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1. EXECUTIVE SUMMARY 

 
The main goal of the research was to study and investigate the dynamic live load impact on older long-span steel truss 

railroad bridges, with special consideration for the effects of the higher train speeds. The study and investigation were 

based on analytical/computational (finite element) modeling/analysis and field testing on an existing bridge. There were 

three specific objectives of this study. The first objective was to develop an accurate finite element (FE) model of an 

existing long-span truss bridge selected for this study. The second objective was field testing of the subject bridge with 

actual trains of varying consists, axle loads, axle spacings, and traveling speeds. The third objective was to compare the 

results from the analytical/computational model with the field test results, verify the model, and develop/recommend a 

procedure to help understanding the effects of train speeds on dynamic impact factors for the bridge, especially at train 

speeds higher than the current allowable operating speed limit. The stated objectives of the project were fully achieved 

with work performed in two stages, Stage 1 and 2. The main focus in Stage 1 was the development of the FE modeling of 

the test bridge along with initial field testing and comparison of the results. Stage 2 focused on further detail field testing 

of the bridge with trains traveling at varying speeds, comparison of results and refinement of the FE model, and 

investigation on resonance speed of the trains for the bridge.  

 

The long-span open deck truss bridge used for this study was the Connecticut Department of Transportation’s Devon 

railroad bridge over the Housatonic River, between Milford and Stratford. Specifically, all testing was performed on span 7 

(next to the eastern abutment) of the seven span north bridge. The span is a 66.32 m  (217ft -7 in.) 2-track, open deck, pin 

connected through steel truss, opened in 1907.  

 

For the analytical/computation study, a comprehensive FE model of the Devon Bridge was created using the 

STAAD.Pro V8i structural software code. Beam and truss elements were utilized in preparing the FE model, with the 

boundary conditions closely representative to the actual truss, including the floor (railway track) and bracing systems. A 

total of 4,371 nodes and 5,316 elements comprised the model. Modal parameters (natural frequencies and mode shapes) 

and responses (displacement, stresses) of the bridge were obtained under static and dynamic train loading. 

 
A series of tests were conducted on 12 separate occasions, over a 15-month period, with four types of trains: Metro–North 

M8 commuter cars, Metro–North Waterbury Branch trains (diesel engine with standard coaches), Amtrak Regional trains 

(electric locomotive with standard coaches), and Amtrak Acela trains (electric locomotive at each end, with Acela coaches 

in between). The bridge responses under the trains travelling at various speeds, including 8.0, 16.1, 32.2, 48.8, and 64.4 

km/h (5, 10, 20, 30, and 40 mph, the current speed limit over the bridge), were measured using strategically placed sensors 

[accelerometers, strain gages, and linear variable differential/displacement transducers, (LVDTs)]. The accelerometers were 

used to measure vibration accelerations in three directions, longitudinal (along the length of the bridge), vertical, and lateral 

directions. LVDTs were used to measure vertical displacements of the bottom of the bridge. Strain gages were used to 

measure strains in diagonals, bottom chord, and vertical members of the truss and the rails. The field-collected accelerometer 

data were analyzed to obtain the natural frequencies and the mode shapes of the bridge. Several delays due to weather and 

un-availability of test train equipment and crews were encountered during the field test portion of the project, resulting in 

this phase of the work taking longer to complete than initially planned.  

 

The results from the field tests were compared with the values obtained from the FE model and analysis. The FE model 

was then updated. Good correlation was achieved between the bridge responses obtained from the field test data and the 

FE model, thus confirming the validity of the analytical/computational model for static and dynamics loading. The 

updated model was then used to obtain the response of the bridge under different types of trains moving at speeds higher 

than the currently allowable maximum speed of 64.4 km/h (40 mph). The resonance speeds in vertical and lateral 

directions for Amtrak Acela, Amtrak Regional, and Metro–North M8 trains on the Devon Bridge were determined and 

identified using the finite element and analytical relations. From the field obtained data, it was observed that there was 

negligible difference in the magnitudes of vertical displacement of the bridge under trains moving at different speeds 

including 8.0, 16.1, 32.2, 48.8, and 64.4 km/h (5, 10, 20, 30, and 40 mph) within the maximum allowable speed limit of 64.4 

km/h (40 mph). However, from the results obtained using the updated FE model of the bridge, it was found that there was an 

increase in displacement of a node of the bridge at certain speeds of the trains that are relatively close to the resonance 

frequencies of the bridge. 

 

The knowledge gained and results obtained from this research study should contribute to (a) improving railroad safety, 

(b) reducing the costs of upgrading existing railroad bridges to accommodate higher speed trains, (c) more accurately 

predicting remaining life, (d) improving rating of the structures, and (e) increasing structure reliability. Although this 

study has highlighted the possible effects of speed on the dynamic impact factor on an existing long-span truss railroad 
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bridge, there are several areas in which further research studies are needed including development of the actual 

relationship between speed and impact factor on the bridge, incorporation of the interaction between the moving vehicle 

and the bridge dynamics in the analytical modeling, investigation of effects of the lateral force caused by passing of the 

train, determination of moving dynamic load time history over the railroad bridge from limited field test data, 

determination of resonance and cancellation speeds of a moving train considering the bridge as an actual truss railroad 

bridge, rocking effects on a truss bridge; and conducting field testing of the bridge at higher train speeds for validating 

FE/analytical models.  

 

 

2. IDEA PRODUCT 
 
The main goal of the research was to study and investigate the dynamic/live load impact on older long-span, open deck 

steel truss railroad bridges and to understand the effects of higher speed trains. The methodology was based on analytical/ 

finite element analysis and field testing on an existing bridge. The first specific objective of this study was to develop an 

accurate finite element model (FEM) of the selected existing older long-span truss bridge. The second was the field 

testing of the subject bridge with trains of varying consists, axle loads, axle spacing, and speeds traversing over the 

bridge. The third specific objective was to compare the results from the analytical/computational model with the field test 

results, verify the model, and develop/recommend a procedure to help understand the effects of train speeds on the 

dynamic impact factors for the bridge, especially for train speeds higher than the current allowable operating speed. The 

work was performed in two stages. In Stage 1, a detail FEM was built and analyzed, followed by some initial field testing 

and comparison of the results. The main focus in Stage 1 was the development of the finite element modeling of the test 

bridge, initial field testing, and comparison of the results. Stage 2 included a more detail field testing of the bridge with 

trains traveling at varying speeds, comparison of results and refinement of the FEM, and investigation on resonance 

speed of the trains for the bridge.  

 

A comprehensive FEM of one of the seven spans of length 66.32 m (217 ft 7 in.) of the 109-year-old, 325.2 m (1,066 

ft 10 in.) long, open deck, steel through-truss Devon railroad bridge over the Housatonic River, between Milford and 

Stratford, Connecticut, was developed using the STAAD.Pro V8i structural finite element software code (Bentley 2012). 

Static, modal, and dynamic analyses of the bridge under moving trains were performed to obtain bridge responses 

(displacement, stresses, frequencies, and mode shapes). Several field tests were conducted on the bridge span under four 

types of trains: Amtrak Acela, Amtrak Regional, Metro–North M8 trains, and Waterbury Branch trains with diesel engine 

and standard coaches. Using five types of sensors [foil strain gages (Omega 2016), clamp-on strain gages (BDI 2012), 

uniaxial accelerometers (BDI 2013), tri-axial accelerometer (Trimble 2015), and linear variable differential transducers, 

LVDTs (TransTek 2015)] strategically placed on the bridge; accelerations, strains, and displacements were recorded. The 

field test results were compared with those obtained from the FEM, which was then updated. A strong correlation was 

achieved, thus confirming the validity of the analytical/computational model. The readjusted model was then used to 

obtain the resonance train speeds and response of the bridge under different types of trains moving at speeds higher than the 

currently allowable maximum speed, including at some of the resonance speeds. This information will be useful in 

understanding the effect of train speeds on the impact factors on the long-span, truss railroad bridges; design of new open 

deck bridges; and rating of existing bridges. This is particularly useful in situations where existing rights-of-way are 

being upgraded as new high speed corridors.  

 

 

3. CONCEPT AND INNOVATION 

 
This research project dealt with the study of static and dynamic response of an open deck, long-span, through-truss 

railroad bridge, typical of the type of structures designed and built by railroad companies in the United States in the early 

part of the twentieth century. Many of these bridges are still in service today, and are likely to remain in service for many 

more years. This research was specifically conducted on a long-span, older, steel truss railroad bridge on the Northeast 

Corridor that will likely eventually be used to carry the higher speed trains (NAR 2016). Equally important, the bridge 

used for testing is typical of many existing railroad bridge structures across the United States that will also be used in the 

future for higher speed trains. On the NEC alone, 45 of the 64 truss bridges are near or exceeding 100 years old. This 

more specific testing is therefore beneficial for a large number of existing older steel trusses that have been designated for 

upgrading to accommodate higher speed passenger service (NAR 2016). 
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In order to understand the live load impact caused by moving trains on the response of the bridge, an FEM of the 

bridge was developed and analyzed, with speeds varying from 8.0 km/h (5 mph) to the maximum allowable speed on the 

Devon Bridge of 64.4 km/h (40 mph). The field test results were used to update and validate the FEM so as to obtain 

strong correlation between the field test and FEM results. With the help of the updated FEM, the response of the bridge 

was projected for vehicle speeds greater than the currently permissible speed of 64.4 km/h (40 mph). 

 

Among innovations of this research effort are the following: (1) A primary research tool was the use of a continually 

refined FEM of the bridge in conjunction with data of bridge response obtained from field testing. (2) Extensive 

analytical analysis was performed regarding vehicle speed and its relationship to vertical and horizontal resonance 

effects. This area is discussed in detail in the report. (3) Examination of the problem of uneven wear at eyebar holes and 

connection pins resulting in excessive vibration of some eyebars, and uneven distribution of load in eyebar sets, used in 

the truss bottom chords and diagonals. Better knowledge of long-span truss bridge response from this study should help 

bridge engineers better understand how higher speed trains will affect fatigue and life cycle of this type of railroad bridge, 

resulting ultimately in more efficient, durable, and economic designs of new bridges, and more accurate ratings of 

existing bridges. This is particularly useful in situations where existing rights-of-way are being upgraded as new high 

speed corridors, and utilizing to a large extent, existing older structures. 

  

 

4. INVESTIGATION 
 
For effective, environmentally friendly, economical, and congestion-free transportation in the future, the Federal Railroad 

Administration (FRA) of the U.S. Department of Transportation (U.S.DOT) is enhancing the railway infrastructure in the 

nation. Upgrading the railroad infrastructure will also help reduce the traffic congestion on the highways. It has been 

established by U.S.DOT/FRA that Amtrak’s Northeast Corridor (NEC) between Washington, D.C. and Boston, 

Massachusetts, is one of the highest priority routes in the country chosen for upgrade to high speed rail (Amtrak 2016). It 

is well-known that open deck trusses are an extremely common railroad bridge design nationwide, especially for spans 

greater than roughly 45.72 m (150 ft.), as called for in the American Railway Engineering and Maintenance-of-Way 

Association (AREMA) Manual for Railway Engineering (AREMA 2016). There are 64 individual major open deck truss 

spans in 11 bridges on Amtrak’s Northeast Corridor alone, and nationwide there are a significant number of open deck 

old truss railroad bridges. The overwhelming majority of these, especially in NEC, are close to or more than 100 years 

old. The structural integrity and performance of these older existing bridges under future high speed trains are not known 

and need to be studied. This research study dealt with understanding the dynamic response and impact caused by high 

speed trains on existing open deck steel truss bridges. The methodology will be based on analytical/computation and field 

testing of a selected long-span truss bridge in Connecticut. 

 

4.1 IMPACT FACTOR CONCEPT 

 
Dynamic loads coming from moving trains on railroad bridges produce greater stresses in members than those produced 

by their static counterpart. The dynamic magnification factor (DMF) on a bridge can be defined as the amplification 

applied to the static response of the structure  caused by a force if the same force is now applied in sudden or dynamic 

fashion, or the ratio of maximum dynamic to maximum static response (e.g., displacement, stress, and stress) being 

considered (Clough and Penzien 1995). That is,  

𝐷𝑀𝐹 =
𝛿𝑑𝑦𝑛

𝛿𝑠𝑡𝑎
  …………………………………….……………………. (1) 

 

where δdyn  and δsta are respectively the maximum dynamic and static responses of the bridge at the same location. 

 

The dynamic impact factor (or simply impact) on a bridge structure can be defined in general as the difference in 

maximum dynamic response and static response divided by the static response of the structure under a loading; that is,  

                                                  𝐼𝑚𝑝𝑎𝑐𝑡 =  
𝛿𝑑𝑦𝑛−𝛿𝑠𝑡𝑎

𝛿𝑠𝑡𝑎
=

𝛿𝑑𝑦𝑛

𝛿𝑠𝑡𝑎
−

𝛿𝑠𝑡𝑎

𝛿𝑠𝑡𝑎
= 𝐷𝑀𝐹 − 1…………..……………........................ (2) 

 

As can be seen from above, the dynamic impact factor is DMF minus one. Impact factors calculated based on different 

responses (strain, stress, deflections, force, moment, acceleration, etc.) are not the same.  Several studies have found that 

the impact factor based on deflection is greater than those based on other responses such as strain or acceleration (Yang et 

al. 1995; McLean and Marsh 1998; Hamidi and Marsh 2010). Therefore, it seems more reasonable to choose the 

deflection as a controlling parameter (response) for impact factor determination for high speed railroad bridges. 
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In practice for railroad bridge design, the impact factor is usually used as a fraction or percentage of the live load 

(AREMA 2016). In design of new and rating of existing railroad bridges in North America, stress (axial, bending, and 

shear) are normally used. There are many factors/parameters that affect the dynamic behavior of steel railroad bridges; 

hence, the impact factor for design. Some of them include (Unsworth 2010): (i) span length, (ii) vehicle speed, (iii) 

dynamic characteristics of the vehicle (mass, suspension system, etc.), (iv) dynamic characteristics of the bridge (mass, 

stiffness, natural frequencies), (v) track irregularities (joints, tie condition, geometry), (vi) right-of-way anomalies at 

bridge approach (head blocks, track modulus), (vii) bridge supports (alignment and elevation), (viii) deck type (open, 

ballasted, direct fixation), (ix) wheel irregularities (flat spots, circular trueness), (x) train characteristics (consist, axle 

spacing, acceleration, breaking), and (xi) probability of attaining maximum dynamic effect simultaneously with 

maximum applied load. 

 

This study deals with open deck type bridges (viii) and specifically includes the effects of speed (ii) and vehicle 

type/axle spacing (x). Among the major bridge impact studies conducted over the last several decades have been those by 

AREA (1968), BDI (2001), and Uppal et al. (2003). 

 

Research into the phenomenon of impact factor from live load on railroad bridges has been ongoing almost since the 

beginning of the use of railroads as a form of commercial transportation. The earliest known published work in this area 

was conducted in Germany in 1848 and in Great Britain in 1849 (Timoshenko 1953). This research has been conducted 

in many countries around the world; however, there are differences in the specific focus of the various studies. Some 

studies have looked at the effects of high speed passenger trains, some of heavy axle load freight cars, some on just 

ballasted decks, and some on open decks, while other studies have concentrated of relating vehicle speed to impact. Many 

research studies can be found on this general subject matter of railroad bridge impact factor. However, this current study 

is unique in several respects. First, the test vehicles used were exclusively passenger trains, since a primary focus is to 

forecast impact with these trains, rather than freight trains, operating at higher speeds. Second, the test structure used was 

a 110-year-old bridge that will likely be utilized for these higher speed trains. And third, this study utilized a FEM, 

calibrated specifically to the responses recorded from field tests on the test bridge.  

 
4.2 RAILROAD BRIDGE IMPACT FACTORS 

  

The treatment of impact factors in the design of railroad bridges varies around the world, based on the specifications used 

in that country or area. In North America, railroad bridge design is based on the AREMA Manual (AREMA 2016). The 

Commentary section of AREMA Manual states that the current impact formulas are based on investigations and tests of 

railroad bridges in service (AREMA 2016).  

 

There are many resources that describe the numerous investigations and tests conducted over the last century and a half 

regarding railroad bridge impact in the United States (see, for example, AREMA 1905, 1910; AREMA—Committee 30 

1911; Hunley 1935; AREA Committee 30 1949; AAR 1968; Dhar et al. 1978; Chu et al. 1979; McKeel and Miller 2006). 

These resources are useful in tracing the evolution of the impacts requirements for North American railroad bridges over 

that time span.  

 

By 1948, when much more accurate measuring devices were available to researchers, the American Railway 

Engineering Association (AREA) adopted the basic vertical effect formulas currently in use in North America (Ruble 

1955). The dynamic amplification effect from moving trains is incorporated in the live load design requirement by 

AREMA (2016) and is given as a percentage increase in statically applied Cooper E-loading. The impact percentage of 

live load to be applied to static live load has two components: vertical effect and rocking effect. The vertical effect 

formulas are as shown in Eqs. (3) and (4) below:    

            

        For L less than 80 feet:                                             40 – (3L
2
 / 1600)                                                          (3) 

        For L 80 feet or more:                                              16 + (600 / (L-30))                                                        (4)  

 

where L = length in feet, center-to-center of supports for stringers, transverse floor beams without stringers, longitudinal 

girders, and trusses (main members), or L = length, in feet, of the longer adjacent supported stringers, longitudinal beam, 

girder or truss for impact in floor beams, floor beam hangers, sub-diagonals of trusses, transverse girders, supports for 

longitudinal, and transverse girders and viaduct columns.  
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The rocking effect is called for as a “vertical force couple, each being 20% of the wheel load without impact, acting 

downward on one rail and upward on the other. The couple shall be applied on each track in the direction that will 

produce the greatest force in the member under consideration.” This requirement was adopted by AREA in 1967. The 

Cooper E-loading is a theoretical live load configuration, with various axle load and spacings. The “80” refers to the 

heaviest axle load in the configuration, 80 kips (355.9 kN). These formulas (Eqs. 3 and 4) were derived empirically from 

data obtained from field tests conducted by the Association of American Railroads (AAR) in 1965 (AAR 1968a, 1968b). 

It should be also mentioned that AREMA (2016) specifies another separate formula I = 15 + 4000/(L+25) for computing 

the impact vertical effect for truss spans carrying steam locomotives with hammer blow. However, bridges no longer 

need to sustain the more adverse effects of steam engine hammer blow as modern trains do not use such engines. 

 

4.3 SPEED EFFECTS ON DYNAMIC IMPACT FACTOR  

 

Since the 1930s, greater effort has been given by AREA and AREMA to specifically relate train speed to impact. AREA 

Committee 30 (1949) concluded that “the magnitude of the roll effect was approximately the same for all speeds. 

Consequently, it was decided to apply a reduction of impact only to the direct vertical effect.” That same report went on 

to say that “reduction in impact should occur at 64.4 km/h (40 mph) or less.” Field test data obtained by AAR in 1965 on 

truss railroad bridges with a test train running at various speeds showed an increase in impact with an increase in speed, 

and was most evident in the hangers (AAR 1968a). Similarly, data from the second set of field tests by AAR in 1966 

showed an increase in impact with speed in the stringers, floor beams, and hangers (AAR 1968b). 

 

In later years, more studies were done to determine the train speed effects in the response and impact factor of railroad 

bridges utilizing the analytical and numerical methods. For example, Dhar et al. (1978) and Chu et al. (1979) utilized 

lumped mass and more refined multi-degree-of-freedom system analytical models, respectively, to study the dynamic 

response of railroad bridges. From a set of parametric studies they were able to draw several conclusions showing the 

influence of train speeds on the bridge response and the impact factor. However, of significance to note here is that with 

the constant refinement of the design impact formulas through additional tests over time, all still relates impact to span 

length alone, and do not include train speed as a parameter.  

 

AREA, and later AREMA, does recognize a relationship between train speed and impact in the formula for rating of 

existing bridges. AREMA (2016) allows a reduction in the vertical effect of the impact factor equation for speeds below 

96.6 km/h (60 mph) by a multiplication factor given by 

 

[1 - 
0.8

2500
  (60 – S)

2
] or 0.2, whichever is greater, where S = speed in mph                                     (5) 

 

Reduction in impact is not allowed for rocking effect. The above reduction can be significant on its effect of a structure’s 

rating. For example, a 25 ft. (7.62 m) stringer will have a live load impact factor of 38.8% of static load as given by Eq. 

(4). If the speeds are 48.8, 32.2, or 16.1 km/h (30, 20, or 10 mph), the values of impact (% of static load) as given by 

relation (Eq. 5) become approximately 27.6, 18.9, and 7.8, respectively. This in turn means the increase in the rating by 

8.8, 16.7, and 28.8%, respectively (Conway 2001). 

 

Research into railroad bridge impact factors has been also conducted in many countries around the world outside of 

the United States. For example, significant research on this subject has been conducted in Poland by Przemyslaw et al. 

(2011); Portugal by Rodrigues (2002); China by Zhai et al. (2001); Canada by Pietraszek and Oommen (1991); England 

by Gu et al. (2008); Spain by Goicolea and Gabaldon (2008) and Goicolea et al. (2008); in the Czech Republic by Fryba 

(2001); in Australia by Prasad (2009); in Japan by Satoh (1966); and in South Korea by Yoon et al. (2013). In recent 

years, many studies have dealt with effect of train speed on bridge impact factors, including Hamidi and Danshjoo (2010) 

and Yoon et al. (2013). However, they deal with mostly girder, not truss, bridges and utilize a simpler beam model for the 

bridge. 

 

In spite of various research studies and investigations, as of now a significant gap still exists in that the AREMA design 

specification criterion does not take into account the effects of train speed and the resonance phenomenon due to the 

periodic nature of the moving train loading on the dynamic response of the bridge. The riding comfort of the passengers 

and the longevity of the structure can be increased if the critical speed corresponding to the resonant condition can be 

avoided. This study attempts to better understand the effect of speed on impact factor for railroad bridges. 
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Presented below is an overview of the analytical formulation of the response of a bridge under a moving load on the 

bridge using a FEM of the bridge, followed by an examination of data collected from field tests on the bridge. This is 

followed by a comparison and analysis of the analytic results with the field collected data.  

 

4.4 CONCEPT OF DYNAMIC MAGNIFICATION FACTOR, MOVING LOAD, AND RESONANCE  

 

4.4.1 Dynamic Magnification Factor 
 

Consider a single degree of freedom (SDOF) system with a mass (m) supported by a weightless spring of stiffness k, a 

damper with damping coefficient c (Figure 1a, b). The external dynamic loading producing the response y(t) of the 

system is the time varying force f(t), where t is time.  fa(t), fs(t), and fd(t) in Figure 1(b) are time varying inertia, spring, 

and damping forces, respectively.  

 

   The differential equation governing the response of the SDOF 

system subjected to harmonic input, 𝑓(𝑡) = 𝑓0𝑠𝑖𝑛𝜔̅𝑡, with the forcing 

frequency 𝜔̅, is given by (Biggs 1964; Clough and Penzien 1995): 

 

𝑚𝑦̈ + 𝑐𝑦̇ + 𝑘𝑦 = 𝑓0𝑠𝑖𝑛𝜔𝑡                                     (6) 

 

f0 is the amplitude of the forcing function, f(t) and a single dot on top 

of a character represent its 1st time derivative and the two dots 

represent 2nd derivative. The dynamic magnification factor (DMF) for 

the steady-state response of the system is given by: 

 

                   DMF =
𝑦𝑑𝑦𝑛

(𝑦𝑠𝑡)
=

1

√[1−β2]2+[2𝜉β]2
                                                (7) 

 

where, ydyn  and yst are, respectively, the maximum dynamic and 

maximum static responses of the mass, in which ysta = 
𝑓0

𝑘
; β is the 

frequency ratio given by (𝜔̅/𝜔𝑛), ωn is the undamped natural 

frequency of the system and is equal to (k/m)
1/2

, and ξ is the damping 

ratio given by given by ξ =
𝑐

𝑐𝑐
. Here c is the actual damping and cc 

is the critical damping given by cc = 2mωn. 

   

Figure 2 shows the plot of DMF versus the frequency ratio, β. It 
can be seen from Figure 2 that DMF varies with the frequency 

ratio (β = ω/ωn) and the damping ratio (ξ). If the frequency ratio is 

small (i.e., the force is slowly varying), the response is in phase 

with the input force, DMF is only slightly larger than 1 and the 

response does not changes with the change in damping of the 

system. But when the forcing frequency is close to the natural 

frequency of the system (i.e., β ~ 1), DMF can be quite large. From 

Eq. (7), if can be seen that for undamped system the response 

would be infinite if β = 1 (i.e., if the system’s natural frequency is 

equal to the forcing function or loading frequency). This 

phenomenon is called resonance. 

 

The concept presented above is for a single degree of freedom 

system. In a real life scenario, the damping is never zero; hence, 

the DMF will never be infinity. Also, a structure in real life will 

have more than one degree of freedom and hence multiple modes 

of the system might be excited by the external force and there may 

be secondary modes of vibration that will add to the primary mode 

deformations of mode. The phenomenon of resonance and dynamic amplification of the response of a bridge under a 

moving train load has been explained in the subsequent sections.  

 

FIGURE 2. Plots of dynamic magnification 

factor for a damped system excited by 

harmonic force (Clough and Penzien 1995). 

FIGURE 1. Idealized SDOF system: (a) basic 

components (mass-spring-damper system); (b) 

forces in equilibrium. 
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4.4.2 Theory Behind Moving Loads on a Beam 

 

Consider a straight, non-uniform beam AB (Figure 3) with flexural stiffness EI(x), length L, and mass per unit length 

m(x). Note that E is modulus of elasticity; I is moment of inertia of the beam cross section; and x is distance measure 

from left end of the beam. The transverse loading F(x,t) is assumed to vary arbitrarily with position and time. The 

transverse displacement y(x,t) is a function of these variables. 

The governing partial differential equation of motion to determine the transverse displacement y(x,t) for the beam can 

be written as (Biggs 1964; Clough and Penzien 1995): 

 
𝜕2

𝜕𝑥2 [𝐸𝐼(𝑥)
𝜕2𝑦(𝑥,𝑡)

𝜕𝑥2 ] + 𝑚(𝑥)
𝜕2𝑦(𝑥,𝑡)

𝜕𝑡2 = 𝐹(𝑥, 𝑡)              (8)  

 

For the moving load analysis, the forcing function F(x,t) needs 

to be expressed appropriately. Several analytical studies can be 

found in literature in which the moving vehicle is represented by a 

single force or single degree of freedom system.  For example, the 

dynamic response of a beam under a moving vehicle using the 

analytical solution has been presented by Biggs (1964) considering 

the vehicle traveling with a constant speed and representing it  by 

four different  models, namely (a) a constant moving force, (b) a 

rolling mass, (c) a sprung mass system, and, (d) a spring mass damper system.  

 

The analysis of the real life railroad bridges traversed by actual trains, however, is much more complex problem. The 

train consists of many cars and each car has multiple axles through which the train load is transferred to the bridge. 

Therefore, in reality, it is not a single-degree-of-freedom system. Moreover, the train also undergoes vibration as it moves 

over the train and, therefore, there is interaction between the bridge and the vehicle motion (e.g., Dhar et al. 1978; Chu et 

al, 1979; Yang et al 2004; Fryba 2013). However, for practical purposes, a good approximation of a moving train over a 

bridge has been modeled as a series of axle loads moving over a bridge (Yong et al.1997; Xia et al.2006; Yoon et 

al.2013).  

 

Railroad bridges are subjected to a resonance phenomenon, a condition when the loading frequency matches with one 

of the natural frequencies of the bridge. When there is no damping or very less damping in structure, the response of the 

bridge increases gradually with each additional train axle passing over the bridge. The resonance phenomenon of the 

bridge-train system is mainly affected by natural frequency of the bridge, the vehicle load, and its axle arrangement. Xia 

et al. (1996), Yang et al. (1997), and Yoon et al. (2013) studied the resonance phenomenon considering the bridge as a 

simply supported beam of span length lb traversed by a train, represented by a series of concentrated constant loads of 

magnitude P at constant interval dv (Figure 4). The train contains identical cars each of full length lv, lc as a distance 

between the two bogies of a car, and distance lw between the two wheel-axles of a bogie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3. Basic beam subjected to dynamic 

loading (Clough and Penzien 1995). 

FIGURE 4. Bridge with series of (a) train axles, (b) concentrated constant loads, moving at 

constant velocity (Xia et al. 2006). 
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The equation of motion of the beam under the action of a series of concentrated moving loads, P, travelling at a 

uniform speed, V, can be obtained from Eq. 8 by replacing the forcing function F(x,t) with that corresponding to the 

series of concentrated moving loads as (Xia et al. 2006): 

                        
   4 2 1

4 2
0

, , .
,

N
v

k

y x t y x t k d
EI m x V t P

x t V






    
     

    
                                                      (9) 

 

where y(x, t) is the displacement of beam at a position x at time t; δ is the Dirac delta function; E is modulus of elasticity; 

I is moment of inertia of the beam cross section; 𝑚̅ is the constant mass per unit length of the beam; N being the total 

number of moving loads; and k varies from 0 to N corresponding to each moving load.  

 

Using the mode superposition method, the dynamic deflection of the beam may be represented by the summation of the 

modal components as: 

                                                                  𝑦(𝑥, 𝑡) = ∑ 𝐴𝑛
𝑛
1 𝜙𝑛(𝑥)                                                                                  (10) 

 

where An is the modal amplitude (which varies with time, t); and ϕn(x) is the characteristic mode shape, which is only a 

function of location, x.  

 

    Considering only the first mode of vibration, the displacement at any position of the beam for a particular time can be 

written as:                             y(x,t) =A1(t).ϕ1(x)                                                                     (11a) 
 

where     𝐴1(𝑡) =
2𝑃𝐿3

𝐸𝐼𝜋4

1

1−𝛽2 [∑ sin 𝜔(𝑡 −
𝑘𝑑𝑣

𝑉
) − 𝛽 ∑ sin 𝜔𝑛 (𝑡 −

𝑘𝑑𝑣

𝑉
)𝑁−1

𝑘=0
𝑁−1
𝑘=0 ]                                             (11b) 

and 𝜙1(𝑥) = 𝑠𝑖𝑛 (
𝜋𝑥

𝐿𝑏
) is the characteristic mode shape. 

 

Here, 𝛽 =
𝜔

𝜔𝑛
 is the ratio of requency of excitation to the natural frequency of the beam, and 

1

1−𝛽2 is the dynamic 

amplification factor, 𝜔 =
𝜋𝑉

𝐿𝑏
 is the frequency of excitation/loadings, and 𝜔𝑛 =

𝜋2

𝐿𝑏
2 √

𝐸𝐼

𝑚
 is the natural frequency of the 

beam (bridge). Finally, Eq. (11a) can be written as: 

 

 𝑦(𝑡) =
2𝑃𝐿3

𝐸𝐼𝜋4

1

1−𝛽2 sin (
𝜋𝑥

𝐿𝑏
) [∑ sin 𝜔(𝑡 −

𝑘𝑑𝑣

𝑉
) − 𝛽 ∑ sin 𝜔𝑛 (𝑡 −

𝑘𝑑𝑣

𝑉
)𝑁−1

𝑘=0
𝑁−1
𝑘=0 ]                                    (12) 

 

   The first term of Eq. (12) is the forced response of the beam due to the moving loads and the second term the transient 

response due to the free vibration of beam. The resonant response of the beam can be divided into two types, 

corresponding to each of these responses as presented in the following sub-sections  

 

 

4.4.3 Resonance in Beam Caused by Moving Loads 

 

(a) Resonance under transient response: According to Xia et al. (2006) obtained the resonance condition of vibration of 

the bridge under moving load series corresponding to the transient response [second term in the right hand side of Eq. 

(12)] can be found (considering all modes) as: 

ωndv/2V=iπ   (i =1,2,3,…)                                                                  (13) 

 

Noting ωn = 2πfbn, the resonant condition given by Eq. (12) can expressed as (Xia et al 2006):  

 

                                                              𝑉𝑏𝑟 =
3.6𝑓𝑏𝑛𝑑𝑣

𝑖
 (n = 1, 2…, i =1, 2….)                                                             (14) 

 

where Vbr = resonant speed of train; fbn = nth mode natural frequency of the bridge; dv is interval of the moving loads; and 

multiplier i = 1, 2… is based on the extreme condition. 

 

   Eqs. (13) and (14) show that when a train with regularly arranged vehicle wheel axles moving at a speed V, the bridge 

resonance occurs when the loading period (dv/V) is close to the nth
 
natural vibration period (2π/ωn) of the bridge, and that 
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a series of resonant responses related to different bridge natural frequency may occur corresponding to different train 

speeds. This resonant condition derived from the transient response is called as the first resonant condition of the bridge. 

A series of resonant responses related to different bridge natural frequency may occur corresponding to different train 

speeds.  

 

(b) Resonance under the steady state response: From the steady state response part (first term in the right hand side) of 

the Eq. 12, which represents the forced response of the bridge (beam), a different (second) resonant speed can be obtained 

by simply equating loading frequency 𝜔 equal to the structural natural frequency ωn. For a simply supported beam of 

length Lb the loading frequency is given 𝜔 =  nπV/Lb and the nth natural frequency of the beam ωn = 2πfbn, the resonant 

train speed is given by: 

                                                                    𝑉𝑏𝑟 =
7.2 𝑓𝑏𝑛𝐿𝑏

𝑛
       (n = 1, 2…)                                    (15) 

 

This condition obtained from the steady state (forced) response is called as the second resonant condition of the bridge 

(Lu et al. 2012). It should be noted that it is very rare for this condition of resonance (second resonant) to occur in the 

bridge as it requires the train to move over the bridge at very high speed. For example, if the first natural frequency of the 

bridge is 1.256 Hz with span length 67 m (219.8 ft) (similar to the bridge studied in this project), the first resonant speed 

is 596.8 km/h (370 mph), which is not practically possible at the current time. Hence, the resonance of the bridge under 

this condition has not been considered in this study.  

 

Later in this report, the resonant speeds in 

vertical and lateral direction for Amtrak Acela, 

Amtrak Regional and Metro–North M8 trains on 

Devon Bridge were determined and analyzed 

using the finite element and analytical relations 

and compared with the resonant speeds calculated 

using Eq. (14).  

 

 

4.5 RAILROAD BRIDGE STRUCTURE 

SELECTED FOR STUDY 

 

Open deck trusses are an extremely common 

railroad bridge design nationwide, especially for 

spans greater than roughly 150 feet. The open 

deck truss railroad bridge span selected for this 

research study, described below, is typical of 

these bridges nationwide, including those 

corridors designated for upgrade for high speed 

passenger operation, especially the Northeast Rail 

Corridor between Washington, D.C. and Boston, Massachusetts.  

 

The bridge selected for this research study was the Devon railroad bridge, spanning the Housatonic River between 

Stratford (on the west) and Milford (on the east) in Connecticut, shown in Figures 5 and 6. The Devon railroad bridge is a 

325.2 m (1,066 ft 10 in.) long, open deck, two track, steel through truss composed of two identical, and side-by-side 

FIGURE 5. Span 7 of  Devon railroad drawbridge, Milford, 

Connecticut. 

 

FIGURE 6.  Elevation view of Devon Bridge, facing upstream (north). 
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parallel independent bridge structures (north and south bridges), sharing only abutments and piers. Each bridge consists 

of series of seven spans (five through-truss spans and two deck girder spans) separated by approximately 1.83 m (6 ft). 

One of the through-truss spans in each bridge is a Scherzer rolling lift bascule, to allow marine traffic to pass the bridge. 

Figure 6 shows an elevation view of the Devon Bridge, facing north (upstream). For this research project, span 7, the 

easternmost span adjacent to the abutment of the north bridge, was selected for the research investigation. Figure 7(a) 

shows the schematic arrangement of all the principle members of the span 7 truss. This truss span consists of seven 

panels of 9.47 m (31 ft 1 in.), total length centerline to centerline of bearings, 66.32 m (217 ft 7 in.), and weighs 

approximately 3,298 kN (741.43 kips). Figures 7(b), (c), (d), and (e) show the typical section of stringer, floor beam, 

vertical, and top chord, respectively. All research was conducted on span 7, the easternmost span of the north bridge.  

 

 

 
4.6 FINITE ELEMENT MODEL AND ANALYSIS 

 

4.6.1 Theory Behind Finite Element for Structural Dynamics  

 
For the finite element analysis, the dynamic equations of motion for a multi-degree-freedom structure, such as the bridge 

studied for this research, can be expressed in a matrix as shown here: 

 

                                                                           [𝑀]{𝑦}̈ + [𝐶]{𝑦̇} + [𝐾]{𝑦} = {𝐹(𝑡)}                                                             (16) 

 

 

FIGURE 7. Schematic arrangement of the principal members of the Devon Bridge, span 7, and typical sections of 

stringer, floor beam, vertical and top chord. 
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where [M], [C], and [K] represent the mass, damping, and stiffness matrices of the structure, respectively; {F(t)} is the 

external load vector; and {y} is the vector of degrees of freedom (displacements and rotations) at the discrete points of 

concern. A dot on top of a character represents its time derivative.  

 

The sizes of the mass, stiffness, and the damping matrices correspond to the degrees of freedom for the Devon Bridge 

span considered. The train load coming into the bridge structure corresponds to the external load vector {F(t)} as 

presented in Eq. (16). While the mass, stiffness, and damping matrices of the bridge are constant, the load vector changes 

with the type and speed of trains considered. 

 

4.6.2 Finite Element Models of the Devon Railroad Bridge Span Studied 

 

A detail FEM of span 7 of the Devon railroad bridge was developed using STAAD.Pro finite element software, code by 

Bentley Systems, Inc. (2012). Beam and truss elements were utilized in preparing the FEM with the boundary conditions 

as representative of the actual truss system. The FEM of the entire span 7 truss bridge structure included altogether 5,316 

elements and 4,371 nodes. Various members/components/parts of the Devon Bridge span, their number, the 

corresponding FE element type, and number of FE nodes and elements in each member are shown in Table 1. The bridge 

span was modeled with hinge support in one end and roller support at the other. Figure 8 shows the FEMs of various 

components (Figure 8a, b) and the full structure (Figures 8c, d) of span 7 of the Devon Bridge. 

 

Two different FEMs of the Devon Bridge were constructed. The first model had simplified top bracings and the second 

model, which was as a result of an update based on the field tests, had detailed top-bracings. Figures 8(c) and 8(d) show 

the FEM of Devon Bridge with simplified top bracings and detailed top bracings, respectively. The simplified model was 

created with the intent of saving computational time and the responses of these two models were compared with verify 

the accuracy of the simplified model. The comparison of the response between the two models is shown later in Figures 

15 and 16 and Table 6. 

 

  

FIGURE 8. Components of the FEM and two different FEM models of span 7 of Devon Bridge. 
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4.6.3 Description of Passenger Trains Used for Finite Element Analysis 

 
Devon Bridge is used by Amtrak (Acela and 

Regional) and Metro–North passenger trains 

for crossing the Housatonic River between 

Milford and Stratford in Connecticut. The 

axle arrangements and axle loads of these 

passenger train considered for this study are 

shown in Figure 9 (a, b, c). The train axle 

loads shown in Figure 9 do not include the 

additional load due to passengers. The 

percentage increase in axle load for fully 

loaded train cars compared with the empty 

train cars can be as high as 12% for Metro–

North passenger trains, while for Amtrak 

Acela the increase in percentage of axle load 

is only approximately 8.5%. Unless 

otherwise noted, for this research an Amtrak 

Acela train with two engines (one at each 

end) and six cars in between; Amtrak 

Regional train with one front engine and 

eight cars; and Metro–North M8 train with 

eight cars have been considered. However, 

the number of cars can vary as the trains 

usually have more cars during the peak 

hours and fewer cars during other times. The 

maximum permissible speed limit of the 

passenger trains on the bridge was 64.37 

km/h (40 mph).  

TABLE 1. Various components/parts of Devon Bridge, their number, element type, number of elements, and nodes for 

FE analysis 

 

 SN Components/Members 
Number of 

members 

Element Type 

for FE analysis 

Number of 

Nodes in each 

member type 

Number of Elements 

in each member type 

1 Floor beam 15 Beam 40 39 

2 Stringer 56 Beam 10 9 

3 Ties 364 Beam 4 3 

4 Rails 4 Beam 184 183 

5 Truss-Vertical post 12 Beam 40 39 

6 Truss-End Chord 8 Beam 20 19 

7 Truss-Hangers 14 Beam 20 19 

8 Truss-Bottom Chords 14 Truss 2 1 

9 Truss-Top Chords 10 Beam 20 19 

10 Truss- Intermediate Struts 6 Truss 2 1 

11 Truss-Diagonals 40 Truss 2 1 

12 Truss- Cross Bracings 10 Truss 2 1 

13 Truss-bottom bracing     28 Truss 2 1 

14 Truss-cross bracing 28 Truss 2 1 

Total number of nodes in the  Finite Element  model of the  entire structure 4371 

Total number of elements in the   Finite Element model of the entire structure 5316 

FIGURE 9. Axle arrangements and loads of passenger trains: 

Amtrak Acela, Amtrak Regional, and Metro–North M8. 
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4.6.4 Dynamic Train Load for Finite Element Analysis 

 
The dynamic (moving) train loading for finite element analysis to obtain bridge response was determined based on the 

axle loading and axle spacing of each train type as shown in Figure 10 (a, b, c, and d). Each train’s wheel load time 

history (F vs. t) was 

modelled as a triangular 

pulse, shown in Figure 

10 (b). The ramp time, 

Δt,, the difference 

between time t2 and t1 or 

time t3 and t2, for each 

wheel load, was 

determined from  the 

distance, d, between the 

two consecutive nodes 

in the FEM of the rail 

and the speed, V, of the 

train (i.e., Δt = d/V; see 

Figure 10a). 

 

The axle loading 

versus time curve for a 

train at a given speed 

was determined 

combining all the wheel 

loads of the train. Figure 

10 (c) shows the load versus time curve for the front 

two and the rear two axles of the first car and the front 

two axles of the second car.  

 

Figure 11 shows the load versus time curve for the 

Metro–North M8 train with eight cars travelling at 20 

km/h (12.42 mph). Based on the distance between 

consecutive nodes and the speed of the trains, 

different arrival times for the time vs. load curve were 

defined for each node to simulate the moving load. 

 

4.6.5 Moving Load Static Analysis Model (Static 

Influence Line Technique) 

 

To simulate the vehicle moving load condition for 

static analysis, the axle loads of the trains travelling 

westbound (toward New York) on track 3 (north 

track) were moved from one end of the bridge to other at a total of 100 discrete steps. That is, the loads were moved 

(advanced forward) by 65 cm (2.17ft) increments in each load case. Static analysis was performed at each load step and 

the response of the bridge was obtained at each step.   

 

The static response (vertical displacements) of node L7 and L8 of north truss under Acela and Regional train on track 3 

moving westbound (toward New York) is shown in Figures 12 and 13, respectively. The results in Figure 12 show two 

larger peaks of displacements at two ends of the displacement spectrum for the Acela train. This is consistent with the 

fact that the Amtrak Acela train has two engines, one at each end, with much larger axle loads than the coach cars in 

between. Similarly, there is a single larger peak displacement (Figure 13) under the Amtrak Regional train due to the 

engine being only at the front of the train. Also, for both trains, hanger node (L7) has a higher displacement than bottom 

chord node (L8) (Refer to Figure 7 for the locations of these nodes.) 

FIGURE 11. Time history of wheel load for Metro–North 

M8 train with eight cars travelling at 20 km/h (12.42 mph). 

 

FIGURE 10. Dynamic simulation of wheel load. 
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Tables 2 and 3 show the vertical and lateral displacement results (maximum values), respectively, at various locations. 

It can be seen as expected that the displacement of nodes of the north truss adjacent to track 3 has higher vertical 

displacement due to closer proximity of the vehicle loads than that of the similar nodes on opposite south truss further 

from track 3. 

 

 

 

Conversion factor: 1 mm = 0.04 in. 

 

 

 

Conversion factor: 1 mm =0.04 inches 

 
4.6.6 Modal Analysis Frequencies and Mode Shapes 

 
Modal analyses of the bridge span to determine frequencies and mode shapes of both simplified top bracing (Figure 8c) 

and detail top bracing (Fig. 8d) models were performed. A total of 50 frequencies and mode shapes were obtained. Due 

the existence of a number of eyebars/diagonal members and rails, which are relatively flexible, most of the frequencies 

and modes were local modes. This is true especially for the detail bracing model of the bridge structure. The natural 

frequencies and respective mode numbers for the first four global modes of the bridge are shown in Table 4. 

Trains 

Truss Nodes—Vertical Displacement (mm) 

L6 L7 L8 U6 U8 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

Amtrak Acela  6.97 4.35 7.22 4.71 6.75 4.33 7.03 -0.27 6.87 -0.19 

Amtrak Regional 7.76 3.49 7.84 3.57 7.57 3.42 7.85 3.48 7.62 3.44 

Metro–North M8s 2.29 3.3 7.68 3.44 7.36 3.28 7.39 3.31 7.45 3.3 

Trains 

Truss Nodes—Lateral Displacement (mm) 

L6 L7 L8 U6 U8 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

Amtrak Acela  0.44 0.45 0.52 0.51 0.52 0.51 4.76 4.64 3.98 3.8 

Amtrak Regional 0.46 0.47 0.53 0.534 0.54 0.55 3.37 3.26 3.01 2.91 

Metro–North M8s 0.4 0.4 0.47 0.46 0.48 0.48 2.95 2.83 2.65 2.53 

FIGURE 12. Static displacement of North Truss nodes 

L7 and L8 from Amtrak Acela train on track 3. 

 

FIGURE 13. Static displacement of North Truss nodes 

L7 and L8 from Amtrak Regional train on track 3. 

TABLE 3. Lateral displacement of bridge under sets of static train loads moving toward New York on track 3 

 

TABLE 2. Vertical displacement of bridge under sets of static train loads moving toward New York on track 3 
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. 

Global Mode 

Simplified Model Detailed Model Difference in 

frequencies 

(%)  Mode No. 
Frequency 

(Hz) 

Time 

Period(s) 

Mode 

No. 

Frequency 

(Hz) 

Time 

Period(s) 

1st Lateral 1 1.256 0.796 5 1.478 0.0.677 −17.68 

2nd Lateral 10 3.635 0.438 19 3.558 0.281 2.12 

1st Vertical 14 4.854 0.206 32 4.843 0.206 0.23 

1st Longitudinal 17 7.681 0.130 50 7.739 0.129 −0.76 

 

 

    It can be seen 

from the frequency 

results that except 

for the first lateral 

mode, the global 

natural frequencies 

obtained from both 

FEMs are extremely 

close. The first four 

global mode shapes 

obtained from the 

FE modal analysis 

of the bridge span 

for the simplified 

top bracing models 

are shown in Figure 

14 (a–d).  

 

 

 

4.6.7 Dynamic (Time History) Analysis and Results Using Finite Element Model 

 

The dynamic (time history) analysis of the bridge under the moving trains was performed using the finite element method 

and the dynamic displacement response of the bridge was obtained. The dynamic loading from the moving vehicle for the 

finite element analysis was determined utilizing the method described above in section “Dynamic Train Load for Finite 

Element Analysis.” The trains were considered moving on track 3 toward New York (similar to a field test on the actual 

bridge) at various speeds. Although a multi-degree structure has as many modes of vibration as the degrees of freedom 

considered for the analysis, not all modes will have significant effect/contribution in determining the dynamic response of 

the bridge. Moreover, different train speeds will excite different modes/frequencies of vibrations. Therefore, when using 

the mode superposition method, as is the case in the current study, it is important to consider the adequate number of 

modes in the computation of the dynamic response of the bridge, so that the results obtained can be closer to the actual 

values. Considering a higher number of modes will obviously produce greater accuracy of results. However, it can be 

computationally prohibitive. For the structure and FEM considered in this study, a verification study was done first by 

computing the dynamic response for a couple of train loadings by taking several numbers of modes.  It was found that the 

response of the bridge obtained by considering a number of modes more than 50 did not differ significantly from that 

with 50 modes. Hence, only modes 1 through 50 were considered to generate/obtain dynamic response results. 

 

The maximum vertical and lateral displacements of several locations of the bridge under various trains traveling on 

track 3 obtained from the time history analysis using STAADPro finite element code (Bentley 2012) are shown in Tables 

5 and 6, respectively. 

TABLE 4. First four global modes and corresponding modal parameters of both simplified and detailed bracing 

FE models 

 

FIGURE 14. First four global modes of vibration from FEM (simplified top-bracing 

model). 
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Conversion factor: 1 mm = 0.04 in. 

 

 

Conversion factor: 1 mm = 0.04 in. 

 

Some more representative results from the dynamic analysis using the FEM have been presented in later sections, 

along with the field test results (see Figures 33, 34, 36, and 37). 

 

4.6.8 Comparison Between the Two Finite Element Models of Devon Bridge: Simplified and Detailed Top-Bracing 

Models 

 
The responses obtained from the simplified top-bracing and detailed top-bracing models of Devon Bridge span 7 as 

shown in Figures 8 (c) and 8(d) are compared in this section.  

 

4.6.8.1 Static moving load responses  

 

The responses obtained from simplified and detailed top-bracing models of the bridge span under a train load using static 

live load analysis methods were compared. The vehicle wheel load was moved starting from the east end to the west end 

(Boston to New York) over the bridge span on track 3 at a total of 100 discrete steps. The static response of the bridge for 

each location of the train was obtained for both FEM. The displacements of the bottom chord node L7 and the stress in 

member M7–L8 in the north truss of the bridge span analyzed under Amtrak Acela train on track 3 for both models are 

presented in Figures 15 and 16, respectively. It can be seen from these figures that the vertical displacement of node L7 

and the axial stress in member (M7–L8) for both bracing models are very close to each other, with the vertical 

displacement of the model with detailed bracings being slightly smaller than the one with simplified top bracings. 

 

4.6.8.2 Modal frequencies 

 

From the results presented above under “Modal Analysis—Frequencies and Mode Shapes” section, the difference in 1st 

lateral mode is about 17.7%; however, the differences in 2nd lateral, 1st vertical, and 1st longitudinal modes are 

negligible. The discrepancy in the 1st lateral mode (higher value for the detailed top-bracing model) can be mainly 

attributed to the way the top-bracing system was modeled. In the simplified model, it was modeled by one single member 

with equivalent stiffness, whereas in the detailed model the bracing system had some depth that provided more rigidity 

for rotation and hence had added rotational stiffness in the lateral direction.   

 

Trains 

Truss Nodes—Maximum Vertical Displacement (mm) at 64.37 km/h (40 mph) 

L6 L7 L8 U6 U8 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

Amtrak Acela  9.47 4.54 9.64 4.83 9.52 4.51 9.6 4.55 9.61 4.53 

Amtrak Regional 8.19 3.76 8.29 3.7 7.8 3.6 8.28 3.75 7.89 3.63 

Metro–North M8s 7.9 3.76 8.29 3.88 8 3.75 8.03 3.79 8.11 3.78 

Trains 

Truss Nodes—Maximum Lateral Displacement (mm) at 64.37 km/h (40 mph) 

L6 L7 L8 U6 U8 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

North 

Truss 

South 

Truss 

Amtrak Acela  0.69 0.69 0.76 0.78 0.78 0.79 5.11 4.98 4.61 4.49 

Amtrak Regional 0.64 0.65 0.73 0.72 0.74 0.75 4.22 4.1 3.76 3.65 

Metro–North M8s 0.47 0.47 0.52 0.52 0.53 0.54 3.34 3.23 2.96 2.85 

TABLE 6. Maximum lateral displacement of bridge from the FEM time history analysis 

TABLE 5. Maximum vertical displacement of bridge from the FEM time history analysis 
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However, since the present study was primarily focused on vertical effect/mode and that the frequencies and the 

displacements of both models were close in this direction, the simplified model was used for further finite element 

analysis in order to save the computational time. 

 

 

4.7 FIELD TESTING AND DATA PROCESSING 

 
4.7.1 Field Test Protocol and Data Collection 

 

Data obtained from field tests on the bridge provide a reliable estimation of the dynamic characteristics of the bridge. The 

field vibration testing of span 7 of the Devon Bridge was performed under four types of passenger trains [Amtrak–Acela, 

Amtrak Regional; Metro–North M8 (electrical multiple units) and Waterbury (diesel engine and standard coaches)] to 

obtain the bridge response using different types of sensors: accelerometers, strain gages, and LVDTs. 

 

The four types of trains used in the field testing were operated in both eastbound (toward Boston) and westbound 

(toward New York City) directions, at various speeds, up to the maximum allowable speed limit of 64.4 km/h (40 mph). 

On different occasions, non-revenue test trains were provided by both Amtrak and Metro–North, which were also 

operated at controlled speeds of 8.04, 16.09, 32.19, 48.28, and 64.37 km/h (5, 10, 20, 30 and 40 mph). Measurements 

were taken of vertical displacements at various bottom chord nodes (joints) and mid-points of floor beams and stringers 

using LVDTs. Strain gage measurements were taken at various hangers, verticals, diagonals, and end posts. 

Accelerometers were placed on top of the floor beams near the nodes (where the beam ends and vertical members were 

connected) to record vibrations in the vertical, lateral, and longitudinal directions. LVDTs were also used to record 

displacements in the longitudinal (x axis) and lateral (z axis) directions. Details of the recorded data are discussed later in 

this report. Sample field measured data as well as the deflection comparison between the FEM and field obtained data are 

also presented later in this report. A brief summary of the field testing dates, and the number of different types of trains 

and their speed range are shown in Table 7. For clarification when referring to track numbers, track 1 is the track adjacent 

to the south (downstream) truss and track 3 is adjacent to the north (upstream) truss on span 7 of the bridge. 

 
It should be noted that several delays were encountered during the field test portion of this research project. First, bad 

weather on several dates caused the work to be cancelled. Because of safety considerations and the inherent dangers of 

working on an open deck bridge over water, work was occasionally cancelled because of either high winds, rain, cold 

temperatures, snow and ice, or a combination thereof. Second, because of other maintenance work being performed on 

the bridge by Metro–North, the railroad company was not able to provide access and the required flagman and other 

personnel on several dates the research team had selected for testing on the bridge. Third, the research team had to delay 

testing with both Amtrak and Metro–North non-revenue train sets (test trains), because of either non-availability of this 

equipment or non-availability of a crew. Thus, two 6-month-long, no-cost extensions for the project completion were 

required. 
 

 

FIGURE 16. Axial stress diagram for member M7–

L8 of north truss under Amtrak Acela train on track 

3 moving toward New York City for both FE 

models. 

FIGURE 15. Vertical displacement of node L7 of north 

truss under Amtrak Acela train on track 3 moving 

toward New York City for both FE models. 
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*Note: Number of coaches varies from train to train.  Amtrak Acela had six to eight coaches, Amtrak Regional five to nine coaches, 

Metro–North M8 six to eight coaches, and Metro–North Waterbury three coaches. 

 

4.7.2 Representative Field Test Data 

 
Some representative sample field test results have been presented in this subsection. Figure 17 shows the typical 

accelerometer sensor locations on 

the bridge. Three accelerometers 

were located in stationary base 

stations (P2, P3, and P5) and two 

were located in movable stations 

(P1 and P4). The number within the 

parentheses of movable sensor 

locations, P1 and P4, represents the 

location corresponding to each 

setup of field experiment.  
 

A sample of one set of raw 

acceleration response data under a 

Metro–North M8 train in vertical, 

longitudinal, and lateral directions 

for accelerometer at location P2 

obtained from the field testing is shown in Figure 18. It can be seen that the lateral acceleration signal is higher than 

acceleration signal for other two direction of the bridge. 
 

  

Date No. of Trains and Speed Range 
Amtrak 

Acela* 

Amtrak 

Regional* 

Metro–

North M8* 

Metro–

North 

Water- 

Bury* 

Total 

Trains  

Aug. 12, 

2014 

No. of Trains 4 5 15 6 
30 

Speed Range (mph) 35–40 37–40 10, 30–38 8–12 

Oct. 12, 

2014 

No. of Trains 2 1 3 1 
7 

Speed Range (mph) 42–46 41 37–39 10 

Nov. 9, 2014 
No. of Trains 1 2 6 2 

11 
Speed Range (mph) 40 39–43 39–45 10 

Nov. 11, 

2014 

No. of Trains 6 4 18 3 
31 

Speed Range (mph) 35-41 36-40 35-40 5-13 

Dec. 14, 

2014 

No. of Trains 2 5 15 3 
25 

Speed Range (mph) 38 38–41 30–40 5–15 

Dec. 15, 

2015 

No. of Trains 5 2 7 2 
16 

Speed Range (mph) 39–41 38–41 28–38 10-–14 

Aug. 29, 

2015 

No. of Trains MN M8 Test Train (six coaches) 
19 

Speed Range (mph) 5, 10, 20, 30, 40 

Dec. 5, 2015 
No. of Trains Amtrak Acela Test Train (2E + six coaches) 

15 
Speed Range (mph) 5, 10, 20, 25, 30, 35, 40 

Dec. 6, 2015 
No. of Trains MN M8 Test Train ( 6 coaches) 

19 
Speed Range (mph) 5, 10, 20, 25, 30, 40 

Dec. 12, 

2015 

No. of Trains 0 2 7 2 
11 

Speed Range (mph) N/A 42–45 40–44 10 

FIGURE 17. Accelerometer sensor location on the bridge. 

TABLE 7. Summary of field tests conducted at Devon Bridge 
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FIGURE 19. Vertical displacement of node L8 of south truss under 

Amtrak Acela train moving at 8 km/h (5 mph). 

 
 

Figure 19 shows the vertical 

displacement measured using an LVDT 

sensor at node L8 (bottom chord joint) 

of the south truss under an Amtrak 

Acela train moving at 8 km/h (5 mph) 

over the bridge on the south track (track 

1). The vertical straight lines 

correspond to the axles of the train 

when they were right above the sensor 

location (node L8) to give the 

respective vertical displacement values 

(the intersection points of the vertical 

lines and the displacement curve) at that 

location, The horizontal (x) axis at the 

bottom represents the time after the first 

axle of the train has passed the start of 

the bridge and the x axis at the top gives 

the distance covered by the first axle from 

the entry point of the bridge. It can be 

seen in the graph that the maximum 

displacement is when the first set of axles 

(first engine) of the train is directly over 

the sensor location. Also, the 

displacements caused by engines (first 

and last peaks in the figure) are much 

higher than the displacements caused by 

the coaches (intermediate five peaks in 

Figure 19).  

Figures 20 and 21 show the comparison 

of LVDT field measured displacement 

results of node L8 of south truss and 

north truss, respectively, under 

westbound Amtrak Acela test train 
FIGURE 20. Vertical displacement comparison on node (joint) L8 south 

truss under west bound Amtrak Acela test train. 

FIGURE 18. Field acceleration response in three directions for the bridge span under Metro–North M8 train for 

accelerometer at location P2. 
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moving at five different speeds. The top 

sub-plot represents the actual 

displacement, whereas in the bottom sub-

plot the data (bridge response recorded by 

accelerometer) have been stretched to 

overlap each other. Here, T used in the 

bottom sub-plots of both Figures 20 and 

21 corresponds to the total time required 

by the train to make one complete pass of 

the bridge and varies for the different 

speed at which the train is moving. The 

values of T are approximately 120.4, 

61.21, 32.05, 21.52, and 16.27 seconds 

for train travelling 8.04, 16.09, 32.19, 

48.28, and 64.37 km/h (5, 10, 20, 30, and 

40 mph), respectively. For this range of 

8.0–64.4 km/h (5–40 mph) of the train 

speeds considered in the test, it is 

observed that the amplitude of 

displacement at joint L8 does not appear 

to change noticeably with speeds and the maximum displacement is caused by the engine. Figure 22 shows the strain 

readings on the top of the bottom flange of a running rail under the Amtrak Acela test train moving at different speeds as 

indicated in the plot.  

 

Figure 23 shows the comparison of strain readings on the adjacent diagonals connected (or framed into) the bottom 

chord nodes L2 and L12 (see Figure 7). These diagonals are (with all sensors attached to the top flange except for L2-M1, 

which is on the bottom flange): L2-M3 

(south truss), L2-M1 (south truss), L12-

M13 (south truss), L12-M13 (north truss), 

L12-M11 (south truss), and L12-M11 

{north truss (refer to Figure 7)]. Each of 

these diagonals are built-up members, 

composed of two web plates and four 

angles (similar to those shown in the 

bottom portions of Figure 7). The results 

for diagonals framed into joint L2 are 

shown in the upper part of Figure 23, 

while for those connected to joint L12 are 

shown in the bottom part of the figure. As 

expected, the strains, and hence the 

stresses, on the different diagonals at 

different locations vary. The strains in 

those members toward the center of the 

bridge are higher compared with the ones 

closer to the abutments. 

 

Figure 24 shows the locations of the 

strain sensors attached to the different 

sides of the two eyebars in diagonal M7-

L8 in the south truss (see Figure 7a). 

Figure 25 presents the corresponding 

strain readings. It can be clearly seen that the strain readings corresponding to the two eyebars, even though they are 

conneted to the same joints and are different not only in terms of magnitudes but also in the nature of their variation with 

time as the train moves over the bridge. 

 

Figure 26 shows the strain sensor locations on 4 of 10 eyebars constituting the bottom chord of the south truss between 

joints/nodes L6 and L8 (see Figure 7). Figure 27 shows corresponding strain data recorded under the westbound 

Waterbury train travelling at 16 km/h (10 mph). It can be seen that the strains in the eyebars vary from each other, even  

FIGURE 21. Vertical displacement comparison on node (joint) L8 north 

truss under west bound Amtrak Acela test train. 

FIGURE 22. Strain from field on running rail at various train speeds. 
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FIGURE 25. Strain readings on different locations of the two eyebars in diagonal M7-L8 (south truss). See 

Figure 7(a) for diagonal locations and Figure 24 for sensor locations. 

 

 

 

 

 

though they are connected to the same two joints. Especially, the strain in the eyebar corresponding to sensor #23 

(attached to the eyebar farthest from the track) is small compared with the others. It could be that due to excessive and 

uneven wear on the outer edges of eyebar pin holes, strain is not taken evenly by all the eyebars in a group. Rather, the 

shorter eyebars start to take tension under load. As the shorter eyebar lengthens, the slightly longer eyebars gradually 

become engaged and then start taking load. This phenomenon may result in temporary overstress (although it might not 

be beyond yield) in the shorter eyebars and excessive vibration in the longer eyebars. This problem of older eyebar 

trusses has been also previously observed (BDI 2001; Walls et al. 2002; BDI 2008; Mazurek 2011). 

 

 

FIGURE 23. Strain from field tests on different diagonals 

attached to the lower chord nodes, L2 and L12. See Figure. 

7(a) for diagonal locations.  

FIGURE 24. Location of strain sensors (strain gage) 

attached on eyebars of diagonal M7-L8 (south truss). 
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FIGURE 28. Free and forced vibration field test acceleration signal of the bridge span. 

 

 
4.7.3 Processing of Field Acceleration Data  

 

Ambient testing of a bridge under moving vehicles helps to obtain the modal parameters of the bridge (Yang et al. 1995). 

In order to obtain the natural frequencies and mode shapes of bridge vibration, the accelerometer data collected from the 

field test in the Devon Bridge was processed using MATLAB (Math Works 2014). The acceleration signals obtained 

from different field tests were separated as forced vibration (when a train was on the bridge) and free vibration (after the 

train crossed over the span) of the bridge as shown in Figure 28 and processed separately. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 27. Strain readings on different eyebars on 

bottom chord L6-L8 south truss under Waterbury train 

westbound on track 3 at 16 km/h (10 mph). 
FIGURE 26. Location of foil strain sensors, lower chord 

L6-L8, south truss (a set of 10 eyebars, each 10” x 1 

7/16” in cross section). 
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4.7.3.1 Power spectral density and singular value decomposition  

 

The power spectral density (PSD) is the frequency response of random or periodical signals. The PSD shows the strength 

of the energy as a function of frequency. It gives information about the frequencies with high energy in the obtained 

signal. PSD of an acceleration signal measured using the accelerometers in the field testing of a structure will help to 

identify the natural frequencies of a structure. The singular value (SV) decomposition (SVD) is a technique of handling a 

square matrix that does not have an inverse. The SVD will help to reduce noise in a measured signal. The SVD of the 

PSD matrix, containing the PSD values computed from a set of acceleration data, will help better to identify the natural 

frequencies, which appear as a distinct peak of a SV matrix.  

 

The raw acceleration data collected from the field test of the Devon Bridge span was first detrended to remove any 

trends and the PSD values were obtained. Detrending of raw acceleration signal removes the mean value or linear trend 

from a signal and is often used in signal processing in frequency domain (Math Works 2014). The PSD values were 

further processed to obtain SV through the SVD technique using the MATLAB code. The sample PSD and SV plots for 

one case of field setups are shown in Figures 29 and 30. Legends Acc P1, Acc P2, Acc P3, Acc P4, and Acc P5 in the 

figures refer to the PSD values generated from the acceleration signals of accelerometers placed at locations P1, P2, P3, 

P4, and P5 on the bridge, respectively. 

 

4.7.3.2 Natural frequencies and mode shapes 

From the field acceleration data, the natural frequencies of Devon Bridge span 7 were identified from the most recurring 

peaks of PSD and/or SVD versus frequency curves. For the free vibration response of the bridge, the first as well as the 

second natural modes of bridge vibration were in the lateral direction at frequencies 1.758 Hz and 3.34 Hz, respectively 

(not shown here). The first vertical 

mode of bridge vibration was identified 

at frequency 4.668 Hz (Figure 29).  

Identification of other higher modes 

and their natural frequencies was not 

possible (from ambient vibration of 

bridge at a particular speed of train) as 

the peaks of SV versus frequency were 

inconsistent and had numerous peaks 

above 5 Hz. The PSD and SV curves 

were also generated for the forced 

acceleration response of the bridge. 

These curves contain the peaks 

corresponding to natural free vibration 

frequencies of the bridge, as well several 

peaks corresponding to various other 

frequencies. Figure 30 shows the PSD 

and SV curves for the vertical direction. 

 The mode shapes of bridge vibration 

were also obtained from the processing 

of the accelerometer field data excited 

by the moving trains. The PSD values 

corresponding to natural frequency of 

vibration for a particular mode were 

obtained for each location of 

accelerometers on the bridge. The 

maximum PSD value was used to 

normalize other values and they were 

plotted against the location of the bridge 

to obtain the mode shapes. The mode 

shapes obtained by processing field test 

data are shown in Figures 31 and 32 

along with the mode shapes obtained from FE model. 

FIGURE 30. PSD and SV for the forced vibration response in vertical 

direction. 

FIGURE 29. PSD and SV for the free vibration response in vertical direction. 

2 4 6 8 10
0

0.5

1

1.5

2

2.5
x 10

-7

Frequency (Hz)

S
in

g
u

la
r 

V
a

lu
e

0 2 4 6 8 10
0

0.5

1

1.5
x 10

-7

Frequency (Hz)

P
S

D
 (

g
2
/ 
H

 z
 )

 

 

 Acc P2

 Acc P3

 Acc P5

 Acc P1

 Acc P4

4.668 Hz 

4.668 Hz 

0 2 4 6 8 10
0

1

2

3

4

5

6

7

8
x 10

-6

Frequency (Hz)

P
S

D
 (

g
2
/ 
H

 z
 )

 

 

 Acc P2

 Acc P3

 Acc P5

 Acc P1

 Acc P4

2 4 6 8 10
0

1

2

3

4

5

6

7

8
x 10

-6

Frequency (Hz)

S
in

g
u

la
r 

V
a

lu
e

4.668 Hz 

4.668 Hz 



24 
 

 

 

4.8 COMPARISON OF BRIDGE RESPONSE FROM FINITE ELEMENT MODEL AND FIELD TESTS 

 
4.8.1 Natural Frequencies 

 
The comparison of the first three natural frequencies of bridge vibration obtained from field test and FEM is shown in 

Table 8. It can be observed that except for the first mode of vibration, the other two natural frequencies of the Devon 

Bridge span obtained from the FE analysis are relatively close to that obtained from the field experiment. Some possible 

causes for the difference in the frequencies are discussed at the end of this section. 

 

 

 

Global Modes 

Natural Frequency (Hz) 
Difference (in %) with Respect to 

Field Experiment 

FEM 
Field 

experiment 

Simplified top 

bracing 

Detailed top 

bracing 
Simplified top 

bracing 

Detailed top 

bracing 

First lateral mode 1.256 1.478 1.758 28.56 15.93 

Second lateral mode 3.635 3.558 3.34 8.83 6.53 

First vertical mode 4.854 4.843 4.6 5.52 5.28 

 

4.8.2 Mode Shapes 

 

The comparison of mode shapes obtained from the FEM and the field experiment for the first and second lateral modes of 

vibration is presented in Figures 31 and 32, respectively. It can be seen that they are very similar.  

 

 

 

 

 

 

 

 

 

 

 

 

4.8.3 Modal Assurance Criterion (MAC) 

 
Modal assurance criterion (MAC) is a technique used to estimate the degree of correlation between mode shape vectors 

obtained from the field testing and analytical computation (Satoh 1966). The estimation of MAC does not require the 

estimation of system matrices. The MAC between a measured mode Ømj and an analytical mode Øak is given as: 

                                                   𝑀𝐴𝐶𝑗𝑘 =
|Ømj

𝑇
Øak|

2

(Øak
𝑇Ømj)(Ømj

𝑇Ømj)
                                                                    (17)  

The value of MAC ranges between 0 and 1. MAC value close to 1 shows the strong  correlation of the two mode shape 

vectors. Table 9 presents the mode shape vectors obtained from FEM and the experimental field test for first lateral and 

first vertical modes of vibration and calculated MAC values for both modes. 

FIGURE 31. Comparison of first lateral mode shapes 

obtained from FEM and field experiment. 

MAC =0.99 

FIGURE 32. Comparison of first vertical mode shape 

obtained from FEM and field experiment. 

MAC =0.99 

TABLE 8. Comparison of the first three natural frequencies obtained from FEM and the field experiment  
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FIGURE 33. Comparison of time history vertical 

displacement of node L7 of north truss obtained from 

FEM and field experiment under Amtrak Acela   

traveling 64.4 km/h (40 mph) on track 3 westbound.  

FIGURE 34. Comparison of time history vertical 

displacement of node L7 of south truss obtained from 

FEM and field experiment under Amtrak Acela   

traveling at 64.4 km/h (40 mph) on track 3 westbound.  

  
The MAC values for both the modes are 

found to be approximately 0.99 (close to 1), 

which shows a strong correlation between the 

mode shape vectors obtained from FEM and the 

experimental field test of the bridge. 

 

4.8.4 Vertical Displacement Response with 

Time  

 

The comparison of the dynamic vertical 

displacement response of node L7 of the north 

and south trusses obtained from the FE analysis 

and the field experiment for an Amtrak Acela 

train are shown in Figures 33 and 34, 

respectively. The displacement responses of the 

Devon Bridge span were obtained for the 

Amtrak Acela train moving at a speed of 64.4 

km/h (40 mph) on track 3 of the bridge toward 

New York City (westbound). Although there is 

some slight difference between the magnitudes of displacement response obtained from the FE analysis and field 

experiment, the nature of the response curves are very similar.  

 

 

The discrepancies in natural frequencies and the dynamic displacement response between the values obtained by the 

FEM analysis and the field tests might be attributed to various inherent and unavoidable differences that exist between 

the theoretical/computational model and the real structure. Some of these include, but are not limited to, the following: 

damping/friction caused by the connections between numerous moving parts, the actual effects of the support conditions 

of the bridge, and the degree of wear in various members (e.g., worn pins and pin holes) all of which are impossible to 

accurately ascertain by the FEM. Additionally, the rocking effect induced on the bridge structure and the lateral forces on 

the bridge were not included in the finite element analysis. Furthermore, the vehicle–bridge interaction exists in the actual 

field condition, whereas that was not exactly reflected in the FEM. These are important subject areas for further study and 

therefore have been listed under the “Future Research” subsection in the “Conclusions and Summary” section of this 

report. 
 

 

Location 

on Bridge 

(m) 

First Lateral Mode First Vertical Mode 

FEM 
Field 

Exp. 
MAC FEM 

Field 

Exp. 
MAC 

0 0 0 

0.994 

0 0 

0.99 

 

9.48 0.136 0.18 0.07 0.08 

18.96 0.574 0.58 0.48 0.41 

23.7 0.877 0.85 0.91 1 

28.44 0.944 1 0.98 0.93 

37.8 0.975 0.997 1 0.92 

42.53 0.809 0.836 0.859 0.99 

47.26 0.438 0.582 0.38 0.42 

56.71 0.204 0.172 0.06 0.08 

66.16 0 0 0 0 

TABLE 9. MAC values for mode shapes obtained from FEM and 

the experimental field test  
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4.9 RESONANCE PHENOMENON—RESONANCE TRAIN SPEEDS AND DISPLACEMENTS 

 

The resonant speeds of the trains in vertical and lateral vibrations of the bridge for Amtrak Acela, Amtrak Regional, and 

Metro–North M8 trains on Devon Bridge as given by Eq. (14) were determined and analyzed using the finite element and 

analytical relations. 

 

The resonant speeds of Amtrak Acela 

trains obtained for the first and second 

lateral modes and first vertical mode of 

vibration of span 7 of the Devon Bridge 

are shown in Figure 35. (“Resonance 

speed” is the speed of the train at which 

the moving train loading frequency 

matches with the natural frequency of the 

bridge.) The i parameter in the abscissa of 

Figure 35 gives the different index values 

for the resonant speed. It should be noted 

that the resonance train speeds computed 

based on Eq. (14) are considering the truss 

bridge as an equivalent beam/girder type 

bridge having the same frequencies. 
 

Using the FEM of span 7 of the Devon 

Bridge, displacement response of a few 

truss nodes have been determined under 

the three trains mentioned above moving 

at various speeds between (2 and 160 

km/h (1.2 and 100 mph), and peak 

displacements were obtained at resonant 

train speeds given by Eq. (14).  

A sample result of the maximum 

vertical displacements of node L7 on the 

north truss bottom chord joint under three 

different train loadings (Amtrak Acela, 

Amtrak Regional, and Metro–North M8) 

at various speeds is shown in Figure 36. 

The peaks seen in the displacement versus 

speed curve correspond to the resonant 

speeds computed analytically (Baniya 

2015). The results show that as 

anticipated, the response of the bridge near 

resonance speeds can increase sharply. 

Thus, the operations of the train should be 

avoided near the resonance speeds to 

prevent the amplification of the response of the bridge and to maintain the safety of the bridge and the passengers in the 

train.  

The comparison of time history (for 5 seconds) of vertical displacement of node L7 of the north truss under a Metro–

North M8 train at a resonant speed of 151.5 km/h (94.1 mph) and a non-resonant speed of 64.37 km/h (40.0 mph) is 

shown in Figure 37. It can be clearly seen that the amplitude of the displacement response of the node considered (L7) is 

constant as time progresses under the train moving at non-resonant speed. However, the displacement is observed to rise 

continuously, although in gradual fashion, under the train moving at resonant speed. 

From the FE analysis, it was also found that within the speed range considered for the analysis [2 km/h–160 km/h (1.2–

100 mph), the first primary resonant condition in lateral direction (which gives highest response) could be excited, but the 

first primary resonant speed in vertical displacement could not be excited because it was beyond the range of speeds 

considered. 

FIGURE 36. Vertical displacement of node L7 of north truss under 3 

different train loadings at various speeds. 

FIGURE 35. Various resonant speeds of Amtrak Acela for the Devon 

Bridge. 
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As can be seen in Figure 36, there is 

distinct and significant change 

(mostly increase) in the displacement 

of the L7 node in 40 km/h (24.86 

mph) to 70 km/h (43.50 mph) speed 

range under Amtrak Acela train 

loading. However, from the field test 

results collected at five discrete speed 

values of 8.0, 16.1, 32.2, 489.3, and 

64.4 km/h (5, 10, 20, 30, and 40 mph, 

respectively), no change in 

displacement magnitude of this node 

with speed was observed. This 

discrepancy might be attributed to 

various inherent and unavoidable 

differences between the FEM and the 

real structure including those 

described in the last paragraph of the 

previous section (subsection 4.8.4). 

Moreover, it should be noted that the 

resonance train speeds for the truss bridge under consideration were determined using the relationship (Eq. 14) developed 

for a girder (beam-type) bridge. That means the actual truss bridge was approximated as an equivalent girder/beam. 

Furthermore, due to the inherent limitation of any sensor and data collection devices, the measurement of response can be 

accomplished only at discrete points in time. Although during the field testing, the time interval between any two 

readings was set very small, the reading was not collected exactly continuously. Therefore, it could be possible that the 

resonance peak displacements were missed from the recording. This is because the resonance effect is more prominent 

only at or very close to the resonance speed. As the train moves faster or slower than the resonance speed the resonance 

effect reduces very quickly. These are important subject areas for further research in the future and, therefore, have been 

listed under Section 6.2 (“Future Research”) of this report. 
 
 

5. PLAN FOR IMPLEMENTAION 
 
The results obtained from this study have so far been disseminated through several presentations and publications at 

conferences, seminars, reports, thesis, and journals (Malla 2015; Malla et al. 2016a, 2016b, 2016c; Jacobs et al. 2015, 

2016; Baniya 2015). Publication and presentations of the research results will continue in the future. The knowledge 

gained will be shared with and made available to railroad bridge designers and the railroad industry through presentations 

to AREMA and other venues. So far, three graduate students at M.S. and Ph.D. levels have been trained through this 

research. Two other graduate students, one at the M.S. level and another at the Ph.D. level, received experience by 

becoming involved in the field testing phase of this project. One Master’s degree thesis has already resulted (Baniya 

2015) and at least one Ph.D. dissertation is expected from this study. 

 

 The results from this research project can help engineers better understand effects of train speed on railroad bridge 

structures; hence, impact factor determination. This in turn should contribute to more efficient, durable, and economic 

designs of new bridges, and more accurate ratings of existing bridges. Therefore, the results from this study will be 

highly relevant to the federal and state departments of transportation, industries dealing with railroad bridge design, 

construction and maintenance, and railroad transportation service providers. Several railroad companies, as well as 

Committee 15 (Steel Structures) of AREMA, have already expressed interest in the results and conclusions of this 

research effort.    

 

As a part of the implementation, it is also recommended that future research studies in certain key areas associated with 

this research study as listed below in Subsection 6.2 (“Future Research”) under Section 6 (“Summary, Conclusions, and 

Future Work”) be carried out.  

 

 

FIGURE 37. Comparison of vertical displacement of node L7 of north truss 

of Devon Bridge under Metro-North M8 train. 
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6. SUMMARY, CONCLUSIONS, AND FUTURE WORK 

 

The dynamic response of a railroad bridge structure subjected to moving vehicles (trains) is a complex interaction 

between these two systems. The factors affecting the response for railroad bridges are many as listed under the Impact 

Factor Concept subsection of this report. Despite more than 100 years of research on dynamic amplifications and impact 

factors of railroad bridges, results have often been conflicting and inconsistent. This has led to frequent modifications of 

the design impact formulas for railroad bridges over time. With the constant improvement in the technology of sensors, 

as well as the use of modern computers for improving analytic and computational methods, it is reasonable to assume that 

the formulas used today, as well as future refinements of the formulas, are and will be more accurate mathematical 

expressions of the actual physical response of the railroad bridge structures.  

 

6.1 SUMMARY AND CONCLUSIONS 

 

The stated objectives of the project were fully achieved with work performed in two stages, Stages 1 and 2. The main 

focus in Stage 1 included the development of the finite element model (FEM) and analysis of the test bridge with initial 

field testing and comparison of the results. The activities in Stage 2 consisted of further detail field testing of the bridge 

with trains traveling at varying speeds, comparison of results and refinement of the FEM, and investigation on resonance 

speed of the trains for the bridge. Several delays were encountered during the field test portion of the project, resulting in 

this phase of the work taking longer to complete than planned. Delays resulted from bad weather and the un-availability 

of test train equipment and crews.  Owing to this, the project received two, 6-month long, no-cost extensions for 

completion.  

 

In this research, a thorough and comprehensive literature search and review of related research articles, papers, and 

reports were performed. A comprehensive FEM of the long span through-truss Devon railroad bridge over Housatonic 

River, Milford, Connecticut, was developed and static (including train live load) modal and dynamic/time history 

analyses were performed to obtain bridge response (displacements and stresses), frequencies, and mode shapes.  

 

A series of field tests were conducted on the Devon Bridge over a period of 16 months and significant amounts of data 

relating to the structure’s response, including accelerations, displacements, and strains were collected using 

accelerometers, linear variable differential/displacement transducers (LVDTs), and strain gages. The bridge response 

parameters were measured while the bridge was subjected to various types of trains, including Amtrak Acela, Amtrak 

Regional, Metro–North commuters cars, and Waterbury Branch trains traveling at or near 64.4 km/h (40 mph, the current 

speed limit on the bridge) and at slower speeds of 8.0, 16.1, 32.2, and 48.3 km/h (5, 10, 20, and 30 mph, respectively). 

The field test data were analyzed to extract frequencies, mode shapes, and displacements of the bridge. The bridge 

response parameters obtained from field tests and FEM analyses have been compared and correlated to update the FEM.  

 

Further finite element analysis to obtain the railroad bridge response incorporating higher train speeds was however not 

possible due to the FE software limitation that restricted modeling of dynamic train loads up to a maximum of 160 km/h 

(100 mph). Similarly, field tests could not be conducted at train speeds higher than 64.37 km/h (40 mph) because of the 

strict speed limit on the Devon Bridge imposed by the Metro–North Railroad Company, which is responsible for 

operating the railroad line. 

 

In summary, a few of the conclusions that can be drawn/inferred from this research study include the following: 

 

 A highly accurate and reliable FEM of a complex bridge structure, when the model is continuously updated and 

refined as field data becomes available, provides an extremely useful and robust tool for projecting impact and 

other bridge responses (displacement, strains, vibration modes) from trains at speeds higher than those currently 

operating on the bridge. This ability to forecast, or predict, is valuable in assessing bridge safety and future 

performance, which is especially important in older bridges. 

 A strong correlation of the field test results with those values obtained from the FEM has given relatively good 

confidence in using the FEM as a predictive tool for the bridge response under a train moving at speeds higher 

than the current allowable operating speed of 64.37 km/h (40 mph).    

 The resonant speeds in vertical and lateral direction for Amtrak Acela, Amtrak Regional, and Metro–North M8 

trains on the Devon Bridge span were determined and identified for the speed range of 2 km/h–160 km/h (1.2–

100 mph) using the finite element and analytical relations. It was found that within this speed range, first 

primary resonant condition (which gives highest response) in the lateral direction, could be excited, but the first 
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primary resonant speed in vertical displacement could not be excited as it was beyond the range of speeds 

considered. 

 Results from the finite element analysis of the bridge also indicated that at resonant speeds [speeds of the train 

at which the frequency of the loading (excitation) under which the bridge is subjected to matches with the 

natural frequency of the bridge], there is a sudden rise in the displacement of a point on the bridge, and 

different trains would induce this peak displacement at different speeds. This indicates a clear relationship 

between vehicle speed and bridge response; hence, the impact factor, although the exact speed is a function of 

the train’s axle spacings and loads. However, the results obtained from the field tests with train speeds of 8.0, 

16.1, 32.2, 48.3, and 64.4 km/h (5, 10, 20, 30, and 40 mph) did not match with the analytical (finite element) 

assessment regarding the dynamic amplification of the bridge response near resonant speeds. This discrepancy 

can be attributed to various factors, including the inherent differences that exist in any analytical/finite element 

modeling and actual real-life field conditions.   

 Strain gage data from eyebars making up the truss’s bottom chord and diagonal counters show evidence of a 

problem common to many old truss bridges; that is, excessive and uneven wear at the eyebar holes and pins 

result in the total tension load not being assumed equally and simultaneously by all eyebars in a group making 

up the bottom chord. This phenomenon could result in the shorter eyebars temporarily experiencing stresses 

greater than what they were designed for, while the longer eyebars may experience excessive vibrations when 

trains are on the bridge.  

 

6.2 FUTURE RESEARCH 

 

Although this study has highlighted the effects of speed on the dynamic impact factors on the bridge, further investigation 

will be needed to determine the actual relationship between speed and impact factor that can be used for design and rating 

purposes. To achieve this, additional research related to the work described in this report is recommended in areas 

described below (but not listed in any priority order): 

 

1. Develop actual relationship between vehicle speed and impact factor for a railroad bridge;  

2. Investigate the effects of the lateral load generated by the moving trains on the bridge structure;  

3. Investigate the couple effect of impact (stiffness) and resonance (deflection) as related to the live load impact 

factors;  

4. Study the relationship between high speed rail passengers’ riding comfort as a function of interaction between 

the vehicle suspension and bridge structure;  

5. Study the effect of interaction between the moving vehicle dynamic properties (e.g., mass, moments of inertia, 

damping, stiffness of suspension systems, etc.) and the bridge dynamic characteristics on the structural response 

of the bridge;  

6. Investigate the rocking effect on a truss bridge from trains at higher speeds;  

7. Develop methodology and relations to determine resonance and cancellation speeds of a moving train 

specialized for truss railroad bridges;  

8. Develop methodology to determine optimum sensor numbers and locations on a truss railroad bridge for 

efficient and effective field testing;  

9. Develop efficient and accurate methodology to extract bridge dynamic response (displacements and stresses) 

and features (frequencies and mode shapes) from data collected using a limited number of sensors (i.e., limited 

field test data) for  truss-type railroad bridges; and  

10. Conduct field tests of railroad bridges at train speeds higher than 64.4 km/h (40 mph), the prescribed maximum 

speed limit at the bridge in this study, to more fully understand the speed effects on the bridge response. 

   
Several tangible positive outcomes should result from this study. A clearer understanding of impact as it relates to 

vehicle speed and bridge resonance could be used to more accurately approximate stress range, which is a major 

component of fatigue analysis. Stress range, coupled with the number of stress cycles, if known more accurately, could 

result in an extended life cycle for existing bridges. This in turn directly translates into increased bridge safety, as well as 

future costs, as it extends the time at which bridge replacement becomes necessary. Another equally important benefit 

would be reducing costs of possible upgrades of older bridges to accommodate higher speed trains. This would be 

possible with better understanding and knowledge of bridge response from impact at higher train speeds. 
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