 119 31 80 40 28 19 10 

20-25 5 25 37 170 136 213 122 34 102 37 29 20 10 

25-29.1 6 30 28 122 106 183 168 37 80 39 27 17 9 

              

 
Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 80 78 149 222 155 131 95 285 348 168 142 24 

5-10 2 79 245 315 502 292 163 179 531 772 315 234 32 

10-15 3 194 489 676 731 439 250 291 524 755 647 379 57 

15-20 4 264 663 903 1181 730 545 461 943 1368 759 519 75 

20-25 5 317 710 846 1074 771 429 398 1020 1249 771 477 69 

25-29.1 6 198 558 950 912 576 339 353 670 977 751 512 70 

              

 
Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 to 

70 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 

0-5 1 1420 958 510 683 460 337 198 207 153 165 183 41 

5-10 2 851 1599 829 618 668 425 246 340 152 202 177 51 

10-15 3 738 2119 4263 3820 2928 2159 977 744 341 277 183 95 

15-20 4 441 860 3612 4242 4114 2318 783 1468 706 536 282 215 

20-25 5 500 774 3599 2781 6438 2911 999 1764 801 444 287 136 

25-29.1 6 536 531 3263 2470 4344 4197 1230 1567 875 548 255 218 
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Table A.33: Time History Results for 80-5-N-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 61 85 77 81 82 60 69 97 91 62 43 92 87 

5-10 2 123 68 113 168 119 61 102 148 118 67 69 113 131 

10-15 3 129 90 129 201 165 92 120 165 196 97 77 185 186 

15-20 4 171 90 96 208 151 56 136 168 180 80 75 158 180 

20-25 5 160 89 87 199 233 99 116 149 182 79 60 138 155 

25-30 6 141 76 98 159 150 196 119 128 111 70 61 93 96 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 86 112 148 62 260 135 147 135 200 173 118 126 86 

5-10 2 107 240 215 180 510 316 413 295 433 279 227 332 203 

10-15 3 89 213 195 169 431 351 431 277 377 313 217 321 215 

15-20 4 91 229 223 308 524 282 485 245 410 342 167 270 174 

20-25 5 126 273 265 230 593 307 478 319 552 280 146 302 209 

25-30 6 155 324 266 243 477 485 647 397 606 363 176 303 248 

  

              
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1407 1814 1055 1634 1434 1265 1083 1452 1510 1008 710 1516 1518 

5-10 2 2090 1893 2130 3022 2154 1518 1667 2149 2171 1309 960 1579 2136 

10-15 3 1995 1758 2009 3522 2302 1689 2186 2613 3297 1635 1577 2880 2879 

15-20 4 2552 1781 2312 6255 3450 1382 2175 2529 2970 1210 1200 2400 2758 

20-25 5 3023 1918 2018 4898 8642 4315 2786 2335 3029 1303 859 2097 2553 

25-30 6 2137 1471 2008 2622 5082 8509 4722 3129 2508 1453 1201 1555 1548 
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Table A.34: Time History Results for 80-5-N-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 61 85 78 81 84 60 67 93 91 64 41 86 86 

5-10 2 104 67 112 154 110 59 99 123 128 77 72 111 132 

10-15 3 111 81 122 189 155 86 99 150 179 81 69 157 174 

15-20 4 155 79 93 211 150 49 128 164 168 70 75 155 164 

20-25 5 146 82 86 185 225 99 115 155 171 81 63 146 157 

25-30 6 153 75 102 161 156 192 116 147 127 81 67 117 116 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 89 147 115 85 240 100 175 67 97 149 66 131 109 

5-10 2 117 248 182 159 332 141 244 105 197 188 132 167 111 

10-15 3 85 209 242 188 266 210 266 137 242 247 177 269 157 

15-20 4 110 256 258 273 397 205 297 138 237 272 178 220 140 

20-25 5 96 199 241 228 952 185 253 141 238 331 187 240 222 

25-30 6 122 242 180 156 811 250 306 217 240 205 112 177 134 

  

              
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1391 1814 1048 1647 1449 1226 1034 1370 1498 1030 651 1457 1452 

5-10 2 1944 1775 2112 2836 1642 1201 1768 1788 1995 1302 1025 1623 1877 

10-15 3 1715 1694 2017 3421 2273 1426 2002 2365 3093 1288 1146 2234 2897 

15-20 4 2339 1771 2435 6172 3203 1147 2152 2570 2688 1304 1234 2316 2549 

20-25 5 2755 1890 2065 4587 8424 3709 2526 2428 2804 1345 1005 2126 2465 

25-30 6 2212 1346 1983 2768 4580 8378 4285 2541 2129 1471 1228 1830 1664 
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Table A.35: Time History Results for 80-5-V-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 50 31 24 32 37 17 14 11 24 11 7 5 8 

5-10 2 30 50 21 35 38 18 17 12 30 15 11 6 11 

10-15 3 21 21 40 81 68 33 26 24 30 14 13 4 8 

15-20 4 23 19 30 139 142 68 60 48 86 43 43 15 28 

20-25 5 21 20 21 95 203 107 75 59 92 39 39 15 29 

25-30 6 16 12 17 87 121 112 73 57 90 40 37 14 29 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 94 124 78 113 225 148 153 85 134 139 81 141 81 

5-10 2 79 169 78 153 248 183 210 111 192 148 109 168 98 

10-15 3 69 100 129 98 205 214 216 123 163 150 135 137 97 

15-20 4 76 188 147 213 335 266 336 288 251 308 130 238 178 

20-25 5 90 200 211 220 509 312 312 315 299 263 134 205 183 

25-30 6 98 237 200 225 273 295 443 424 335 216 89 214 191 

  

              
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1571 596 339 584 479 236 207 135 307 162 93 68 101 

5-10 2 873 1462 624 618 583 264 247 154 362 209 182 76 139 

10-15 3 370 884 1046 1261 1031 615 367 321 399 201 210 47 114 

15-20 4 674 776 1270 5734 3635 1110 1271 840 1141 665 717 230 411 

20-25 5 699 849 1207 3654 9577 3172 1912 1321 1670 611 656 250 438 

25-30 6 308 216 534 1734 4512 7265 2969 1816 1878 765 660 216 409 

 



145 

Table A.36: Time History Results for 80-5-V-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 51 31 25 26 31 16 11 11 29 13 9 5 10 

5-10 2 28 50 22 33 33 17 14 13 31 15 13 6 12 

10-15 3 21 21 40 77 55 25 23 27 27 16 14 4 9 

15-20 4 20 17 31 140 115 53 45 49 96 46 42 15 32 

20-25 5 20 17 25 102 201 83 58 59 95 44 39 16 33 

25-30 6 19 15 24 98 146 105 71 59 105 44 39 15 32 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 84 92 62 105 151 85 123 61 133 101 69 151 95 

5-10 2 63 127 58 133 147 112 133 57 142 147 98 146 108 

10-15 3 74 95 134 122 138 128 143 58 128 148 112 126 99 

15-20 4 77 152 138 191 378 164 232 119 267 281 117 225 161 

20-25 5 99 169 186 206 1027 154 221 107 269 236 123 215 191 

25-30 6 104 155 133 169 662 213 137 113 174 257 90 191 188 

  

              
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1620 600 336 533 411 213 174 138 361 187 133 64 118 

5-10 2 826 1488 628 576 542 251 202 173 420 202 192 71 156 

10-15 3 372 893 1041 1261 896 506 332 425 413 209 194 47 121 

15-20 4 770 869 1347 5857 2491 999 685 747 1393 621 676 229 459 

20-25 5 730 737 1136 3409 10419 2586 1483 1396 1602 644 550 240 471 

25-30 6 341 319 665 1900 3844 6804 2511 2083 1968 849 700 215 464 
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Table A.37: Time History Results for 80-7.5-N-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 61 85 77 81 82 60 69 97 91 62 43 92 87 

5-10 2 123 68 113 168 119 61 102 148 118 67 69 113 131 

10-15 3 129 90 129 201 165 92 120 165 196 97 77 185 186 

15-20 4 171 90 96 208 151 56 136 168 180 80 75 158 180 

20-25 5 160 89 87 199 233 99 116 149 182 79 60 138 155 

25-30 6 141 76 98 159 150 196 119 128 111 70 61 93 96 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 86 112 148 62 260 135 147 135 200 173 118 126 86 

5-10 2 107 240 215 180 510 316 413 295 433 279 227 332 203 

10-15 3 89 213 195 169 431 351 431 277 377 313 217 321 215 

15-20 4 91 229 223 308 524 282 485 245 410 342 167 270 174 

20-25 5 126 273 265 230 593 307 478 319 552 280 146 302 209 

25-30 6 155 324 266 243 477 485 647 397 606 363 176 303 248 

               
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1407 1814 1055 1634 1434 1265 1083 1452 1510 1008 710 1516 1518 

5-10 2 2090 1893 2130 3022 2154 1518 1667 2149 2171 1309 960 1579 2136 

10-15 3 1995 1758 2009 3522 2302 1689 2186 2613 3297 1635 1577 2880 2879 

15-20 4 2552 1781 2312 6255 3450 1382 2175 2529 2970 1210 1200 2400 2758 

20-25 5 3023 1918 2018 4898 8642 4315 2786 2335 3029 1303 859 2097 2553 

25-30 6 2137 1471 2008 2622 5082 8509 4722 3129 2508 1453 1201 1555 1548 
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Table A.38: Time History Results for 80-7.5-N-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 61 85 78 81 84 60 67 93 91 64 41 86 86 

5-10 2 104 67 112 154 110 59 99 123 128 77 72 111 132 

10-15 3 111 81 122 189 155 86 99 150 179 81 69 157 174 

15-20 4 155 79 93 211 150 49 128 164 168 70 75 155 164 

20-25 5 146 82 86 185 225 99 115 155 171 81 63 146 157 

25-30 6 153 75 102 161 156 192 116 147 127 81 67 117 116 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 89 147 115 85 240 100 175 67 97 149 66 131 109 

5-10 2 117 248 182 159 332 141 244 105 197 188 132 167 111 

10-15 3 85 209 242 188 266 210 266 137 242 247 177 269 157 

15-20 4 110 256 258 273 397 205 297 138 237 272 178 220 140 

20-25 5 96 199 241 228 952 185 253 141 238 331 187 240 222 

25-30 6 122 242 180 156 811 250 306 217 240 205 112 177 134 

               
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1391 1814 1048 1647 1449 1226 1034 1370 1498 1030 651 1457 1452 

5-10 2 1944 1775 2112 2836 1642 1201 1768 1788 1995 1302 1025 1623 1877 

10-15 3 1715 1694 2017 3421 2273 1426 2002 2365 3093 1288 1146 2234 2897 

15-20 4 2339 1771 2435 6172 3203 1147 2152 2570 2688 1304 1234 2316 2549 

20-25 5 2755 1890 2065 4587 8424 3709 2526 2428 2804 1345 1005 2126 2465 

25-30 6 2212 1346 1983 2768 4580 8378 4285 2541 2129 1471 1228 1830 1664 
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Table A.39: Time History Results for 80-7.5-V-N 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 50 31 24 32 37 17 14 11 24 11 7 5 8 

5-10 2 30 50 21 35 38 18 17 12 30 15 11 6 11 

10-15 3 21 21 40 81 68 33 26 24 30 14 13 4 8 

15-20 4 23 19 30 139 142 68 60 48 86 43 43 15 28 

20-25 5 21 20 21 95 203 107 75 59 92 39 39 15 29 

25-30 6 16 12 17 87 121 112 73 57 90 40 37 14 29 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 94 124 78 113 225 148 153 85 134 139 81 141 81 

5-10 2 79 169 78 153 248 183 210 111 192 148 109 168 98 

10-15 3 69 100 129 98 205 214 216 123 163 150 135 137 97 

15-20 4 76 188 147 213 335 266 336 288 251 308 130 238 178 

20-25 5 90 200 211 220 509 312 312 315 299 263 134 205 183 

25-30 6 98 237 200 225 273 295 443 424 335 216 89 214 191 

               
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 

to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1571 596 339 584 479 236 207 135 307 162 93 68 101 

5-10 2 873 1462 624 618 583 264 247 154 362 209 182 76 139 

10-15 3 370 884 1046 1261 1031 615 367 321 399 201 210 47 114 

15-20 4 674 776 1270 5734 3635 1110 1271 840 1141 665 717 230 411 

20-25 5 699 849 1207 3654 9577 3172 1912 1321 1670 611 656 250 438 

25-30 6 308 216 534 1734 4512 7265 2969 1816 1878 765 660 216 409 
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Table A.40: Time History Results for 80-7.5-V-L 

 
Vertical Velocity (mm/s) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

42 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 51 31 25 26 31 16 11 11 29 13 9 5 10 

5-10 2 28 50 22 33 33 17 14 13 31 15 13 6 12 

10-15 3 21 21 40 77 55 25 23 27 27 16 14 4 9 

15-20 4 20 17 31 140 115 53 45 49 96 46 42 15 32 

20-25 5 20 17 25 102 201 83 58 59 95 44 39 16 33 

25-30 6 19 15 24 98 146 105 71 59 105 44 39 15 32 

               
 Lateral Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 84 92 62 105 151 85 123 61 133 101 69 151 95 

5-10 2 63 127 58 133 147 112 133 57 142 147 98 146 108 

10-15 3 74 95 134 122 138 128 143 58 128 148 112 126 99 

15-20 4 77 152 138 191 378 164 232 119 267 281 117 225 161 

20-25 5 99 169 186 206 1027 154 221 107 269 236 123 215 191 

25-30 6 104 155 133 169 662 213 137 113 174 257 90 191 188 

               
 Vertical Acceleration (mm/s^2) 

  Location 

(m) 

0 to 

6 

6 to 

12 

12 

to 

18 

18 

to 

24 

24 to 

30 

30 

to 

36 

36 

to 

40 

42 

to 

48 

48 

to 

54 

54 

to 

60 

60 

to 

66 

66 

to 

72 

72 

to 

78 

Time 

(sec) 

Moving 

Person 

Region 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0-5 1 1620 600 336 533 411 213 174 138 361 187 133 64 118 

5-10 2 826 1488 628 576 542 251 202 173 420 202 192 71 156 

10-15 3 372 893 1041 1261 896 506 332 425 413 209 194 47 121 

15-20 4 770 869 1347 5857 2491 999 685 747 1393 621 676 229 459 

20-25 5 730 737 1136 3409 10419 2586 1483 1396 1602 644 550 240 471 

25-30 6 341 319 665 1900 3844 6804 2511 2083 1968 849 700 215 464 
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