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Because the actual failure rate is known, the reduction 
factor can be applied to this rate to obtain the actual ex­
pected failure rate after one of the measures is carried 
out. 

Thus, the absolute accuracy of the failure model is 
less important if the trends are predicted properly· i.e., 
the relative accuracy is more significant. Because all 
parameters that affect the failure rate (such as material 
variability aud load spectrum) are statistical param­
eters, a statistical treatment (reliability analysis) is 
of course necessary. 
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Introduction to Stresses in Rails: 
Stresses in Midrail Regions 
Thomas G. Johns and Kent B. Davies, Battelle Columbus Laboratories, 

Columbus, Ohio 
Donald P. McConnell, Transportation Systems Center, 

Cambridge, Massachusetts 

The results of an extended analysis of the stresses in rails are summarized 
as an introduction to the mechanisms that drive rail flaws to failure. The 
mechanics of rail flexural. thermal, contact, and residual stress develop· 
ment are discussed in terms of the distribution of stresses in the rail, the 
stress cyclos that occur with wheel passage, and their relationship to the 
propagation of typical midrail flaws. These analyses are limited to con· 
tinuously welded rails and the regions of bolted·ioint rail.s that are out· 
side of the influence of the rail joints. 

In recent years, rail failure has ranked as one of the 
most frequent and cosUy causes of train derailments (1). 
Des1Jite substantial programs of inspection and replace­
ment, rail fail tires remain a significant hazard to the 
reliability of train operations and a continuing drain on 
maintenance-of-way budgets. Since the adoption of co11-
trolled cooling to p1·event hyd1·ogen entraimnent by rails 
and the rail embl'itUement that results, a principal con­
cern of railroad engineers has been the stresses induced 
in the rails by the newest generations of i·olling stock. 
This concern is evident in the writings of F1·ocht (2) and 
Code (3) and, most recently, in the i·epo1t on the prob­
lems Ca.used by heavy wheel loads by Way (4) in the Bul­
letin of the American Railway Engineering Association. 
This concern is also reflected in the long-standing in­
terest in the analysis of rail stresses that is evident in 
the literature. 

A comprehensive review of approaches to the analysis 
of the Ilex:ural stresses in rails by !):err (5) has illus­
trated the historical concern with the complexities of 
rail behavior under loads. Similarly, the survey by 
McConnell (6), the recent review of rail stress mecha­
nisms by Johns and Davies (7), and the evaluation of the 
wheel-rail contact problem by Paul (8) have provided 
baseline descriptions of the complexities of the stress 
state in rails that arises from the contact of wheels with 

the i·ail and from the residual stresses developed by the 
yielding of the rail under these severe contact stresses. 
The interactions between the stresses induced in rails 
by these mechanisms and the material characteristics 
of rail steels, which has been discussed by Steele (9), 
are central to the analysis of the initiation and grO\vlh 
of flaws in rails. Such an analysis is an important put 
of the evaluation of measures to ensure the reliability 
of rails in service and to the reduction oi the rail failure 
problem. 

In the midrail region (regions between joints), trans­
verse fissures and vertical and horizontal split-head de­
fects (Figui·e 1) are the principal types of rail fracture. 
The behavior of these defects when exposed to the rail­
road load nvirorunent is not well understood. However, 
transverse-fissure defects appear to grow slowly until 
the defect covers approximately 20 percent of the rail­
head cross-section area, after which growth becomes 
rapid and ·u1Jture of the entire rail suddenly occurs. 
A vertical split head may grow to be a meter or so in 
length before it can be observed on the surface of the 
rail head. Once an internal crack has reached a free 
surface, the growth rate normally will increase, but 
rail fracture will not necessarily immediately occur. 
A horizontal split-head defect can travel some distance 
along the rail before turning to run transversely. If 
both ends of the fl.aw turn upward, a loss of the running 
surface i·esults. Alternatively, one end may turn up­
ward and the opposite end turn downward. This resUl.ts 
in the type of failure known as a detail fracture. This 
type of failure is particularly hazardous because it de­
velops rapidl.y from an embedded horizontal fl.aw and re­
sults in a complete rupture of the rail. As yet, the local 
stress states that precipitate the branching associated 
with detail fractures are not well understood. 



Figure 1. Models of typical railhead defects. 

a. Typical Transverse Fissure Defect 

·.~ 

b. Vertical Split Head Defect 

c. Horizontal Split Head 

Recently, a comprehensive effort to characterize the 
stresses in rails encountered in service was initiated 
under the sponsorship of the Federal Railroad Adminis­
tration. The results of these analyses, as they apply to 
the midrail region of un:fl.awed rails, are swnmarized 
in this paper as an introduction to the behavior of i·ail 
stresses under train loads. [A far more comprehensive 
discussion of this behavior, includin& a detailed analysis 
of stress states at the tips of rail flaws (the so-called 
stress-intensity factors), is available elsewhere (10). J 

In the following sections, the st1·esses induced by 
each of the majo1· stress mechanisms are examined in 
an overview of the stresses in rails. The principal fac­
tors that influence i·ail stresses are descl'ibetl as a guide 
to those factors that may prove crucial in analyzing the 
initiation and g1·owth of rail flaws. Finally, a brief dis­
cussion of the interactions of these stresses with typical 
midrail-region flaws is presented as an introduction to 
the mechanics of fl.aw propagation in rails. 

GENERAL DESCRIPTION OF STRESSES 
IN RAILS 

Stresses Due to Rolling Loads 

The rail, a seemingly simple structural member, is, 
in fact, under the action of very complex stresses that 
occur durin& routine operating conditions. Flexural, 
thermal, contact, and residual stress mechanisms act 
simultaneously during each passage of load and must be 
considered in evaluating rail life. 
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Flexu~al stresses arise from the bending and twisting 
of the rail under wheel loads. When a vehicle ap­
proaches to a point within 1.8 to 2.6 m (6 to 12 ft) of a 
particular point in the railhead, that location experiences 
a tensile bending stress caused by the reversed flexural 
action of the rail on the elastic foundation of the ties, 
ballast, and subgrade. As the vehicle approaches closer 
to the point, the running-surface flexural stress becomes 
compressive and has a greater absolute value than had 
the previous tensile stress (as shown in Figure 2). As 
the first wheel set of a truck passes, interaction of flex­
ural stresses from the adjacent wheel may not permit 
the flexural stresses to reverse until the second wheel 
set has passed. 

A similar flexural action is caused by the local rail­
head bending on the elastic foundation of the rail web. 
As the wheel load approaches to within 7 .6 to 3 .8 cm 
(3 to 1.5 in) of a point, this flexural action can become 
significant, as shown by the dotted and dashed line in 
Figure 2. The impact of this mode of nexural action 
on the longitudinal stresses in the railhead is strongly 
influenced by the relative stiffness of Uie elastic founda­
tion of the rail web when compared with the stiffness of 
the ties, ballast, and roadbed (the so-called track mod­
ulus). The trace for the railhead (bottom of Figure 3) 
illustrates that, at extreme values of the track modulus, 
the head-on-web bending can predominate and the sign 
of the longitudinal bending stress at the railhead bottom 
can reverse. This action can result in significant dis­
tortions of the bending stresses in the head, as shown 
by the second distribution of Figure 4. This action may 
occur locally in the presence of uneven tie support, as 
would occur in weathered track. 

As the discussion above indicates, the flexural 
stresses in rails are significantly influenced by a range 
of parameters. In addition to the track moduli, the two 
other critical factors that affect the distribution of 
stresses in a rail are the orientation, location, and mag­
nitude of the wheel-load vector and the state of wear of 
the railhead. 

Significant distortions of the distribution of longitu­
dinal stresses across the rail cross section can arise 
under the action of eccentrically applied vertical loads. 
As Figure 5 illustrates, the twist of the rail caused by 
off-centerline loading induces a longitudinal stress due 
to the warping of the rail cross section. Under mod­
erate loading conditions, this stress reaches levels of 
27 .6 MP a (4000 lbf/in2

) in the interior l·egion of the 
head. The detailed stress contours of Figure- 6 illus­
trate how the offset of the vertical wheel load can influ­
ence the location of maximum stresses in the head. The 
location of the maximum longitudinal tensile stress re­
mains within the railhead when the wheel is directly 
above the web; however, this maximum region occurs 
on the bottom surface of the head at the gauge corner 
when the wheel does not load the rail over its centerline 
(Figure 6b). (Because these contour lines have been 
developed for U.S. customary units only, SI units are 
not given in Figures 6, 9, and 10.) 

A far more drastic change in longitudinal railhead 
stresses is that induced by the action of lateral loads 
such as those caused by the curving or hunting action 
of railcar suspensions. As Figure 7 indicates, lateral 
loads induce bending and torsion of the rail and cause 
substantial stresses that act in consort with the stresses 
induced by vertical wheel loads. For 65.6-kg/m (132-
lb/yd) RE rail, the longitudinal stresses that result from 
the lateral bending of the rail under a 44.5-kN (10 OOO­
lbf/in2) lateral load can reach 48.2 MPa (7000 lbf/in2) 
in the head. Similarily, simultaneously acting stresses 
due to bending of the railhead on the web and warping 
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Figure 2. Railhead flexural stresses. 127 254 (cm) 
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foundat ion modulus. 
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due to twist of the rail can induce stresses of 48 .2 MPa 
and 68.9 MPa (10 000 lbf/ in2

) respectively. Total longi­
tudinal stress due to the action of lateral loads can typi­
cally reach l evels of 165 MPa (24 000 lbf/in2

). 

Torsion of the rail also influences stresses in the 
web. The to1·sion produced 'by eccentrically applied 
vextical loads causes additional stress in the fillet re­
gion of 68.9 MPa for an 84.5-kN (19 000-lbf) applied 
~oad. ":1hen accompanied by hi gh lateral :D.angit1g fo1·ces, 
its maximum can exceed 207 MP a (30 000 lbf/in) in 
compression. The vertical stress iJ.1 the web produced 
by lateral loads when superimposed on those produced 
by eccentric vertical loads can be quite significant, as 
t he suclace s tress distributions of Figure 8 show. For 
example, the 65.6-kg/ m RE rail underwent considerable 
design changes in the fillet region to correct a fatigue­
crack initiation problem in the previous 65 .1-kg/ m (131-
lb/ yd) RE rail . 

Figure 4. Longitudinal stress contours. 
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As Figure 8 indicates, i·ail wear can also si,gnificantly 
inftuence the flexural stresses in rails. Head weax of 
1.9 cm (0.75 in) vertically can increase measured bend­
i ng stresses due to vertical bending by 100 percent. 
This wear, however, has a far less dramatic effect on 
the other modes of flexure. 

The1·mal Stresses 

In addition to the stresses induced by mechanically ap­
plied wheel loads, rails are also subjected to stresses 
induced by the constraint to their thermal expansion and 
contraction imposed by the fasteners and anchors. In 



Figure 5. Stresses along rail due to 84.6-kN ( 19 000-lbf) wheel 
load: (a) acting on centerline of rail and (b) acting 3.8 cm (1.5 in) 
from centerline of rail. 
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continuously welded rail, a cha11ge in rail temperature 
of 38°C (68°F) due to shifts in the ambient envirorunent 
can induce a stress of 47 .5 MPa (6900 lbf/in2

) in the rail. 
Although this is not severe in comparison with the 
stresses due to wheel loads, when acting simultaneously 
with the mechanically indttced stresses, thermal stresses 
prestress the rail before wheel passage. This factor 
may play an important role in accelerating flaw propa­
gation and in influencing the fl.ow of the railhead during 
yielding. In addition, this stress component is associ­
ated with the failu1·e of rail welds and is instrumental in 
inducing track instabilities and consequently is critical 
to an analysis of the reliability of rails. 

Contact Stresses 

When the point of application of wheel load is within 
0.76 to 1.27 cm (0 .3 to 0.5 in) of a point in the railhead, 
large stresses (called contact stresses) are experienced 
that are the result of local deformation of the railhead 
near the region of load application (see Figure 9) . These 
stresses are, in general, much la1·ger in absolute mag­
nitude than are the flexural sti·ess components. The 
stress contours shown in Figure 6 are not sufficiently 
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detailed to accurately show the magnitude of the contact 
stress components .and therefo1·e the contact area must 
be i1ivestigated separately. Figure 10 gives an idea of 
the magnitudes of the octahedral, longitudinal, and 
transverse stress respectively on transverse and longi­
tudinal planes through a railhead. 

The contact stresses are, in general, compressive 
[except for a transverse shearing st1·ess that completely 
reverses as the rolling load passes (see T,., Figure 9)]. 
These stresses are known to be capable of introducing 
fatigue damage local to the running surface of the rail. 
The contact stresses developed in the prox..imity of the 
wheel-rail contact zone frequently exceed the yield 
stress of the material and have long been suspected to 
be an important cause of railhead failures. 

Under conditions involving new wheels and rails in 
normal contact, yielding of the rail will occur at a loca­
tion 2.54 to 5.1 mm (0 .1 to 0.2 in) below the rail surface 
when the wheel load exceeds approximately 84.5 kN. 
Under the influence of pure normal wheel loads, the rail 
surface will tend to flow in the direction of i·olling if 
yielding occurs. If, in this contact situation, the normal 
wheel load remains lower than 140 kN (31 500 lbtl, the 
plastic deformation occurring with each wheel passage 
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Figure 6. Contours of longitudinal stress directly beneath point of application of 84.6-kN (19 000-lbf) wheel load: (a) centrally applied load and 
(bl 1.9-cm (0.75·in) eccentric load. 
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should decrease and eventually stop and the stresses 
will be thereafter elastic; i.e., shakedown of the post­
yield stresses should theoretically occur. However, 
this situation is complicated by the fact that the rail 
steel may cycl'ically work soften, thus reducing its ef­
fective yield stress such that yielding will occur for a 
much longer period of rail life than expected, possibly 
throughout the entire rail life. Wear also aggravates 
this phenomenon. 

Thus, wear significantly increases the flexural 
stresses; it is also an important mechanism in deter­
mining the combined pressure between wheels and rails. 
Frequently, the concave and false-flange regions on 
wheels that result from wea1· in service result in greater 
contact pressures between the wheel and rail and, there­
fore, excessive plastic flow of the rail. 

The compressive surface stresses reach levels 
greater than -1.24 GPa (-180 000 lbf/in2

) for a wheel 



Figure 8. Comparison of vertical tangential stress 
along rail surface for load eccentricities and head 
wear. 
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load of 44.5 kN. This same wheel load can create values 
of octahedral shearing of 372 MPa (54 000 lbf/in2

) and a 
transverse shearing stress of 234 MP a (34 000 lbf/in2

) 

that fully reverses during the rolling cycle (Figure 11). 
Contact stresses and stresses local to the region of 

wheel-rail contact are greatly affected by both the 
lateral and the longitudinal tractions. Lateral forces 
that result from tracking of the wheel back and forth 
across the rail or sliding of the wheel laterally can be 
caused by irregularities or curves. Longitudinal tan­
gential forces result from acceleration and deceleration 
of the locomotive and t he stick-slip of wheels caused by 
axle windup on curves. In both of the tangential loading 
conditions, the full slip condition creates the highest 
shear stresses in the rail. A consequence of tangential 
traction is that it may be a very important factor in the 
formation of railhead edge cracks. It is observed (Fig­
ure 12) that, under tangential traction, a very high 
tensile-stress region develops immediately adjacent to 
the contact area. Clearly, such a stress field would 
have an opening effect on an edge crack of the type 
shown. 
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Residual Stresses 

When wheel loads are greater than approximately 84.5 
kN, new rails deform plastically on passage of the first 
vehicle. Under normal freight traffic, residual stresses 
begin to build up in the railhead in a region adjacent to 
the tread surface (Figure 13). As the rail experiences 
more traffic, residual stresses begin to develop deeper 
within the rail and steadily grow in magnitude. There 
is evidence of the possibility that this phenomenon is 
strongly affected by cyclic strain-softening behavior in 
the rail steel. 

When the rail yields, a residual compressive zone is 
established directly beneath the railhead. Beneath the 
compressive zone, a tensile stress zone is developed 
to a depth of 1.27 cm or more. Horizontal cracks and 
split heads are known to initiate in this area, as indicated 
in Figure 14. This field may substantially influence the 
propagation of these flaws. Cracks occurring closer to 
the surface of the rail are likely to arrest or turn be­
cause of the residual compressive fields present in the 
tread region. Near the tread surface, a maximum range 
of shear stress occu1·s, but cracks initiated by this 
stress may be more likely to result in shelling rather 
than in such gross defects as horizontal or vertical 
splits because of the action of the residual 
stresses. 

When longitudinal tangential wheel forces exist in the 
ctirection of rolling; more fl.ow occurs. Wilen the force 
is opposite to the direction of rolling and small, the 
now also will be in the direction of rolling. Flow will 
be opposite to the direction of i·olling if this tangential 
force is greater than approximately 0 .13 times the nor­
mal wheel load. 

Wh.en the tangential (longitudinal or lateral) wheel 
forces exceed approximately 0.35 times the normal 
wheel load, the onset of plastic defonnatio11 occurs on 
the surface of the rail toward the rear of the contact 
area. When the tangential wheel fo1·ces or tractions ex­
ceed approximately 0.37 times the normal wheel load, 
whethe1· or not plastic fl.ow stops during the life of a 
rail depends directly on the magnitude of these surface 
tractions. 

ACTION OF l\lllDRAIL DEFECTS 

Although there are a multitude of types of midrail-region 
defects, those of the greatest importance to rail safety 
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Figure 10. Stress contours for baseline load; case 1-84.6·kN (19 OOO·lbf) load, 0.83·m (33-in) diameter wheel, and 
0.24-m (10-in) crown radius. 
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Figure 11. Maximum compression, octahedral · 
stress: 0.83-m (33-in) diameter wheel and new and 
worn 65.6-kg/m 132-lb/yd) RE rail. 
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are transverse fissures and vertical and horizontal split 
heads. 

Transverse Fissures 

Transverse fissures occur at various depths in the rail­
head and may be initiated either on the surface from a 
shelling type of defect or internally from an imperfection 
(such as an inclusion, shattP.r crack, or blow hole). A 
traL1sverse fissure is a p1·ogressive transverse fracture, 
Figu1·e la, that starts from a nucleus within the head 
and then gi·ows outward and downwa1·d throughout the 
head. Early downward growth of a transverse fissure 
is believed to be prirna1·ily influenced by flexural 
stresses induced by vertical wheel loading. These flex­
ural stresses, however, tend to flex the c1•ack toward 
the closed direction and, if it were not for the strong 
residual tensile stresses in the railhead caused by plas­
tic :fl.ow, these flaws might have less tendency to propa­
gate. Propagation in the upward direction is inhibited 
by the strong residual compressive stresses closer to 



Figure 12. Transverse stresses developed 
due to full slip and 84.6-kN (19 OOO·lbf) 
wheel load. 
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Figure 14. Hardness profile of non-heat-treated standard rail specimen. 
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the running surface (Figure 13). La:l i·al growth of the 
fl.aw is greatly influenced by the ilexui·e that results from 
the lateral load as in Figure 7. 

As the fl.aw grows, a greater role is played in the 
growth by transverse shearing stresses in the railhead 
because of the local bending of the head on the elastic 
foundation of the web. The fl.aw growth remains slow 
until the crack covers 20 to 25 percent of the head area. 
The transverse fissure is regarded as particularly dan­
gerous because final failure almost al ways results in a 
complete break in the rail and also because it seldom 
becomes visible before final failure occurs. 

Vertical Split Heads 

The vertical split is a progressive longitudinal fracture 
that grows through the head vertically and longitudinally 
near the center of the rail. It is initiated at a seam, 
segregation, or inclusion. The early growth of this de­
fect is believed to be most influenced by flexural 
sti-esses. As the :flaw grows to approximately 2.54 cm 
(1 in) in diameter, tl'<Lnsverse shearing stresses begin 
to play a greater role in determining the action of verti­
cal split defects under load. 

In the case of the vertical split head, the tensile re­
sidual stresses that exist in the railhead make possible 
(particularly in the eady stages of fl.aw growth) the prop­
agation of these defects. Although it remains to be 
shown, we believe that the transverse shear stresses 
induced by lateral loading will also play an important 
i·ole in the propagation of these flaws. This conclusion 
is drawn from the r_esults found for horizontal splits. 

The ve1tical split head may attain lengths or up to 3 m 
(10 It), but does not become visible on the surface until 
it is at least a meter or so long. The fl.aw usually ter-

minates by turning and growing out to the side of the 
railhead. This results in the breaking out of approxi­
mately half of the head. 

Horizontal Split Heads 

The horizontal split head is a progressive longitudinal 
fracture that grows parallel to the running surface at a 
depth of at least one-third of the railhead, Figure le. 
Early fl.aw growth is most affected by flexural stresses . 
The deeper the fl.aw is within the head, the less the ef­
fect. As the crack size approaches 2.54 cm in diameter, 
the effect of the longitudinal flexural stresses is over­
shadowed by that of the shearing stress due to the verti­
cal wheel load. 

These transverse shearing stresses are most influ­
ential on s hallower horizontal split heads (at approxi­
mate depths of 0. 76 cm). More deeply embedded Ila ws 
are also greatly influenced by transverse shearing 
stress, but this stress is caused primarily by the local 
bending of the head on the elastic foundation of the web . 

Although these flaws usually initiate at an internal 
longitudinal seam, segregation, or inclusion, they usu­
ally develop into compound fissures that result in com­
plete transverse breaks. After breaking out, the hori­
zontal split head appears as a hairline crack on the side 
of the railhead. Before it reaches the free surfaces of 
the sides of the railhead, it often l'esults in the appeai·­
ance of a flat spot on the rail surface and a slight drop­
ping of the entire railhead. Breakout fi1·st occurs in un­
canted rail on the gauge side and in canted rail on the 
field side. 

CONCLUSIONS 

The failure of rails in service is strongly influenced by 
the interactions of rail stresses with the material char­
acteristics of rail steels. These stresses in rails arise 
from four primary stressing mechanisms. Flexure of 
the rail includes the long-wave bending of the rail under 
wheel loads on the foundation of ties, ballast, and sub­
grade, as well as the local bending of the railhead on 
the web. These stresses typically are moderate and in 
the range of 13.8 to 68.9 MPa (2000 to 10 000 lbf/in2

) in 
the railhead. However, the magnitude and distribution 
of these stresses is strongly altered by variations in 
rail support and load-vector position and orientation. 
A moderate lateral load may increase these stresses by 
as much as 165 MPa. 

Stresses induced locally by the contact of the wheel 
and rail are far more severe, often reaching values of 
octahedral stress of more than 400 MP a (58 000 lbf/ in2

) 

in the railhead. Although the primary influence of these 
stresses is localized to a region of less than 0.5 cm from 
the tread surface, their action is felt to a depth of ap­
proximately half the depth of the head because of the 
development of residual stresses. Although local yield­
ing of the rail is strongly influenced by surface trac­
tions, indications are that, for typical wheel loads, 
plastic fl.ow may stop and thus stabilize the residual 
stress state. Coupled with the quasi-steady state, 
thermal stresses of nearly 47 .5 MP a that result from 
constrained expansion and contraction of the rail and 
residual stresses act to shift the mean stress during the 
passage of wheel loads, which strongly alters the stress 
environment to which inclusions and flaws in the rail 
are subjected. 

The primary ddving factor for midrail-region flaws 
is the stress induced by the flexural action of the rail 
under wheel loads. The residual stresses, in conjunc­
tion with the thermal stresses, in rails act to modify 



the flexural stress cycles seen by flaws. Transverse 
fissures may be driven initially by longitudinal stresses 
due to flexure and later by the action of the fully re­
versed shear stresses due to bending of the head on the 
web. Similarly, vertical split-head flaws may be driven 
by the flexural action of lateral loads, again influenced 
by the action of the fully reversed shear sh'esses. The 
growth of horizontal splits in the railhead appears to be 
dominated by shea1· sfresses, except in the very earliest 
stages of growth. For horizontal flaws at depths of less 
than 0. 76 cm the effects of transverse shear stresses 
due to whole- rail flexure dominate but, below this depth, 
the shear stresses resulting from the bending of the head 
on the web become increasingly significant. However, 
in light of the complexities of the factors that control 
stresses in rails, these conclusions must be considered 
as preliminary. 
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Analytical and Experimental Study of 
Residual Stresses in Rails 
Kent B. Davies and Thomas G. Johns, Battelle Columbus Laboratories, 

Columbus, Ohio 

A mathematical model for the calculation of railhead residual stresses is 
presented together with the results for a specific case of wheel loading. 
These data are then compared with the results obtained by destructive 
evaluation of residual stresses in simulated railhead specimens. Finally, 
the results obtained are compared with published values for residual 
stress. 

New rails have an initial residual stress field that is an 
artifact of the mechanical working of the manufacturing 
process. After their installation in track, this initial 
stress field begins to change under the recurring plastic 
deformation caused by passing wheel loads. The new 
residual stress state that is established, which may or 
may not continue to change during the life of the rail, is 
believed to have a profound effect on the formation of 
railhead cracks. But because of the difficulties implicit 
in the analysis, few investigations of rail residual stress 
have been reported in the literature. Those that have 
appeared, however, are of great interest. The most 
important of these are those due to Johnson (1), Merwin 
and Johnson (2), Johnson and Jefferis (3), Martin and 
Hay (!)1 and the Office for Research and Experiments 

of the International Union of Railways (ORE) (5). 
previous approaches to the study of rail residual 

stresses have involved both analytical and experimental 
methods. Analytical techniques have been based on the 
application of approximate numerical methods. Experi­
mental approaches have relied on various destructive 
techniques, such as sectioning out and hole drilling. 
Figure 1 shows the results obtained by Martin and Hay 
(4) for the three normal, residual stress components 
caiculated by a method based, in part, on that presented 
by Johnson and coworkers (1, 2, 3). Figure 2 shows both 
the experimental and the anilYtical results obtained by 
ORE (5) for rail removed from service. The data pre­
sentecf in Figures 1 and 2 represent the only residual 
stress calculations that have appeared in the literature 
so far. 

NUMERICAL ANALYSIS OF RAILHEAD 
RESIDUAL STRESSES 

A numerical method was developed for the calculation 
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Figure 1. Re.sidual stress components: 65.6-kg/m 
(132-lb/yd) RE railhead, P ~ 84.6 kN (19 000 lbf), 
and K : 379 MPa (55 000 lbf/in2), 

Figure 2. Experimental residual stress components. 

0 
.c." ., 
" QJ 

"' 

La lero l St ress a-y , HPa 

Longi tud i nal Stress u ,. 1 MPa 

-1.5 -1.0 

0 

1. 3 

2.5 

Legend 

-0.5 

Vertic al Stress u2 , Mf'a 

Sh earing Stress Ty z• MPa 

rr, ksi 

0 0.5 

--
1.0 

--

'• 

15 2.0 

-- ---

rr, (longitudinal) 

rry (vertical l Note: 1 cm~ 0.39 in. 

rTz (transverse l 

3. 8 ..__ __ ......_ _ _ ....._ _ _ __.__ UI ~---'---~--~~---'---' 
-13.8 -10.34 -6.89 -3.45 0 3.45 6.89 10.34 13.8 

of the residual stresses caused by wheel- rail contact. 
This analytical procedure extends the work of Merwin 
and Jollnso11 (2) and of Martin and Hay (4) in that it is 
fully three diiiiensional (by using a direct finite­
element approach) and includes the effect of work 
hardening. 

The fl.ow diagram shown in Figure 3 summarizes the 
calculation procedure. The first step in the computation 
is the determination of the oubourfacc strains by using 
the specified load and contact distributions and the 
three-dimensional finite-element model. This consisted 
of a quarter-section model of the railhead in which two 
vertical planes of symmetry were assumed. The model 
was a rectangular solid that had a 3x3.25-cm (1.2x 
1.3-in) cross section. A constant-cross-section mesh 
was repeated at varying intervals along the length of the 
model. A cross-sectional view of the model is shown in 
Figure 4. It included 630 isoparametric-brick elements 
consisting of 1340 nodes. The loading was applied in 
the form of a 84.6-kN (19 000-lbi? Herlzian contact dis­
tribution having a 0.64-cm (0 .27- in} semimajor axis and 

MP a 

a 0.47-cm (0.19-in) minor axis. To avoid the additional 
complication of flexural stresses, the model was sup­
ported by a rigid foundation. 

For the residual-stress analysis, it was necessary 
to construct a strain cycle that simulated the passage 
of a rolling load for a single cross-sectional plane. 
This was done .from the simple static-contact cases 
analyzed by the finite-element method by using the 
GENTAPE prog1·am. 1t was asswi1ed that the strain 
seen at any point in the railhead would be the same as 
that seen by any other point lying on the same longitu­
dinal line at some time. Thus, the variation in stx·ain 
along a gj.ven longitudinal line due to a static load was 
taken to be the same as the strain at a point as a loaded 
wheel passed by. The GENTAPE program assembled 
a magnetic tape of strain cycles for the nodal points of 
the cross section shown in Figure 4. The results of this 
compilation are shown fo1· the elastic case in Figure 5. 
The elastic strain in the y-di1·ection was compared with 
that determined by Martin and Hay (4) by au indirect 
finite-element solution, and good agreement was found 



Figure 3. Flowchart of residual stress calculation procedure. 
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for the components. These particular strain cycles 
were computed for a point lying at a depth of 1.91 cm 
(0. 75 inl below the rail surface. Similar cycles, dif­
fering only in the magnitudes of the components, exist 
for the other points in the pfane. 

The SHKDWN program calculates unequilibrated 
stresses on the basis of the foll.owing assumptions: 

1. The elastic strain cycle that can be derived from 
a static-contact situation is a sufficiently close approxi­
mation to the true elastoplastic stra.in cycle of the rolling 
contact situation Cas assumed by Merwin and Johnson 
(2)'J. 
- 2. The material is isotropic and elastic-plastic and 

obeys an isotropic strain-hardening law. Its yielding is 
described by the Von Mises crlte1·ion and the Prandtl-
R euss equations. 

3. Every plane of the rail remains identical to every 
othe1· pla11e in the t•ail. in terms of both residual stress 
and material p1·operties. Thus, O'u and a7x are every­
where zero when no load is present. 

4. A vertical plane of symmet1•y is assumed to exist 
on the longitudinal centerline of the nil. Thus, only 
half the railhead is included in the analysis. 

Analysis proceeds in the program in the following 
manner: 

1. Various problem parameters are read in, such as 
the coefficients of the linear equation that describes the 
stress-strain curve, the yield stress, Poisson's ratio, 
and the problem size. 

2. strain-cycle information is read from a tape on 
a mesh-point-by-nJesh-point basis. For each increment 
of strain, the stresses at all of the points in the cross 
section are evaluated before moving on to the next in­
crement. After the strain tensor at a point is read in, 
the strain components are transformed into deviatoric 
stress components by the relationships 

Figure 4. End-sectional view of three-dimensional 
finite-element grid for railhead analysis . 

1-t-I-

S;; = a;; - Sm (i = j = I , 2, 3) 

where 

Sm = au/3 (i = I, 2, 3) 
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(I) 

(2) 

At the same time, the strain-deviation gradient is cal­
culated as a three-point divided difference approximation 
to the derivative. Thus, 

(deij/dx)I n ="' [(eijl n - €;ii n-d/(Xn - Xn-1 )] + (Xn - X0 .1) 

X [(€n+I - €n)/(Xn+I - Xn)J - [(€n - €n.1)/(Xn - Xn-1)] 

+ (Xn+i - Xn-1) (3) 

is the gradient at the nth point in the mesh. Finally, the 
equivalent strain for the current strain level is calcu­
lated by using the familiar expression 

€ef = (2/3) [€11 - €22)2 + (€22 - €33)2 + (€33 - €11)2 

+ (3/2)(ei2 + ei3 + ei 3)] ~ (4) 

3. By using the results of the uniaxial stress-strain 
curve, the Von Mises yield criterion 

(5) 

where cry = equivalent stress at yield (for the first ap­
proach to yielding) is applied. If yield has not occurred 
at that mesh point, the stress is merely assumed to be 
that given by Equation 1. The program then proceeds 
to the next mesh point and repeats the sequence of com­
putations. If, however, it is found that yielding has 
occurred, then the increment of stress due to the cur­
rent value of strain is calculated by using the P randtl­
Reuss equations. These may be written in terms of 
deviatorlc stress and strain. Specifically, the time rate 
of change visually indicated is replaced by the gradient 
in the rolling direction so that 
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Figure 5. Elast ic strains along rail axis due to 84.6-kN CM 
(19 000-lbf) load: longitudinal plane of symmetry and depth 
of 1.91 mm (0.075 in). 
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where "'-WI fjx = rate of plastic work and is given by 

(/';W//';x) = Sx(/';ex//';x) + Sy(/';ey//';x) + Sz(/';Ez//';x) 

+ Txy(/';oxy//';x) + Tyz(/';Oyz//';x) (7) 

and K, '" r, and I> have their customary meanings. 
Equation 6 is the form of the Prandtl-ReuBs rela­

tionship actually used in the program . The strain rates 
used fo1· a particular point in the strain cycle we1·e those 
given by Eq11ation 3 . The incren1ents of stress computed 
by ush1g Equation·6 are then added to the stt·esses com­
puted at the previous increment of strain. This process 
continues during the strain cycle nul:il unloading of a 
point occurs . Aite_r this, stress is again calculated 
elastically and fu1ther unloading proceeds elastically. 

4. When the strain cycle has been completed, a sys­
tem of compatible residual stresses i·emains. How­
ever, because the stresses at the various levels have 
been computed independently of each ot her, equilibriW11 
is not satisfied. To r em edy this, the resultant planar 
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nodal forces are calculated that would give rise to the 
system of stresses just calculated if considered with 
respect to an assumed finite-element mesh. This is 
accomplished by integrating the eq·uation of equilibrium 
over the indicated elements. Thus, the forces at the 
center of the element are given by 

Fy = J J [(aayy/ay) + (aayz/az)] dydz (8) 

and 

Fz =ff [(aazzfaz) + (aayz/ay)] dydz 

These resultant forces are apportioned equally to the 
four corner nodes of the asswn ed finite-- element mesh. 
(The actual program is somewhat more involved t han 
th.is, but the mechanical. details, involved as they are 
with the finite-element method, will not be further elabo­
rated upon. Nodal. forces representj.ng the residual 
stress system are finally output on punched cards.) 

The two-dimensional, finite-element railhead cross­
section model, which is exactly the same as the cross 
section of the three-dimensional. railhead model, has 
53 linear el.ements. The boundary conditions are ap­
pi-opriately arranged to simulate railhead support as 
described above. The analyses are pedormed by using 
tfle nodal forces produced from the unequilibrated l'e­
sidual sh-esses by the SHKDWN program. The resulting 



stresses are output on tape. 
The EQSTR program, which is structurally almost 

identical to the GENTAPE program, arranges the stress 
output from tile two-dimensional finite-element model 
in a sequence that corresponds to that of the mesh points 
in the SHKDWN program. (Once again, this program is 
of little interest from a mechanical standpoint, so it will 
not be discussed further.) 

The stress computation procedure is then completed 
by subtracting the stresses computed by the finite­
element model (representing the unequilibrated portion 
of the computed stresses) from the original residual 
stress. Thus, at each mesh point 

(9) 

when S~j ~ = finite-element component at the kth mesh 
point. The resulting stress deviations are then output 
as the final residual stress state for that loacl pass. 
This operation is also accomplished by using the 
SHKDWN program. A similar procedure is followed for 
the next pass of the load. 

APPLICATION OF NUMERICAL METHOD 
TO CASE OF WHEEL-RAIL CONTACT 

By using the computation procedure described above, 
residual stresses were calculated for the case of a 
84.6-kN load on a l'ail modeled by a bilinear stress­
strain curve that had a yield stress of 440 MP a (64 000 
lbf/in2

). The stress cycle used was that described above 
and shown in Figure 5. 

The results for one pass of the load are shown in Fig­
ure 13 of the preceding paper in this Record for the three 
normal stress components. It is observed that the re­
spective maxima occurred below the surface of the rail. 
The vertical stress component is zero at the surface and 
tensile below the surface and reaches its maximum at a 
depth of about 2.5 mm (0.1 in). The other two normal 
stress components have compressive maxima and occur 
at somewhat shallower depths in the railhead. All of the 
components decay to insignificant levels at depths below 
1.25 cm (0.5 in). 

COMPARISON OF NUMERICAL AND 
EXPERIMENTAL RESIDUAL STRESS 
RESULTS 

A destructive experimental determination of rail re­
sidual stresses was performed on simulated rail speci­
mens that had been subjected to known rolling loads. 
Specimens were subjected to one or three passes of the 
wheel load. 

The simulated specimens consisted of 25.4-cm (10.0-
in) crown-radius head sections machined from a 79.5-kg 
(175-lb) crane-rail section. The resulting specimens 
were thoroughly stress relieved to eliminate any initial 
residual stress field. After rolling in a rolling-load 
machine, each specimen was dissected by using the 
Battelle Columbus Laboratories' sectioning technique 
for the determination of the three-dimensional residual 
stress field (6). The results from the experimental re­
sidual stress-investigation are also shown in Figure 13 
of the preceding paper in this Record. The rolling-load 
test sp,ecimens had a yield stress of 326 MPa (47 300 
lbf/ in). The specimens were loaded to a level of 64.5 
kN (14 500 lbf). If the two sets of properties and loads 
are considered in relation to each other, it is seen that 
the laboratory specimen was the more severely loaded. 
By using the ratio of the maximum contact pressure to 
the shear yield stress as a means of comparison (1), it 
is found that the mathematically modeled case had-a 
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ratio (R) of 4.1116 and the laboratory case had R = 
6 .1616. Thus, it would be expected that the residual 
stress formation would be more developed in the experi­
mentally measured case. Examination of the plot of 
longitudinal stresses shows that the results predicted by 
the model are slightly luger than the experimental re­
sults. In addition, the effects occur somewhat more 
shallowly in the model. The transverse stress results 
show the expected ti-end; the laboratory sh'esses ai-e the 
luge1· and occur at the greate1· depth. Examination of 
the vel'tical stress results shows very poor agreement. 
At this time, no rationale can be offered for this dis­
parity. It is interesting to note that, in the case of the 
horizontal plane stress components, the greatest dif­
ference between the one-pass and the three-pass speci­
mens occurred on the surface. Thus, it was concluded 
that, with the exception of the vertical stress, there was 
reasonably good agreement between the mathematical 
model and the laboratory validation experiments when 
the strain cycle was assumed to be an elastic one. 

COMPARISON WITH PUBLISHED 
RESULTS AND CONCLUSIONS 

A mathematical model of residual stress formation in 
railroad rails was developed. The results obtained by 
using this nW11erical method were in reasonable agree­
ment with the experimentally determined values obtained 
in this study. It is useful to compare these results with 
data p1.tblished in the literature. 

The experimental and analytical results can be most 
conveniently compared with those obtained by ORE (~). 
Such a comparison is made difficult by the fact that the 
ORE work was conducted on rail removed from service 
that had a tensile yield strength of approximately 689 
MP a (100 000 lbf/in2

). Thus, the situation analyzed here 
was significantly diffe1·ent than that reported by 0 RE. 

Comparison of the vertical stress results shows that 
the tensile maximum in the specimens ex.am'ined by ORE 
was located at a depth approximately 0.62 cm (0.25 in) 
lower than the tensile maximum in the analytical re­
sults. Although this component is also about 34.5 MPa 
(5000 lbf/in2

) greater 1n magnitude, the agreement is 
considered measurable. The ORE curve disagrees with 
the experimental curves. Martin and Hay (4) showed a 
tensile maximum of about 68.9 MPa. -

Comparison of the transverse component results 
shows several differences between the analytical re­
sults and those reported by ORE. The tensile maximum 
occurs at a considerably greater depth, and a very high 
compressive value is indicated at the surface of the rail. 

The longitudinal residual stress results showed better 
agreement, although the ORE maximum once again oc­
curred somewhat deeper in the railhead. Once again, the 
high compressive stress reported on the running surface 
by ORE was not found in our work. 

Despite the degree of success with which it predicted 
residual stress magnitude, the model is sufficiently 
complex to make the calculation of the effect of many 
cycles of the load application both dif.ficult and costly. 
Thus, it is recommended that future residual stress de­
terminations be carried out experimentally by using rail 
removed from service for which the service history is 
accurately known. 
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Mathematical Model for Lateral 
Thermal Buckling and Displacement 
of Curved Track 
W. So, Research and Test Department, Association of American Railroads, Chicago 
W. W. Yang, Consolidated Rail Corporation, Chicago 

One disadvantage of continuously welded rails is that the possibility of 
track buckling because of temperature increases is increased significantly 
by the elimination of rail joints. Many mathematical models have been 
developed for the buckling of tangent tracks, but there are very few 
that deal with curved tracks. Tho objective of this paper is the develop· 
ment of methods for the prediction of both the lateral thermal·buckling 
load end the corresponding displacement of curved tracks so that criteria 
for track design, maintenance, and evaluation can be formulated. This 
objective has been achieved by using a two-dimensional finlte·element 
model that simulates the lateral stability of a track subjected to tempera· 
ture increases and train wheel loads. This paper illustrates only the basic 
applications and the potential of the model. A parnmeter investigation 
was made that included tracks that had curvatures varying from 0 to 10° 
and studied the effects of various track parameters on the buckling tern· 
perature and the lateral track displacement. The results indicate that the 
buckling temperature and lateral displacement of a curved track are sig· 
nificantly affected by changes in lateral ballast resistance, misalignment 
and curvature, and by the presence of ineffective ties. The model pro­
vides a promising new approach to the track-buckling problem; however, 
test data are needed to validate it. 

Continuously welded rail is be~ng increasingly used in 
railway track construction in the United States. A well­
known disadvantage of such rails is that the possibility 
of track buckling because of temperature increases is 
increased significantly by the elimination of rail joints. 
Derailments attributed to track buckling have been re­
ported (1). This track-buckling problem-also called 
the track-stability problem-is consequently of great 
importance on continuously welded tracks. 

Track stability can be subdivided into two main cate­
gories according to the plane in which buckling occurs: 
lateral and vertical. Lateral stability refe1·s to buckling 
that occurs in the plane of the track, and vertical sta­
bility refers to the uplift of the track. Vertical buckling 
is unlikely to occur, because the initial uplift of the track 
reduces the lateral ballast resistance and usually causes 
Lateral buckling. 

Many mathematical models have been developed for 
the lateral stability of tangent track, but there are very 
few that deal with curved track. The objective of this 
paper is the development of methods for the prediction 
of both the lateral thermal-buckling load and the corre­
sponding displacement of curved track so that criteria 
for track design, maintenance, and evaluation can be 
formulated. This objective is achieved by using a two­
dimensional finite-element model that simulates the lat­
eral stability of a track subjected to temperature in­
creases and train wheel loads. 

The model was first developed by So and Martin (2) 
to solve the problem of the lateral stability of tangent 
tracks. Reasonably good agreement was obtained be­
tween the model results and test data. There are no 
other known applications of finite-element models in this 
respect. Previous applications of the finite-element 
method in the analysis of tracks were primarily for the 
calculation of stresses in the rails under wheel loads. 

The finite-element model is quite powerful and effi­
cient in simulating track stability because it uses stan­
dard structural-analysis computer programs for elastic 
frames. A remarkable advantage of the model is its 
versatility in incorporating all the main parameters that 
govern the lateral stability of track (3): (a) condition of 
lateral rail support, (b) rotational resistance of rail 
fasteners, (c) flexunl rigidity of rails, (d) track cur­
vature, (e) track inegularities (such as misalignments 
and ineffective ties or rail fasteners), and (f) loading on 
the track (such as thermal loads due to heating of the 
rails· vertical, lateral, and longitudinal loads due to 
normal traffic; dynamic vibrations; and train bra.king 
and acceleration). Longitudinal loading here refers to 
loading along the rails. The model uses geometrically 
nonlineai--beam-deflection theory (large-deflection 
theory). Geometrically linear-beam~deflection theory 
(small-deflection theory) has been used for track-



stability problems in most previous research. As 
demonstrated by Kerr (4), this approach yields inac­
curate results because buckling deflections are not small. 

The finite-element model presented here has not been 
thoroughly validated because of the lack of test data. 
Once its validity is fully established, the model should 
provide a useful approach to frack-stability problems. 
In this paper, only the basic applicat ions and the poten­
tial of the model will be illustrated. 

REVIEW OF LITERATURE 

Experiments on track s tability have been conduct ed in 
other countries (~ ~ '!_, .!!); however, no available test 
data on curved tracks are complete enough to be used 
for the validation of the finite-element model presented 
here. Because of the importance of the track-buckling 
problem, it is recommended that tests be conducted in 
the United States. 

Many theories have been developed for analysis of the 
buckling problem of the continuously welded t rack (9). 
Some of the published theories and test r esults havebeen 
critically reviewed by Kerr (10) . Most of t he published 
theories were developed for the lateral track-stability 
p r oblem. Sever al important ones are reviewed here. 
P1·ud' homme and Janin (11, 12) assumed a beam that had 
continuous lateral elasticsupport from the ballast and 
continuous rotational resistance from the rail fasteners 
and formulated a set of differential equations. By using 
a semiempirical method, Bartlett (7) obtained a similar 
solution. Bijl (13) and Amans and 83.uvage (~4) formu­
lated the differential equations for nonlinear rail-fastener 
and ballast characteristics. Using the finite-difference 
method, Bijl (15) assumed the rail to be a beam with 
axial loading and dis crete elastic supports and the bal­
last and rail-fastener behavior to be nonlinea r, and for­
mulated the equations of equilibrium. Kerr (16) derived 
the equilibrium equations for a buckling modeThy using 
the principle of s tationary total potential energy. Three 
different assumptions were used for the lateral resis­
tance: constant, linear, and a combination of constant 
and linearly varying resistance. The results indicated 
that the s implifying assumption of constant lateral bal­
last resistance was more suitable for u.se in the analysis 
of lateral track buckling. F\irthermore, by assuming 
constant lateral ballast resistance, negligibly small 
longitudinal ballast resistance in the bucltled zone, con­
stant longitudinal ballast resistance in the adjoining 
regions, and negligible fastener rotational resistance , 
Kerr (17) derived the equilibrium equations for a track 
beam representing the rail-tie structure by the principle 
of virtual displacement. The solutions for four buckled 
configurations wer e presented. By us ing the e nergy 
method, Numa.ta (rnj formulated the s train energy in 
the ballast and in the bending of the r ails and the poten­
tial energy of the external loads, assuming constant 
lateral ballast resistance and certain buckling wave pat­
terns for both curved and straight tracks. 

The lateral track-stability problem is more compli­
cated on curved tracks than on straight tracks. The 
radial displacement of the curved track will decrease 
the compressive force in the rails and influence the 
buckling load or temper ature . Calculations with regard 
to this effect have been published by Numata (18), Engel 
(19), and Nemesdy (20) ; all indicated that, fortrack 
curvature up to aboUt3. 5'\ this phenomenon might be 
neglected. 

None of the models reviewed above possess all the 
following capabilities: simulations of discrete tie sup­
ports, track curvatures, track irregularities such as 
misalignments and ineffective ties or rail fasteners, 
nonlinear ballast resistance, nonlinear fastener rota-
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tional resistance, lateral wheel loads, and geometrically 
nonlinear track deflections. The finite-element model 
presented here has the advantage of possessing all of 
them. 

FORMULATION OF MODEL 

The finite-element model uses a general-purpose com­
puter program for the linear analysis of elastic frames 
(21). The program is modified by using the incremental 
approach for geometrically nonlinear deflection theory 
(22). Thus, the modified program can be used to de­
termine large buckling deflections of rails and the cor­
responding buckling loads. 

Figure 1 shows the general formulation of the model. 
The track structure is rep1·esented by a finite number 
of beam elements. The track curvature is simulated by 
piecewise linear approximation. The ties are assumed 
to be rigid and fixed by the ballast against any rotation 
so that both rails will have exactly the same response 
in the lateral plane. Hence, the two rails are combined 
into one for simplification. The ends of the track are 
assumed to be fixed; however, a parameter investigation 
of the length of the track will determine how the track 
model approximates the real track in the field. The lat­
eral ballast resistance and the fastener rotational resis­
tance are simulated respectively by the axial and flex­
ural stiffnesses of the radial elements. The longitudinal 
ballast resistance is simulated by the axial stiffnesses 
of the elements that are tangent to the rail elements 
but shown as on one side of the rail elements for clarity. 
The simulation of thermal and wheel loads can be 
achieved by the input of fixed-end compressive forces 
in the rail elements and concentrated quasi-static loads 
respectively. Piecewise linear appr oximation is used 
to simulate track misalignments, nonlinear rail-fastener 
behavior, and nonlinear ballast resistance. 

The definition of buckling load or temperature used 
here is based on the curve of the relationship between 
the ther mal load or temperature increase and the max­
imum track deflection (s ee Figure 2). When a slight in­
crease in thermal load or temperature increases the 
maximum track deflection appreciably, buckling is said 
to occur in a sudden manner and the buckling load or 
temperatur e increase (p) is defined as a s ingle value. 
The slope of the load- deflection curve is smallest in the 
buckling region (see Figure 2a). However, t his region 
is 11ot always distinct . The va1·iation in the slope of the 
curve may be gr adual over a r ange of load levels (see 
Figure 2b). The buckling load can then be sp ecified only 
as a range of values, and buckling is said to occur in a 
gr adual manner . The change in the slope of the curve 
may be so gndual that the buckling load becomes unde­
fined. In such a case, the track deflection is more 
meaningful than the buckling load, and the curve is used 
to predict track deflection rather than buckling load or 
temper attu·e . 

It should be noted that other criteria have been used 
[such as the definition of a safe buckling temperature 
formulated by Kerr (4) and discussed by So and Martin 
(2)] . Moreover, it should be emphasized that the load­
detlection curve shown in Figui·e 2 is based on the ther­
mal load or temperature increase and not on the equi­
librium thermal load or equilibrium axial compressive 
force in the rails. As shown by Kerr and also as ob­
tained by the finite-element model here, the equilibrium 
thermal load (01· equilibrium axial compressive force) 
decreases in the buckled parts of the rails when buckling 
occurs; therefore a plot of this against the track de­
flection would not be similar to Figure 2. 
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Figure 1. Finite-element 
model of buckling of curved 
track. 
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The main parameters that affect the lateral thermal­
buckling load of a curved track are investigated here by 
using the finite-element model. These parameters are 
track length (L), degree of tl·ack cu.rvature (D), initial 
misalignment (M), ineffective ties, and lateral ballast 
resistance (R). In this limited investigation, the rail ls 
assumed to be 67. 5-kg/m (136-lb/yd) RE specification. 
The center -to-cente1· spacing between the ties is taken 
as 0.508 m (20.0 in). An initial misalignment of sinu­
soidal shape, 12 .2 m (40 .0 ft) in length, is assumed t o 
exist in the middle of each model track. The longitu­
dinal ballast resistance, the fastener rotational resi.s­
tance, and the lateral ballast resistance are shown in 
Figure 3 (test data taken from American Railway Engi­
neering Association (23)], Figure 4 [test data taken from 
British Railways (7)]~nd Figure 5 [test data for curve 
A taken from French National Railways (12) and test data 
for cui·ve B taken from British Railways "'"{1)J respectively. 

Figure 4. Fastener 1.0-------------. 
rotational resistance. 

0.8 

0.0 0 
0 10 15 

ANGLE OF TWIST, RADIANS X 10-3 
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Because of symmetry, it is necessary to represent 
only half of the length of the track by the finite-element 
model. Figure 6 shows the model configuration of the 
reference track (no. 1 in Table 1)-a 61-m (200- ft) track 
that has 2° curvature and 12. 7-mm (O. 5-in) misalign­
ment at its center. As described above, the track is 
assumed 'to be fixed at two ends and the two rails are 
combined into one and simulated by elements 32 to 47. 
Each of these elements has a sectional area and a mo­
ment of inertia equal to twice those of a single rail. The 
lateral ballast resistance and the fastener rotational re­
sistance are simulated respectively by the axial and 
flexural stiffnesses of elements 1 to 16. The longitudi­
nal ballast resistance is simulated by the axial stiff­
nesses of elements 17 to 31. By symmetry, the center 
point of the track can move only in the lateral direction. 
The thermal load, input as fixed-end compressive forces 
in the rail elements 32 to 47, is started at 89 kN (20 000 
lbf) and increased by increments of 89 kN until buckling 
occurs. 

To convert the fixed-end compressive force into a 
temperature increase in the rails, the following formula 
is used: 

T= F/EA01 (!) 

where 

T =temperature increase, 
F =fixed-end compressive force, 
E = Young's modulus of the rail steel [ 20. 7 GPa 

(30 000 000 lbf/in2
)], 

2 A =total cross-sectional area of two rails (172.3 cm 
(26.7 in2

) ] , and 
ll! =coefficient of rail-steel expansion (1.1 x 10-5/°C 

(0 .61 X 10- 5/°F)]. 

To simulate track structures that have parameters 
different from those of the reference track, other model 
configurations were constructed in a similar way. The 
model simulations and the lateral thermal-buckling loads 
are summarized in Table 1. The following conclusions 
are based on this limited investigation. 



Figure 6. Finite-element model of reference track. 
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Table 1. Parameter investigation of lateral buckling of curved tracks. 

Parameter p 

Track L M Temperature 
No. (m) (mm) D (°) R Load (kN) Increase (° C) 

1' 61 12. 7 2.0 Curve 5A 1920 49 
2 122 12. 7 2.0 Curve 5A 1930 49 
3 244 12 . 7 2.0 Curve 5A 1970 50 
4 61 12 .7 0.0 Curve 5A 2820 72 
5 61 12.7 0.5 Curve 5A 2440 62 
6 61 12. 7 1.0 Curve 5A 2230 57 
7 61 12.7 1.5 Curve 5A 2080 53 
8 61 12.7 2.5 Curve 5A 1760-1810 45 - 46 
9 61 12. 7 3.0 Curve 5A 1660 - 1780 42 - 45 

10 61 12 .7 3 .5 Curve 5A 1570-1730 40-44 
11 61 12 . 7 4.0 Curve 5A 1480-1680 38 - 43 
12 61 12.7 5.0 Curve 5A None None 
13 61 12 .7 7.0 Curve 5A None None 
14 61 12 .7 10 .0 Curve 5A None None 
15 61 38.1 0.0 Curve 5A 1470-1680 38-43 
16 61 38.1 1.0 Curve 5A 1390-1600 35-41 
17 61 38.1 2 .0 Curve 5A 1310-1550 33-40 
18 61 38.1 3.0 Curve 5A 1240 - 1500 32-38 
19 61 38.1 4.0 Curve 5A 1160-1450 30 -37 
20• 61 12 . 7 2.0 Curve 5A 1830 47 
21' 61 12.7 2.0 Curve 5A 1640 42 
22 61 12. 7 0 .0 Curve 5B 2420 62 
23 61 12. 7 1.0 Curve 5B 1880 48 
24 61 12 .7 2.0 Curve 5B 1570 40 
25 61 12. 7 3.0 Curve 5B 1340 - 1420 34-36 
26 61 12. 7 4.0 Curve 5B 1180 - 1340 30-3 4 

Note: 1 m = 3 .2B ft, 1 kN = 225 !bf, and temperature difference in °C = 1.B x tempera-
ture difference in °F . 

a Reference track. 
bSimu/ation of track that has one ineffective tie at center. 
'Simulation of track that has three consecutive ineffective t ies at center. 

1. Track l ength: Tr ack lengths of 61, 122, and 244 m 
(200, 400, and 800 ft) were investigated (nos . 1, 2, and 
3 in Table 1). Tbe buckling loads found for these t r acks 
were 1.92, 1.93 , and 1.97 MN (432 000, 434 000, and 
443 000 lbf) respectively. Ther e is only a negligible 
effect, an increase of about 0. 5 percent, on the buckling 
load when the length of a 2° curved track is varied from 
61 to 122 m. Again, only a 2 percent increase results 
when the length is increased from 122 to 244 m. This 
indicates that the 61-m track length can be considered 
a good approximation to the real track length in the field 
as far as the buckling load is concerned. Hence, as an 
approximation, a track length of 61 m was used for the 
remainder of the parameter investigation. 

2. Track curvature: Simulations no. 1 and nos. 4 
to 14 in Table 1 represent a set of model tracks that 
have curvatures that vary from 0 (a s traight track) to 
10°. Figure 7 shows the effect of track curvature on the 
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Figure 7. Relationship 
between thermal-
buckl ing load and track 
curvature. 

Figure 8. Relationship 
between thermal load 
and displacement: 0 to 
2° model tracks. 
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buckling load for this set of model tracks. The reduc­
tion in the buckling load when the curvature is increased 
from 0 to 4° is about 44 percent. 

For each of the tracks that have curvatures of 0 to 
2°, there is a distinct decrease in the slope of the load­
deflection curve at a particular load level (see Figur e 8). 
According to the criterion for the buckling load discussed 
above, that load l evel is the buckling load of the frack. 
As the track curvature increases from 2. 5 to 4° (see 
Figure 9), the change in the slope of the load-deflection 
curve becomes more and more gradual and the buckling 
load of each track can be specified only as a range of 
load levels. For each of the curved tracks sharper than 
4° (see Figure 10), there is hardly any significant change 
in the slope of the load-deflection curve. This no longer 
meets the criterion of the buckling load. Hence, the 
buckling loads of the tracks sharper than 4° are unde­
fined and the track deflections are more meaningful than 
the buckling loads. 

Attention should also be drawn to another important 
effect related to the track curvature, namely, the radial 
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Figure 9. Relationship 
between thermal load 
and displacement: 2.5 
to 4° model tracks. 
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Figure 10. Relationship 
between thermal load 
and displacement: 5, 7, 
and 10° model tracks. 
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Figure 11. Buckling 
deflections: 0 to 4° model 
tracks. 
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displacement of the tr ack as a whole . The wave patter ns 
and the amplitudes of the postbuckling deflections of the 
tr acks that have curvatures between 0 to 4° (nos . 4, 6, 
1, 9, and 11 in Table 1) vaxy as shown in Figure 11. 
As the track cu1·vatw·e becomes sha rper , the amplitudes 
of the buckling waves diminish and the trnck has a ten­
dency to deflect radially. As shown in Figure 11, the 
postbuckling deflections of the 4° curved track have some 
r adial displacements and, when the curvature is gr eater 
than 4° (nos . 12 to 14 in Table 1), the r adial displace­
ments incr ease r_apidly (see Figure 12). Consequently, 
the t r ack deflections are no longer confined to the local 
phenomenon of buckling. Instead, the whole track is 
displaced radially. 

3. Track misalignment: The results of two sets of 
simulations of model tracks that had different m isalign­
ments and 0 to 4° curvatures (s imulations no. 1 and nos . 
4 t o 11 and nos. 15 to 19 in Table 1) are shown in Figure 
13. T he buckling loads for the tr acks that had t he larger 
mis alignment ar e about 17 to 44 per cent lower . The ef­
fect is more signifi cant for curvatu1·es of less t han 2°. 

Figure 12. Deflections: 5, 7, and 
10° model tracks. 
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Figure 13. Relationship 
between thermal-buckling ;;z 
load and track curvature 
at different track 
misalignments. 

Figure 14. Relationship 
between thermal load 
and displacement: 0 to 
4° model tracks that 
have 38.1-mm ( 1.5-in) 
misalignments. 

Figure 15. 
Relationship between 
thermal·buckling 
load and track 
curvature for tracks 
that have different 
lateral ballast 
resistances. 
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Note that t he buckling loads of the tracks that bad 38. 1-
mm (1. 5-in) misalignments are all specified as ranges 
of values . This indicates that buckling us ually occurs 
in a gradual manner fo1· those tra cks t hat have relativel y 
large misalignments (see Figure 14). 

4. Ineffect ive ties: Two cases (nos. 20 and 21 in 
Table 1) that simulated r espectively one and three totally 
ineffective ties located at the center of the track were 
investigated. When compared with the reference track 
(no. l in Table 1), the r eductions of buckling loads were 
5 and 15 percent for the tracks with one a nd three inef­
fective ties respectively. 



5. Lateral ballast resistance: Two sets of model 
tracks that had different lateral ballast resistances (see 
Figure 5) and 0 to 4° cw·vatui·es were investigated 
(simulations no. 1 and nos. 4 to 11 and nos. 22 to 26). 
The results are shown in Figure 15, which indicates 
that, for the tracks that had U1e lower lateral ballast 
resistance, the buckling loads were about 14 to 20 pe1·­
cent lower. The effects are about the same for track 
curvatures from 0 to 4°. 

CONCLUSION 

This study has indicated that the finite-element model is 
an efficient and powerful method for the calculation of 
the thermal-buckling strength and the corresponding de­
flection .of continuously welded curved tracks. The model 
uses general-purpose computer programs for structural 
analyses and incorporates all the main parameters that 
govern U1e lateral stability of track. The results of a 
puameter investigation indicated that the buckling tem­
perature and lateral displacement of a curved track are 
significantly affected by changes in lateral ballast resis­
tance, misalignment, and curvature and by the p1·esence 
of ineffective ties. The lll'odel appeus to be a promising 
new approach to the track-buckling problem; however, 
test data are required to validate the model. 
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Statistical Description of Service 
Loads for Concrete Crosstie Track 
Robert H. Prause, Applied Dynamics and Acoustics Section, Battelle Columbus 

Laboratories, Columbus, Ohio 
Andrew Kish, Transportation Systems Center, Cambridge, Massachusetts 

Measurements of loads and bending moments on concrete crossties for 
several days of revenue traffic were used to develop a statistical descrip· 
tion of track loads for tangent and curved tracks that have variable tie 
spacing. The measured data show large tie-to-tie variations in loads and 
a load·dupendent tie support condition. Many ties were center-bound 
for loads from light or empty cars, but the tie support became more uni­
form for heavy wheel loads. Maximum tie bending moments measured on 
curved track were considerably higher than those on tangent track be· 
cause of the increase in vertica l and lateral loads on the high rail when 
trains exceed the balance speed of the curve. Tie bending moments mea­
sured in this program were considerably lower than the current static 
flexural strength requirements for a probabilistic prediction of maximum 
load for a 50-yeor life. These and data from other concrete-tie test instal ­
lations indicate a need to identify the failure mechanism for concrete ties 
so that statistical load descriptions can be used for future design and test· 
ing. Low-probability maximum loads will be very lmpor'tllnt if failures 
result from infrequent loads that exceed the static strength. However, 
the higher probability mean cyclic loads will be the more important fac­
tor if fatigue is Identified as the 11overning failure mechanism. 

There is currently ·onsiderable interest in the develop­
ment of concrete crossties for m.ain-line use in North 
America. Experience in several other countries has 
indicated that these ties hav e the potential advantages 
of longer tie life, reduced lining and surfacing main­
tenance, and increased rail life on curves. However, 
the premature crac ldng of concrete ties at sever al U.S. 
test installations dUl'ing the past decade has p1·evented 
these ties from becoming a workable alternative to 
wooden ties. 

Much of the difficulty in obtaining acceptable per­
formance from concrete ties results from a lack of 
knowledge about tie loading and the effective support 
provided by the ballast. Tie center binding and end 
binding are familiar conditions for wooden-tie track, 
but the inherent resilience of wood minimizes the damage 
that results from these undesirable loading conditions. 
Concrete, however, is a very b1·ittle matex·ial that is, 
therefore, less forgiving when stressed beyond its de­
sign limits. 

The development of concrete ties in the United States 
has followed the development of the American Railway 
Engineering Association (AREA) specifications (1). 
Those specifications have evolved through several 
modifications in which tie-strength requirements have 
been gradually increased because of premature tie 
c1·acking. Specifications for the minimum bending 
strength at the rail seat and tie cente1· and the cor­
responding static acceptance tests are the major con­
siderations. The lack of sufficient field-test data to 
provide accurate descriptions of tie service loads that 
reflect realistic variations in support and loading con­
ditions has been a major deterrent to the development 
of these specifications. This paper presents some 
statistical data on service loads for concrete ties and 
rail-fastener assemblies for typical main-line revenue 
railroad traffic. 

TEST-SITE DESCRIPTION 

The test sites selected for this eXtensive measurement 
program were on the Florida East Coast Railway (FEC) 

about 32 km (20 miles) north of West Palm Beach. This 
track was selected from among the several available 
sites (such as the Kansas test traclc the Atchison, 
Topeka, and Santa Fe Railway test tl'ack at Streator, 
Illinois; the Cllessie System test track at Lorraine, 
Virginia; or the Norfolk and Western Railway test track 
at Roanoke, Virginia), because it provided the best 
combination of track variables required for this pro­
gram. These included tangent and curved tracks, tie 
spacings of 0.51 and 0.56 m (20 and 22 in) for com­
parison with the 0.61-m (24-in) standard spacing, and 
mixed freight loadings that inc luded 90. 7-Mg (100-ton) 
cars and speeds up to 96.5 km/ h (60 mph). Two sec­
tions of tangent track that had 0.51- and 0.61-m tie 
spacings were instrumented to evaluate the effect of tie 
spacing, a major track design variable. A third test 
site that had 0.61-m tie spacing on a 3c 52' curve 
and a 72.4-km/ h (45-mph) balance speed was selected 
for a comparison of loads on tangent and curved tracks. 
Track construction consisted of 60-kg (132-lb) r ail, 
Railroad Concrete Crosstie Corporation (RCCC) ties 
with Cliploc fasteners and polyethylene rail pads, and 
granite ballast. The RCCC tie, a modification of the 
original MR-2 design, is somewhat smaller than the 
ties designed according to the most recent AREA 
specifications, but this was not detrimental to the 
objective of measuring tie and fastener loads. Also, 
the fact that the temperate Flor ida climate is not a 
typical North American environment was not considered 
critical for obtaining load data over a short time period. 

The tangent-track sites had been in servic e for about 
1 year and the curve site had been in service about 6 
years when the measurements were begun during July 
1976. However, the curve had been surfaced and lined 
at the same time that the tangent track was constructed, 
and measw·ements from the U.S. Depai·tment of Trans­
portation track-geometry car showed that track geom­
etry was excellent throughout. This track was located 
on old roadbed that had been scraped to provide an even 
surface and to remove the old limestone ballast. Ex­
cavations at each of the tangent-track test sites showed 
a ballast depth of about 16.5 cm (6.5 in) under the tie 
and a clear demarcation between the new granite ballast 
and the old roadbed. It was apparent that the old road­
bed (subgrade) was actually a well-compacted mixture 
of sandy soil and old limestone ballast, which provided 
a very stable and relatively stiff foundation. 

TRACK INSTRUMENTATION 

The selection of the measurement parameters, in­
strumentation, and data requirements for meeting the 
objectives of t his program are discussed elsewhere 
(2). As shown in Figure 1, the instrumentation at the 
test sites was extensive. As many as 72 different mea­
surements were recorded for a few trains at each site. 
About 30 measurements were recorded continuously 
for several days of traffic. The major types of in­
strumentation used are described below: 



Figure 1. Typical track instrumentation . 

1. Strain gauge circuits applied to the rail web were 
used to measure the maximum (peak) vertical and 
lateral rail load for each passing axle. The signals 
from these circuits were also used to determine train 
speeds and approximate car loads. The vertical-load 
circuits were calibrated by using empty and loaded 
cars. A hydraulic ram placed between the two rails 
was used to calibrate the lateral load circuits. 

2. Special-design instrumented tie plates were in­
stalled between the rail and the tie to measure the 
vertical rail-seat loads and the rail-seat rollover 
moments on five adjacent ties in each section. The 
load-cell washers in the tie plates were calibrated by 
using a laboratory loading fixture. 

3. Strain gauge circuits were installed on several 
ties to measure the bending moments at the rail seat 
and the bending and torsional moments at the tie center. 
A full bridge with four active gauges was used for each 
measurement. Bridge output was calibrated directly 
in moment by using equivalent concrete ties in the 
laboratory. 

4. Three FRA-Portland Cement Association (PCA) 
load-cell ties (see Figure 2) were installed to measure 
tie-support reactions at the interface of the tie and the 
ballast. The load-cell ties are steel and have a bending 
stiffness similar to that of concrete ties; they have 10 
instrumented segments along the tie bottom to measure 
tie-to-ballast pressure. 

5, Displacement transducers were used to measure 
the vertical track deflections and the lateral deflections 
of the rail head relative to the tie. 

31 

6. Instrumented load washers were used to record 
load variations on rail-fastener bolts. 

7. Movable accelerometers were used to measure 
rail and tie vertical accelerations at several locations. 

All three of the test sites included a main instrument 
array that extended over seven adjacent ties so that a 
complete set of load and response data could be ob­
tained at one location. Additional instrumentation was 
located at random in a 15.2-m (50-ft) zone on either 
side of the main array and used to record load varia­
tions caused by dynamic motions of the cars as they 
passed the test site. The instrumented tie plates, which 
required lowering the ties in the main array about 2.54 
cm (1 in), and the load-cell ties were all installed in 
the track 1 month before the measurement program 
was started to allow reconsolidation of the ballast under 
traffic. 

STATISTICAL DATA ANALYSIS 

Time-history records of track loads were recorded on 
frequency modulation tape for all trains passing during 
several days of revenue service. A special-purpose 
computer program was used to digitize these data and 
store a single peak value of load for each wheel (axle) 
that passed a particular measurement location. An 
identification for car load and car speed was used to 
separate the data into 16-km/h (10-mph) speed bands 
and into three car load categories before the data were 
stored on a disk file for subsequent analysis. Car load 
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was determined from the vertical wheel-rail load cir­
cuits in the main array, and car speed was determined 
from the transit time for a wheel to pass over a pre­
measured track section. 

The final step in the data processing was to perform 
the statistical calculations needed to obtain mean values, 
SDs, probability densities, and probability distributions 
for the peak-value data from each measurement. The 
data in each of the speed and load categories were 
analyzed separately for each measurement (channel), 
and summations could be made for any category. Data 
from selected categories at different measurement 
locations could also be combined to form new data sets. 

Figure 2. Load-cell tie. 

Figure 3. Formats for results of statistical analyses: (al 
(a) probability-density histogram and (b) probability 0 40 80 
distribution function. .20 

For example, data from the five wheel-rail load cir­
cuits at site one could be combined for heavy cars in 
the 80- to 97-km/ h speed range to include spatial varia­
tion effects . 

Statistical calculations were made by dividing the 
total expected data range into 200 equal intervals and 
summing the number of peak values (wheels) falling in 
each interval. Graphs of probability density (histo­
grams) and probability distribution functions were then 
plotted by using an interactive graphics terminal and 
the identification numbers for single categories and 
combinations. 

The format for the results of the statistical analysis 
is shown in Figure 3 for measurement of the peak 
vertical wheel-rail loads. These data are for all cars 
and all speeds (all trains) at one measurement location. 
The probability density histogram shows the ratio of 
the number of peak loads within each of the fifty 5.3-
kN [1200-lbf (1.2-kip)] load intervals that cover the 
total range of 267 kN (60 000 lbf). It is important to 
note that the quantitative results for the histogram de­
pend on the load interval selected and are therefore 
not unique. Increasing the load interval (reducing the 
number of intervals) increases the number of occur­
rences at a particular load level. This improves the 
averaging used for the estimate but reduces the 
resolution-a trade-off decision. Load intervals that 
are too small for the data base cause irregularities in 
the density curve at extreme loads because there are 
insufficient data points to provide a reliable average 
for these low-probability events. 

The amplitude of the probability-distribution function 
shown in Figure 3 gives the percentage of peak loads 
that exceed a specified load level. This is calculated 
from the integral of the density function; therefore, the 
quantitative results are unique and do not depend on the 
load interval used to generate the histogram. In the 
probability-distribution function format, the vertical 
axis has been expanded to provide greater resolution of 
the extreme values. Insufficient data points to provide 
reliable estimates for low-probability events appear in 
the distribution function as horizontal segments in some 
of the later figures. This shows that there were no data 
points at that load level. The accuracy of the estimates 
at these points is questionable. 

Statistical data that have a normal (Gaussian) dis­
tribution will appear as the familiar bell-shaped curve 
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on the density plot and as a straight line on the scale 
used for the distribution curve. These curves are 
shown in Figure 3 for comparison. The 50 percent prob­
ability level gives the median load (50 percent higher 
and 50 percent lower) for any distribution. If the ex­
perimental data had had a perfectly normal distribution, 
then the median peak load would have been identical to 
the mean peak load [which is 80.5 kN (18 000 lbf) in this 
example]. The theoretical curves for the normal dis­
tribution shown in the figure have the same mean value 
and SD as the measured data. For this particular mea­
surement, the normal curve gives a better estimate of 
the data at low probability levels than it does in the 
vicinity of the mean load because of the distortion 
caused by large numbers of empty cars. Other distri­
butions such as a beta or a log-normal distribution may 
give a better estimate of extreme-value statistics, but 
these were not investigated. 

The following sections of this paper summarize some 
of the more interesting results derived from statistical 
data on tie loads and show the effects of tie-to-tie 
spatial variations and of variations from the mix of 
vehicle types and operating conditions. For reference 
purposes, the vertical rail-seat loads and tie bending­
moment requil·ements of the current AREA specifica­
tions are listed below (1 m = 3.3 ft, 1 kN = 225 lbf, and 
1 kN•m = 8852 lbf·in). 

Vertical Rail-Seat Bending-Moment Requirement 
Load (kN·m) 

Tie Percentage Rail Rail Tie Tie 
Spacing of Wheel Value Seat Seat Center Center 

~ Load (kN) (+) H.__ _{-)_ {+) 

0.533 46.5 214.5 25.4 13.0 22.5 10.1 
0.61 51 234.1 28.4 13.0 22.5 10.1 
0.69 55.5 254.1 31.0 13.0 22.5 11.3 
0.76 60 273.7 33.8 13.0 22.5 12.4 

The RCCC concrete tie used on the FEC is designed 
to have a minimum ftexm·al strength of 17 .0 kN · m 
(150 000 lbf ·in) at the rail seat, and one of every 200 
ties is checked to this limit after curing for 18 h. Although 
some additional increase in strength will occur with 
time, this smaller tie cannot meet the 28.3 kN·m 
(250 000 lbf •in) positive moment currently required 
for 0.61-m tie spacing. More detailed data from the 
measurement program are given elsewhere (~_). 

Vertical Wheel-Rail Loads 

Figure 4 shows typical statistical distributions for all 
five measurements of vertical wheel-rail load at one 
site. There was no significant spatial variation in load 
measurements at this site, and the data for the other 
sites were similar. The 0 .1 percent exceedance load 
levels for the most severely loaded location at each 
site are given below. 

Bending Moment 

Tie Vertical Tie- {kN·m) 

Test Spacing Wheel-Rail Rail-Seat Tie Rail Tie Center 
Site {m) Load {kN) Load {kN) Seat{+) {-) 

Tangent 0.61 200 107 7.4 3.4 
Tangent 0.51 205 93 8.7 6.3 
Curve 0.61 222 138 8.8 4.7 

The 0.1 percent load level is exceeded by only 1 of each 
1000 axles but, the annual traffic of 2.4 Tg (20 million 
gross tons) averages about 4000 axles/ d. Therefore, 
the 0.1 percent load level would be exceeded about 4 
times/ d for tWs traffic. 
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Vertical Rail-Seat Loads 

The data shown in Figure 5 for vertical rail-seat loads 
on several adjacent ties show that there is considerable 
tie-to-tie variation, which reflects local variations in 
support conditions. This causes a larger percentage 
variation in the average load than it does in the less 
frequently occurring high loads where the ties are fil·mly 
seated in the roadbed. The 0.1 percent exceedance 
rail-seat load 0f 138 kN (31 000 lbf) at tile curve site 
given above occurred under the higher rail (where 
vertical loads a1·e higher than those on tangent track 
when trains operate consistently above the balance speed 
for the curve). 

Tie-Rail-Seat Bending Moments 

Figure 6 shows the statistical distributions of the .rail­
seat bending moments measured on several different 
ties at site 1. A characteristic of tie bending­
moment data is the large tie-to-tie variation in the 
mean and 0 .1 percent moments. Also, all ties except 
one showed both positive and negative peak bending 
moments (which indicates a load-dependent ballast 
support condition). Ne~ative rail-seat bending moments 
can be caused by a center-bound condition. Positive 
moments are expected for a uniform suppo1·t condition, 
an end-bound support condition, or one in which a 
ballast pocket may have formed under the rail seat. 

Figure 7 shows a typical load-dependent effect by 
comparing the bending-moment data for a single tie ; 
locomotives, light cars [less than 45.5-Mg (50-tons) 
gross mass], and heavy cars [more than 45.5-Mg (50-
tons) gross mass] a.re identified separately. For this 
particular tie, the peak rail-seat bending moment was 
positive for all of the locomotives and heavy cai·s, but 
some negative values were reco1·ded for light cars. It 
is also evident that, as a class, locomotives cause the 
highest mean loads but heavy ~reight cars cause loads 
that are as high or higher at the O .1 percent probability 
level. Also, the presentation of t he data as percentage 
of wheels can obscure an important point. Because 
there are 10 to 15 heavy cars for every locomotive in 
a typical train, track damage from high vertical loads 
will occur much more frequently from heavy cars than 
from locomotives. It also appears that the probability­
distribution curves for heavy cars and locomotives 
cross near the 0.1 percent load level so that the loads 
from heavy cars will dominate the high-load, low­
probability tail of the probability-distribution curve. 

The maximum 0.1 percent rail-seat bending moments 
listed above are quite similar for all tlu·ee measurement 
sites, but the highest loaded tie at the curve site has a 
higher SD than any of those measured at the other sites. 
Table 1 gives the low-probability statistics that would 
be predicted by using the measured mean and SD for 
the highest loaded tie at site 3 and assuming a 
normal probability distribution and the corresponding 
nurnbe.l' of axles between occm·rences; e.g., a bending 
moment of 9 kN ·m ('79 SOO lbf •in) would be exceeded by 
0.1 percent of the axles or 1 of every 1000 axles. T.he 
comparison between the bending moments predicted by 
using a normal distribution and the actual measured 
distribution of moments shows very good agreement 
over the limited range of this particular measurement, 
but other theoretical distributions might be more ap­
propriate for extreme-value estimates. 

For reference purposes, Table 1 also lists the esti­
mated number of days between exceedances for dif­
ferent annual traffic densities. These data indicate 
that bending moments greater than about 13 kN • m 
(115 000 lbf·in) would not be expected during a 50-year 
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Figure 4. Statistics of Vertical Wheel/Rall Load, kN 
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life at any normal traffic level, assuming that the 
predicted distribution is valid for this period of time. 
This is less than 50 percent of the 28-kN·m bending­
moment requirement given in the current specifications. 
However, it should be cautioned that this extrapolation 
is based only on vehicle-load statistics for a specific, 
heavily loaded tie. The additional statistics for tie-to­
tie variations have not been included. Also, the ques­
tion of whether the normal distribution, or some other 
distribution, will give a conservative estimate of the 
very low probability high bending moments that might 
be caused by severe wheel-flat impacts cannot be 
answered completely without collecting data for a much 
longer time period. Ex:perience at test installations 
w)lere ties have failed, however, shows that a considerable 
number of ties crack within a few months after installa­
tion, which tends to dispute the hypothesis that cracking 
is due to very infrequent occurrences of high loads. 

Tie-Center Bending Moment 

The statistical data for the bending moments measured 

Figure 6. Peak tie-rail­
seat bending-moments: 
all traffic at site 1. 

Figure 7. Peak tie 
bending moments for 
different car sizes. 
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at the center of five different ties at each site showed 
considerable tie-to-tie variation. All ties except one 
had both positive and negative peak bending moments. 
Negative center bending moments re11resent a cente1·­
bound support condition and cause tension in the top 
surface of the tie. Bending cracks in the middle of 
concrete ties almost always start at the top surface; 
thus, negative bending moments have historically been 
of major importance. Positive bending moments at 
the tie center can be caused by an_ end-bound support 
condition. If the rail-seat loads were distributed sym­
metrically on a well-compacted support region under 
each rail seat, the bending moments in the tie center 
would be quite low. 

The maximum bending moments at the tie center 
summarized above show a high value of 6.3 kN·m 
(56 000 lbf ·in) at site two, and this was exceeded by a 
maximum positive moment (not listed) of 7 .6 kN •m 
(67 000 lbf ·in) on one tie at site three. These maxi­
mum moments at the tie center are only about 15 percent 
lower than the maximum positive moments in the rail-
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Table 1. Extrapolated statistics for rail-seat bending moments based on most severe tie loading. 

Rail-Seat Bending Estimated Time Between Exceedances (years)" 
Percentage Moment (kN·ml No. of Axles 
Level Between 2.4-Tg (20 million- 4.8-Tg (40 million- 7.2-Tg (60 million-
Exceeded Predicted Measured Exceedances ton) Load 

50 4.3 4.2 2 
1.0 7.8 7. 7 100 
O. I 8.9 8.8 1000 7.5 x 10 4 

O.OI 9.4 IO' 7.5 x 10 ·3 

0.00I I0 .7 I05 7.5 x IO " 
10 4 11.4 IO. 7.5 x I0 "1 

10 " 12 . I IO' 7.5 
IO"" I2. 7 IO' 75 
IO '' I3.2 IO' 750 

Notes: 1 kN·m = 8852 lbf·in . 
Mean moment= 4.3 kN·m (38 400 lbf.in) and SD= 1.5 kN·m (13 200 lbf.in). 

•eased on 3700 axles/d for 2.4-Tg annual traffic. 

Figure 8. Load-dependent distribution of ballast pressure 
on bottom of load-cell tie. 
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seat region. However, they are considerably lower 
than the 22.5 kN •m (200 000 lbf ·in) negative and 10.2 to 
12 .4 kN • m (90 to 110 00 lbf •in) positive strength re­
quirements in current specifications. 

The data from the individual load categories show that 
the bending moment at the tie center is practically in­
dependent of car load for many ties. This indicates a 
nonlinear support condition in which the distribution of 
reaction loads along the tie length changes with load to 
maintain a relatively constant bending moment. For 
example, a center-bound tie that has voids under each 
end but is supported in the middle will develop negative 
bending at both the center and the rail seats with light 
loads. However, increased wheel loads will cause the 
tie to bear more fully on the ballast and shift the reac­
tion load toward the tie end. This will produce positive 
bending at the rail seat and very little change in the 
bending moment at the tie center. 

Tie-Ballast Pressure Distribution 

The load-dependent support condition observed in the 
bending moments of several concrete ties was confirmed 
by load-cell-tie data. The graph of tie-ballast pres­
sures along the tie length (Figure 8) shows a noticeably 
center-bound condition for light wheel loads [35.6 kN 
(8000 lbf)J, whereby most of the tie load is supported by 
the middle of the tie. But for higher wheel loads [89 to 
160 kN (20 000 to 36 000 lbf)J on the same tie, the peak 
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pressures move toward the rail-seat region. This load­
dependent behavior indicates that the high ballast pres­
sures from heavy cars are causing voids in the rail seat 
region under the ties. 

Recent results from repeated-load laboratory tests 
at the PCA and Queen's University in Canada have con­
firmed this load-dependent behavior for different size 
concrete ties. Reducing the variation in pressure dis­
tribution on the ballast and subgrade under ties may be 
a key factor in improving track performance. This is 
particularly important for track that has poor drainage 
or very moisture-sensitive subgrades. Under these 
conditions, depressions or ruts in the subgrade in the 
rail-seat region will retain moisture and the rate of 
track settlement will increase greatly. Changes in tie 
design, reduced tie spacing, and increased ballast 
depth are possible ways to reduce this mode of degra­
dation . 

Effect of Tie Spacing 

The data given above for the maximum (O .1 percent 
exceedance) loads measured at each test site showed 
that, in most cases, the maximum tie loads and 
bending moments measured at site two, which has 
0.51-m tie spacing, were not significantly lower than 
those measured at site one, which has 0.61-m spacing. 
Reducing the tie spacing from 0.61 to 0.51 m, a 16 per­
cent reduction, is normally expected to reduce the ver-



36 

Figure 9. Effect of train speed on average Vertical W/ R Load, kN Lateral W/R Load, kN 
vertical and lateral wheel-rail loads: all traffic 0 40 80 120 160 
at site 1 _ 99.9 
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Figure 10. Time history of track loads for four­
axle locomotive. 

"' 0. 

~ 
u 

" "-< 

"' 0. 

'2 
~ 
u 

" 

to 

20 

0 

20 

H O'----

tical rail-seat loads and tie bending moments by about 
16 percent. However, the large tie-to-tie variation in 
support conditions makes it difficult to compare re­
sults for different track designs by using single-tie 
measurements. It is more appropriate to average the 
data for identical measurements at several different 
locations to include these typical spatial variations. 

The percentage changes in the average mean and 
0 .1 percent load levels caused by reducing the tie spac­
ing from 0.61 to 0.51 mare given below. 

Change in Avg 0.1 
Change in Avg Mean Percent Load 

All Locomo- Heavy All Locomo- Heavy 
Item Cars tives Cars Cars tives Cars ------- -----
Rail-seat vertical 8.9 18.5 16.9 8.8 30.2 20.6 
load 

Tie-rail-seat 36.4 24.8 36.5 12.0 19.0 33.2 
bending 
moment 
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These data demonstrate the difficulties in reaching 
definitive conclusions by using track-response mea­
surements. Reducing tie spacing by 16 percent re­
duces average and maximum vertical rail-seat loads 
by about 9 percent for all traffic. Average tie bending 
moments at the rail seat were reduced more than were 
rail-seat loads. This indicates a nonlinear support 
condition in which the reduced tie loading provides a 
substantially greater reduction in both average mean 
and average 0.1 percent bending moments; the maxi­
mum bending moments are reduced by 12 percent 
and the average mean is reduced by 36 percent for all 
traffic. It should be noted, however, that there is no 
difference in the maximum rail seat loads and tie bend­
ing moments for the most severely loaded tie at the 
different tie spacing locations although there should be 
fewer ties subjected to these maximum loads in the 
section that has 0.51-m spacing. 

Many of the measured data indicate that nonlinear 
support conditions have a very significant effect on 
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Table 2. Average track component loads: all traffic on track having 
0.61-m (24-in) tie spacing. 

Tangent Curved Track 
Item Track (high rail) 

Vertical wheel-rail load (P), kN 
Avg mean 74. 7 65.4 
Avg SD 35.6 36.5 
Avg 0 .1 percent load 185 178.4 

Rail-seat vertical load (Q) 
Avg mean, kN 29.4 40.4" 
Ave SD, kN 18.2 26 .2 
Mean ratio, Q/P 0.39 0.62 
Avg 0 .1 percent load, kN 85.8 121.4 

Rail-seat moment, kN-m 
Avg mean 0.06 0.29" 
Avg SD 0.44 0.67 
Avg 0.1 percent load 1.4, 1.3 2.4, 1.8 

Tie-rail-seat bending moment (M,.) 
Avg mean , kN·m 1. 7 1.9 
Avg SD, kN·m 1.0 1.2 
Mean ratio, M.,/P 0 .923 1.16 
Avg 0.1 percent load, kN-m 4.5 5.9 

Tie-center bending moment (M.), kN·m 
Avg mean 1.0 1.1 
Avg SD 0. 72 1.3 
Avg O .1 percent load 3.3, 1.2 4.8, 2. 7 

Notes: 1 kN • 225 lbf and 1 kN·m ~ 0052 lbf.in. 
Average 0. 1 percent load levels predicted from average mean and SD by assuming 

normal probability distribution; i.e., 0.1 percent load "" mean± 3.1 (SOL 

a Average based on data for only two instrumented tie plates , 

track loads. The results suggest that if the population 
of heavy cars becomes a greater portion of r evenue 
service , i.e., if there are more unit trains of 63.50 
and 91.0-Mg (70- and 100-t on) hopper cars, changes in 
tie spacing might have a much greater effect on tie 
momenta than would be normally expected by using 
conventional track design estimates. Therefore, 
although a reduction in tie spacing might provide a 
large benefit , an increase might cause an unexpectedly 
large increase in tie bending moments. Thia suggestion 
requires additional evaluation because the effect of these 
val'iations in tie support conditions cannot be predicted 
for an increase in average wheel load. 

Effect of Train Speed 

A review of the mean values of vertical wheel-rail loads 

-2 

TIE CENTER BENDING MOMENT 

0.1 Sec 

in the different speed categories showed the somewhat 
unexpected result that the average loads in the 48- to 
64-km/ h (30- to 40-mph) low-speed range were as much 
as 50 percent higher t han the all-traffic average. Fur­
ther investigation showed that this was caused by the 
fact that trains that have very heavily loaded cars 
operate at lower speeds past the test site than do trains 
that have a higher percentage of lightly loaded or empty 
cars. This type of speed effect reflects railroad opera­
tions rather than vehicle dynamics. It is not known 
whether this is typical of operations at other track sites 
on the FEC or on other railroads. 

Speed effec ts related to vehicle dynamics can be 
evaluated only by using data for a common type of ve­
hicle. Measured variations in mean vertical loads for 
identical locomotives operating at different speeds were 
less than 5 percent from the mean for all speeds. It 
was concluded from this that the effect of operating speed 
on vertical track loads from vehicle-dynamic effects 
was negligible on the FEC tangent t r ack test sites. 

Figure 9 shows t he effect of train operating speed 
on the vertical and lateral wheel-rail loads. It is 
evident that the vertical-load bias in the 48- to 64-
km/ h range was responsible for t he fac t that t hat speed 
also caused the highest lateral loads on an all-car basis. 
This is true also for the heavy-car category alone. 
However, data for light cars, where the load bias 
versus speed was small, showed that the highest lateral 
loads occurr ed above 80.5 km/ h (50 mph) and t he lowest 
lateral loads occurred at 48 km/ h. This is indicative 
of hunting cars. Other investigators (4) have confirmed 
that lightly loaded and empty freight cars have a lower 
hunting critical speed than have heavy cars. 

Effect of Wheel-Flat Impact Loads 

Recordings of track-load time hiStories showed con­
siderable vibration, especially from the impacts of wheel 
flats. Data from FEC indicate that about 10 percent of 
the car wheels have flats of sufficient size to excite 
noticeable vibration but that a much smaller portion of 
these cause loads that exceed the normal load for a 
heavily loaded car. Figure 10 shows load data for a 
locomotive and demonstrates track response to heavy 
cars that have no apparent wheel flats. Figure 11 shows 
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that the response to light cars that have wheel flats is 
clearly more severe, particularly at the tie center . The 
damping of the track structure is quite low for this.case, 
and it is difficult to distinguish the load pulses for m­
dividual wheels from the gener al vibration. 

Curved Versus Tangent Track 

The two major effects of train speed on curved track 
are the differences in vertical loads on the low and the 
high rails and the increases in lateral loads due to the 
curving forces from the truck and the unbalanced 
centrifugal forces on the cars. Measurements of 
vert ical wheel-rail loads on the low and high rails con­
fir med that trains running at 48- to 64-km/ h were be­
low the theoretical 72.4-km/ h balance speed. Trains 
in the 80.5- to 96.5-km/ h range were operating above 
the balance speed, and the mean vertical load was 
about 10 percent higher than at the balance speed. 

The lateral wheel-rail loads from light cars were 
much lower than those for heavy cars and locomotives 
on the curve, and the lateral loads for the light cars 
also were lower on the curve than they were on tangent 
track. It appears that the flanging on curves reduced 
or eliminated car hunting, and forces from light cars 
due to truck curving were much lower than those from 
hunting. 

Table 2 summarizes the overall statistics for all 
traffic (all cars, all speeds) at the curve site and com­
pares these to the same data for the tangent site (site 
one) that has the same 0.61-m tie spacing. The major 
differences between the two sites are that the average 
tie bending moments at the 0.1 percent exceedance level 
are 25 percent higher at the rail seat and 50 percent 
higher at the tie center than they were on tangent track 
even though the mean bending moments were nearly 
identical. This is a result of the increase in load varia­
tion (SD) that occurs in the curve from trains operat­
ing both below and above the balance speed. The 
significance of the higher variability of loads in the 
curve is that the low-probability high loads will exceed 
those on tangent track even though the mean loads will 
be quite similar. 

SUMMARY AND CONCLUSIONS 

Data from measurements of rail and tie loads on 
concrete-tie track were used to develop a statistical 
description of track loading for typical railroad service. 
This description can be used to evaluate performance 
specifications for concrete ties and fast.en?rs and to 
validate track analysis models for predictmg the ef­
fects of tie spacing, ballast depth, and tie size on track 
loads. 

Typical mean rail-seat loads were on the order of 
40 to 60 percent of the mean vertical wheel loads, de­
pending on tie spacing and whether the track was 
tangent or curved. Data from adjacent ties show~d. 
considerable tie-to-tie variations in support condition. 

Data. on tie bending moments and tie-ballast-interface 
pressure distributions indicated a strong load-dependent 
response. There was a noticeable center-bound s.upport 
condition for light wheel loads, but the support shifted 
toward the rail-seat region for heavy wheel loads. The 
high ballast and subgrade pressures from heavy cars 
evidently cause voids or depressions in the roadbed 
under the rail-seat region of the ties. 

Tie moments from revenue traffic on the FEC were 
considerably lower than the current flexural strength 
requirements, even for a probabilistic e.stimate of . 
maximum loads for a 50 -year life. Similar conclusions 
can be made based on tie-load data from other test in-

stallations such as at Streator and the Facility for 
Accel erated Service Testing (F AST) at P ueblo , Colorado 
(5) (1kN •m ::: 8852 lbf · in). 

Tie Bendin ~ Moment (kN ·m) 

Test Rail Center Center 
Installation Seat(+) _(-)_ (+) 

AREA 28.2 22.6 10.1 
FEC 8.8 6 .3 7.5 
Streator 10.9 8.1 
FAST 9.0 14.6 

However, cracking of ties having static flexural strengths 
that exceed measured loads has persisted. It is con­
jectured that small cracks may be initiated at loads 
much lower than the static strength requirements and 
that, once initiated, the repeated fatigue loading. of 
normal traffic will cause the cracks to grow until they 
reach a detectable size. Locating small cracks in 
prestressed ties is practically impossible, and this 
makes the investigation of the crack-initiation mechanism 
particularly difficult. However, if a fatigue mechanism 
is confirmed, it may be possible to improve tie life by 
design or material changes that are different from those 
used to increase ultimate strength. 

The necessity for eliminating tie cracking has not 
been verified by service experience, and preliminary 
results of tests at FAST that used precracked ties in­
dicate no major structural failure after 6 Tg (50 million 
tons ) of traffic. The reason cited most frequentl y for 
the elimination of cracking is that a crack that reaches 
the prestress tendons will eventually c~use bond failure 
from the cyclic loading of normal traffic. other prob­
lems that could result from cracking are corrosion of 
the metal tendons and concrete damage from freeze­
thaw cycles. 
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Development of Multilayer Analysis 
Model for Tie-Ballast Track 
Structures 
James C. Kennedy, Jr., and Robert H. Prause, Applied Dynamics and Acoustics 

Section, Battelle Columbus Laboratories, Columbus, Ohio 

A multilayer analysis model for tie-ballast track structures has been de­
veloped. The model includes the effects of rail bending, rail -fastener 
stiffness, tie bend ing, variable ballast and subgrade mater ial types, and 
variable tie spacing and ballast depth. The results predicted by using the 
model are compared with experimental results and excellent agreement 
is shown. The model offers the advantages of simplicity of use and re­
duced computer run time when compared with the finite-element codes 
currently used. 

The evaluation of track performance and track design 
for vertical loads requires the ability to predict realistic 
pressure distributions at the interfaces between t he tie 
and the ballast and between the ballast and t he subgrade. 
This requires a model that includes the effects of tie 
bending; rail-fastener stiffness; and changes in ballast 
depth, roadbed material properties, and tie spacing in 
a unified manner. In such a model, c hanges in roadbed 
configuration that affect track moduli and the distribution 
of loads from the rails to individual ties are apparent . 

A track model and computer code that incorporates 
the above features has been developed. This paper com­
pares its ease of use, computer time required per run, 
and accuracy of results with those of other existing 
analysis codes. Analytical validation and a comparison 
of computer predictions and experimental results are 
also presented. 

The Multi Layer Track Analysis (MULTA) computer 
routine discussed here is a two-stage numerical proce­
dure for determining the three-dimensional load and 
stress distribution in a railroad track system subjected 
to static loads. 

MULTA can be used to evaluate new or existing 
track-system configurations for various combinations 
of concentrated vertical loads or moments exerted on 
either or both rails. 

TYPICAL METHODS OF ANALYSIS 
OF TRACK STRUCTURES 

Currently, the analysis of track structures usually 
follows one of two paths: (a) the track structure is 
represented very simply (e.g., a beam on an elastic 
foundation wherein the substructure is represented as 
a series of discrete springs) or (b) the track structure 
is modeled in great detail by using a finite-element 
representation. In the first case, the system is 
represented so simply that individual contributions 
(such as ballast material type and depth, subgrade 

material type, and tie bending) are not sufficiently 
detailed or easily evaluated. On the other hand, 
the detail characteristic of most finite-element codes 
requires preparation of input data and running time 
for computer analysis of such magnitude that extensive 
analyses are quite often prohibitive. 

A finite-element code was selected that could 
simulate variable ballast depth and material type and 
subgrade depth and material type so that the results 
obtained by using it could be compared with those ob­
tained by using MULTA. MULTA is not a finite-element 
code as such; the differences between it and a typical 
finite-element code will be pointed out below. The 
finite-element code used for this comparison was the 
prismatic solid analysis (PSA) code originally de­
veloped at the University of California, Berkeley, and 
modified by the Association of Amer ican Railroads 
(A.AR). Tbe comparison between the results obtained 
by using t he two codes s howed negligible diffe1·enc es in 
predicted stresses and dis placements. [A complete 
description of t he PSA code and t he comparison have 
been given by Prause and others (l)]. 

Typically, the preparation oI input data for use in 
MULTA r equires conside1·abl y less time t han do 
seemingly equivalent f ini te-element codes. In the 
results that ar e discussed below, 11 ties are used in 
the simulation of the track structure. Preparation of 
input data for MULTA, including p\mc hed data cards, 
r equired about 3 person- Ii. Running time r equired 
about 400 computers . On t he other hand, the prepara­
tion of input data for t he a nalysis that used the PSA 
finite-element code required about 8 person-h prepara­
tion time and about 750 s computer run time. Thus , 
the MULTA program has the advantage of being able 
to simulate and evaluate the effects of parameters such 
as ballast depth and material type, subgrade material 
type, tie bending, and rail-fastener stillness where 
similar analysis codes (such as the beam- on-elastic­
foundation formulation) do not. On the other hand, its 
relative ease of input-data preparation and considerably 
smaller amount of computer run time offer definite 
advantages over the more detailed finite - ele ment codes 
without compromising the results for a vertical linear­
elastic track-analysis tool. 

The r esults predicted by using the MULTA code have 
also been compared with those predicted by usillg the 
ILLI-TRACK struct ures code. T his is a two-dimensional 
finite-element code developed at the University of 
Illinois ~). The comparison shows that ballast pres-
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sure, rail deflection, and rail bending-moment predicted 
values can be in serious error if the effective bearing 
area of the tie is not properly chosen when the ILLl­
TRACK model is used. This is a key difference between 
the two models . It is necessary to assume an initial tie 
bearing area when ILLI-TRACK is used, whereas tie 

Figure 1. Track model for MULTA program. 
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deform ation and contact area are included directly in 
MULTA. [The comparison of MULTA and ILLI-TRACK 
predictions has been given by Prause and Kennedy (~)J. 

Development of Track Model 

The two stages of solution in MULTA are modifications 
to two previously developed computer codes. The first 
stage is a modified version of the computer program 
developed by the AAR and models the ballast-subgrade 
system as a multilayered elastic system (4). The 
theoretical basis for the multilayered elastic system 
was first presented by Burmister (5). The second stage 
of solution in MULTA is a modified-version of part of 
the program described by the AAR (6). The load­
combination phase is that portion of the program that 
was revised for use in MULTA. This second stage of 
MULTA includes rail loads, rail bending, rail-fastener 
stiffness, and tie bending. The schematic for MULTA 
is shown in Figure 1. 

Model Description 

The first stage of MULTA analyzes the track substruc­
ture (ballast and subgrade) and provides information about 
displacement and stress influences as input to the second 
stage. The basic theory in the first stage assumes 
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the ballast-subgrade structure to be that of an elastic 
half space and, as such, the horizontal and vertical 
(downward) dimensions of the track structure are in­
finite in extent. This precludes the simulation of actual 
ballast-profile geometries, such as sloping shoulders. 
However, the effects of infinite dimensions in the 
horizontal and vertical directions on the stress and 
displacement predictions for vertical loads have been 
evaluated, and it was concluded that the finite dimen­
sion of the ballast shoulder had a negligible effect on 
the ballast and subgrade pressure under the ties (1). 

MULTA calculates stress and displacement in-­
fluence functions in the form of the stress and dis­
placement responses of the ballast-subgrade structure 
to unit vertical loads applied to specific locations on 
the horizontal surface of the ballast. These specific 
locations are at the tie-ballast interface for the 
particular tie-track system being simulated. Critical in 
the simulation of how the loads are transmitted from the 
tie onto the ballast is the choice of the effective load­
distribution area on the ballast. This distribution is in 
the form of load circles that distribute the tie loads 
onto the ballast (see Figure 2). [Load-circle size 
(radius) and number of load circles necessary to achieve 
simulation efficacy and solution accuracy have been 
discussed by Prause and others (1)]. 

The second stage of MULTA isbasically an equation 
solver. The equations that are solved in this stage in­
clude the magnitude and position of a wheel load on each 
rail, rail displacement, rail force and equilibrium, 
rail-fastener stiffness, and tie bending. 

MODEL ASSUMPTIONS, FEATURES, 
AND LIMITATIONS 

The track system model includes the following assump­
tions: 

1. The entire system behaves in a linear fashion. 
2. The loads and moments applied to the rails are 

static and concentrated. 
3. The material of each component of the system is 

homogeneous, isotropic, and linear elastic. 
4. The depth of the last soil layer is infinite. 
5. The tie spacing is constant for all ties. 
6. The track gauge is constant. 
7. The rail-tie system (including the first and last 

ties) deforms compatibly on the elastic foundation. 

MULTA has available to the user the following options 
and features: 

1. The ballast-subgrade system can be modeled by 
as few as two or by as many as seven layers of homo­
geneous, isotropic, elastic materials, each of which 
has distinct material properties and depths. However, 
the last layer must have an infinite depth. 

2. The vertical stiffness of the spring used to 
represent the combined stiffness of a rail fastener and 
tie pad can be selected arbitrarily but must be greater 
than zero. 

3. Unequal loads are permitted for each rail and at 
any position along a rail. 

Use of MULTA is subject to the following limitations: 

1. All ties must have identical material and geo­
metric properties. 

2. The track roadbed representation as an elastic 
half space with infinite horizontal dimensions does not 
permit modeling the actual cross-section of a ballast 
section having sloping shoulders. 

41 

3. The model does not permit missing ties. 
4. The model does not allow external loading in the 

lateral or longitudinal directions and thermal loads 
cannot be included. 

Test Description 

As discussed above, MULTA is analytically equivalent 
to other, more detailed codes, but it was also desirable 
to compare MULTA results with experimental results. 
The experimental results were e>.-tracted from tests con­
ducted on the Florida East Coast Railway (FEC). The 
FEC test sites included two concrete-tie tangent track 
sections, one that had a nominal tie spacing of 0.61 m 
(24 in) (site 1) and one that had a nominal tie spacing of 
0.51 m (20 in) (site 2) and a concrete tie curve site that 
had 0.61-m tie spacing (site 3). All three sites included 
a main instrument array that extended over 7 ties. The 
purpose of this continuous section was to obtain a com­
plete set of track load and response data over a nominally 
uniform track section. [A detailed description of the 
test sites and the instrumentation used to record the 
various track quantities of interest have been given by 
Prause and others (1)]. Only the instrumentation that 
pertains to the validation of the analysis code (MULTA) 
is described here. 

Measurement of Vertical Track Loads 

Rail-Seat Loads 

The main array of each test section contained six in­
strumented tie plates, of which five were along one rail. 
The instrumented tie plates were used to record rail­
seat loading throughout the influence zone of the center 
tie. Each instrumented tie plate had a pair of load-cell 
washers. The signals from the two load-cell washers 
were summed to measure total vertical rail-seat load. 

Tie-Ballast Pressures 

The Federal Railroad Administration-Portland Cement 
Association (FRA-PCA) load-cell ties developed for the 
Kansas test track were used to measure the tie-support 
reactions at the tie-ballast interface. These steel ties 
have 10 separate segments along the bottom to convert 
bearing pressures to discrete loads. Each rail seat is 
instrumented to measure vertical rail-seat loads. [A 
detailed description of the construction of the FRA-PCA 
load-cell tie and a comparison of the bending stiffness 
between the load-cell tie and the Railroad Concrete 
Crosstie Corporation tie have been given by Kennedy 
and others (l)J. 

Two of the load-cell ties were installed at site 1, 
and one load-cell tie was installed on the curve at site 3. 
The purpose of using these load-cell ties was to simul­
taneously measure vertical rail-seat loads and the re­
sulting distribution of tie-ballast pressure on the 10 in­
strumented segments along the tie length. 

Generation of Input Data for MULTA 

The input-data requirements of the MULTA track­
analysis model include the elastic properties for a 
layered repl"esentation of the ballast and the subgrade. 
The following plate-bearing test procedure was used to 
obtain representative data for the elastic properties: 

1. Two adjacent ties were removed, sufficiently far 
away to avoid any effect on the instrumentation, and load­
deflection plate-bearing measurements were made on the 
ballast surface in the footprint of one tie. A 0.20-m (B-in) 
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diameter, circular loading plate was used on the ballast 
surface, and this axea was covered with plas~er of paris 
(dental cement) so that the loading plate would bear uni­
formly on the ballast. A fixed wooden reference beam 
supported outside the track was used as a displacement 
reference for two displacement transducers attached to 
the plate. Displacements were recorded for ballast 
loadings of up to about 862 kPa (125 lbf/in2), which 
exceeds the ballast pressure encountered in actual ser­
vice by a considerable margin [typical ballast pressures 
in service rarely exceeded about 345 to 414 kPa (50 to 
6 0 lbf/in2

) ]. 

2. The ballast crib was excavated at the location of 
the two removed ties to determine the actual ballast 
depth. The ballast depth under the bottom of the tie was 
16.5 cm (6.5 in) at both site 1 and site 2. The plate ­
bearing tests were repeated on the subgrade without using 
the dental cement. 

3. Data from steps 1 and 2 were used with the 
multilayer track-analysis model to determine repre­
sentative values of Yow1g's modulus for the ballast and 
subgrade layers. 

The loading cycle was repeated three consecutive 
times at each of three positions along the length of the 
tie. As shown in Figure 3, the initial load cycle has a 
much lower slope (force versus displacement) than does 
the second load cycle. In fact, after the initial load 
cycle, the subsequent load cycles have almost the same 
slope. Data shown in Figure 3 are for the site 1 sub­
grade at 16 .5 cm on the gauge side of the rail. Data for 
the other locations are characteristically similar. 

Initial and final slope values from the subgrade tests 
were used to estimate Young's modulus (E2) for the 
subgrade, by using theory-of-elasticity solutions for 
the deflection of an elastic half space loaded by a rigid 
circular plate. After E2 was determined, the ballast­
stiffness data were used to estimate Young's modulus 

Figure 3. Relationship between force and displacement for 
subgrade plate-bearing test at site 1. 
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(E i) for the ballast. This estimate was made by using 
the multilayer program in an iterative scheme until 
the predicted load-deflection values for the circular 
plate load were sufficiently close to the experimental 
values. It was hoped that using initial and final stiffness 
values would place a bound on the value of E2 so that the 
predicted value of track modulus (U) would compare 
favorably with the measured data for track modulus. 

The values of Poisson's ratio for the subgrade and 
ballast layers are also needed as input to the MULTA 
program. Typical values of vi= 0.4 for the ballast and 
v2 = 0.4 for the subgrade were chosen from the subgrade 
property data obtained from the results of soil tests con­
ducted by Pittsburgh Testing Laboratories [as reported 
by Prause and others (1)]. 

The table below shows the values of Ei, E2, and U, 
based on the initial and final plate-bearing-test stiffness 
data in conjunction with the MULTA program (1 MPa = 
145 lbf/ in2). 

Ei(MPa) 

Location Initial 

Site 1 193 
Site 2 103 

Final 

207 
193 

Initial 

61.4 
33.1 

Final 

123 
123 

U(MPa) 

105-176 
72.5-210 

Track modulus U is defined here as the force per 2. 5 cm 
(1 in) of rail required to depress the track roadbed 2. 5 
cm. This parameter has been used historically to 
quantify the effective stiffness, or resilience, of a track 
structure and is a key parameter in the beam-on-elastic­
foundation analysis procedure used for conventional 
track design. The predicted values of U are based on 
the beam-on-elastic-foundation equation for vertical 
rail-seat load in the form: 

U = 4EI [(2/Q1)(Q/P)] 4 

where 

(I) 

Q maximum rail-seat load predicted by MULTA, 
P wheel load, 
tt tie spacing, and 
EI rail bending stiffness. 

COMPARISON OF MEASURED AND 
PREDICTED LOADS 

Effect of Track Modulus on Rail-Seat 
Loads 

Vertical rail-seat load (i.e., the load that is absorbed 
by a tie in a track structure; for example, if a static 
wheel load is placed on a rail directly over a particular 
tie, that particular tie will absorb 40 to 60 percent of 
the applied wheel load) data from a slow roll-by of the 
work train were used to determine U. The work train 
consisted of one empty and one loaded 90. 7-Mg (100-ton) 
hopper car and a four-axle locomotive. The effect of 
tie-to-tie variations in the main array was minimized 
by averaging the maximum rail-seat loads for a known 
wheel load during a slow traverse of the work train. 
The average ratio of the rail-seat load to the wheel load 
(Q/ P) was used with the theoretical relationship from the 
beam-on-elastic-foundation formulation to determine an 
experimental track modulus. This is the same formula 
that was used to calculate the values of U given above. 

The table below gives the maximum measured values 
of Q/P. 



Q/P (%) 

Item Tie 1 Tie 2 Tie 3 Tie 4 Tie 5 Avg 

Site 1 
Light car 43 71 31 33 44.5 
Heavy car 47 58 53 65 55.8 

Site 2 
Light car 22 38 64 76 50 
Heavy car 44 31 56 64 48.8 

These data show a considerable load-dependent effect as 
well as large tie-to-tie variations. The average rail­
seat load for heavy cars on track that has 0.51-m tie 
spacing was 12.5 percent lower than that of track that 
has 0.61-m tie spacing. A 16 percent reduction would 
normally be expected based on conventional guides for 
track design. However, individual ties in both sections 
carried as much as 65 percent of the heavy-car wheel 
load and as much as 76 percent of the light-car wheel 
load. 

Figure 4 shows a comparison of measured and pre­
dicted rail-seat loads for a heavy-car wheel centered in 
the main array of site 2. The model parameters cor­
res~onding to a track modulus of 210 MPa/ rail [ (30 400 
lbf/ in2 )/rall) (final values given above ) we1·e used for 
the predictions. It is evident from the load distribution 
shape that the actual track was stiffer than the analysis 
model. 

As discussed above, it was hoped that the data from 
the initial and final load cycles of the plate-bearing load­
deflection tests would provide bounds to the estimation 
of the roadbed parameters. However, the comparison 
in Figure 4 shows that the plate-bearing test data did 
not provide a reliable -prediction of roadbed stiffness 
even though the values for subgrade and ballast modulus 
appear reasonable when compared with the laboratory 
subgrade measurements and typical values for ballast. 

Because the FEC roadbed is stiffer than that pre­
dict2d by using the plate-bearing data, the following 
procedure was adopted in an attempt to synthesize the 
model parameters that determine roadbed stillness and 
track modulus. The ratio of the moduli of the ballast 
and the subgrade determined from the plate-bearing tests 
was retained, and the actual values of E1 and E2 were 
increased so that the maximum predicted rail-seat load 
equals the average maximum experimental rail-seat 
load for the heavy car. The heavy car was chosen to 
reduce the effect of any nonlinearities. This procedure 
was used to adjust the E, and E2 values so that the 
maximum predicted vertical rail-seat load was within 
1.2 percent of the average experimental data for the 
0.51-m tie spacing (site 2) and within 1.6 percent for the 
0.61-m tie spacing (site 1). The adjusted values of 
foundation properties are given below (1 MPa = 145 lbf/ 
in2

). 

Property Value 

E1 , MPa 414 
E2, MPa 246 v, 0.4 
V2 0.4 

Figure 5 compares the measured and the predicted 
rail-seat loads when a heavy-car wheel is centered in 
the main array of the track that has 0.61-m tie spacing. 
In the case of a very stiff track (a high value of U), the 
loaded tie absorbs a large percentage of the applied load 
(>50 percent) and the loads absorbed by the adjacent ties 
drop off rapidly. The average maximum experimental 
rail-seat load was 84 kN (18 900 lbf) for an applied load 
of 151 kN (33 900 lbf) at site 1 (Q/P = 55.8 percent). 
This gives a track modulus of U = 329 MPa (47 700 lbf/ 
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in2). The maximum predicted rail-seat load was 82.8 
kN (18 600 lbI), and the predieted track modulus was 
308 MPa (44 700 lbf/in2). The lower predicted modulus 
is apparent from the comparison of the rail-seat load­
distribution shapes shown in Figure 5. 

This comparison shows that the actual track structure 
is at least as stiff as the value predicted using the ad­
justed modulus values of E1 and E2 . The tie-ballast 
pressure distribution data in the following section also 
support this conclusion. 

Tie-Ballast Pressure Distribution 

Tie bending moments at the rail seat and bending and 
torsional moments at the tie center have been identified 
as the major causes of concrete-tie failures. The dis­
tribution of the support reaction between the tie and the 
ballast is the principal unknown factor in validating the 
bending moments predicted by analytical models. 
Therefore, measurements of tie-ballast pressure dis­
tribution along the length of the tie were needed to fully 
validate the analytical prediction of bending moments 
at the tie rail seat and at the center. 

The vertical tie-ballast pressures along the length 
of one load-cell tie for heavy, medium, and light cars 
are shown in Figure 6. These pressure profiles in­
dicate that this particular tie was noticeably center­
bound for light-car loads. That is, the tie center bears 
almost the entire load, and the outer ends of the tie 
carry almost no load. As the magnitude of tb.e load 
is increased, the peak pressures moved outward from 
the tie center toward the rail-seat regions. The ex­
perimental data show that the peak pressure shift from 
the tie center to the rail-seat region reaches a maxi­
mum on the gauge side of the rail seat. Pressures up 
to about 276 kPa (40 lbf/ in2

) were measured in the rail­
seat region for normal heavy cars . 

Predicted results from the MULTA program for the 
medium-car load are shown for comparison in Figure 6. 
The MULTA program assumes a uniform elastic support 
for the roadbed. The resulting tie-ballast pressure 
distribution reaches its maximum under the applied load 
(rail seat) and its minimum at the tie center. The 
maximum p1·edicted pressure (228 kPa (33 lbf/in2)] is 
within 14 percent of the measured data for the medium 
load despite the center-binding effect for this tie. 

The experimental data from the load-cell tie in the 
curved track section (site 3) are shown in Figures 7 and 
8. Tie-ballast pressure distributions along the length 
of the tie for light-, medium-, and heavy-car wheel 
loads are shown in Figure 7. An integration of the pres­
sure distributions showed that vertical equilibrium was 
satisfied to within 3 percent of the respective applied 
loads. 

The results of the MULTA program shown in Figure 
7 for medium-car wheel loads are in good agreement 
with the experimental data. Maximum pressures are 
predicted to within 5 percent, and the shapes of the 
distributions are very similar. It is also evident that 
the vertical load is considerably greater on the high 
rail and the case of unequal loads can be used as input 
to the model. 

The normalized pressure distributions for the three 
cases of light-, medium-, and heavy-car wheel loads 
are shown in Figure 8. The small variations show that 
the support reactions for this tie behaved in a linear 
manner and that the uniform elastic foundation used in 
the MULTA program gave good predictions for the pres­
sure distributions for all wheel loads. 
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Figure 4. Comparison of experimental and analytical rail-seat 
loads at site 2. 
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Figure 5. Comparison of measured 
and predicted vertical rail-seat 
loads at site 1. 
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Track Displacement Predictions 

The results from the MULTA program were used to de­
termine how the track displacement compares to that for 
a Winkler foundation . The data in Figure 9 show that 
the predicted displacements are distributed over a 
greater length of track than the tie-load distribution. 
The difference between the displacement shape predicted 
by MULTA and that predicted by the tie-load distribution 
indicates that the rail is not behaving like a beam on a 
Winkler-type foundation; the two distributions would be 
identical for a Winkler foundation . 

Vertical rail displacements were measured at two 
locations at each test site-the middle tie of the main 
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Figure 6 . Tie-ballast pressure data 
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array and a tie about 10. 7 m (3 5 ft) outside the main 
array. Because only two locations were instrumented 
at each test site for these data, it was difficult (in view 
of the local variations discussed above) to characterize 
the track structure by using experimental displacement 

values. It is believed that more values of displacement 
(per test site) are required so that average maximum dis­
placement values could be used to better predict track 
modulus. However, the alternative approach of averaging 
data from five instrumented tie plates gave good results. 

Figure 7. Tie-ballast vertical 
pressure data at site 3. 
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p Figure 9 . Predicted tie load 
and displacement distributions : 
site 1. '-13t-=:P,:::==l~~~~-~--....t.--.,l,..--,.J,,....,::::::$!;:::=~=-...a.-

Tie Load a/P 
46 

() .... Normalized Displacement 

Y/P - .57xl0- 6 cNm (10- 6 i!!..,.) 
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Table 1. Summary of track 
modulus values. Measured Track Modulus ( MPa) Predicted Track Modulus (MPa) 

Avg Tie­
Plate Loads" 

Location Displacement" Strain' Light Heavy 

Foundation 
Parameters 
From Plate­
Bearing Testsd 

Adjusted 
Values of 
E1 and E2e 

Site 1 
Main array 
Outside main array 

Site 2 
Main array 
Outside main array 

Note: 1 MPa = 145 lbf/in2• 

270 
283 

126 
565 

316 130 

600 432-401 

328 105-176 
105-176 

72.4-206 
72.4-206 

308 

382 

"Calculated by using rail d sp1acement for light- and heavy-car wheel loads. 
1>calculated by using rail b~l~hng strains for light - and heavy-car wheel IOllds, 
csased on average maximum tie-plate loads on four ties [light load = 35 6 kPa (-. 8000 lbf/in2 ) and heavy load = 151 .3 kPa ( " 34 000 
lbf/;n'JI . 

dR<\nge for initial to final val11es for model parameters based on predicted maximum tie-plate load , 
eE 1 = ballasr modulus and E2 = subgrade rnodu lus, adjusted so that maximum predicted rail ·seat load equals average maximum experi­

mental rail -seat load at site 1. 

Track Modulus Measurements 

It was originally planned that rail bending strains mea­
sured under heavy and light loads similar to those used 
for measuring displacements would be used to provide a 
check on the track modulus determined from the dis­
placement data. However, the lack of a sufficient 
number of strain gauges (i.e., at many positions along 
the length of the rail) prevents the sort of averaging 
process that subsequently was determined essential to 
minimize local variations. Difference (heavy-load­
minus-light-load) stress and displacement values and 
corresponding track moduli are given in Table 1. 

The values of track modulus given in Table 1 indicate 
that the track structure is quite stiff. However, the 
data resulting from displacement and strain measure­
ments are for one or two discrete points along a rail 
at a particular test site; they do not represent any sort 
of averaged values. As such, they should not be con­
sidered truly representative of the overall track 
modulus. 

Thus, the predicted calculations of track modulus 
shown above and in Table 1 are based on the beam-on­
elastic-foundation equation for vertical rail-seat load 
(Q) as shown in Equation 1. Equation 1 is one of two 
forms used to calculate U. The other form is based on 
the maximum rail displacement (Yo). Both forms are 
derived from beam-on-elastic-foundation theory . If, 
in reality, the track system behaves as a beam-on­
elastic-foundation, then either form can be used to 
calculate U and the answers will be identical. How­
ever, if the shear coupling in the roadbed is significant, 
the track will not behave according to the assumptions 
used for the beam-on-elastic-foundation and the re­
sults from estimates of track modulus that use mea-

sured data for Q and Yo will not give equivalent values 
for U. This is also true for the MULTA model, where 
there is appreciable shear coupling in the simulation 
of the roadbed. 

As we have seen, the measurements on FEC showed 
that the use of the average maximum rail-seat load to 
calculate U gives results that are more consistent with 
the loads and moments than does the use of rail dis­
placements. As mentioned above, the rail-seat load dis­
tribution predicted by MULTA is qualitatively similar 
to the results of the beam-on-elastic-foundation solution 
and the FEC measurements, whereas the displacement 
distribution is different from beam-on-elastic-foundation 
solution because of coupling in the roadbed. However, 
if the predicted modulus values are calculated by using 
the rail displacements, the values will be approximately 
one-half to one-third those calculated by MULTA and 
the use of rail-seat loads and in the range of typical 
measured track-modulus data for concrete-tie track. 

SUMMARY OF RESULTS AND 
CONCLUSIONS 

The comparison of predicted and measured track­
response parameters discussed above shows that the 
MULTA track-analysis program is capable of making 
good predictions of tie loads and tie-ballast pressures. 
The inclusion of tie bending has been shown to be quite 
important in predicting ballast pressures. The program 
can also be used to predict rail bending stresses and tie 
bending moments. 

No experimental data on stresses in the ballast and 
subgrade below the tie were measured for comparison. 
However, the good agreement with the predicted ballast 
pressures immediately under the tie gave confidence 



that pressures predicted elsewhere in the roadbed will 
be sufficiently accurate for track-design evaluations. 
Predictions of soil behavior are limited by the assump­
tions of linear elasticity in the MULTA model; thus, 
inelastic behavior of highly loaded soils could not be 
predicted ace urate ly. 

The major difficulty in using MULTA (or any other 
track-analysis program) is in the accurate modeling of 
the ballast and subgrade. The elastic continuum used 
in the MULTA model does show that the transfer of 
shear in the roadbed produces appreciable tie-to-tie 
coupling in displacements. This effect is also observed 
in track-response measurements, but it is not included 
in conventional beam-on-elastic-foundation models. 
However, the real difficulty is in establishing the ma­
terial properties for a layered model of the ballast and 
subgrade that match the overall track-modulus mea­
surements. The plate-bearing tests on the ballast and 
subgrade and independent vibroseismic measurements 
of subgrade properties did not give sufficiently accurate 
predictions of track modulus for the prediction of track 
loads under heavy-car wheel loads even though pres­
sures greater than the maximum pressures under traffic 
were used for the plate-bearing tests. This difficulty 
cannot be explained at this t.ime. In the meantime, it 
is recommended that the ballast and subgrade properties 
be adjusted to match the experimental measurements of 
track modulus under heavy-car wheel loads by using 
representative soil data for the relative ballast-soil 
stiffness. Predictions of tie loads, track deflections, 
and roadbed pressures will not be greatly i.nfluenced by 
changes in the relative ballast and s0il stiffnesses as 
long as the track modulus is matched. Inaccurate esti­
mates of these parameters will have their greatest 
effect on predictions of relative deflections in the ballast 
and subgrade layers. 
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Permanent-Deformation Behavior of 
Railway Ballast 
Reid M. Knutson, Department of Civil Engineering, University of Kansas 
Marshall R. Thompson, Department of Civil Engineering, University of Illinois, 

Urbana - Champaign 

Ballast materials were tested in the triaxial apparatus by using a re­
peated devietor stress end a constant confining pressure. Permanent 
deformation (plastic) characteristic's at several stress levels were deter­
mined for a variety of types and gradations of material. Correlation 
analyses were made between the plastic response and the results of 
standard material-characterization tests. The results indicate that the 
most important factor influencing the repeated-load plastlc·strain be· 
havior of ballast is the degree of compaction. The stress level was also 
found to be an important factor; there was some indication that per· 
manent deformation was less for the more nearly well graded specl· 
mens. Finally, unlike the resilient response, the permanent-deformation 
behavior of ballast is dependent on loading history. 

One of the major problems of rail track support systems 

is the continual need for realignment of the rail-tie sys­
tem by addition of ballast. Present maintenance prac­
tice dictates that only the portion of the ballast near the 
rail be tamped; the center is left undisturbed. This 
practice results in the addition of ballast primarily in 
the proximity of the rails; ballast pockets result (1 ). 

Before the experience-oriented design of rail-ffe sup­
port systems can be improved, the plastic-deformation 
behavior of ballast subjected to repeated loading must be 
investigated so that an understanding of its natui·e can be 
obtained. To accurately predict the deformation char­
acteristics of ballast, the test method should simulate 
the in-service dynamic stress conditions. 
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BACKGROUND 

There have been several investigations (~, ~ .~l ~) of the 
repeated-load behavior of granular materials. Both 
rigid-confinement and t1·iaxial equipment have been used 
to study dense-graded aggregates and sand, but little 
work has been done thal involved open-graded aggregates 
such as ballast. In addition, most of these investigations 
have been dil·ected towud studies of the elastic (resil­
ient) properties of the material; little attention has been 
paid to the plastic (permanent-deformation) behavior of 
aggregates subjected to repeated-load conditions. 

Repeated-load triaxial testing of a variety of types of 
aggregate would appear to be the most appropriate method 
for the investigation of the plastic behavior of ballast 
materials. Previous investigations in which actual load­
ing conditions were closely simulated have given excel­
lent results. 

Among the factors that affect the repeated-load 
permanent-deformation characteristics of granular ma­
terials are the con.fining pressure, the number of cycles, 
the load, and U1e stress history. 

Lade and Duncan (6) have offered an explanation for 
the effects of stress history on permanent-deformation 
behavior. When a triaxial specimen (constant confining 
pressure) of a cohesionless material is subjected to an 
initial load, there is a large plastic deformation caused 
by the rearrangement of particles. This plastic defor­
mation is accompanied by a smaller elastic deformation. 
When the specimen is unloaded and then reloaded to 
the p1·evious sb·ess level, theoretically only an elastic 
deformation will be observed. However, in the actual 
case, some additional plastic strain accumulates with 
each loading cycle. If, after several repeated loading 
cycles, the specimen is subjected to a deviator stress 
g1·eater than that previously experienced, the stress­
strain curve will continue in the direction of the original 
curve. Thus, the maxi.mum load to which a material has 
previously been subjected becomes extremely important. 

Field evidence of the effect of the maximum loading 
conditions (or primary loading) on the permanent defor­
mation of ballast has been given in a report by the Office 
for Research and Experiments of the International Union 
of Railways (7). They concluded that smaller loads cause 
"negligible settlement" and that "small numbers of large 
dynamic loads ... determine the deterioration of the 
track level, rather than the general level of the axle 
loads." 

MATERIALS 

Six materials commonly used for ballast were chosen so 
that their repeated-load behavior and natural properties 
could be compared. The materials selected were dolo­
mitic limestone from Kankakee, Illinois; blast-furnace 
slag from Chicago· granitic gneiss from Columbus, 
Georgia; basalt from New Jersey; gravel (crushed and 
uncrushed) from McHenry, Illinois; and the type of slag 
used in the Kansas test track. 

The materials were sieved, and the various size frac­
tions of each were stored in separate containers for re­
combining into the desired gradations. 

Characterization Tests 

To relate the results of the repeated-load tests to the 
physical properties of the materials, the following stan­
dard tests were performed. 

1. Particle index: ASTM D3398 (.!l), 
2. Specific gravity: ASTM C127 (B) and AASHTO 

TB5 (!!_), -

3. Los Angeles abrasion: ASTM C131 (8) and 
AASHTO T96 (9), -

4. Gradation parameter: that developed by Hudson 
and Waller (10), 

5. Flakiness index: British standard 812-815 (11), 
6. Soundness: ASTM C88 (8) and AASHTO T104 

(9), and 
- 7. Crushing value: British standard 812-34 (11). 

The results of the characterization tests are summarized 
in Table 1. 

Gradation 

To examine the effects of different gradations on the re­
silient response, three different ones were included in 
the testing program . Two standa ·d American Railway 
Engineering Association (AREA) gt•adations, nos. 4 and 
5, were selected by using the center values of the rec­
ommended g1·adation bands. A third gradation was based 
on the use of the Talbot equation with an exponent of two­
thirds. Because one of the main considerations of bal­
last is that it be free draining, the Talbot-equation gra­
dation was maintained only through the 4. 75-mm (no. 4) 
sieve. To ensure a high permeability, no material finer 
than that passing the 1.18-mm (no. 16) sieve was used. 
The gradation determined by using this analysis was 
labeled "well graded." A conse1·vative estimate of the 
permeability of the well-graded material is 1500 m/d 
(5000 ft/d). 

Equipment 

A U.S. Army Engineer Waterways Experiment Station 
triaxial-cell design was modified, and the cell was fab­
ricated at the University of Illinois. Because of the 
large maximum size of the aggregate to be tested, he 
cell was constructed to have an inside diameter of 279 
mm (11 in) so that 203-mm (8-in) diameter cylind1·ical 
specimens 406-mm (16-in) high could be tested. 

Air was used to supply the confining pressure and was 
not cycled during the tests. The repeated deviator stress 
was applied by a hydraulically actuated piston; control 
was by a closed-loop electronic system. Input for the 
load control was provided by a function generator con­
nected through electronic controls to the hydraulic ac­
tuator. 

To satisfy the constraints of the equipment and to ap­
proximate actual in-service conditions, a frequency of 
50 cycles/min and a haversine load pulse of 0.15-s du­
ration were selected. 

The spacing of trucks on conventional railroad rolling 
stock varies, and the pulse caused by the second truck 
of o»e car overlaps that of the first truck on the following 
car. These two factors cause problems in analyzing the 
in-service frequency and duration of loading of ballast. 
The frequency (50 cycles/min) and duration of load (0.15 
s) selected are equivalent to a train speed of apprnxi­
mately 129 km/h (80 mph). 

The triaxial chamber pressure was monitored by a 
gauge on the air supply line. The axial load was moni­
tored by a load cell mounted between the hydraulic ac­
tuato1: and the loading rod. A high-speed strip chart 
recorder was used to record the output of the load-cell 
amplifier. 

Two methods were used to monitor the axial deforma­
tious. The primary method was provided by a linear 
variable differential transformer (LVDT) mounted at the 
top of the hydraulic actuatoi·. The L VDT signal was ob­
served on a strip chart l'ecorder. In addition, two 
electronic-optical scanners were used to measure the 
vertical motion of targets placed at the upper and lower 



quarter points of the specimen. The targets consisted 
of one black and one white r e ctangular s trip, 32x64 mm 
(1. 5X2 . 5 in) each, that were held to the specimen mem­
brane by double-sided tape. The chamber pressure en­
sured that the membrane was molded firmly to the speci­
men, thereby eliminating slippage between the specimen 
and the targets. The optical scanners were rezeroed 
periodically, and the change in the distance between the 
two heads was observed on a dial indicator and thus pro­
vided a backup for the L VDT. 

TEST PROCEDURE 

Because one of the objectives of this study was the de­
termination of the effects of gradation and maximum size 
on ballast behavior, two different sample sizes were 
used. Samples 152 mm (6 in) in diameter were used for 
the no. 5 ballast gradation specimens, which had a max­
imum particl e size of 38 mm (1. 5 in), and samples 203 
mm in diameter were used for the no. 4 ballast-gradation 
specimens, which had a maximum particle size of 51 mm 
(2 in). Thus , the r atio of the diameter of the sample to 
the maximum particle size was always 4, All samples 
had a height-to-diameter ratio of 2:1 or more to mini­
mize the end effects on deformation measurements. 

To minimize segregation and to ensure gradation con­
trol, each specimen was weighed out by thirds for each 
of the size fractions, and each third was placed in a 
separate container. The material then was washed to 
remove the fines, drained, and compacted. 

Because of the open-graded nature of ballast, vibra­
tory compaction s imilar to that described by Rostron 
and others (12) was used. To determine the compa ction 
characteristics of the aggregates and whether they were 
degraded during compaction, no. 5 ballast-gradation 
limestone was compacted in the standard split mold for 
various times by using the vibratory compactor. The 
results showed that there was little increase in density 
for compaction times gr eater than 45 s and that the gra­
dation change (aggr egate degradation) due to compaction 
was extremely small. For example, the amount of ma­
terial passing the 4. 75-mm sieve increased from 2. 5 per­
cent to 4.0 percent after compaction of 45 s / layer, and 
the increase was less (less than 1 percent) for shorter 
compaction times. 

Because densities generally are not specified when 
ballast is placed, no attempt was made to attain a pre­
determined specimen density. Instead, three degrees of 
compaction were used. For the low-density specimens, 
each layer of aggregate was placed and hand rodded 10 
times; for the medium-density specimens, each layer 
was compacted for 5 s by using the vibratory hammer; 
for the high-density specimens, each of the three layers 
was vibrated for 45 s. 

Table 1. Results of characterization tests . 

Particle Specific Los Angeles 
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The compaction was carried out in a split mold 
clamped to the sample base . A rubber membrane was 
used inside the mold, and a vacuum was applied through 
the attached tubing to hold the membrane against the 
mold . After compaction, the height of the specimen was 
recorded, the mold was removed, and a second mem­
brane was placed over the specimen because, almost 
without exception, the original membrane was punctured 
during compaction. 

The test specimen properties are given in Table 2. 
All of the test specimens were conditioned for 5000 

cycles at a deviator stress of 310 kPa (45 lbf / in2
) and a 

confining pressure of 103 kPa (15 lbf/in2
). The perma­

nent deformations recorded by the L VDT method were 
divided by the specimen height to obtain the strains at 
10, 100, 1000, and 5000 cycles . The plastic-strain data 
obtained during this conditioning phase have not been in­
fluenced by any stress-history effects and are probably 
the most representative results for making direct com­
parisons. 

After the conditioning phase, the stress ratio was in­
creased and 5000 additional load cycles were applied. 
Typical s tress levels applied are given below (1 kPa = 
0 .145 lbf/in2

). 

Deviator Stress 
(kPa) 

138 
414 
207 
620 
827 

Conf in ing Pressure 
(kPa) 

34 
103 
34 

103 
103 

The stress state was increased until the sample failed 
or showed noticeable lateral bulging. The sample height 
at the beginning of each 5000 load cycles was taken as the 
gauge length for the strain determination. 

RESULTS 

The purpose of this part of the research was to deter­
mine the effects of material type and gradation on the 
plastic-strain behavior under repeated-load conditions 
of a variety of types of aggregates. The effects of stress 
history, degree of compaction, and stress level were 
also considered. [A more detailed description of these 
results has been given by Knutson and others (13).] 

Linear regression analyses were used to develop re­
lationships between the plastic strain and the correspond­
ing number of loading cycles. Tlu·ee types of regr ession 
analyses were used: arithmetic (strain versus nu mber of 
cycles ), semilog (s train versus logarithm of number of 
cycles), and log-log Uogar ithm of strain ver s us loga­
ritJ1m of number of cycles). In general, the best l'esults 

Gradation Flakiness Soundness Crushing 
Material Gradation Index Gravity Abrasion Loss ( <!') Parameter Index Loss (<!') Value 

Limestone No. 5 13.BO 2.626 34.2 1.846 17.52 12.3 22.7 
No. 4 13. 75 2.626 34.2 1.074 16. 78 18.5 22.7 
Well graded 14.09 2.626 34.2 2.039 17.33 15.3 22.7 

Granitic gneiss No. 4 13.45 2.679 34. 7 1.074 14.39 0.25 26.1 
Blast- furnace s lag No. 4 15.68 2. 133 37.8 1.074 3.59 0. 75 37.3 
Basalt No. 5 15.10 2. 775 12.3 1.846 19.69 6. 14 12.4 

No . 4 15.40 2. 775 12 .3 1.074 17.33 4.93 12.4 
Well graded 14.83 2.775 12 .3 2.039 16 . 11 4.86 12.4 

Gravel No . 5 7.54 2.658 23.2 1.846 4.03 5.06 13 .8 
No. 4 10.17 2.658 23 .2 1.074 5. 79 5. 78 13 .B 
Well graded 8.86 2 .658 23.2 2 .039 6.58 5.84 13.8 

Cr ushed gravel No. 4 11.85 2 .678 28.0 1.074 10.12 7.45 20.0 
Kansas test - track No. 5 14.10 2. 521 26. 7 1.846 5.39 0.87 25.2 

blast-furna ce slag 



50 

Table 2. Properties of test specimens. 

Compaction 

Density 
Material Gradation Level (kg/m') Void Ratio 

Limestone No. 5 Medium 1653 0.59 
No. 4 Low 1424 0.84 
No. 4 Medium 1536 0. 71 
No. 4 High 1586 0.66 
Well graded Medium 1792 0.46 

Granitic gneiss No. 4 Low 1490 0.76 
No. 4 Medium 1562 0.71 
No. 4 High 1639 0 .63 

Blast-furnace slag No. 4 Low 1068 1.00 
No. 4 Medium 1137 0.87 
No. 4 High 1173 0.82 

Basalt No. 5 Medium 1722 0.63 
No. 4 Medium 1527 0.82 
Well graded Medium 1853 0.50 

Gravel No. 5 Medium 2030 0.31 
No. 4 Low 1640 0.62 
No. 4 Medium 1722 0 ,54 
No. 4 High 1976 0.48 
Well graded Medium 2110 0.26 

Crushed gravel No. 4 Medium 1615 0.66 
Kansas test-track No. 5 Medium 1585 0.59 

blast-furnace slag 

Note : 1 kg/m 3 • 0.062 lb/ ft3 , 

were those obtained for plastic strain versus the loga­
rithm of number of cycles. The slopes obtained from 
the linear regression equations were used in attempts 
to further analyze plastic-strain behavior. Because 
strain is zero at the beginning of testing and because 
only the trend of plastic strain is of practical importance, 
the equation intercepts were not included in the analyses. 

The slopes and correlation coefficients of the data ob­
tained at a repeated deviator stress of 310 kPa and a con­
fining pressure of 103 kPa are summarized in Table 3. 
The slopes and correlation coefficients of the semilog 
analyses of the data obtained at the other stress levels 
are summarized in Table 4. 

In all cases, an increase in the stress ratio (repeated 
deviator stress divided by confining pressure) resulted 
in an additional plastic-strain accumulation during the 
5000 cycles. However, the stress ratio by itself cannot 
be used to predict adequately the plastic-strain behavior 
of ballast materials. Both the repeated deviator stress 
and the confining pressure must be considered together; 
for example, the application of a stress ratio of 4 and 
a confining pressure of 34 kPa (5 lbf/in2

) is usually much 
less severe than is the same stress ratio and a confining 
pressure of 103 kPa. 

The possibility of links between plastic-strain behav­
ior and material properties was investigated by correla -
tion analyses between the various plastic-strain parame­
ters and the results of the material characterization 
tests. 

There were significant (a1 = 0.05) correlations between 
the four plastic strain values (10, 100, 1000, 5000 cy­
cles) and both the iilitial density (inverse) and the void 
ratio. The strain value recorded after 5000 cycles also 
showed a significant correlation with the results of the 
crushing value tests. None of the other variables showed 
any significant level of correlation. The dependency of 
plastic strain on initial void ratio or on density (or po­
rosity) reported by ORE (7) thus is reinforced. 

To eliminate the effects of gradation, a correlation 
analysis was performed using only the results for the 
no. 4 ballast-gradation specimens. The significant cor­
relations were much the same as in the previous analysis. 

In the analysis of the no. 4 ballast-gradation speci­
mens, not all of the material types were weighted equally; 
another analysis therefore was conducted that used only 
the six medium-density no. 4 gradation specimens. In 

this analysis, the particle index correlated significantly 
with two of the strain readings, but the results were not 
consistent. The results of the analysis, in general, were 
too erratic to draw any conclusions. 

To include th~e effects of gradation, three gradation 
levels of each of three types of material (limestone, ba­
salt, and gravel) were used in anothe1· correlation analy­
sis. The results showed significant (a1 = 0.05) correla­
tions between the gradation and the recorded strain val­
ues. The relationship was inverse [which means that the 
strains were highest for the more uniformly graded (no. 
4) specimens]. The slopes of the semilog relationships 
for all of the specimens (for a stress level of 310/103) 
showed significant (a1 = 0.05) correlations between the 
strain and the Los Angeles abrasion number, density, 
void ratio, crushing value, and gradation parameter. 

In genex·al, none of the analyses considered resulted 
in consistently significant ((I( = 0.05) correlations between 
the various strain parameters and the specimen proper­
ties. However, there was an inverse relationship be­
tween plastic strain and initial void ratio in several of 
the analyses. Because of the lack of consistent results 
and because of the difficulty in establishing causal rela­
tionships through correlation studies, an analysis of 
variance was used to assess possible differences among 
the plastic-strain responses of the samples due to grada­
tion, compaction, and material effects. 

Because changes in gradation affect both the compac­
tion characteristics and the maximum theoretical density 
of aggregates, gradation effects on plastic-strain be­
havior are difficult to demonstrate quantitatively. 

To show quantitatively the effects of gradation, a ran­
domized complete block analysis was made of the plastic­
strain data recorded at 10, 100, 1000, and 5000 cycles 
for several stress levels. Three types of material 
(limestone, basalt, and gravel) and three gradation 
levels of each were included. In only two cases were 
the strains significantly different. 

Because of economic considerations, a ranki ng of bal­
last according to type of material (slag, granite, etc.) 
is desirable. The plastic-strain results of two no. 4 
gradation gravel specimens compacted with the same 
effort-one containing rounded material and the other 
containing crushed particles-showed that the crushed 
gravel sample accumulated more plastic strain. How­
ever, for the same compactive effort, the uncrushed 
gravel attained a density 1.1 kN/m3 (7 lbf/ft 3

) greater 
than did the crushed material, which makes a direct 
comparison difficult. 

A randomized complete block analysis was made to 
evaluate the effects of the materia1 properties on the 
plastic strain after 10, 100, 1000, and 5000 cycles for 
various stress levels. Three materials (limestone, 
basalt, and gravel) and three gradations of each were 
considered in the analysis. No significant (a1 = 0.0 5) 
differences were found among the strain readings with 
regard to material type. 

A completely randomized design analysis was made 
to evaluate the effects of the various material properties 
on plastic-strain behavior. The stress-level values and 
the material properties (particle index, spec'ific gravity, 
Los Angeles abrasion number flakiness index, sound­
ness loss, and crushing value) were included as the vari­
ables. The results show no significant differences for 
the effects of any of the material properties between the 
two stress level groups. 

The effects on plastic-strain behavior of various levels 
of compaction were evaluated through the use of a ran­
domized complete block analysis of the semilog regres­
sion equation slopes of five material types llimestone, 
basalt, granite, s lag, and g1•ave1) and three levels each 
of compactive effort. There were significant (01 = 0 .0 5) 
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Table 3. Regression analyses of plastic strain during conditioning phase. 

Type of Regression Analysis 

Semilog 
Arithmetic Log-Log 

Standard 
Compaction Correlation Correlation Error of Correlation 

Material Gradation Level Slope Coefficient Slope Coefficient Estimate Slope Coefficient 

Limestone No. 5 Medium 0.0001 0 ,999• 0.219 0.943. 0 .042 0.209 0.977" 
No. 4 Low 0.0008 0 .612 1.470 0,981" 0 .382 0.372 0.874" 
No. 4 Medium 0.0003 0.845. 0.678 0,995• 0 .075 0.304 0.984. 
No. 4 High 0.0000 0 .902" 0.088 0.967" 0,028 0.162 0.996. 
Well graded Medium 0.0002 0 .767 0.619 0.996. 0 .057 0.284 0.932. 

Granitic gneiss No. 4 Low 0 .0004 0.715 1.120 0.982" 0.210 0.296 0.942" 
No. 4 Medium 0.0002 0.000· 0.632 0.999" 0.029 0 .276 0.969. 
No. 4 High 0.0001 0.942. 0.218 0.952. 0 .077 0 .177 0.991· 

Blast-furnace slag No. 4 Low 0.0005 0.727 1.260 0.964" 0.348 0.127 0.930. 
No. 4 Medium 0.0004 0.876. 0.797 0.985" 0.153 0.304 0,994• 
No. 4 High 0.0005 0.963" 0.936 0.879' 0.557 0.501 0.957' 

Basalt No. 4 Medium 0.0001 0.657 0.171 0.988' 0.107 0.168 0.938. 
No. 4 Medium 0.0003 0.791 0.668 0.999. 0 .028 0.221 0.981· 
Well graded Medium 0.0001 0,773 • 0.327 0.997. 0.029 0.224 0,979• 

Crushed gravel No. 4 Medium 0.0002 0.846 ' 0.513 0.995' 0.058 0.202 0.995' 
Gravel No. 5 Medium 0.0001 0.795 0.297 0.995" 0.033 0.248 0.984' 

No. 4 Low 0.0003 0.796. 0 .727 0,998. 0 .045 0.160 0.988" 
No. 4 Medium 0.0002 0 .923• 0 .391 0.984. 0.089 0.265 0.997" 
No. 4 High 0.0000 0 .854' 0 .023 0.994. 0.003 0.111 0.999" 
Well graded Medium 0.0000 0 .840. 0 .152 0,994" 0.018 0.128 0.999. 

Kansas test-track No. 5 Medium 0.0001 0 .732. 0 . 151 0.999" 0.066 0.205 0.969. 
blast-furnace slag 

'Significant at a= 0 .05. 

Table 4. Regression analyses of plastic 
Semilog Regression Results 

strain at stress levels other than 
conditioning. Standard 

Compaction Stress Level Correlation Error of 
Material Gradation Level {kPa/kPa) Slope Coefficient Estimate 

Limestone No. 5 Medium 414/103 0.044 0.832 0.042 
207/ 34 0.021 0.901 0.014 
276/ 34 0. 123 0.875. 0.090 
620/ 103 2.876 0.860. 1. 716 

No. 4 Low 207/ 103 0.010 0.945' 0.004 
138/ 34 0.045 0.931" 0.019 
414/ 103 2.207 0.935" 0.969 
207/ 34 0.164 0.908' 0.083 

Medium 207/ 103 0.005 0.984' 0.001 
138/ 34 0.020 0.997' 0.002 
414/ 103 0.776 0.970' 0.232 
207/ 34 0.150 0.837' 0.117 

High 138/34 0.005 0.977" 0.001 
414/103 0.256 0.895" 0.126 
207/34 0.068 0.976" 0.017 
276/34 3.436 0.826' 1.985 

Well graded Medium 138/34 0.014 0.932 0.006 
414/103 0.399 0.907. 0.202 
207/ 34 0.043 0.893' 0.024 
276/ 34 0.288 0.856' 0.190 
620/ 103 1.911 0.947' 0.698 
827/ 103 3 .169 0.804 1.537 

Granitic gneiss No. 4 Low 138/ 34 0.052 0.998. 0.004 
414/ 103 0.107 0.967. 0.031 
207/ 34 0.016 0.993. 0.002 
276/ 34 0.452 0.883' 0 .264 
620/ 103 7.500 0.777 3.924 

Medium 138/ 34 0.016 0.962. 0.005 
414/ 103 0.233 0.933' 0.079 

High 207/ 103 0.028 0.984' 0.004 
138/34 0.036 0.937 0.020 
414/103 0.243 0.902' 0.118 
207/34 0.051 0.897' 0.027 
276/34 0.125 0.892' 0.070 
620/103 2.478 0.930. 0.942 

Chicago blast- No. 4 Low 138/34 0.061 0.843. 0.043 
furnace slag 414/ 103 1.444 0.872. 0.881 

207/ 34 0.163 0.811· 0.128 
276/ 34 0.461 0.778' 0.365 
620/ 103 2. 706 0.849 1.458 

Medium 138/ 34 0.036 0.821' 0.027 
414/ 103 2.091 0.848 1.421 
207/ 34 0.231 0.819' 0.185 
276/ 34 0.514 0. 792 0.430 
620/ 103 5.878 0.828' 2.742 

High 138/ 34 0.020 0.915• 0.010 
414/103 0.956 0.897. 0.512 
207/34 0.088 0.030• 0.064 
276/34 0.441 0.778 0.390 
620/103 3.298 0.876. 1.397 

Note: 1 kPa = 0, 145 lbf/in'. 

'Significant at a= 0 05 
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Table 4. Continued. 

Material 

Basalt 

Crushed gravel 

Gravel 

Gradation 

No. 5 

No. 4 

Well graded 

No. 4 

No. 5 

Compaction 
Level 

Medium 

Medium 

Medium 

Medium 

Medium 

No. 4 Low 

Medium 

High 

Well graded Medium 

Kansas test-track No. 5 Medium 
blast- furnace slag 

Note: 1kPa=0.145 lbf/in2. 

a significant at ex= 0 05. 

differences among the slopes for the three levels of com­
paction. Further analysis by using Duncan's multiple 
range test showed that there was no s ignificant (ll! = 0.05) 
difference in slope between the high- and medium­
compactive-effort samples, but both were significantly 
different from the low-compactive-effort samples. The 
lowest slope values were those obtained for the high­
density samples. 

SUMMARY 

These analyses have shown that the most important fac­
tors influencing lhe permanent-ueformation behavior of 
ballast are the number of repetitions, the degree of com­
paction, and the stress level. As previous studies have 
also shown, the increase in plastic strain is generally 
inversely proportional to the number of loading cycles. 
In every case, the permanent deformation was least for 
the specimens compacted by using the greatest effort. 
The stress-level effects are more difficult to discern 
because both the deviator stress and the confining pres­
sure, not merely the ratio of the two, must be considered. 
However, the permanent-s tl'ain results agl'ee well with 
the concepts of Lade and Duncan (6); luge strains ac­
cumulated dur ing primar y loadb1g;- but alm.ost no plastic 

Semilog Regres sion Results 

Standard 
Stress Level Correlation Error of 
{kPa/kPa) Slope Coefficient Estimate 

414/103 0.076 0.921' 0 .035 
207/34 0 .015 0.996' 0.001 
276/34 0.104 0.958' 0.034 
620/103 0.547 0.962' 0 . 169 
827/103 0.936 0.959' 0.303 
138/34 0.019 0.947' 0.008 
414/ 103 0.361 0.858' 0 .235 
207/ 34 0.104 0.930' 0 .049 
276/34 1.118 0.932' 0 .478 
620/103 2 .157 0.990' 0 .313 
138/34 0.010 0.939' 0 .004 
414/103 0. 135 0.948' 0 .049 
207/34 0.018 0.945' 0.007 
276/34 0.048 0.910' 0 .024 
620/ 103 0.691 0.965' 0 .205 
827/ 103 o. 745 0.940' 0.299 
138/ 34 0.023 0.934' 0 .010 
414/103 0.451 0.890' 0 .252 
207/34 0.116 0.903' 0.061 
276/34 2.064 0.850' 1.223 
414/103 0 .019 0.920' 0 .009 
207/34 0.210 0.788 0.180 
276/ 34 3.075 0.793 1.501 
207/ 103 0.005 0.989' 0 .001 
138/ 34 0.068 0.882' 0.039 
414/103 0.557 0.930' 0.203 
207/103 0 .004 0.960' 0.001 
138/34 0.039 0.930' 0 .017 
414/103 0.467 0.871' 0.286 
207/34 0.415 0.811' 0 .326 
276/ 34 2. 156 0. 788 1.217 
138/3 4 0.011 0,974' 0 .003 
414/103 0.058 0.941' 0 .023 
207/ 34 0.992 0.866' 0 .552 
276/34 5.063 0.946 1.098 
138/34 0.008 0.915' 0 .005 
414/103 0 . 102 0.907' 0 .052 
207 /34 0.034 0.912' 0 .017 
276/34 1.244 o. 700 1.368 
620/ 103 0. 739 0.965' 0 .216 
827/ 103 1.963 0.845' 1.141 
414/ 103 0.015 0.910' 0 .007 
207/34 0.035 0.957' 0 .010 
241/34 0.057 0.864' 0 .036 
276/34 0.046 0.82 2' 0.035 
345/34 0.306 0.895' 0 .169 
517/103 0.036 0.838' 0 .031 
620/103 0.081 o. 794' 0 .068 
723/ 103 0.361 0.804' 0 .260 

strain occuned during reloading or during loading at 
reduced stress levels . 

The effects on permanent deformation of gradation 
are less important than are those of the parameters dis­
cussed above. In general, the no. 4 ballast-gradation 
specimens tended to resist permanent deformation less 
than did the no. 5 specimens or the "well-graded" ma­
terials . 

The effects of material properties (such as p article 
index and flakiness index) were not consistent, and there­
fore no conclusions are made with respect to such 
properties. 

No other specimen parameter is as important in in­
fluencing the permanent strain behavior as is degree of 
compaction. 
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Ballast and Subgrade Response to 
Train Loads 
Ernest T. Selig, Department of Civil Engineering, State University of New 

York, Buffalo 
Andrew Sluz, Transportation Systems Center, Cambridge, Massachusetts 

Ballast and subgrade play major roles in the maintenance life of track 
structures because they are the source of the cumulative permanent de· 
formation associated with the deterioration of surface and line. Ballast 
is also the principal means of correcting for this deterioration, which is 
caused by traffic and environmental factors. Better methods are still 
needed for the prediction of the effects of the controlling parameters on 
track performance for more rational track design and maintenance plan­
ning. The purpose of this paper is to provide a better understanding of 
these problems and describe progress being made toward their solution. 
The functions of ballast and subgrade are briefly discussed, and the 
mechanisms of permanent deformation are described. Newly developed 
or improved methods to measure the in situ physical state of ballast are 
presented, and examples of results from field tests are given. The capa­
bilities of existing analytical track structure models for the prediction 
of track deterioration are assessed. New instrumentation techniques 
used for measuring the dynamic and permanent strains and deforma­
tions in ballast and subgrade are described. Finally, the characteristics 
of the stress, strain, and deformation in ballast and subgrade are illus­
trated with results of both analytical and experimental studies. 

The type and condition of the ballast and the subgrade 
are key factors in the performance of a track structure. 
During the service life of a track, permanent strains 
accumulate in its substructure and cause permanent de­
formation that is visible as deterioration of surface and 
line. This deterioration of the track geometry leads to 
decreased safety (including increased potential for de-

railments)and increased damage to equipment and lading 
unless additional track maintenance is provided or train 
speed (and hence service level) is reduced. During the 
past few decades, traffic loads have increased and, at 
the same time, economic factors have restricted the 
amount of maintenance that can be done each year. In 
practice, the maintenance cycle frequency is often 
dictated by factors such as the availability of money and 
equipment to do the required work rather than by the 
amount of track deterioration. Thus, U.S. railroads 
have had increasing difficulty in maintaining the high 
service level desired. A recent estimate of the dollar 
value of the maintenance deficit for all of U.S. railroads 
was reported by Ward (1) to be $10 billion. 

Raymond (~)has rep0rted that approximately 40 per­
cent of the $100 million that Canadian railroads spend 
on track-structure maintenance relates to ballast 
maintenance alone. Therefore, it is a safe assumption 
that, at least in dollar value, both the ballast and the 
subgrade parts of the track substructure are important 
in the upkeep of the service level of the track. 

Ballast maintenance is the means by which the de­
terioration of track geometry is controlled, irrespective 
of the driving forces behind the geometry changes. 
Whether the structural deficiency is in the ballast, the 
subgrade, or the track superstructure (the crossties 
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and up), or even if the track degradation has been caused 
by an overloading of the normal traffic-carrying capacity 
of the track, the correction is usually affected by rework­
ing the ballast. However, reworking of the ballast, in 
turn, changes its physical state and leaves it prone to 
increased deformation and, hence, track settlement. 
This problem is compounded not only by the limited 
amount of maintenance funds but also by an insufficiency 
of tools for assessing the cause of the problem and 
optimizing the use of the maintenance funds. Un­
fortunately, there are no uniform criteria for mainte­
nance that can be applied to railroads in general. Al­
though many railroads do keep some type of maintenance 
records, the definition of performance for any partic­
ular section of track is usually dependent on the sub­
jective evaluation of the track foreman. 

Some solutions to these problems are being developed 
and becoming available as a result of research sponsored 
by the Federal Railroad Administration (FRA), Office 
of ,Research and Development. Performance data are 
being generated and measurement tools are being tested 
under FRA sponsorship at the facility for accelerated 
service testing (FAST) track at the Transportation Test 
Center in Pueblo, Colorado. 

In addition to discussing the responses of ballast and 
subgrade to train loading, this paper will present some 
of the ideas that are currently being developed under 
FRA sponsorship, including concepts in performance 
assessment and methods of measuring the physical 
state of the substructure. 

FUNCTIONS OF BALLAST, SUBBALLAST, 
AND SUBGRADE 

Ballast is the selected material placed on top of the 
track subgrade to support the track structure. Con­
ventional ballast is a coarse-sized, noncohesive, 
granular material, that usually has a uniform gradation. 
This aggregate layer, tamped under and around the ties, 
has several important functions: 

1. It limits tie movement by resisting vertical, 
lateral, and longitudinal forces from the train and the 
track. 

2. It reduces the stresses from train loads that are 
applied to the subgrade of the roadbed and thus limits 
permanent settlement. 

3. It provides immediate water drainage from the 
track structure. 

4. It helps to alleviate frost problems. 
5. It facilitates maintenance surfacing and lining 

operations. 
6. It retards the growth of vegetation and resists 

the effects of fouling from surface-deposited materials. 
7. It provides support for the ties and the necessary 

resilience to absorb the shock from dynamic loads. 

Traditionally, angular, crushed, hard stones and 
rocks, uniformly graded to drain freely, free of dust 
and dirt, and not prone to cementing action have been 
considered good ballast materials. However, avail­
ability and economic considerations have often been 
the prime factors considered in the selection of ballast 
materials. Thus, a wide variety of materials-such 
as crushed granite, basalt, limestone, slag, and 
gravel-have been used for ballast in the United States 
and Canada. 

Sub ballast is material that is used as a transition layer 
between the upper layer of large-particle good-quality 
ballast and the lower layer of fine-graded subgrade. 
The subballast used in most new construction, in addi­
tion to fulfilling some of the functions of the ballast 

(particularly nos. 2, 4, and 7 cited above), is intended 
to prevent the mutual penetration or intermixing of the 
subgrade and the ballast and to reduce frost penetration 
into the subgrade. Any free-draining sand or gravel 
materials can serve as a subballast as long as they 
meet the proper requirements of a filtering material. 

The mechanical properties of ballast result mostly 
from its physical state. Physic al state is defined by 
(a) the in-place density and (b) the index properties of 
the individual material particles, such as size, distribu­
tion, shape, angularity, and hardness. The in-place 
density of ballast is the result of some type of compaction 
process. Typically, the resUlting initial density is 
created by maintenance tamping and the subsequent 
density changes result from train traffic and environ­
mental factors. Experience has shown that tamping 
does not produce a high degree of compaction, and 
there is clearly little control of geometry when com­
paction is achieved by train traffic. Therefore, con­
sideration is now being given to additional compaction 
during maintenance by using special machines or new 
techniques. 

The need for more information on the subject of 
ballast compaction has resulted in a research project 
at the State University of New York at Buffalo sponsored 
by the FRA. In this study the mechanics of ballast com­
paction and the optimization of the maintenance process 
by using compaction to improve the ballast physical 
state and reduce traffic-induced track settlement are 
being investigated. 

Subgrade is the layer of material on which the ballast 
and subballast layers rest; it has the following functions 
and requirements. 

1. It must support, without appreciable permanent 
deformation, the maximum dynamic, traffic-induced 
stresses transmitted through the ballast. 

2. It must resist the cyclic stresses without exces­
sive cumulative volume or strength reductions. 

3. It must be nonfrost susceptible and volumetrically 
stable during cycles of wetting and drying. 

4. It must resist softening that could cause pumping 
and penetration into the ballast. 

The subgrade is a very important component in the 
track structure and has frequently been the cause of 
track failure and the development of poor track. Un­
fortunately, in existing track, the subgrade is not in­
volved in the maintenance operation and little can be 
done to alter its characteristics without major track 
reconstruction, i.e., removal and replacement of track, 
ballast, and subballast. 

The present state of the art of track design as it 
concerns the ballast and the subgrade is mostly em­
pirical, and the factors that control performance are 
poorly understood. Reliance on past experience can 
be very misleading, because not only is the experience 
at a particular site a complex and unknown function 
of many factors, but the controlling factors are often 
not even adequately documented. For example, to 
assess the reasons why a particular section of track is in 
the poor-track category, it is necessary to know (a) 
the characteristics of the ballast and the subgrade, (b) 
the maintenance history (including frequency and type 
of operation), (c) the environmental history, and (d) 
the traffic history. Usually, only the last item is 
readily available, although the second and third can 
sometimes be estimated from records. Necessary in­
formation of the characteristics of the ballasts and sub­
grades of existing track, however, is practically non­
existent. Even the classification of these materials is 
in doubt, not to mention their physical state. Often, 



lmowledge of the present conditions of a site based on a 
field examination is all that is possible, because past 
records are not normally available. 

MECHANISMS OF PERMANENT 
DE FORMATION 

The major causes of track settlement can be grouped 
into two general categories: (a) repeated loading from 
rail traffic and (b) environmental factors such as mois­
ture changes, frost action, and mechanical and chemical 
weathering. In addition, the subgrade, including the 
foundation soil strata, can undergo settlement because 
of consolidation over a period of time. Although this 
category is also important and deserves consideration, 
this paper will focus on the effects of traffic loading 
and related phenomena only. 

Permanent deformation of track structure results 
from four basic mechanisms of ballast and subgrade 
mechanical behavior. The first is volume reduction 
or densificatio11. caused by particle rearrangement under 
the cyclic shear straining produced by repeated train­
loads. The second is inelastic recovery on unloading 
or stress removal and is a function of both stress 
history and stress state. The third is volume reduction 
caused by particle breakdown from train loading or en­
vironmental factors. The fourth is subgrade penetra­
tion into ballast voids that allow the ballast to sink into 
the subgrade. The first two apply to both ballast and 
subgrade, but the third applies mainly to ballast and 
the fourth to subgrade. 

Normally, ballast is initially open graded, which 
facilitates maintenance operations and allows free 
drainage. In service, the ballast gradation changes as a 
result of (a) mechanical particle degradation during 
construction and maintenance work and under traffic 
loading, (b) chemical and weathering degradation from 
environmental changes, and (c) migration of fine 
particles. As the ballast degrades, it loses its open­
graded characteristics and, in some cases, cementing 
may occur, which produces a layer of undesirable 
rigidity and reduces resiliency. 

Traffic-induced stresses at the ballast-subgrade in­
terface may be high enough relative to the strength of 
the subgrade soil that the soil is squeezed into the voids 
in the ballast. Under repeated cycles of loading, the 
amo•mt of intermixing may be substantial, particularly 
with soft soil conditions. Water is trapped in depres­
sions that develop under the rail seat, and both drainage 
and drying are impeded by the fines in the ballast. Thus, 
the soft conditions and ballast fouling are extended and 
the track settlement is self-perpetuating. In existing 
track, this problem occurs most frequently at rail 
joints. In new construction and in major rehabilitation 
work, this source of track settlement can be reduced 
by the use of a layer of subballast or a filter fabric 
placed over the subgrade. 

Ballast fouling can also be caused by internal abrasion 
of the ballast particles or by surface infiltration of fines. 
Whatever the cause, the track-supporting capability of 
such ballast decreases when it is wet and the permanent 
settlement under load increases. When the fouled 
ballast is dried, its resiliency decreases. In either 
case, maintenance operations to correct surface and 
line are inhibited. 

Frost heaving may occur in subgrades and ballasts 
when fine-grained material in the track is wet and then 
freezes. Soils display volume changes during freezing 
and thawing, and significant volume increases occur 
when ice lenses develop. Differences in volume changes 
in the subgrade soil over short distances along or 
across the track can cause rough track. 
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The tamping process used in track maintenance is 
generally believed to loosen the ballast under a tie and 
decrease the density state that had developed over time 
under traffic loading. Tamping also leaves the crib 
ballast very loose. Loose crib ballast is a disadvantage 
because it does not contribute significantly to tie lateral 
resistance and because it reduces the supporting capacity 
of the ballast under the tie by providing less lateral con­
finement than does dense crib ballast. For this reason, 
machines to recompact the crib and shoulder ballast after 
tamping are now being considered in the United States 
and Canada to speed up the process of traffic-induced 
densification and to provide higher lateral track stability 
immediately after maintenance. 

Very little direct evidence is available to support 
many of these conclusions because in situ methods of 
measuring the physical state of ballast have been in­
adequate. However, new or refined methods have 
recently been developed to provide tools for the study 
of the behavior of ballast. A few examples are shown 
in Figures 1 to 6 to illustrate some of the methods and 
the resulting observations; a detailed evaluation of the 
techniques is given elsewhere (3). 

A device that measures the resistance of individual 
ties to lateral force is shown in Figure 1. This type of 
test is the only one extensively used in the past that 
provides a measure of the physical state of ballast. 
However, it is only an indirect test of physical state, its 
primary function having been to assess lateral track 
stability. Typical results that relate lateral force to 
displacement are shown in Figure 2. Crib and shoulder 
compaction following tamping significantly increases 
tie lateral resistance. 

A device that measures ballast stiffness by means of 
the vertical settlement of a small loaded plate is shown 
in Figure 3. The 12.7-cm (5-in) diameter plate can be 
seated anywhere on the crib or shoulder surface or on 
the tie-bearing area after the tie is carefully removed. 
The preliminary field results (see Figure 4) show that 
there is a significant increase in stiffness in the com­
pacted crib near the rail and a lesser, but still notice­
able, increase beneath the tie. 

A newly developed method for the measurement of the 
in-place density of ballast is illustrated in Figure 5. 
The results of or:..: set of tests (see Figure 6) show the 
density increase achieved by applying crib and shoulder 
compaction after tamping compared with only tamping 
the ballast. 

ANALYTICAL TRACK MODELS 

The principal fuaction of a track model is to interrelate 
the components of the track structure so that their com­
plex interactions in determining the net effect on the 
stresses, strains, and deformations of the system of the 
traffic loads is properly represented. Such a model 
provides the foundation for predicting track performance 
and, therefore, the technical and economic feasibility 
of track design and maintenance procedures. Analyses 
are complicated, however, by the fact that the physical 
states of the ballast and the subgrade, but especially 
the ballast, change with time. Because maintenance 
life is measured in years, these long-term effects 
must be considered. Considerable effort has been 
devoted to the development of track models that could 
realistically represent the actual behavior of a track 
system subjected to various loading conditions. How­
ever, more research is needed for several reasons: (a) 
the difficulty of handling the complexities inherent to 
each component of the track structure and their interac­
tions under loads, (b) the lack of adequate understanding 
of the ballast and subgrade behavior to define the model 



56 

requirements, (c) the lack of field data on track per­
for m<1nce for validating the models, and (d) the high 
computer costs of running the more elaborate of the 
models. 

Because a railroad track is generally subjected to 
three-dimensional loads, i.e., loads in vertical, lateral, 
and longitudinal directions, various analytical models 
have been suggested for each of these components of 

Figure 1. Apparatus for determination of lateral resistance of individual 
ties. 
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the track response or for multidimensional representa­
tions. However, the vertical behavior of the track 
structure has received the greatest attention. The 
following is a brief summary of the existing models 
for vertical-response analysis of conventional railroad 
track. 

Based on the theory of a continuous beam on an elastic 
foundation, Talbot's work (4) was a significant contribu­
tion to understanding the behavior of a railway track 
system under vehicle loading. The concept of "track 
foundation modulus" was introduced, and mathematical 
formulations were developed for calculation of the deflec­
tion and moment in the rail. Clarke (5, 6) has summarized 
this approach to present a basis for track design pro­
cedures. However, this theory does not include several 
important factors that are known to affect the stresses 
and deflections in railroad track, such as longitudinal 
loads from thermal stresses, a restoring moment 
proportional to the rotation of the rail and ties, the 
eccentricity of the vertical load on the rail head, or any 
track-dynamic effects. In addition, a rather significant 
limitation to the approach is that it does not adequately 
model the stress-strain behavior of the ballast and the 
subgrade. 

Figure 5. Apparatus for determination of ballast density by 
water-replacement method. 
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Meacham and others (7, 8) and Prause and others (9) 
have attempted to overcome some of the limitations of 
the earlier beam-on-elastic-foundation approaches by 
developing a theoretical method for the determination of 
the track-modulus value. In this method, each com­
ponent of track structure is represented by a series of 
elastic springs, and the spring stiffnesses are com­
puted by considering various track parameters (such 
as rail type, tie type, ballast depth, ballast type, sub­
grade type, and tie spacing). 

The finite-beam-on-elastic-foundation approach is 
basically similar to the above theories, except that it 
considers the tie as a finite beam resting on an elastic 
(Winkler-type) foundation as the representation of the 
response of a tie resting on the ballast. The approach 
has been extensively studied by Hetenyi (10), and various 
analysis methods for the solution have been presented. 
For example, Barden (11) has considered a nonuniform 
foundation modulus, andHarrison and others (12) have 
included both a nonuniform beam section and a non­
uniform foundation. An approximate analytical method 
was developed that makes assumptions about the distri­
bution of wheel load over the rail and across the ties. 
The vertical stress distribution with depth in the ballast 
and subgrade layers under any given tie is then com­
puted by using the Boussinesq theory. Ireland (13) has 
presented a design chart for ballast-subballast depth 
selection versus cohesive strength of subgrade soil by 
using this approach. 

An approach has been developed at the Association 
of American Railroads that uses Burmister's multilayer 
theory for the ballast and subgrade and a structural 
model for the rail-tie interaction. The contact between 
a tie and the ballast is represented by a series of cir­
cular areas that have uniform pressure. The superstruc­
ture and the substructure models were then combined 
and extended to form the model termed MULTA (14). 
This is a three-dimensional model; however, the proper­
ties within any layer are constant and cannot be varied 
with horizontal position. 

Finite-element methods have also been used for 
track-structure analysis. Lundgren and others (15) 
have developed a two-dimensional system by assuming 
plain-strain behavior of a longitudinal section of unit 
thickness along the vertical centerline of the rail. Svec 
and others (16) used a three-dimensional model that 
represents idetailed description of the physical system. 
The rail-tie system was added to the model as simple 
beams, and nonlinear mechanical properties of ballast, 
subballast, and subgrade were obtained from laboratory 
tests. One feature of the procedure was the representa­
tion of the ballast and subballast as no-tension ma­
terials. However, the model did not have clearly 
defined failure criteria. 

Another finite-element model-ILLI-TRACK-has been 
developed at the University of Illinois (17). This is not 
a three-dimensional model but consistsessentially of 
two two-dimensional models, one transverse and the 
other longitudinal, and uses the output from the longitu­
dinal model as the input to the transverse model. This 
gives a three-dimensional effect at less computer cost 
than a three-dimensional model. Nonlinear mechanical 
properties for the materials were obtained in the 
laboratory from repeated-load triaxial tests. An in­
cremental load technique was used to affect a solution. 
Explicit failure criteria were developed for the ballast, 
subballast, and subgrade material. However, the model 
does not prevent tension from being transferred across 
the rail base into the tie plate, and further study is 
needed to determine whether the combined two­
dimensional models accurately represent three­
dimensional physical conditions. Certainly, the three-
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dimensional qualities of track structure must be fully 
accounted for if the behavior of a track system is to be 
successfully predicted by using finite-element models. 

The mathematical models developed for the pre­
diction of track performance under dynamic loads have 
been limited almost entirely to recoverable deforma­
tions; thus, they do not adequately represent the factors 
involved in maintenance-life prediction. However, even 
the properties associated with recoverable deformation 
do not fully represent the stress-state-dependent be­
havior of ballast and soil under cyclic loads. Although 
there has recently been considerable study of the cyclic 
behavior of these materials, measures such as resilient 
modulus should be designated as cyclic-index properties 
rather than as behavioral properties, because they 
represent only a few special stress paths and cannot be 
used without a factor that compensates for the effect of 
stress path. 

Currently, the approach to the prediction of per­
manent deformation of track caused by ballast and sub­
grade behavior is patterned after methods used in high­
way flexible-pavement design (18). An elastic track 
model is used to predict the stresses in the ballast and 
subgrade from traffic loads, and repeated-load triaxial 
tests are used to determine limiting the threshold stress 
and cumulative strain as a function of confining pressure 
and number of cycles of deviator stress. Repeated 
loads are started from a zero load, increased to some 
predetermined magnitude, and then decreased to zero, 
thus never putting the sample in extension in the axial 
direction. The process is repeated until either the 
desired number of cycles or a limiting permanent strain 
is reached. Track settlement is predicted by summing 
the inelastic strains from the triaxial tests for the stress 
conditions determined from the elastic model. 

MEASURED AND PREDICTED 
RESPONSES 

The nature of the recoverable deformations of ballast 
and subgrade, as well as the stresses and strains in 
these materials from traffic loading, have been pre -
dieted by using the various available track analytical 
models. These response parameters have also been 
determined experimentally on actual track structures. 
The resulting data have been used not only to study the 
track behavior, but also to evaluate the analytical 
models. However, the difficulty of measuring stresses 
and strains, particularly in ballast, has greatly re­
stricted the amount of such data that has been obtained. 
The examples that follow will illustrate the general 
trends in both the analytical and the experimental 
studies. 

Salem (19) has studied the vertical stress distribu­
tions in ballast and subgrade under statically loaded 
wooden ties in a series of laboratory tests that used 
various ballast depths, tie spacings, and types of 
ballast. Figure 7 (19) shows that chat, pit-run gravel, 
and crushed slag ballast produce nearly the same vertical 
pressure below the centerline of a single tie. Figure 
8 (19) illustrates the average vertical pressure dis­
tribution when varying depths of ballast were used at 
a constant tie spacing. Figure 9 (19) illustrates the 
average vertical pressure distribution on the subgrade 
in a longitudinal direction parallel to the tie and below 
its centerline at a constant depth of ballast. These 
tests indicated that the depth of ballast needed to obtain 
a fairly uniform pressure on the subgrade equals the 
tie spacing minus 7 .6 cm (3 in). A comparison of 
measured and calculated values also indicated that, 
although the shapes of the measured and the calculated 
curves are similar, the calculated pressures may be 
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considerably different than the measured data. 
Analytical predictions of track responses have been 

made by using MULTA for a particular range of track 
parameters . This analysis assumed uniform properties 
under the tie, which is usually not the case, and the 
ballast was assumed to be much stiffer than the subgrade. 
The following general trends were observed (14): 

1. The maximum bending moments at the center of 
the tie decrease as the ballast depth increases . How­
ever, the maximum rail-seat bending moments in­
crease by a small amount (approximately 5 percent) 
when the ballast depth increases from 31 to 91 cm (12 
to 36 in). 

2. The vertical rail displacement and the rail bending 
moment decrease and the rail-seat load increases as the 
ballast depth increases. 

3. The deviatoric and bulk stresses at the middepth 
of the ballast decrease rapidly as the ballast-layer 

Figure 7. Vertical pressure distribution below 
centerline of a single tie. 
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Figure 8. Average vertical pressure distribution on 
subgrade at different depths of ballast. 
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Figure 9. Average vertical pressure distribution 
below a single tie on subgrade at ballast depth of 
45.7 cm. 
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thickness increases. However, this decrease is a re­
sult of stress attenuation with depth. Because the rail­
seat load and the maximum pressure at the bottom of the 
tie increase as the ballast depth increases, at a com­
mon depth in the ballast, the stresses should actually 
increase as the thickness of the ballast layer increases . 

4. The maximum vertical stress on the subgrade 
surface and the stresses in the subgrade decrease 

Figure 10. Typical gauge layout at FAST track. 

SECTION B-B 

GRANITE BALLAST °" 

INSIDE RAIL OUTS IDE RAIL 

PLAN VIEW 

s" 
(15CM) 

EXTENSOMETERS - ...._A- 3 

~ (311~·, ~ 
SECTION A-A ~ ~ 

Figure 11. Dynamic response of inductance-coil instruments in FAST 
track section shown in Figure 10. 
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Figure 12. Cumulative substructure strain and 
displacement in FAST track section shown in 0.02 
Figure 10. L 
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rapidly as the ballast-layer thickness increases. This 
trend is also largely a result of attenuation of stress 
with depth. 

10 

The most extensive track response measurement 
program undertaken to date is that being conducted at the 
FAST track. This program includes strains in the 
ballast and subballast, vertical stress at the subballast­
subgrade interface, and vertical deformation of the 
subgrade surface relative to an anchor point approxi­
mately 305 cm (10 ft) below this surface. A typical 
layout is shown in Figure 10. The strain measure-
ment method in particular is new and provides im­
portant data not previously available. This instru­
mentation is described in detail elsewhere (20). 

A typical set of dynamic records is shown in Figure 
11 and illustrates the elastic response when a three­
car train passes slowly over the instrumented wooden 
tie section. The observations that can be made from 
these records include the following: 

1. The permanent strain and deformation from one 
pass of the train is negligible compared with the elastic 
components. 

2. The 119-metric ton (131-ton) hopper cars produce 
larger responses than does the 119-metric ton locomo­
tive (because of the higher axle loads). 

3. The variation in stress, strain, or deformation 
as each individual axle in a group passes over the gauge 
is small compared with the group average, indicating 
that the rail is distributing the axle loads over distances 
greater than the axle spacing. 

4. The vertical strain in the ballast is mostly nega­
tive (extension) beneath the center of the tie at the 
centerline of the track. The extension and compression 
strains beneath this point in the subballast are approxi­
mately equal. 

5. The subgrade deflection is always downward 
relative to the unloaded track position, and the sub­
ballast strains beneath the rail are essentially only 
compressive. 

6. The ballast strains are extensional at the mid­
point of the cars because of the spring-up of the rail. 
However, part of this extension could be a result of 
the lifting of the tie from the ballast because the top 
part of the strain gauge was attached to the tie rather 
than to the ballast surface. 

Analytical models that directly predict permanent 
ballast strain and cumulative track settlement from 
traffic loading have not been developed. Also, very 
few experimental data are available from the field. 

100 0.1 10 100 
(9 x10 11 N) 

TRAIN LOADING (LOG MGT) 

The current project at FAST is providing important 
new information on this subject, however. Cumulative 
ballast and subballast strain and subgrade deflection 
have been measured as a function of total traffic load 
for a variety of track conditions. A typical set of re­
sults is shown in Figure 12 for one track section. 
Strain measurements of this type have not previously 
been available. The slopes of all of these curves de­
crease rapidly as the traffic increases but permanent 
subgrade settlement was still continuing to accumulate 
significantly even after 91 million gross metric tons 
(100 million gross tons) of loading. 

CONCLUSIONS 

A general understanding of the functions and behavior 
of ballast, subballast, and subgrade has been achieved. 
Analytical models exist for track structure that predict 
elastic response under train loading. A beginning has 
been made in obtaining needed field data on dynamic 
and permanent strains in the substructure. Field test 
methods are available to investigate the ballast physical 
state, and data are being obtained on operating track. 

Continued development of analytical tools for the 
prediction of stress and strain (both elastic and in­
elastic) that are consistent with material behavior and 
track-structure boundary conditions is necessary. It 
is especially important to account for stress-state­
dependent material behavior and the effects of the 
mechanisms that cause permanent deformation. 
Simultaneously, the collection of field data on track per­
formance should be encouraged with emphasis on the 
behavior of ballasts and subgrades. The FAST track is 
currently the principal source of such information. 
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Techniques for Evaluating Effects of 
Track and Vehicle Wear on 
Freight-Car Performance 
C. Thomas Jones, ENSCO, Alexandria, Virginia 
Donald E. Gray, Federal Railroad Administration 

Track and vehicle wear affect the dynamic performance and therefore 
the economic performance of the railcar-track system. A multiphase 
test program has been designed to determine the relationship between 
the dynamic performance of freight vehicles and track condition, vehicle­
component wear, and variations in track structure. The first part of 
this program has been completed, i.e., the development of test, instru­
mentation, and analysis techniques and the determination of their ap­
plications to a baseline dynamic-performance test. The test methodology 
involves dynamic testing of a high-travel car and a reference or low-travel 
car. Two test tracks at the Transportation Test Center were used, the 
facility for accelerated services testing track and sections of the railroad 
test track. The instrumentation for each test vehicle included precision 
accelerometers to measure accelerations on the car body, bolsters, and 
trucks and instrumented wheel sets to measure lateral and vertical forces 
on the wheels. The analysis of the acceleration data is based on the use 
of six degrees of freedom, or rigid-body modes, for each primary mass 
(car body and truck). Statistical processing of the computed modal data 
is used to determine the effects of track structure and condition on vehi­
cle performance. T ransmissibillty between truck and car body is calcu­
lated to determine the effect of component wear on vehicle performance. 

Finally, statistical processing of wheel-rail forces is used to obtain lateral­
to-vertical force ratios and lateral wheel forces as functions of the track 
section. The instrumentation and data-processing techniques designed 
for this program proved effective in evaluating freight-car dynamics. 
Evaluation of the effects of variations in track structure on vehicle dy­
namics led to the following conclusions: (a) track containing unsup­
ported bonded joints produced the highest car-body accelerations; (b) 
curves greater than 4 degrees and discrete events such as turnouts pro­
duced high accelerations and wheel forces; and (c) variations in track 
and roadbed such as ballast-shoulder width and depth, spiking patterns, 
tie material, and rail anchor type had little if any effect on the dynamic 
response of the vehicle. 

The dynamic performance of the railcar-track system 
has a direct effect on the economics of railroad opera­
tions in terms of lading damage and maintenance costs. 
This performance changes with accumulated use as a 



result of degradation in the track structure and the ve­
hicle components. 

To establish a relationship between the dynamic per­
formance of freight vehicles and the wear of track and 
components, a multiphase dynamic-performance test 
program (1) was designed as one part of phase 1 of the 
facility for accelerated services testing (FAST) program 
(2). The specific objectives of the dynamic performance 
test program are 

1. To establish the relationship between ride per­
formance and track condition, 

2. To establish the relationship between ride per­
formance and vehicle-component wear, and 

3. To quantify the dynamic responses of freight ve­
hicles to different track structures. 

This paper provides a description of the test, instru­
mentation, and analysis techniques developed for the 
program. The results of the first in a series of dynamic 
performance tests are also presented. 

TEST DESCRIPTION 

The test methodology compares the dynamic performance 
of two freight vehicles that have traveled different dis­
tances. One car, designated the high-travel car, is 
operated at an accelerated service rate as a part of the 
FAST test train and the second car serves as a reference 
vehicle, or low-travel car, for comparative analysis. 
Two test tracks located at the Transportation Test Cen­
ter are used, the FAST track and sections of the railroad 
test track (RTT). Tests are to be conducted in 80 000-
km (50 000-mile) increments up to a maximum of 480 000 
km (300 000 miles). 

A baseline test was conducted in February 1977. The 
test consist included a locomotive, two 91-Mg (100-ton) 
hopper cars, and the Federal Railroad Administration 
T-5 data-acquisition car. The reference and the high­
travel hopper cars were instrumented with precision 
servoaccelerometers. The reference vehicle was also 
equipped with instrumented wheel sets for measuring 
wheel-to-rail vertical and lateral forces. Signals from 
the instrumentation system were cabled to the T-5 data­
acquisition car and recorded in digital form on magnetic 
tape. The test consist was operated at a constant 48-
km/ h (30-mph) speed over the 7.7-km (4.8-mile) FAST 
track, and data were recorded from both cars. 

The FAST track has 22 separate sections, each of 
which has a different track structure and roadbed com­
position. Hence, operation of the test consist over this 
track provided data that could be used to quantify vehicle 
response to differing track and roadbed compositions. 
Second, the FAST track is subjected to accelerated ser­
vice (approximately five times that experienced on a 
typical operating railroad). Thus, the baseline test pro­
vides an initial set of reference data for determining 
the effect of track degradation on ride performance. 

Tests were conducted on a section of the RTT at 
speeds of 16, 32, 48, 64, and 80 km/ h (10, 20, 30, 40, 
and 50 mph). The purpose of this phase of testing was 
to provide baseline data for determining the relationship 
between vehicle-component wear and ride performance. 
The RTT is subjected to relatively light traffic and, 
therefore, track variation with time has minimal effect. 
Hence, the subsequent tests will isolate the effects of 
vehicle-component wear on ride performance. 

To correlate the data acquired during the dynamic 
performance tests with component wear and track deg­
radation, measurements were made of pertinent car­
truck wear· surfaces and of the track geometry. These 
measurements will be repeated as travel is accumulated 

on both the car and track. 

INSTRUMENTATION 

The instrumentation developed for this test program 
consisted of 

1. Servoaccelerometers, 
2. A wheel-force-measurement system, 
3. A speed and location system, and 
4. A data-acquisition system. 

61 

Figure 1 is an overall system block diagram of the 
instrumentation. 

Twenty force-balance servoaccelerometers were used 
to measure the accelerations on the car body, the bol­
sters, and the trucks of each test vehicle. Figure 2 
shows the location and orientation of the accelerometers. 
Special mechanical isolators were used to filter out the 
high-amplitude, impulse-type accelerations that are po­
tentially damaging to these precision instruments. An 
additional benefit derived from the isolation was that of 
maximizing the effective resolution of the acceleration 
measurement. 

Two instrumented wheel sets built by the American 
Association of Railroads were used to measure wheel 
lateral and vertical forces on the reference car. Strain 
gauge bridges mounted on the wheel plate provided sig­
nals proportional to both lateral and vertical forces. The 
lateral signal is of a continuous nature, and the vertical 
signal consists of four outputs per wheel revolution. 

The speed of the consist was obtained from an optical 
shaft encoder mounted on the T-5 data-acquisition ve­
hicle . The encoder, which was mechanically driven by 
the car wheel, provides a pulse train output whose fre­
quency is proportional to car speed. 

The location of the test consist along the track was 
determined by a capacitive sensor mounted on the test 
vehicle. Metal targets were attached to the ties marking 
the beginning and end of each test section, and the pass­
ing of the consist over the targets generated a voltage 
pulse that was recorded on magnetic tape. 

The primary elements of the T-5 data-acquisition 
system are a Raytheon 704 minicompute1·, a 2032 bytes/ 
cm (800 bytes/ in) tape recorder, signal conditioning and 
filtering electronics, and an analog chait recorder. 

The analog signals routed to the data-acquisition sys­
tem are conditioned and filtered for compatability with 
the recording system. The conditioned signals are then 
converted to a 12-bit digital word and recorded on mag­
netic tape at a rate of 128 samples/ s. For the purpose 
of visual analysis of data during testing and to ensure 
that the measurement and recording systems are func­
tioning properly, selected channels of the digital data 
are passed through a digital-to-analog converter and the 
resultant time histories are displayed on a six-channel 
chart recorder. 

DATA REDUCTION AND ANALYSIS 
TECHNIQUES 

For the purpose of this study, the measured accelera­
tions were reduced to accelerations with respect to a 
generalized coordinate system for both the car body and 
the truck. A right-hand Cartesian coordinate system 
was used that had its origin located at the geometric 
centroid. Accelerations with respect to the generalized 
coordinate system are referred to as modes. The 
modal representation of accelerations for each of the 
primary masses (car body and truck) offers two distinct 
advantages in the analysis of dynamic performance. 
First, the modes are conceptually easy to visualize, 
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Figure 1. 
system. 
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which facilitates subsequent analysis. Second, by as­
suming that the selected modes account for most of the 
acceleration experienced by the car body and the truck, 
a linear combination of modal accelerations can be used 
to determine the acceleration level at any point on the 
car body. 

The car-body accelerations were assumed to be made 
up of six modes that correspond to the six rigid-body 
degrees of freedom. Three of these modes are the 
linear accelerations along the axes of the Cartesian co­
ordinate system. The remaining three modes are the 
angular accelerations about each of the three principal 
axes. The modes are referred to as longitudinal, lat­
era~, boun,9e, roll, pitch, and yaw and denoted by x, y, 
z, ¢, and lfJ respectively (see Figure 3) . The double 
dot above each symbol denotes a double differentiation 
with respect to time. 

Longitudinal acceleration (x) is primarily influenced 
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by train handling and is not considered in this study. 
The remaining modes are to be determined by measure­
ment of the five accelerations indicated by bolcliace 
arrows labeled a 1 (i = 1, 2, 3, 4, 5) in Figure 3. Note 
that a. and as lie a distance h above the plane of the other 
measurements. If these measurements are written in 
terms of their modal components, 

a 1 = y + (L/2) {l 

a2 = y - (L/2) ~ 

a3 = z -(L/2)iP 

a4 = z + ctiP -(W/2)0 

as = z + d iP + (W /2) 0 

and, if 

F= 2d + L 

then; by solving for the modes, one obtains 

y = (a 1 + a2 )/2 

z = [2da 3 + (L/2)(a4 + as)l /F 

0 = (a 5 - a4 )/W 

~ = (a4 + a 5 - 2a 3 )/F 

~ = (a 1 -a2)/L 

(I) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(I 0) 

(11) 

The definitions and determination of the truck modes 
were similar to those used for the car body with the ad­
dition of the twist mode. As before, a right-hand Car­
tesian coordinate system was used that had its origin at 
the geometric center of the truck in the plane of the axles 
as shown in Figure 4. These modes are directly analo­
gous to those of the car body and are given the same 
names and symbols. Also shown in Figure 4 are the 
locations of accelerations measured on the truck denoted 
a I (i = 1, 2, ... , 6) . 

The trucks consist primarily of two axles and two 
side frames that behave as rigid bodies within the truck 
system. These subcomponents can displace angularly 
with respect to one another, which results in an asym­
metric mode referred to as twist. The twist angle (a) 
is a function of the distance along the x axis as shown 
in Figure 5 and is expressed in units of radians per unit 
length. If the small-angle approximation (sin a= a) is 
made and the convention that twist and roll have opposite 
signs is remembered, one can write the measured ac­
celerations in terms of the truck modes as 

a 1 = y + (L/2) ~ (I 2) 

a 2 =y-(L/2)~ (13) 

a3 = z -(W/2)0 - (L/2)iP + (WL/4)& (14) 

a4 = z + (W/2)0 - (L/2)iP - (WL/4)& (15) 

as= z -(W/2)0 + (L/2)~ -(WL/4)& (16) 

a6 = z + (W/2)0 + (L/2)~ + (WL/4)& (17) 

This system of equations can be solved for the truck 
modes, which gives 

y = (a 1 +a 2 )/2 (18) 

z = (a 3 +a 4 +as +a6 )/4 (19) 

0 = (a 6 - a5 + a4 - a3 )/2W (20) 
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ifi = (a 6 +a, - a4 - a3 )/2L 

~ = (a 1 - a2 )/L 

(21) 

(22) 

(23) 

Based on equations 7 through 11 for the car body and 
equations 18 through 23 for the truck, the individual 
measured acceleration can be transformed into 11 mode-

Figure 6. Relationship between 
truck vertical-mode acceleration 
and track section. 

"' ::; 
0: 

"' -.,, 

0 .14 

0.12 

0 .10 

0 
0.08 

0.06 

o.o 

0.02 

acceleration time series. The mode-acceleration time 
series are then processed by using standard statistical 
techniques to provide root-mean-square (RMS) values, 
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ability densities. The RMS values of the modes were 
derived for each of the 22 sections of the FAST track. 
This technique provides data that can be used to quantify 
the effect of track and roadbed composition on the dynam­
ic performance of the truck and the car body. Data 
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Figure 7. Relationship between 
car-body vertical-mode 
acceleration and track section. 
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presented in this manner will also be used in future 
tests to determine the effects of track degradation on 
vehicle performance. 

To assess the effect of component wear on the ride 
performance of freight vehicles, the transmissibility 
between truck and car-body modes was determined. The 
transmissibility can be thought of as a characteristic 
of the freight car system that is independent of the track 
condition over which the car is operated. The changes 
in transmissibility characteristics with accumulated 
travel can, therefore, be directly attributed to changes 
in the freight-car components. 

The transmissibility or gain was formed in the fre­
quency domain by using power spectral densities (PSDs). 
The mode-acceleration time series were first trans­
formed to a Fourier representation by using a fast 
Fourier transform. Then the PSD of a given modal ac­
celeration was generated by multiplying the Fourier 
transform by its complex conjugate. The power as­
sociated with each frequency increment of a selected 
car-body mode was then divided by the power associated 
with the corresponding frequency increment of a selected 
truck mode. The result is the spectral distribution of 
the mean-square gain between the two selected modes. 

The primary parameter used in the analysis of wheel­
force data was the lateral-to-vertical (L :V) force ratio. 
This ratio is an important safety index that is used to 
determine the potential of rail rollover and wheel-flange 
climb. As discussed above, the lateral wheel forces 
were measured and recorded continuously, but the verti­
cal forces were measured accurately only four times 
per revolution. Thus, to construct a continuous L :V 
time series, the four vertical measurements were 
averaged over each wheel revolution. The continuous 
lateral-force time series were then divided by the 
average vertical force for each wheel revolution. Sta­
tistical processing similar to that used for the accelera­
tion modes gave the L :V ratios and lateral wheel forces 
as functions of track section. 

RESULTS AND CONCLUSIONS 

The instrumentation and data processing techniques de­
veloped for this test program proved highly successful 
for the evaluation of the dynamic performance of freight 
vehicles. The use of RMS modal accelerations yielded 
clear concise results that correlated well with physical 
phenomena. 

A plot of modal acceleration versus track section is 
shown in Figure 6. The vertical-mode accelerations 
are shown for both the high-travel and the reference 
cars. This figure indicates that there is considerable 
variation in the truck vertical-mode acceleration from 
one track section to the next but that the accelerations 
of both trucks are nearly identical. This second obser­
vation was anticipated because the accelerometers are 
mounted on the journal box adapters and, in essence, 
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are directly coupled to the rail. This is an important 
observation because it implies that the modal accelera­
tion of the truck can be used as an index of track con­
dition. 

Car-body vertical-mode accelerations are plotted 
against track section in Figure 7. Again, variations in 
modal accelerations are shown for different track sec­
tions. As opposed to the truck modes, however, the 
car-body accelerations of the reference and the high­
travel cars exhibited some differences. This was anti­
cipated because car-body modal accelerations are a 
function of both track geometry and suspension compo­
nents and the components may differ from car to car. 
By comparing Figures 6 and 7, one finds attenuation 
factors of between 2 :1 and 5:1 between truck and car­
body modes. 

Conclusions related to the objective of quantifying the 
dynamic response of freight vehicles to different track 
structures are as follows. Variations in track struc­
tures (such as ballast- shoulder width and depth, spiking 
patterns, tie material, and rail anchors) had little if 
any effect on truck and car-body accelerations or wheel 
forces. In contrast, curves greater than 4 degrees and 
discrete events (such as turnouts) had a marked effect 
on vehicle dynamics. The highest car-body accelerations 
were those experienced on section 5 of the FAST track, 
which contains unsupported bonded joints. Because truck 
modal accelerations were moderate to low over this 
same section of track, it can be theorized that this par­
ticular track structure excites a resonance in the ve­
hicle suspension system. 

In summary, the techniques that were developed for 
this program proved effective in evaluating the dynamic 
performance of freight vehicles and for determining the 
effects of variations in track structure on that perfor­
mance. The use of these techniques in subsequent 
phases of the test program will provide the necessary 
input for the evaluation of track and component wear as 
it affects vehicle dynamic performance. 
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A study completed in 1975 considered the economics of electrifying the 
Cincinnati-Atlanta main line of the Southern Railway System. The dif­
ferential cash flow of electric operation versus diesel operation, com­
puted over the interval 1975-2002, yielded a 6.0 percent rate of return 
for electrification. This paper summarizes a study that applied plausible 
variations in energy prices to the operating scenarios used in the 1975 
study. Two time intervals were chosen for analysis, taking a 2-year con­
struction period for electrical facilities, followed by 26 years of opera­
tion. The first interval, 1975 through 2002, is identical to that of the 
initial study. For this interval, if the price of diesel fuel is taken as its 
maximum and dollar inflation is ignored, the rate of return for electrifi­
cation ranges from 9.8 to 6.1 percent, depending on the price of electri­
cal energy; if an annual dollar inflation of 10 percent is included, the cor­
responding rates are 20 and 15 percent. If the price of diesel fuel is taken 
as its minimum and dollar inflation is ignored, the rate of return for elec­
trification is less than 35 percent; if an annual dollar inflation of 10 per­
cent is included, the rate of return is less than 10 percent. The second 
interval was 1983 through 2010. For this interval, if the price of diesel 
fuel is taken as its maximum and dollar inflation is ignored, the rate of 
return for electrification ranges from 13 to 9.2 percent, again depending 
on the price of electrical energy; if an annual dollar inflation of 10 per­
cent is included, the range of rates is 23 to 19 percent. If the price of 
diesel fuel is taken as is its minimum and inflation is ignored, the rate of 
return for electrification is less than 5 percent; if an annual inflation of 
10 percent is included, the rate of return ranges from 7 to 10 percent. 

In a 1975 study by the Electro-Motive Division (EMD) 
of-the General Motors Corporation the costs were com­
pared of diesel versus electric locomotive operations 
on the 782-km (486-mile) Cincinnati-Atlanta line of the 
Southern Railway System (!). That study took initial 
energy prices as 

1. 0. 33 cents/MJ (1.2 cents/kWh) for electrical 
energy and 

2. 7.92 cents/L (30 cents/gal) for diesel fuel, 

used these prices for the 1975 base, and applied to 
them an annual inflation rate of 1. 5 percent. In the 
study summarized in this paper, these prices have 
been taken as variables. And precisely because energy 
prices appear to be the most unpredictable costs and 
because these costs dominate the cash flow, this study 
has focused on the effects they produce. 

All other capital costs, maintenance costs, opera­
tional parameters, and traffic projections used here are 
identical to the EMD figures. The capital costs (in 
1975 dollars) used in the EMD study and retained in 
this one are summarized below (1 kW = 1.341 hp and 1 
km = 0.62 mile). 

Item 

Diesel locomotive (2237-kW unit),$ 
Electric locomotive [4474-kW (diesel equivalent) unit],$ 
Main line catenary and substations, $/track-km 
Yard catenary and substations, $/track-km 

Cost 

425 000 
750 000 

39 248 
19 624 

Item 

Communication and signal alterations (entire line, site­
specific), $ 

Clearance costs (entire line, site-specific),$ 

Cost 

31398000 

4 000 000 

Several comments on this table are appropriate. The 
$4 million associated with clearance is an average of 
$5114/route-km ($8230/route-mile). Because much 
of the territory is mountainous, some of these costs 
could also be accrued for diesel operations because of 
higher or wider cars (or both) and loads. However, in 
this study, these costs are assigned to the electric case 
only. 

The maintenance costs (in 1975 dollars) used in the 
EMD study and retained in this one are summarized 
below. 

Item Cost 

Diesel locomotive maintenance, 19 332 + 0.062 14 
$/year + $/km 

Electric locomotive maintenance, 5865 + 0.062 14 
$/year + $/km 

Annual catenary and substation 546 
maintenance, $/track-km 

[Locomotive maintenance costs are more often stated 
as entirely variable, i.e., cost per kilometer. Con­
verting to this convention and using the locomotive 
annual utilization figures given below, one obtains 17 .4 
cents/km (27 .8 cents/ mile) for diesel and 9.32 cents/ km 
(14.9 cents/mile) for electric. This is a ratio of 1.87, 
slightly lower than the range of 2 to 3 commonly argued 
in the industry. An independent (confidential) study in 
1970 computed a ratio of 2.6 based on suggested main­
tenance, but without field experience.] 

The operational parameters used in the EMD study 
and retained in this one are summarized below (1 metric 
ton= 1.1023 short tons). 

Item 

Traffic base ( 1975), gross metric tons 
Annual traffic growth, % 
Diesel locomotive annual avg use, km 
Electric locomotive annual avg use, km 
Availability: diesel locomotive,% 
Availability: electric locomotive,% 

Value 

36 288 000 
3.3 
173 904 
193 960 
90 
95 

In this table, the traffic base is averaged over the four 
operating districts between Cincinnati and Atlanta; the 
variation between districts is less than 14 percent. In 
the estimate of annual traffic growth, no allowance has 
been made for capacity saturation of single-track ter­
ritory. From 1975 to 2010, traffic will increase by a 
factor of 3.1. If it is assumed that the same loading 
assignments will be maintained, this corresponds to an 



increase from 10 to 31 daily trains in each direction. 
Not shown above, but also retained from the EMD study, 
were the electrical efficiencies of 

1. 80 percent for catenary transmission and 
2. 95 for substation conversion. 

Locomotive efficiencies are inherent to the loading 
ratings assigned in the EMD study. The relative per­
formance of the two locomotive types under overload 
condition is not explicitly stated or provided for in the 
EMD report. Also, no attempt was made to optimize 
locomotive use or otherwise improve operational strat­
egies in either study. 

METHOD 

The method used in this study of computing the rate of 
return is identical with that used in the EMD study. The 
annual cash flow for diesel and electric operations are 
computed separately and then summed. In the analysis, 
the costs associated with electric operation are taken 
(arbitrarily) as negative quantities and the costs as­
sociated with diesel operation are taken as positive. 
The resultant summed cash flow is thus a differential 
cost. A positive sign for the sum indicates a saving 
brought about by electrification. Conversely, a negative 
sign indicates a net saving in diesel relative to electric 
operations. The rate of return is then computed for a 
28-year interval. A computer program is used to find 
an equivalent interest rate for capital such that the net 
cash flow is zero for the (28-year) investment cycle. 
This interest rate is then the rate of return on the 
operation. Note that this definition does not take into 
account investment opportunities, borrowing considera­
tions, or combinations of these factors. 

Two major intervals were analyzed: 

1. Case 1, which uses the interval 1975-2002 (this 
is the same time span used in the EMD work and differs 
only in energy pricing), and 

2. Case 2, which uses the interval 1983-2010 (this 
updates the older study and reflects the lead times as­
sociated with financing, engineering, and constructing 
a project of this magnitude). 

ENERGY PRICES 

Because energy-price projections are fundamental to 
this study, it is important that the best estimates avail­
able be used in the calculations . Discussions were held 
with individuals who have had experience in projecting 
energy prices, and a survey of the iiterature was made. 
There was general agreement that a recent report 
published by the Federal Energy Administration (FEA) 
provides an authoritative basis for future energy price 
estimates (2). 

The FEA-report lists energy prices projected for a 
variety of international and domestic events. These 
prices were established from predictions of supply and 
demand for three price levels of imported oil (in 1975 
constant dollars): (a) $50.29/ m3 ($8/barrel), (b) $8 1.71/ 
m 3 ($13/ barrel), and (c) $100.57/ m3 ($16/barrel). 
Twelve scenarios were reported, 10 for 1985 and 1 each 
for 1980 and 1990. 

Escalation in prices is due to political, social, and 
technological factors manifested in the international 
economy. The differences in pricing therefore reflect 
the interaction of many complex forces. Although it 
recognizes the limitations and difficulties inherent in 
such forecasting, the FEA study does establish plausible 
and consistent energy prices. 
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By using the data and formulas given in the FEA 
report, maximum (MAX) and minimum (MIN) energy 
prices were developed. These prices take into account 
differences for delivery. For the present study, two 
delivery regions are of interest: east south central 
(ESC), which includes all of Kentucky and Tennessee, 
and south Atlantic (SA), which includes all of Georgia. 

The 1985 delivery energy costs developed are sum­
marized below (1 cent/L = 3.86 cents/gal and 1 mill/ 
MJ = 3.6 mills/kWh). 

Energy Source 

Price in 1975 
Constant Dollars 

Maximum Minimum 

Electrical, mills/MJ 8.39 6.06 
7.13 Diesel fuel, cents/L 11.89 

Although the prices given above are reported to three 
or four significant figures, this was done only to show 
calculated differences between assumptions and does 
not imply this precision in estimation. Prices are 
stated in constant (1975) dollars; therefore, dollar in­
flation was included in the analysis. 

In the table above, note that the lowest price for 
electrical energy is 6.06 mills/ MJ (21.8 mills/ kWh); 
this is a 1985 price, expressed in constant 1975 dollars. 
Compared with the 1975 price of 3.32 mills / MJ (12 mills / 
kWh) used in the EMD study, this is an 82 percent in­
crease, equivalent to a 6.15 percent average annual rate 
from 1975 to 1985. The maximum 1985 electrical­
energy price of 8.39 mills/MJ (30.2 mills/kWh) is 152 
percent of the EMD (1975) figure. This is equivalent to 
an annual 1975 to 1985 increase of 9.7 percent. 

The MAX and MIN 1985 diesel fuel prices are 11.89 
and 7.13 cents/L (45 and 27 cents/ gal) respectively. 
Compared with the 1975 price (7.93 cents/ L (30 cents/ 
gal)] used in the EMD study, the corresponding (1975 to 
1985) annual rates are 4.1 percent and minus 1.1 percent. 

The table above gives prices for 1985 only. For the 
present study, projections to the year 2010 were needed. 
These extensions were developed from statements and 
data in the FEA reports and other sources (3). For a 
constant-dollar economy, the consensus expectation is 
that 

1. Diesel-fuel prices will increase an average of 3 
percent annually after 1985 and 

2. Electrical-energy prices will remain relatively 
constant after 1985. 

As before, dollar inflation was included in the sub­
sequent analysis. 

The FEA estimates and these post-1985 projections 
are shown in Figures 1 and 2; the historical prices are 
added for reference. The prices shown between 1975 
and 1985 were interpolated by assuming a constant 
annual rate of change over the interval. 

In Figures 1 and 2, note that the 1975 prices differ 
from those used in the EMD study. In particular, these 
plots show 

1. Diesel fuel at 8.98 cents/ L (34 cents/ gal) [versus 
the EMD study price of 7 .93 cents/ L (30 cents/ gal)] and 

2. Electrical energy at 4 . 43 to 6.09 mills/ MJ (16 to 
22 mills/ kWh) (versus the EMD study price of 3. 32 
mills/kWh). 

In Figure 2, electrical-energy prices are shown as the 
U.S. average from 1965 to 1972. From 1972 to 1975, 
the range of prices reflects the variance o[ negotiate~ 
rates. For comparison, the industrial rate in the 
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Cincinnati-northern Kentucky area was in the range of 
4.99 to 5.54 mills/MJ (18 to 20 mills / kWh). 

Throughout this report, the electrical-energy prices 
used are industrial rates. However, railroad rates may 
be greater than these industrial rates because of the poor 
load-factor characteristics of railroads and the relatively 
poor power factor of the AC traction system. The un­
balance produced by single-phase loading of a three­
phase power supply may also incur a penalty. 

The prices shown in Figures 1 and 2 were the basis 
for the calculations of cases 1 and 2. 

RESULTS 

Case 1 

The case 1 inputs, except for energy costs, are identical 

Figure 1. Diesel-fuel prices. 
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to those used in the EMD study. Energy costs are as 
shown in Figures 1 and 2 for the operating interval 1977-
2002 . 

The rate of return for electrification versus the 
annual inflation rate is .shown in Figure 3. For the 
combination of diesel fuel prices at MIN and electri­
cal energy prices at MAX, electrification costs ex­
ceed diesel costs for each yea r of operation (1977-
2002); therefore, this combination of prices does not 
appear in Figure 3. 

Case 2 

Case 2 was developed to test the economic feasibility of 
a realistic start of construction . The 1985-2010 prices 
shown in Figures 1 and 2 are used in this case. 

Figure 4 shows the sensitivity of rate of return to in­
flation for combinations of energy prices in the same 
manner as Figure 3. 

The post-1985 diesel-fuel prices shown in Figure 1 
reflect an annual increase of 3 percent, with electrical-

Figure 3. Rate of return for electrification at different energy price 
combinations: 1977-2002 operations. 
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Figure 4. Rate of return for electrification at different energy price 
combinations: 1985-2010 operations. 
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Figure 5. Rate of return for electrification as a function of 
base year (1985) and diesel-fuel price: 1985-2010 
operations. 25 
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energy prices stable. By using the MAX and MIN elec­
tric prices as parameters, rates of r.eturn were com­
puted as a function of base year (1985) diesel-fuel price. 
The results are shown in Figure 5 without dollar infla­
tion and for an annual inflation of 8 percent. 

DISCUSSION OF RESULTS 
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The analyses (cases 1 and 2) are based on projections 
from FEA estimates that have been checked against other 
sources. Not all of these sources are independent of 
the FEA figures. The converse is also true. However, 
the projections through 1990 are believed to be the best 
estimates currently available, notwithstanding the 
vagaries of forecasting. 

The costs used in the study are for conventional 
energy sources. Certain exotic technologies (e.g., solar 
energy, geothermal energy, and synthetic fuels) may be 
expected to contribute in the future. However, these 
sources are expected to contribute no more than 1 per­
cent to the U.S . energy pool through 1990 . Given the 
long lead times that will be required to perfect these 
technologies and the time required to construct signif­
icant capacity, this conclusion appears valid. Produc­
tion of oil from shale is included in some of the FEA 
scenarios (2) and is not considered an exotic technology 
in the present context. 

Beyond 1990, the impact of new technologies is even 
more difficult to assess. However, given the energy 
prices developed in this study and the fundamental eco­
nomic laws of supply and demand, marked decreases in 
electrical-energy costs do not appear likely. Rather, a 
general stabilization of prices is indicated, due in large 
measure to saturation of technology and the mix of pri­
mary energy sources used to produce power. As a 
separate check of electrical prices used in this study, 
it is useful to compute an absolute ceiling. 

A recent study has established the maximum costs of 
electricity for a 1982 New England scenario (4). With 
10 percent annual inflation, energy costs in 1982 are 
projected to be 

1. Nuclear - 13.38 mills/ MJ {48.3 mills/kWh), 
2. Coal (without scrubbers )-17. 56 mills/MJ (63 .4 

mills / kWh), and 
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3 . Coal (with scrubbers)-20 .89 mills / MJ (75.4 
mills / kWh). 
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Recent increases in uranium prices will contribute an 
estimated 2. 77 mills / MJ (10 mills / kWh) to the 1982 
nuclear price, which means that this price is then 16.15 
mills / MJ (58.3 mills/ kWh) [i.e ., 8.28 mills / MJ (29.9 
mills/ kWh)] in 1975 dollars. 

However, New England power is typically 0 .14 to 0. 55 
mills/MJ (0.5 to 2 mills/kWh) less costly than 
Cincinnati-Atlanta power (2). The ce iling (regional) 
price is thus 8.86 mills/MJ (32 mills/ kWh) for tile area 
of interest. This is in excellent agreement with the 
8.37 mills / MJ (30.2 mills / kWh) used in this study. Thus , 
nuclear power may, in fact, serve as a ceiling. 

The corresponding price ceiling for post-1985 syn­
thetic fuels can be projected from current estimates. 
On an energy-equivalent basis, the 1976 price of syn­
t hetics, if sufficient production capacity were ava ilable , 
would be $151/ m3 to $170/m~ ($24/ barr e l to $27/ barr el ) 
(5 ). This is (approximately) a factor of two greater than 
the current price of imported oil. The 1985 price esti­
mate (energy equivalent) ranges from 98 to 178 percent 
of the maximum price of domestic offshore oil (6 ). 
Moreover, the construction and operation of plants in 
sufficient quantity to supply a significant fraction of U.S. 
energy needs is not likely before the year 2000 . These 
considerations tend to support the oil-price projections 
shown in F igure 1. 

For both case 1 and case 2, dollar inflation produces 
a (nearly) linear increase in rate of return. These are 
shown as linear functions in Figures 3 and 4 . The 
departure from linearity is less than 5 percent over the 
range of the independent variable. 

Because both relative and absolute energy prices 
dominate the cash flow, significant escalations in future 
prices should initiate further study. 
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