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 The life of a wood crosstie will vary significantly based on track, roadway, and traffic 
conditions.  Over the last several decades, significant research has been performed in evaluating 
the service life of wood crossties as a function of these parameters.  This research has led to the 
development of analytical models for the prediction of the tie life and the effect of these 
parameters on this life.  This paper will review the various studies that have examined the service 
life of wood cross-ties and the corresponding engineering relationships that have been 
developed.  This paper will also examine the sensitivity of the tie life to such key parameters as 
track curvature, environmental conditions, track and roadway support conditions, traffic type (to 
include both speed and axle load), wood species, etc.  
 

In order to develop suitable tie life relationships for use in this activity, this paper will 
concentrate on conventional wood cross-ties with cut-spike fasteners.  This system represents the 
dominant tie and fastener system used on North American freight railroads and as such will be 
the primary system analyzed herein.  The effect of non- conventional fastener types, such as 
elastic fasteners, will also be presented. 
 

Tie Life Modeling 
 

The life of conventional wood crossties has been the subject of extensive modeling 
attempts using various modeling techniques, including mechanistic models, empirical models, 
and statistical forecasting models.  A component life model is a mathematical relationship or 
equation, used to calculate the time (or other appropriate measure) to "failure" of that 
component.  In this context, "failure" is the point at which maintenance or component 
replacement (which is a form of maintenance) is required.  Since the entire railroad system is not 
homogeneous, i.e. there is variation in both design details, operational characteristics, and 
maintenance history, the model must account for those variations that effect the "life" of the 
component.  As in any sophisticated application, the level of complexity of the model is 
dependent on the actual application, the availability of the data, and the practicality of applying 
the model(s) in that given application.  This is the case in this application as well.  Therefore, the 
final models developed must represent a compromise between sophistication and ease of use. 
 

There are two basic types of failure models that are traditionally developed; mechanistic 
models and empirical models [1].  
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Mechanistic models are mathematical models that attempt to simulate the actual failure 
mechanism(s) in order to determine the time to failure of the component.  This approach attempts 
to define the actual mechanical properties of the components and their complete loading 
environment, so that the interaction between the loads and the materials can be mathematically 
simulated to represent the mechanism(s) of failure.  This approach generally is quite 
sophisticated, often requiring complex computer algorithms.  However, this approach provides a 
clear understanding of the actual behavior of the track and its components.  As such, these 
models are very effective for designing systems or developing improvements in these 
components.  They also tend to require more detailed input data, some of which may not be 
readily available in broad application.  
 

Empirical models are relatively simple models based on experimental or observational 
data, used to obtain relationships between key factors that affect the component lives.  These 
models are generally derived from statistical approaches, by which a large volume of 
experimental or observational data is collected and correlated.  Often a mechanistic model is 
used to help define the most critical variables with the statistical or empirical analyses providing 
for the relationships between these variables.  Empirical models are often relatively simple in 
final form.  They also tend to be very highly dependent on the data used to develop them, and as 
such can not be readily extended outside the range of behavior which is represented by that data. 
 

While both of these approaches have been used in the development of mathematical 
models for the prediction of wood tie life, the empirical equations have been used somewhat 
more extensively, primarily because of their relative simplicity, ease of use, and less extensive 
data requirements.  
 

Track component models in general, and tie life models in particular, allow for the 
calculation of an “average” component life, which is normally representative of the behavior, 
(and associated life) of that component, e.g. wood crosstie.  However, one major difference 
between tie failure models and the other track components models, such as rail models, is that 
ties, even when installed at the same time under identical operating conditions, do not all fail at 
once.  Rather, there is a statistical distribution of tie failure and hence replacement, around an 
"average" tie life, as shown in Figure 1 for wood ties with cut spike fasteners.  Such statistical 
distribution curves have been developed by the USDA Forest Products Laboratory [2] and the 
Association of American Railroads [3].  
 

This in turn suggests two possible tie modeling approaches, an "average" tie life 
modeling approach which determines an "average" tie life for a given set of conditions, and a 
statistical tie life approach, which predicts the actual number of ties failed each year.  For the 
purposes of defining crosstie life, the average tie life model is most relevant, since it relates the 
tie life to the key track and traffic operating parameters. 
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One other traditional approach for determining average tie life should be noted here.  

This is the system average approach, where the total number of tie replacements system wide (or 
nationwide) are added, together with the associated trackage and a single value for system tie life 
calculated.  This approach, however, is potentially misleading, since it gives a system average 
that is not representative of specific conditions.  In fact, by including the very low density lines, 
"high" average tie life are obtained (which while representative of the low density lines are 
significantly greater than those that are experienced on heavily trafficked lines where the 
majority of the maintenance expenditures are in fact made.  
 

When this data is sorted by parameter, for example density, some general tie life values, 
can be obtained.  This type of data is illustrated in Figure 2, where average tie life is obtained, 
from R-1 data [4], for four different density categories of track.  (Note: Category A corresponds 
to mainline track.)  
 

In order to develop an appropriate tie life equation, it is necessary to examine the modes 
of tie degradation.  Figure 3 [5], presents the major modes, which include both mechanical types 
of degradation (spike killed, plate cut, broken, split, etc.) and decay/weathering related.  While, 
in general it has been noted that mechanical failure is the primary cause for failure or removal of 
hardwood cross-ties [6], which represent the majority of the mainline wood ties, there is a range 
of external factors that influence tie life in service.  These factors, which are listed in Table 1, 
include weathering factors, biological factors, stress factors (which are mechanical in nature), 
incompatibility factors, and use factors.  In fact, recent examination of the distribution of tie 
failure modes presented in Table 2 [7], which is based on field data, shows a noticeable shift in 
failure type from natural causes to mechanical causes, as the traffic density increases.  This 
suggests, that for low and moderate density track, ties will decay rather than wear out.  However, 
as the density increases there appears to be a shift in degradation mechanism, suggesting that for 
mainline type track, the failure mode distribution is strongly mechanical in nature (or has a very 
strong mechanical/load related component and effect).  
 

This effect is further complicated by the fact that these failure modes are not exclusive, 
but rather combine, with mechanical life hastening the onset of decay, and vice versa.  Because 
of this, the use of mechanistic type tie models do not appear appropriate.  Rather, the empirical 
approach, appears to offer the best potential for developing a suitable tie life relationship.  This 
approach, has likewise been the one most commonly used by other tie life modeling efforts. 
 

One such tie life model is the one developed by I. Reiner of the Chessie System [8].  This 
model is generally presented as: 
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Tie Life (L)=   _____________________a________________________ 

1+b (1+cD)(1+dG2)(Te)(W/23)f 
 
 
where: 

a,b,c,d,e,and f are constants 
D = degree of curvature 
G = grade (%)    
T = tonnage density (MGT/year) 
W = wheel load (Kips) 

and   L = tie life (years). 
 

A second commonly used and quoted tie life model is the TOPS model developed by the 
Southern Pacific Transportation Company [9].  This equation is generally given as: 
 

Life (MGT)= Ke(a-bD)Tc 
 
where:  

K = constant based on rail weight, rail type, grade, wheel load and track support  
a,b and c are constants based on empirical data   
D = Degree of Curvature 

And T = Annual gross tonnage (MGT/year).   
 

Another, empirically derived model was developed by the Canadian Institute of Guided 
Ground Transport [4].  This equation is: 
 

Life = a-b* Σ (P(ti)d(ti)(L/V/0.03)cp(i)Nsd) 
 
where: 

a, b, c and d are constants 
L/V is the ratio of lateral to vertical forces 
P(ti) = dynamic tie plate load for loading class i 
d(ti) = maximum vertical track deflection for load class i 
p(i) = proportion of total loading cycles for load class i 
Ns = millions of load cycles imposed by total traffic mix 

and   Life = average tie life in years 
 
 Subsequent work under the sponsorship of the Association of American Railroads 
resulted in the development of several sets of damage based tie life models [10, 11] which have 
been used in the last several years as the basis for the determination of the effect of differing 
track and traffic parameters on tie life.  These models, which are engineering damaged based, 
form the basis of the sensitivity analyses presented in this paper. 
 

The general form of the first of these “current” tie equations, generally referred to as the 
WSAC model [10], is: 
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Tie Life (in years)= a * f(P,S)* k(C)* R * G * J * h(D) *E / D 
 
where:  

a = constant 
f(P,S), F(P,S) = function  of axle load (P) and speed (S) 
k(C),  K(C) = function of curvature (C) R, R' = rail size factor 
G, G' = function of grade 
J, J' = function of joint condition, CWR vs Jointed. 
E, E' = function of environment 

And: D, D', and H(D) = function of annual traffic density in Million Gross Tons (MGT) 
 

Figure 4 presents a summary of the tie life calculated using this relationship for a range of 
traffic densities and curvatures.  It must be noted, that these values are not absolute but rather 
vary as a function of other key parameters (such as defined in Table 3).  As can be seen from this 
Figure, wood crosstie life can vary from more than 50 years (for very low density tangent track 
under dry condition) to less than 15 years (for severe curvature, high density track).   Table 4 
presents a more detailed summary of this equation. 
 
 The second model [11], which is a mechanistically based engineering model is 
incorporated in a computer program.  Figures 5 and 6 show calculated tie lives for hardwood and 
softwood crossties respectively.  Again note the significant curvature effect.  [This will be 
discussed in further detail later in this paper]. 
      
 Analysis of industry wide data, such as presented in Figure 2, and more recently in 
Reference 12, shows service lives reaching the order of 50+ years in dry environments (Western 
U.S.). As already noted in Figure 4, this also corresponds low density tangent track. Similar 
track, located in “hot’, “wet” environments [Southeastern US] can have this lives reduced to the 
order of 30 years [12]. In severe curvature, severe density applications, this life is even further 
reduced, as illustrated in Figures 4 through 6. In all cases, the tie life is driven by and dependent 
upon the traffic and track parameters that influence this life.  These sensitivities will be discussed 
in the next section. 
 

Tie Life Sensitivities 
 

Table 3 lists the key input variables that have been identified as influencing and affecting 
life of timber crosstie.  In order to isolate these effects, a sensitivity analysis will be performed 
holding all the other factors “constant”, thus allowing for the identification of the direct influence 
of only the factor being discussed. In order to avoid confusion, these sensitivities have been 
normalized, so that the relative effect can be readily observed. Unless otherwise noted, these 
sensitivities are based on the WSAC tie life relationships [10], which are presented in more detail 
in Table 4. 
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Traffic Characteristics 

Traffic Density (annual)  
 

Traffic density has a direct and non-linear effect on the life (in years) of the timber 
crosstie. Unlike, other track components (e.g. rail), where there is a direct and linear 
relationships between life in years and life in cumulative tons (MGTs), in the case of tie life, 
traffic density (in MGT/year) has a direct and non-linear effect on tie life.  This is clearly 
illustrated in Figure 7, which shows that tie life (in cumulative MGT) increases, with increasing 
annual density, it increases at a less than linear rate [13]. Translating this into tie life, in years, 
results in the declining life with density behavior previously presented in Figure 2. This is due to 
the shift in failure mechanism to mechanical failure (which dominates under high traffic density) 
from natural (decay) failure mode, which dominates in low density situations (Table 2). 

 
This effect is more clearly presented in Figure 8, which shows the relative sensitivity of 

tie life as a function of traffic density.  
 
This effect takes the form of  
 

Life ∝ Densitym 
 
where m varies between  0.6 and 0.74. 
 

Note; values for the density exponent m include 0.74 (CIGGT [4], WSAC [10]), 0.61 
(TOPs [9]) and m = 0.66 (Reiner [8]). 
 

Speed 
 

On both tangent and curved track, the vertical dynamic load is a key load applied to the 
track structure, which.  Therefore, it is necessary to augment the static wheel or axle load with a 
dynamic speed effect.  Numerous such speed effect relationships have been developed.  Figure 9 
compares the standard AREA speed effect formula with seven other equations[14].  As can be 
seen from this figure, in the speed range typical of North American freight operations, the AREA 
speed effect is a good representation of this dynamic effect.  The result is a dynamic wheel force,  
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PD = P *(1+ 33*S/(100*d)) 

 
     where: 
 
     P is the static axle load. 
     S is the speed in mph. 
     d is the wheel diameter in inches. 
 
 The effect of this speed relationship on tie life is illustrated in Figure 10. 
 
 It should be further noted that for curved track, the effect of speed also enters with 
respect to the actual balance speed and superelevation of the curve.  The relationship presented in 
Figure 10 is based on balance speed (i.e. elevation set to match curvature and operating speed). 
The unbalance effect is included in the curvature effect presented later in this paper.  
 

Axle Loading  
 
 Research studies have shown that the effect of axle load on track component life is given 
by the relationship: 
 

Life under Load P1            P2         n 
---------------------     = ( ----------- ) 

Life Under Load P2            P1 
  
     where: P1 and P2 are wheel (or axle) loads 
            and  n is a constant. 
 

The development of suitable n values has likewise been the subject of extensive research. 
In the case of wood crossties, the following values have been defined: 
 
     n = 1     defined by  TOPs [9], WSAC [10],  Hay 3[13], Talbot3 [15]. 
     n = 1.42  defined by Reiner [8] 
 and n = 2     defined by CIGGT [4]. 
 
 Figure 11 presents this axle load effect on tie life. 

                                                 
3 Based on linear beam-on-elastic foundation  theory,  where tie life is related to the stress level 
on the tie.  
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Traffic Type                   
 
 Traffic type is often defined in terms of axle load and speed. These “effects” have already 
been discussed. Other traffic effects include unit train effects, i.e. where all axles uniformly and 
regularly impact the track, generating a “harmonic” loading environment. Likewise lateral 
curving behavior differs significantly as a function of traffic and equipment type. Thus, for 
example, cars equipped with self steering trucks (e.g. radial trucks) generate significantly less 
lateral forces, which in turn reduce the damage (and thus rate of degradation) on curves. As a 
result, the reduction in life on curves would be reduced, with some data suggesting that this 
reduction would be of the order of 70 to 90% of the effect with conventional three piece trucks.  
 

Track Geometry 

 Curvature 
 

Curvature is a primary variable in tie life. This is due to the significant lateral forces that 
are generated by railway vehicles as they negotiate curved track. These lateral forces are 
transmitted to the ties, resulting in high levels of damage to include plate cutting, gage widening, 
and spike damage. The results of this increased level of loading can be seen in the significant 
curvature effects previously shown in Figures 5 and 6 for hardwood and softwood ties 
respectively [11].  This is further compounded by the fact that as the curvature increases, the 
spiking patterns used by railroads change, with an increased number of spikes used in the higher 
curvature track.  This is designed to negate the effect of increasing lateral load with curvature.  
However, one result of this is that there is an increased tendency towards spike killed ties in the 
higher curvatures because rail is changed out more frequently.  With the increased number of 
spikes there are fewer available "fresh" spike holes (and holes can only be plugged a limited 
number of times).  Thus in higher curvature track, tie life may be a function of rail life (often 2 to 
4 times rail life). 
 

Noting this effect, a commonly postulated curve effect relationship is  
 

Life    ∝  e-kC 
 

C = curvature in degrees. 
And k is a constant. 
 
 This effect is illustrated in Figure 12 to reflect the sensitivity of tie life to curvature. 
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Grade 
 

The effect of grade on tie life has only very limited data available.  The most effective 
analysis of this effect is that developed  by Reiner [7] and subsequently used in the WSAC 
equation [11], in which the following relationship for tie life is developed:  
 

Life    ∝   1/(1+.023*g2) 
 
where g = grade in percent. 
 

This effect is presented in Figure 13.  
 

Track Condition 

Rail Section 
 

In analyzing the relationship between tie life and rail size, it must be noted that the rail 
serves as a beam to distribute the applied wheel load across several cross-ties [13,15].  This 
distribution of load is related directly to the deflection of the track, which in turn, is directly 
related to the moment of inertia of the rail to the 1/4 power. 
 

Therefore, , the relative effect of rail size  (section) is directly related to the term: 
 

(I/I reference)0.25 
 
where: 
     I = moment of inertia of the rail section 
and  I  reference  = moment of inertia of the reference rail section. 
 

Using the common 132 RE section as a  reference  (I reference = 88.2) , the relative effect 
of rail section is presented in Figure 14. 
 

CWR vs JT 
 

While mainline track is predominantly Continuously Welded Rail (CWR), large stretches 
of jointed track remain. The effect of joints in track is that of generating increased dynamic 
wheel/rail forces.  This effect is aggravated in the presence mismatched or battered joints which 
increase the dynamic wheel rail forces even further. Thus the rate of this degradation is related to 
the condition of the joints themselves, with joints in poor condition, having a significantly 
greater effect on tie life than well maintained joints. 
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The effect of joint condition on tie life, was analyzed by several studies to include TOPS 

study  [9] and WSAC  [10].  The resulting sensitivities of tie life to the presence of joints (to 
include joints in poor condition) is presented in Figure 15.  
 

Ballast/Track Support 

 Tie life can be significantly effected by the condition of the ballast and the corresponding 
support of the crosstie. In the extreme case, center binding of the tie can result in dramatic 
premature tie failure, through center cracking. Non-uniform tie support can likewise increase the 
bending loading in the crosstie and effect its service life. 
 
 Ballast that is dirty or that does not allow free drainage can cause water to accumulate 
around the bottom of the crosstie. This in turn will result in an increased rate of deterioration, 
both due to decay, and due to combined decay and mechanical degradation (e.g. the bottom of 
the wet crosstie becomes more susceptible to abrasion of the wood). 
 
 While it is generally difficult to define the condition of the ballast and subgrade, it is 
possible to define the level of track support (such as by means of the track modulus [13]). Figure 
16 presents the generalized sensitivity of tie life to three such levels of ballast condition/track 
support corresponding to good, moderate, and poor condition. Note, that poor ballast and support 
condition can reduce tie life by more than 40%. 
 

Fastener Type 
 
 The effect of increased numbers of cut spike fasteners, such as commonly used on 
sharper curves, has already been accounted for in the curvature effect. However, increasingly, 
railroads are introducing elastic fastener systems, such as the Pandrol fastening or other 
comparable system. These elastic fastener systems separate the rail hold down function (usually 
performed by the clip) from the plate hold down function (usually performed by screw or lock 
spikes). Thus these systems avoid the problems of spike killed ties, associated with frequent rail 
change outs on  sharp curves. They also provide for increased gauge holding strength, thus 
reducing the damage associated with dynamic gauge widening of the rail/fastener/tie system, as 
can commonly occur on sharper curves in heavy traffic territory. 
 
 The resulting effect on tie life will vary significantly as a function of curvature and traffic 
density, however, significant extension of wood tie life has been reported on moderate to sharp 
curves on high density main line tracks.  
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External Factors 

Environment  
 

As noted earlier, decay is a major failure mode for wood ties. This is illustrated in Table 
2, where, for high density lines, natural failure modes (to include decay) represent approximately 
up to 50% of the ties that fail.  
 

These environmental conditions can include rainfall, temperature range (variation), 
temperature extremes (hot and cold), freeze-thaw cycles, snow, water, as well as biological 
factors, such as fungi (Table 1).  
 

One of the most effective techniques for relating these factors to tie decay, and thus tie 
life, is through the use of the U. S. Department of Agriculture's "decay hazard" values [12]. A 
map of these Decay Hazard values was developed by the Department of Agriculture, allowing 
for the determination of these values for geographic regions (Figure 17). 
 

In analyzing this map, the United states can be divided into three zones [12],  with decay 
hazards levels as follows: 
 

Region    Decay Hazard 
 

West       55 
East       90 
South     180 

 
These, values, can, in turn, be related to relative tie life, as presented in Figure 18. Note 

that the “hot” and “wet” environment of the Southeastern US can result in a 30% reduction in tie 
life (from the nominal Eastern US value). In a similar manner the “hot” and “dry” environment 
of the Western US (particularly the Southwest) can result in an increase in tie life (with nominal 
tie life values exceeding 50 years). 
 

Wood Type (Hardwood vs Softwood) 
 
 The final variable to be discussed is that of wood type. While tie life does in fact differ by 
species, in the general sense there is a large difference in tie life between hardwood and 
softwood ties, particularly on heavier density track and on curves. In the higher load 
environment, hardwood ties resist degradation longer, and as a result “hold up” better in main 
line service. As a result, most major freight railroads in the United States use hardwood ties 
exclusively. Furthermore, of these hardwood ties, the oaks, red and white, are most commonly 
preferred and used. Softwood ties are used on a much more limited basis in the US.  (They are 
more common in Canada because of availability and cost issues.) 
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 The effect of wood type was presented earlier in Figures 5 and 6 [11]. Figure 19 presents 
the relative sensitivity of tie life to wood type for light and severe curvature track. Again note (as 
in the case in Figures 5 and 6) the effect of the more severe curvature on the softwood ties.  
 

Summary 
 
 Because of the variability in wood strength characteristics and the service requirements of 
differing railway environments, there is no single tie “life” value that can be generally applied. 
Tie life is a function of a range of factors that include tie type and treatment on one hand, and the 
track and traffic environment of the railway on the other hand.  
 
 As a result, tie life can range from as long as 50 years in secondary track in a dry climate 
to as short as 10 years  (or less) on sharp mainline curves in the “hot” and “wet” Southeast. 
 
 The factors that effect tie life include traffic factors (tonnage, equipment type), track 
geometry factors (curvature), design factors (rail section, ballast support, fastener type), 
environmental factors and material factors (wood type). These factors can significantly effect the 
tie life, thus making it necessary to understand the impact and consequences of any changes in 
the tie’s operating environment or condition. 
 
 However, by proper understanding of these factors, it is possible to match the best 
materials and properties with the most severe operating environment to provide the wood 
crosstie user with a cost effective and reliable product to meet his needs. 
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