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ABSTRACT 1 

This paper models the progressive ballast settlement of a railway bridge transition using a three-2 

dimensional dynamic numerical model that includes the train truck, rails, ties, ballast, subgrade, 3 

and bridge abutment. A ballast settlement model that relates tie load to ballast settlement is 4 

presented and demonstrated using an iterative procedure to evaluate bridge transition response up 5 

to 28 MGT. The results indicate transition zones attempt to reach a state of equilibrium in which 6 

the ballast settlement profile evenly distributes the wheel load to the underlying and surrounding 7 

ballast. This analysis scenario represents ideal transition zone behavior because it is assumed that 8 

the ballast is homogenous and has identical properties throughout the bridge approach. This 9 

assumption is challenged with simulations exploring heterogenous ballast conditions and the 10 

results suggest heterogenous ballast conditions may be a large contributor to differential settlement 11 

at transition zones. 12 
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INTRODUCTION 1 

Transition zones are railroad track locations experiencing rapid changes in stiffness, transient and 2 

permanent displacements, and support, which are often associated with accelerated ballast 3 

settlement and track geometry defects (1,2). For example, an instrumented bridge approach 4 

transition zone site located 4.5 m (15 ft.) from a bridge servicing high-speed passenger rail in the 5 

United States experienced a recurring ballast settlement rate of 14 mm/year while only 1 mm/year 6 

was experienced 18 m (60 ft.) from the same bridge in open track (3). Similar but less extreme 7 

situations have also been observed in Europe (4).  8 

Multiple studies have investigated the root cause(s) of this differential settlement (3-6). 9 

Besides the inevitable problem that the approach track will naturally settle because it consists of 10 

earthen and ballast materials while the bridge will not because it is supported by deep foundations, 11 

the studies typically attribute increased wheel and tie loads in the approach as explanations for the 12 

significantly greater settlement in the approach as opposed to the open track, i.e. tangent track with 13 

no obstructions. Multiple sources of settlement in the approach are attributed to increased loads 14 

caused by differential stiffness, support, settlement, and damping between the bridge deck and 15 

approach (1,3-6). Undesirable ballast conditions are often observed in the approach compared to 16 

the open track and help explain the differential settlement because degraded, fouled, and poorly 17 

drained ballast will settle more than clean ballast, even with identical loadings (7). Other 18 

construction and maintenance practices such as inadequate ballast and subgrade compaction, 19 

tamping, and drainage are also influential on approach behavior. However, the exact mechanisms 20 

producing this differential settlement are often site specific and not properly understood so 21 

analytical, laboratory, and numerical predictions of transition zone performance typically do not 22 

represent measured field behavior.  23 

Numerical techniques are becoming increasingly popular for track analyses because it 24 

provides users with a lower cost tool than physical track measurements and can isolate parameters 25 

influencing loading and settlement.  Numerical techniques also serves as a digital laboratory to 26 

investigate conditions that may accelerate differential settlement and test the effectiveness of 27 

design and remedial techniques. To date, numerical analyses of transition zones have traditionally 28 

focused on investigating the significance of increased dynamic loads from differential stiffness 29 

and/or settlement between the bridge and approach to explain the accelerated settlement at 30 

transition zones. This typically involves analyzing track behavior at a single time-frame with the 31 

assumption of no approach settlement or uniform settlement in the approach and open track.  32 

The majority of these single time-frame analyses use an idealized track geometry 33 

representing the ballast state immediately after track placement or tamping, i.e. isolating the effect 34 

of differential stiffness. For example, multiple studies (1,6,8,9,10) that investigated the effect of 35 

differential stiffness show that a 5 to 20% increase in dynamic wheel loads at: (1) the first few ties 36 

of the bridge (6,8) and (2) 2.5 to 3.7 m (8 to 12 feet) into the transition zone due to the coupling of 37 

the front and back axles of a truck or bogie (1,9,10). This increase in dynamic load in the approach 38 

is often cited as a possible reason for increased ballast settlement (1,9,10) but does not seem to 39 

explain the large settlement disparity, e.g., up to 14 times, between the transition zone and 40 

corresponding open track (3,6). For example, if a particular rail seat is expected to experience 40% 41 

of the wheel load (11), a 20% increase in wheel load would raise the rail seat load to only 48% of 42 

the wheel load; an insignificant amount because track stiffness and loading variations up to ±25% 43 

have been shown to routinely occur in track (12). However, these analyses omit the influence of 44 

ballast settlement so they cannot simulate the behavior of the majority of in-service track because 45 

loading conditions are expected to change with time as the track settles. 46 
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A couple of numerical studies (1,8) investigated the effect of transition zone settlement and 1 

show wheel and tie loads can increase up to 100% even if uniform ballast settlement occurs (1,8). 2 

Additionally, simulations investigating the effect of uneven ballast settlement in transition zones 3 

show increases in tie load up to 100% depending on the settlement geometry (10). While rail seat 4 

loads of 80% of the wheel load could potentially explain the observed settlement disparity, it is 5 

unclear whether the uniform ballast would actually settle in the manner that was simulated. For 6 

example, if a tie did experience a 100% increase in load, the ballast settlement under that tie is 7 

expected to be greater than surrounding ties resulting in local differential settlement. This 8 

settlement would therefore change the loading environment and likely reduce the load on that tie 9 

and distribute it to adjacent ties. 10 

Therefore, this paper incorporates a ballast settlement model in an existing dynamic three-11 

dimensional numerical model to simulate the progressive settlement of a bridge approach 12 

transition zone. Ballast settlement is incorporated into the model using an iterative procedure and 13 

an empirical settlement model. The purpose of this model is to investigate transition zone behavior 14 

with time, to better understand how increased dynamic loads and ballast conditions affect ballast 15 

and transition zone settlement, and to help explain why bridge approaches often settle at greater 16 

rates than surrounding open track. This model is limited to investigating conceptual behavior and 17 

not prediction because the exact loading, track component conditions and interaction, and ballast 18 

settlement behavior are not known in physical track. By incorporating the basic mechanisms of 19 

transition zone degradation, the model can illustrate transition behavior and the impact of transition 20 

design and remedial measures on future differential displacements. This combined numerical 21 

model can be upgraded to include more track and ballast settlement mechanisms as more 22 

complexity is required and verification data becomes available. 23 

 24 

NUMERICAL MODEL 25 

The three-dimensional dynamic finite element software LS-DYNA was selected to numerically 26 

model the progressive settlement of a railway bridge transition zone because it specializes in non-27 

linear transient dynamic finite element analyses. LS-DYNA is capable of modeling the entire track 28 

behavior along with inclusion of train cars, wheel systems, rail, tie, and substructure layers, 29 

allowing the creation of a track system model that can simulate the interaction of all track 30 

components and track response from a heterogeneous track system.  31 

The finite element mesh for the bridge transition zone is shown in Figure 1(a) and consists 32 

of a cart replicating the secondary suspension system of an Acela power car, 136-RE rail, concrete 33 

crossties at 0.6 m (2-ft) spacing, a five layer substructure, and the bridge structure at Upland Street 34 

Bridge in Chester, PA. Table 1 presents the properties of the components used in the model (13) 35 

that was calibrated using field measurements (3,13). The dynamic model uses a cart to represent 36 

the secondary suspension system of a high-speed passenger power car. The cart consists of four 37 

wheels with the axles spaced 2.8 m (9.33 ft.) apart. The cart mass is contained in the cart center 38 

with a density such that each wheel applies a static wheel load of 100 kN to match an Acela power 39 

car. The axles and cart mass are connected with four sets of vertical and horizontal springs and 40 

vertical dampers. The velocity of the cart is set as 177 km/hour (110 mph) to replicate the operating 41 

speed of high speed trains along the Northeast Corridor (NEC). Pinned and non-reflective 42 

boundary conditions are used at all non-free surface boundaries and the distances are sufficient to 43 

prevent boundary effects from influencing the model. The non-reflective boundary conditions 44 
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absorb pressure and shear waves, preventing the pressure waves from reflecting back into the 1 

model. 2 

To simulate ballast settlement, the tie and ballast surfaces are considered separate entities 3 

in the mesh and modeled as contact surfaces. This allows for physical separation between the tie 4 

and ballast and causes the ballast to elastically resist tie penetration. To simulate ballast settlement, 5 

the ballast element heights are decreased in the vertical direction as required underneath each tie. 6 

The application of gravity prior to train loading replicates how the rail and tie lay on the ballast. If 7 

the differential ballast settlement under its own weight is great enough, the rail and tie may not 8 

contact the ballast and cause a tie-ballast gap to form. While this model and paper assumes tie-9 

ballast gaps are the only track defect, similar defects can arise in the physical track due to gaps 10 

between the rail and tie or any broken track component. 11 

 12 

 
(a) 

 
(b) 

Figure 1.  (a) LS-DYNA finite element mesh showing Upland Street Bridge approach near 13 

Chester, PA with a rolling cart and (b) relation between peak tie load and ballast 14 

settlement from 10,000 load cycles for a 4th order settlement relation. 15 
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 1 

The four model outputs from the finite element mesh in Figure 1(a) are wheel-rail contact 2 

forces, tie-ballast contact forces, and tie and ballast displacements. These outputs will give insight 3 

into the transient and permanent performance of the transition zone. 4 

 5 

Table 1  Model properties (13) 6 

Layer Color 
Thickness 

[mm] 

Modulus 

[MPa] 

Poisson’s 

Ratio 

1 (Ballast) Brown 305 207 0.3 

2 (Subballast) Grey 127 67 0.3 

3 (Sandy Loam) Green 508 33 0.3 

4 Clayey Silt) Red 721 32 0.3 

5 (Sandy Loam) Yellow 849 59 0.3 

Component 
Modulus 

[GPa] 

Poisson’s 

Ratio 

Stiffness 

[N/m] 

Damping 

[N*s/m] 

Rail 200 0.28 - - 

Tie 21 0.15 - - 

Suspension System (Vertical) - - 7.3e5 7.3e6 

Suspension System (Horizontal) - - 2.2e9 7.3e6 

 7 

SETTLEMENT RELATION 8 

The first step in developing a progressive settlement analysis is to select an appropriate relation to 9 

represent ballast settlement under repeated loadings. To calculate ballast settlement within each 10 

iteration step, the empirical settlement relation proposed by Sato (14) and modified by Dahlberg 11 

(15) was used. Other available settlement models can be referenced in Dahlberg (15) This relation 12 

is well suited for differential loading environments, such as transition zones, because the calculated 13 

ballast settlement (y) is only a function of the load applied at the tie-ballast interface (P), which is 14 

the primary output of the numerical model. The original empirical settlement relation by Sato (14) 15 

was developed from laboratory ballast test data, which is preferred over continuum plasticity laws 16 

(16) built-in to existing numerical software because of greater control of the empirical relation and 17 

the ability to produce settlement in discrete load increments instead of every wheel pass. The 18 

notable exception is the use of discrete element modeling (DEM) but these methods are still in 19 

early development and the computational power to couple DEM ballast behavior with continuum 20 

track components and dynamic loads is beyond current capabilities (17,18). The empirical 21 

settlement relation from Dahlberg (15) is plotted in Figure 1(b) and displayed in Equation 2: 22 

 23 

 24 

y = 5.87E−9 ∗ (P − 25)4                                                                                                                 (2) 25 

 26 

 27 

where y is the ballast settlement in mm after 10,000 load cycles and P is the tie-ballast contact 28 

force in kN.  29 

A simple settlement relation that is only a function of tie load is considered suitable for the 30 

initial analyses because the goal of the numerical simulation is to conceptually investigate changes 31 
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in loading environment from the progressive settlement of a transition zone and not replicating or 1 

predicting field behavior. Therefore, more complex models that vary with MGT and other factors 2 

are not considered. Physically, ballast settlement is a complex process that involves particle 3 

rearrangement, lateral movement, and degradation and is dependent on numerous factors, 4 

including ballast density, gradation, moisture content, rock type, angularity, hardness, 5 

confinement, rotation of principal stresses, loading material (concrete v. timber), and impact (19). 6 

These factors can later be incorporated into the settlement model as required, but for this current 7 

analysis, the ballast (Layer 1) is assumed to be homogenous.   8 

 9 

ITERATIVE PROCEDURE 10 

Settlement is not built into the numerical model and is expected to change with time. This means 11 

the geometry of the mesh is updated prior to every iteration to reflect the predicted caused by the 12 

previously applied wheel loads. The four steps of the iteration procedure are described below: 13 

 14 

1. A dynamic numerical simulation of the cart passing over the transition zone is completed with 15 

the model outputting the wheel loads, tie loads, tie displacement, and ballast displacements. 16 

 17 

2. The peak tie loads from both the front and back axle of the cart are determined for Ties 1 through 18 

10. 19 

 20 

3. The ballast settlement under Ties 1 through 10 is calculated using the modified Dahlberg (15) 21 

settlement model described above for both the front and back axles independently. The 22 

settlement values from each axle are then summed. The settlement of Ties 11 and greater are 23 

assumed to be equal to Tie 10 and represent open track. 24 

 25 

4. The calculated settlements from Step 3 are added to the existing cumulative settlements under 26 

each tie, i.e., Ties 1 through 10, and are incorporated into the numerical model geometry for the 27 

next iteration. 28 

 29 

An important parameter in the iterative procedure is the representative MGT value of each 30 

iteration step, i.e. 0.4 MGT or 20,000 wheel passes. This is conceptually similar to a “time-step” 31 

and can significantly affect the simulation results because the transition zone loading environment 32 

is sensitive to local differential ballast settlements. This means large iteration steps can produce 33 

increased loads that could be avoided if using smaller iteration steps (10).  34 

To show this, the maximum normalized tie load of a tie within a transition zone (Tie 6 in 35 

Figure 2) is determined using iteration steps of 0.2, 0.4, and 0.8 MGT. For the 0.4 to 0.8 MGT 36 

iterations, the settlement from Equation (2) was multiplied by either two or four.  For 0.2 and 0.4 37 

MGT iterative steps, the results are identical and the tie loading seems to be at a stable “equilibrium 38 

state”. However, the tie loads significantly deviate if assuming iteration steps of 0.8 MGT. This 39 

behavior indicates the progressive analysis has come out of “equilibrium” and is not representative 40 

of ballast incremental ballast settlement after each train pass. For this analysis, iterative steps of 41 

0.4 MGT (20,000 load passes) are used. 42 

 43 
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 1 
Figure 2. Comparison of maximum normalized Tie 6 load (front and back wheel 2 

average) with iterations steps of 0.2, 0.4, and 0.8 MGT. 3 

 4 

PROGRESSIVE ANALYSIS RESULTS 5 

The results of the progressive analysis indicate transition zones experience three distinct stages of 6 

behavior. Stage 1 is called the “Initial Stage” or “Pre-Equilibrium Stage” and represents the newly 7 

constructed track condition in which no substructure settlement has occurred and is within 0.0 to 8 

0.4 MGT in this anlaysis. In this stage, differential loading is anticipated due to stiffness 9 

differences along the track. Stage 2 is called the “Equilibrium Stage” and represents the track 10 

response within 0.4 to 28 MGT in this particular analysis but this range will vary significantly or 11 

not even appear in physical track. This stage represents equalized loading amongst the ties in the 12 

track. Stage 3 is called the “Post-Equilibrium Stage” and represents the hypothetical track response 13 

at iterations greater than 28 MGT in this particular model. Increased tie loads are anticipated from 14 

load concentrations and impacts from tie-ballast gaps. Each stage and its unique characteristics are 15 

explained in the subsequent sections.  16 

Stage 1: First Iteration (0.0 MGT) 17 

The first simulation of the cart passing over the bridge approach assumes newly laid and 18 

compacted ballast so no ballast settlement or tie-ballast gaps are initially present. This represents 19 

the most commonly simulated situation where increased dynamic loads are expected from: (1) the 20 

reaction force required to lift the front cart axle from the lower rail elevation in the approach to the 21 

higher rail elevation on the bridge deck and (2) the coupling effect of the front and back axles 22 

(1,9,10). This results in increased dynamic loads on: (1) the abutment and bridge deck and (2) at 23 

the location of the back axle when the front wheel is lifted to pass over the bridge abutment, which 24 

is about 3 meters (10 feet) before the abutment. 25 

The simulation results show an increased load is distributed primarily to Ties 5 (10 ft.) and 26 

6 (12 ft.). The normalized tie load, tie load divided by static wheel load, of the two ties are 47% 27 

and 43% respectively, which are increases of 20% and 7.5% from the assumption of intimate tie-28 

ballast contact (normalized tie load = 40%).  29 
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While a normalized tie load of 40% would produce a ballast settlement of 0.11 mm at 0.4 1 

MGT (see Figure 1b), the increased load at Tie 5 from the coupling of the front and back axles 2 

produces 0.18 mm of ballast settlement, almost doubling the “standard settlement”. This local 3 

differential settlement within the approach is a response to differential stiffness between the bridge 4 

and approach and also appears to initiate the process that results in the “dip” commonly observed 5 

about 1.8 to 3.2 m (6 to 12 feet) from the entrance bridge abutment (1,2).  Of course, if there are 6 

differences in the ballast at or near Tie 5 the settlement will be greater than 0.11 mm at 0.4 MGT. 7 

Stage 2: Second Iteration (0.4 MGT) 8 

The ballast settlement from the initial cart pass is incorporated in the numerical model for the 9 

second iteration analysis by decreasing vertical grid sizes of the ballast elements underneath each 10 

tie in the transition. The differential settlement within the transition zone is expected to change the 11 

wheel load distribution amongst the underlying ties and cause the load to shift from ties with the 12 

greatest ballast settlement to adjacent ties with lesser amounts of ballast settlement (10). This load 13 

redistribution mechanism is illustrated in Figure 3(a) with the second iteration analysis showing a 14 

reduction in load at Ties 5 and 6 and in increase in load at Ties 3, 4, and 7. For example, the 15 

normalized tie load at Tie 5 from the back wheel decreases from 47% (20% increase from intimate 16 

contact) to 44% (12% increase from intimate contact) and a similar reduction is observed for the 17 

front wheel. While this decrease in tie load may not seem significant, the non-linear tie load/ballast 18 

settlement relationship reduces the ballast settlement under Tie 5 from 0.18 mm between 0.0 to 19 

0.4 MGT to 0.13 mm between 0.4 to 0.8 MGT (Figure 3b). This results in Tie 5 and 6 still 20 

experiencing the greatest dynamic loads and settlement but to a lesser degree than the Stage 1 21 

analysis (0.0 MGT).  22 

 23 

 24 

 
(a) 

 
(b) 

Figure 3. Analysis results showing: (a) Maximum normalized tie loads and resulting 25 

and (b) iterative ballast settlement from train passes at 0 and 0.4 MGT. 26 

 27 

This suggests the ballast will experiencing greater load will settle at larger magnitudes than 28 

surrounding ballast with lower loads. This will change the load distribution of subsequent train 29 

passes. Under ideal conditions, this will eventually result in a situation in which the load is evenly 30 

distributed amongst the underlying ties within the transition zone and allow the transition zone to 31 

enter a stage of “equilibrium” in which tie loads are minimized. Therefore, any track experiencing 32 

increased loads from differential stiffness, i.e. pre-equilibrium, will subsequently experience 33 
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differential ballast settlement that results in a better or more optimal wheel load distribution 1 

amongst transition zone ties, i.e. equilibrium.  2 

 3 

Stage 2: Settlement 4 

To investigate the long-term settlement behavior of the transition zone, the cumulative ballast 5 

settlement profile, tie-ballast gaps, and transient displacements are recorded with increasing MGT. 6 

The track profile at 28 MGT with exaggerated vertical settlements is displayed in Figure 4(a) and 7 

illustrates how the rail hangs from the bridge deck and tie-ballast gaps develop within the approach. 8 

The analysis was discontinued at 28 MGT because: (1) the progressive analysis was continually 9 

requiring smaller iterative steps to remain in “equilibrium” and (2) the assumption of Ties 11 and 10 

greater having identical loading and settlement as Tie 10 did not hold as the load shifts farther 11 

away from the bridge abutment with increasing settlement and load redistribution. 12 

Figure 4(b) shows increasing cumulative ballast settlement with increasing MGT and the 13 

gradual shifting of maximum cumulative ballast settlement from under Tie 5 (10 ft.) to Tie 7 (14 14 

ft.) during the duration of the analysis. This trend would be expected to continue as the load shifts 15 

farther from the bridge abutment. The maximum cumulative settlement at 28 MGT is 9.4 mm at 16 

Tie 7 (14 ft.) and the settlement at Tie 10 is 8.9 mm, both of which are close but slightly greater 17 

than the 7.6 mm for a normalized tie load of around 40%. Due to the differential settlement 18 

between the bridge deck and the transition zone, tie-ballast gaps develop in the transition zone. 19 

Initially, the tie-ballast gaps appear only under Ties 1 and 2 but gradually expand outwards and 20 

increase in magnitude as the bridge and open track rail elevations continue to deviate. 21 

The transient displacement from the cart passing over the transition zone is displayed in 22 

Figure 4(c). This shows a deviation between the settlement and transient displacement profiles 23 

where the transition zone (Ties 1 through 8) experience significantly greater displacements than 24 

the open track (Tie 10). This behavior agrees with the measured results at multiple transition zone 25 

locations (3,4). The varying transient displacement in the transition zone is primarily explained by 26 

tie-ballast gap magnitudes because the ballast stiffness is assumed to be homogenous and loading 27 

is relatively similar across the transition zone.  Therefore, in reality the transient displacements 28 

and tie-ballast gaps will be greater and more variable than shown in Figure 4(c) because ballast is 29 

not uniform and not compacted uniformly. 30 

The development of a tie-ballast gap has implications on track behavior because track 31 

system discontinuities allow for more movement and impact loads between track components, and 32 

thus component degradation (21). For example, the freely moving tie will establish contact with 33 

the ballast during train loading and can result in increased tie wear and ballast degradation due to 34 

grinding and impact between the tie and ballast (3). This behavior is illustrated in ballast box 35 

testing performed by Selig and Waters (23), which shows significantly greater ballast settlement 36 

if a gap between the tie and ballast is present. This component degradation is not incorporated 37 

within the settlement model but is an important consideration, which is discussed in more detail 38 

below.  39 

 40 

 41 

 42 

  43 
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 1 
(a) 2 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. (a) ballast settlement profile at 28.0 MGT and cumulative (b) ballast 3 

settlement, (c) transient displacement with increasing MGT, (d) peak wheel 4 

loads and (e) tie loads from back wheel. 5 

 6 

 7 

Stage 2: Loading 8 

The progressive settlement described above is related to the applied tie loads and ballast 9 

settlements at each iteration. The changes in wheel loads and tie loads with MGT are displayed in 10 

Figure 6(d) and (e). The results show the peak wheel loads increase from about 120 kN during the 11 

first iteration (0.0 MGT) to about 140 kN at 28 MGT. This increased wheel load is typically located 12 

over Tie 5 (10 ft.) and is caused by the coupling of the front and back axles as the cart passes from 13 

the lower elevation transition zone to the higher elevation bridge deck. The increase in wheel load 14 

from 20% to 40% is attributed to the effect of ballast settlement. However, it is lower than 15 

predicted from models in which ballast settlement is uniform throughout the transition zone (1,9) 16 

because of the “dip” in rail elevation around Tie 5 that results from the calculated uneven ballast 17 

settlement. 18 
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Figure 4(e) displays the normalized tie loads. A gradual increase in load is observed in Ties 1 

6 through 10 while a gradual decrease in load is observed in Ties 1 through 4. The load experienced 2 

by Tie 5 remains essentially constant throughout the analysis excluding the initial run at 0.0 MGT. 3 

This load redistribution represents a shift of loading away from the bridge abutment because the 4 

ballast near the bridge settled resulting in poorly or unsupported ties. In particular, the tie loads 5 

did not increase significantly as the differential settlement increased. This result differs from 6 

previous analyses with assumed ballast surface profiles (9,13) and suggests the ballast surface 7 

profile from the progressive surface analysis is such to minimize tie loads.   8 

 9 

Stage 3: Post-Equilibrium 10 

The model results show that the ballast profile continues to be such that the tie loads are minimized. 11 

However, certain transition zones in the field have shown evidence of increased loads and not the 12 

behavior observed in this model. This suggests that a “post-equilibrium” phase in which the 13 

increased loads do exist; however, is not obtained by the numerical model. This will be discussed 14 

in later sections. 15 

 16 

DISCUSSION 17 

The results of this progressive settlement analysis does provide some insight to transition zone 18 

performance even with assuming the ballast is uniform. As expected, the near rigid bridge deck 19 

represents a restricting condition that produces differential settlement between the bridge deck and 20 

ballast in the approach, resulting in the gradual shifting of tie loads away from the bridge deck 21 

towards the open track. Tie-ballast gaps develop near the entrance side of the bridge abutment in 22 

reaction to the differential elevation between the rigid bridge and settling approach.  23 

Comparisons between the results at 28 MGT and field observations show general 24 

agreement in behavior but the simulation does not replicate the field measured differential 25 

settlement between the transition zone and open track. For example, the difference between ballast 26 

settlement in the transition zone and open track in the numerical model (9.35 mm v. 8.89 mm) is 27 

less than some field measurements (12 mm v. 1.5 mm) at the modeled Upland Street Bridge (3,4). 28 

This suggests the numerical model is not simulating the increased load and dynamic environment 29 

in the transition zone and/or the ballast will settle at greater rates than the predicted settlement 30 

relation in Figure 1(b). This will be addressed in detail below. 31 

Additionally, the numerical model results, along with field observations, suggest transition 32 

zones have three general stages within the resurfacing lifespan. The first stage is the “pre-33 

equilibrium” stage, in which the transition zone is attempting to find balance within the materials 34 

itself and within the system. While not simulated, a loose ballast matrix immediately after tamping 35 

often result in initial settlements as the ballast recompacts to a more dense state (19,21,23). This 36 

post-tamping loose ballast state would also be considered a part of the “pre-equilibrium” stage 37 

because the ballast material will attempt to reach a density and gradation configuration that is in 38 

balance with the applied loading. Initial settlement of the subgrade or fill would also fall under the 39 

same category. The numerical results show how the transition zone system balances differential 40 

loading after the initial runs through differential settlement. Ideally, the time and settlement a 41 

transition zone experiences in this stage should be minimized. 42 
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The second stage is the “equilibrium” stage in which the transition zone system and 1 

materials have found a balance. Transition zones should ideally be within the stage for the majority 2 

of its lifespan. The third stage is the “post-equilibrium” stage is described with increased loads in 3 

the transition zone. This stage was not simulated using the numerical model and this may be due 4 

to the assumption of homogenous ballast. Future studies should investigate the effects of 5 

heterogenous ballast and whether differences in ballast degradation and fouling within the 6 

approach has a larger contribution to differential settlement than initially believed. 7 

 8 

ADDITIONAL ANALYSES 9 

The base progressive analysis simulates the progressive settlement of a transition zone under ideal 10 

or uniform conditions in which the ballast is represented as a homogenous material with identical 11 

settlement behavior along the track. This is unlikely to physically occur because ballast will: (1) 12 

be tamped at various densities due to variations in the tamping process, (2) experience varying 13 

confinement conditions and moisture contents, and (3) eventually degrade due to ballast fouling, 14 

breakdown, and fatigue, tie-ballast contact, and tamping. This produces a condition in which the 15 

ballast is spatially and temporally varying and the ballast will not behave in a uniform manner as 16 

represented by the settlement model. 17 

An additional analysis involves a sensitivity analysis to investigate the effects of 18 

heterogeneous ballast in bridge approaches. This analysis attempts to represent ballast that varies 19 

in density, gradation, fouling level and material, moisture, and other factors along the track that 20 

can lead to uneven settlements. This variation would not be known so an analysis that accounts for 21 

random variations is considered best suited for this particular analysis. To accomplish this 22 

randomness, the ballast settlement is randomly varied under each tie within ranges of +/- 0.125 23 

mm, 0.25 mm, and 0.5 mm at 16 and 28 MGT. For each situation (16 and 28 MGT), five analyses 24 

are conducted for a total of thirty (30) analyses. As improved and more detailed settlement 25 

measurements from physically monitored track is collected, more insight into a correct “random 26 

variation” value is anticipated. The purpose of this analysis is to determine the effect of randomized 27 

heterogeneity in track and its effect on increased loads. 28 

An example of the randomly varying cumulative ballast profiles is displayed in Figure 5(a). 29 

The graph shows a random variation of +/- 0.5 mm at 28 MGT. As expected, the profiles show 30 

slight variations in settlement at each tie from the original simulation displayed in the previous 31 

section. The loading in Figure 5(b), however, displays a wide range of tie loads with the percent 32 

increase in tie load from the intimate tie contact condition exceeding 80%. This shows that slight 33 

settlement variations from the “equilibrium” state can significantly increase loads within the bridge 34 

approach due to significant load redistribution and may be a potential explanation for the increased 35 

loading and settlement observed in a transition environment.  36 

 37 

 38 
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(a) 

 
(b) 

 
(c) 

Figure 5. Figures showing: (a) ballast surface profile, (b) normalized tie loads for 1 

sensitivity analysis (SA) with ±0.5 mm variation at 28 MGT, and (c) the 2 

maximum and minimum average tie load deviation from the sensitivity 3 

analysis.  4 

 5 

Figure 5(c) displays the maximum and average normalized tie loads increase from the intimate tie 6 

contact condition for all of the analyses. The maximum trend lines for 16 and 28 MGT show the 7 

maximum and minimum normalized tie loads from all ten ties for all five analyses for each 8 

sensitivity analysis. The average trend lines take the average normalized tie load for all ties for all 9 

five analyses that are above 40% (percent increase from intimate contact) and that are below 40% 10 

(percent decrease from intimate contact). The results show that the maximum and average tie loads 11 

increase with increasing random settlement deviation. The results also did not show any 12 

meaningful difference between 16 and 28 MGT. This means the more random variation in 13 

settlement within a transition zone will lead to increased dynamic loads from load concentration 14 

more than increasing the applied wheel loads.  This suggests that if good tie support is provided, 15 

the impact of higher wheel loads is not as significant or problematic than when poor tie support is 16 

present.  Therefore, better design and remedial measures to reduce ballast settlement and tie-ballast 17 

gaps could be argued for in terms of greater revenue generation via higher wheel loads.  18 
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Noting that approach regions will likely experience greater levels of degradation and 1 

fouling and also tie-ballast gaps, which can increase the settlement, and the results of the 2 

sensitivity analysis, an explanation for increased settlement in the approach is: (1) reduced-3 

performance ballast conditions, e.g. tie-ballast gaps, degradation, fouling, settlement, and (2) 4 

increased loads from ballast heterogeneity. However, further studies would be required to verify 5 

this hypothesis.  6 

SUMMARY 7 

This paper introduces a three-dimensional dynamic numerical model that simulates the progressive 8 

settlement of railway bridge transition zone with the use of an empirical settlement model. The 9 

main findings of the analyses presented herein include: 10 

 11 

• Progressive settlement analyses offer additional insight into track behavior as opposed to 12 

single-time frame analyses because the loading and settlement environment changes over 13 

time and can be compared to field track measurements, which reduces the need for 14 

assuming the initial ballast surface profile. 15 

• Transition zone settlement occurs in the following three distinct stages: (1) initial/pre-16 

equilibrium, (2) equilibrium, and (3) post-equilibrium.  17 

• By assuming homogenous ballast properties and settlement rates, the approach track settles 18 

in a manner that reduces increased tie loads and evenly distributes the wheel load amongst 19 

underlying ties. This suggests that heterogenous ballast conditions may be a large 20 

contributor to increased loads and differential settlement. 21 

• Heterogeneous ballast conditions can potentially produce increased loading within the 22 

approach. Random variations of ballast settlement under tie or 0.5 mm can increase loads 23 

up to about 80% due to the uneven distribution of wheel load throughout the approach. 24 

 25 
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