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E X E C U TIV E  SU M M A R Y

On November 12, 1983, an Am trak passenger tra in  operating on Missouri P ac ific  track  
in the v ic in ity  o f Marshall, Texas, derailed a t a speed o f between 70 and 75 miles per 
hour as i t  traversed a tem porary track  repair. The alloy ra il over which the tra in  was 
passing fractured  and concurrently fragm ented into a number o f re la tive ly  small 
pieces. The extended length of the frac tu re  and the concurrent fragm entation are not 
consistent w ith  past experience. S im ilar fractures observed in standard, plain carbon 
steel ra il generally have characteristic  lengths about one th ird  o f the frac tu re  length  
in the subject alloy ra il, and do not exhibit fragm entation. A lloy rails o f the type  
involved in the Marshall, Texas, derailm ent constitute a very sm all fraction  of the 
existing domestic ra il population. However, alloy ra il is being used increasingly on 
domestic railroads because of its improved wear characteristics.

As a result o f the unusual fa ilure mode, and because o f the increasing domestic usage 
of alloy steel to reduce ra il wear, the Federal Railroad Adm inistration requested th at 
the Transportation Systems Center (TSC) form  a Task Force to  conduct a technical 
evaluation o f the subject ra il fa ilure. The purposes o f the technical evaluation were 
to:

o Identify  the technical factors involved in the subject ra il fa ilu re .

o Assess the safety risks, i f  any, associated w ith  sim ilar alloy ra il installations.

o Iden tify  measures which may be used to reduce any such risks.

Based on its technical evaluation, the Task Force has found th a t the subject ra il 
fractu re  originated a t a torch-cut notch in the ra il end. The frac tu re  was a sudden, 
single event which was probably in itia ted  by the impulsive overload o f a lead 
locom otive wheel striking a ra il height mismatch a t high speed. The unusual exten t o f 
the frac tu re  is believed to have resulted from  adverse residual stresses existing in the 
subject ra il.

The Task Force has concluded that exigencies requiring tem porary track  repairs w ill 
continue to occur in the future, and specific circumstances in some cases w ill result in 
a torch-cut ra il end being le f t  tem porarily  in track. Such situations are also likely to  
involve ra il height mismatch. When a notch defect occurs in combination w ith a 
source o f impulse load, the speed a t which trains can safely traverse such tem porary  
repair is lim ited . The maximum safe speed is theoretica lly  lower for alloy ra il than 
for plain carbon steel ra il because certain  alloy ra il is less resistant to  frac tu re  than  
plain carbon ra il steel.

The Task Force recommends th a t torch-cutting o f rails should not be the preferred  
practice  for tem porary track repairs. However, railroads which do so to alloy ra il 
should re s tric t the speed allowed over these repairs to  10 mph.

The Task Force is also o f the opinion th a t further risks, not now present, may arise in 
the future as rails produced by recently introduced m anufacturing procedures and/or 
recently developed alloy ra il steels are more widely installed in domestic track. The 
potentia l fo r such risks is anticipated to involve combinations o f routine defects, 
expected impulsive service loads, ra il residual stress, and alloy ra il products w ith
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reduced frac tu re  toughness. Consequently, the Task Force recommends th a t the  
industry undertake long-term  studies to : (1) review  a ll ra il m anufacturing processes 
w ith  emphasis on quality control to insure th a t ro ller-straightening practices do not 
introduce adverse levels o f residual stress; (2) measure the frac tu re  toughness of 
various types o f alloy ra il steel; and (3) develop guidelines for proper alloy ra il 
handling, installation, maintenance, and welding practices. There are no inherent 
reasons why acceptable combinations o f m anufacturing, operating, and maintenance 
practices cannot result in the safe use o f a lloy ra il.
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1.0 B A C K G R O U N D

An A M T R A K  passenger tra in  (A M T R A K  Train No. 21) derailed near Marshall, Texas on 
November 12, 1983. It  has been postulated that the repair procedure used in the earlie r  
repair o f a separated ra il weld was a factor in the derailm ent. The s tate  o f tem porary  
repair a t the tim e o f A M T R A K  tra in  passage is shown in Figure 1. .

Tem porary repairs involving the rem oval by torch o f the orig inal chrome-vanadium  
alloy ra il and the insertion of a tem porary carbon steel plug ra il w ith  jo int bars, had 
alm ost been com pleted, (see Figure lc) when a west bound fre ig h t passed over the  
repaired section o f ra il a t an estim ated 52 mph. Following the passage o f the fre igh t 
tra in , additional tem porary repairs were completed (Figure id), and the passenger tra in  
entered this section o f the track a t nearly maximum authorized speed (approxim ately  
73 mph).

When the ra il was inspected a fte r  the derailm ent, i t  was observed th a t a t the receiving  
end o f the chrome vanadium alloy ra il (see Figure 2) there was a 93-inch longitudinal 
crack in the web turned up into the ball o f the ra il, resulting in a com plete loss o f this 
portion o f the ra il as indicated by battering  marks on the remaining pieces of ra il. An 
additional 25 fe e t o f this alloy ra il also failed in a seemingly unprecedented manner as 
the crack branched into a t least 91 pieces.

Because o f increasing usage of alloy steel ra il as a way o f reducing ra il wear on 
domestic railroad properties, and the observed nature o f the ra il fa ilu re  mechanism, 
the Federal Railroad Adm inistration requested th a t the Transportation Systems Center 
form  a Task Force to review the substantive m etallurg ical factors, maintenance 
procedures, and manufacturing processes which might be related to  the observed ra il 
fa ilu re  mechanisms.

Since the events leading to the tra in  derailm ent resulted from  a separated ra il weld 
between carbon and alloy steel, and possibly from  procedures used during the repair o f 
the separated weld, a b rie f survey was made o f the ra il maintenance and fie ld -w eld  
practices used by the domestic railroads.

The survey suggested th a t ra il maintenance and fie ld -w eld  practices were not uniform  
among the d iffe re n t ra il properties. No consensus exists on special maintenance  
practices for alloy ra il or fie ld  welding practice to  be used in joining alloy ra il w ith  
e ither alloy or plain carbon steel ra il. S im ilarly, no consensus exists on torch cutting  
practices or on the slow orders to be imposed when a fre ight or passenger tra in  is 
travelling  over to rch-cut ra il.

The Am erican Railw ay Engineering Association (A R EA ) was requested to provide the  
results o f a survey on the extent o f the application o f alloy chrom e/vanadium  rails 
throughout the U.S. Their response (Appendix A) indicates th a t approxim ately 340 
track  miles (o f which 300 is bolted) is in service a t this tim e . The A R E A  estim ated  
th a t approxim ately 200 miles o f this track  is used for A M T R A K  service.

1
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2 .0  F R A C T U R E  A N A L Y S IS

Most existing installed domestic ra il is made o f plain carbon steel. The subject alloy  
ra il contained significant proportions o f manganese, chromium, and vanadium. Nearly  
a ll domestic observations on ra il frac tu re  have been made on plain carbon steel; the  
domestic railroad operating properties have only lim ited  experience w ith  the fracture  
o f rails manufactured from  recently introduced alloy steels. As indicated in the  
previous section, the alloy ra il did not fracture  in a manner consistent w ith  previously 
observed carbon ra il fractures. The purpose of the ra il frac tu re  analysis was to assess 
whether the observed fracture  was in any way an indication th a t sim ilar alloy ra il 
installations might represent a th rea t to safety.

The ra il frac tu re  analysis is divided into four parts: (1) R a il C haracteristics; (2) 
Physical and M etallu rg ical Exam ination of R ail Remnants; (3) Estim ates of R a il 
Dynam ic Loads; and (4) Discussion of Findings.

2.1 R a il Characteristics

(a) A lloy R a il Composition and Properties -  Alloy ra il is produced by adding various 
proportions of alloying elements to carbon ra il steel. The principle constituents, as 
shown in Table 1, are silicon (Si), manganese (Mn), chromium (C r), molybdenum (Mo), 
and vanadium (V). H istorically, the firs t alloy steel rails had an increased silicon 
content ("H i-S i ra il") compared to  th a t o f plain carbon steel. The increased silicon 
content was observed to improve the ra il wear characteristics. The mechanical 
characteristics o f the d iffe ren t alloy steels, including the B rinell hardness number 
(BHN), yield strength (YS), and u ltim ate  tensile strength (UTS) are compared in Table
1. The use o f alloying elements, in general, increases ra il hardness, which is associated 
w ith  increased wear resistance, and increases both the yield and u ltim ate  tensile  
strength. There is evidence, however, th a t the increased strength and improved wear 
resistance o f ra il steels which contain alloying elements in addition to the standard 
elem ents o f carbon, manganese, and silicon are accompanied by reduced fracture  
toughness and increased fracture  sensitivity. The term  "alloy ra il"  w ill be used in this 
report to d iffe re n tia te  this group o f ra il steels from  H i-S i ra il.

TABLE 1. PROPERTIES OF T Y P IC A L  R A IL  STEELS

Type BHN YS
(ksi)

UTS
(ksi) C Mn Si Cr Mo V

Plain 255 70 133 0.80 0.90 0.20 — — —

H i-S i 285 75 142 0.75 0.80 0.65 — — —

Alloy R a il Steels: 
THS-11 326 93 157 0.70 1.00 0.70 1.00 — - 0.10

1% Cr 320 9 4 160 0.75 0.65 0.25 1.15 — -

C r /M n /V * 321 99 165 0.79 1.12 0.19 0.87 0.008 0.058

C r/M o 350 114 175 0.75 0.81 0.26 0.69 0.18

*  Subject R a il
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The lim ited  available m etallurg ical data suggest th a t the fractu re  toughness o f plain  
carbon ra il steel is about 30 percent higher than the toughness of alloy ra il steel which 
contains vanadium. (M arich, 1979). Therefore, for the same in itia l d e fect length, the  
c ritic a l load for alloy ra il steel is about 30 percent lower than for plain carbon ra il 
steel. (See section 2.4).

(b) R a il M anufacture -  A  c r it ic a l fac to r in the m anufacture o f plain carbon, H i-S i, 
and alloy ra il steel is the m inim ization o f undesirable elements in the finished product. 
A particu larly  undesirable elem ent is hydrogen which is introduced w ith  the pig-iron  
charge. The presence of even small amounts o f hydrogen can drastically  increase the  
fracture  sensitivity and decrease the frac tu re  toughness o f the steel ra il.

In normal practice  domestic ra il production, a fte r  the ra il has been rolled it  is subject 
to slow controlled cooling for 24 hours which allows most o f the residual hydrogen to  
diffuse out o f the steel. Some foreign ra il production practice , including th a t used in 
the production o f the subject ra il, u tilizes  a high proportion o f steel scrap to  decrease 
the in itia l hydrogen content. A  vacuum degassing process is then applied to the  
molten steel to  scavenge the residual hydrogen. Each ra il is subsequently 
ultrasonically inspected to verify  the absence o f hydrogen flakes. These practices  
theoretica lly  lead to  a finished product w ith  low hydrogen content. However, it  is 
possible tha t some hydrogen flakes may go undetected, depending upon when ultrasonic  
inspections are perform ed during the manufacturing process. In such cases, the 
hydrogen flakes tend to form  in irregular colonies, producing an irregular pattern  of 
microcracks in the m ateria l. As a result, the ra il may have a decreased fractu re  
resistance in such regions.

Another aspect o f ra il m anufacture o f po ten tia l significance in ra il fractu re  
propagation is the method used for ra il straightening. Railroad rails generally contain  
unwanted minor bends as they come o ff  the rolling m ill and require straightening  
before they are shipped. H istorica lly , straightening practice has involved repeated  
applications o f a concentrated load to  a few  discrete locations on the ra il by means of 
a manually operated three-point bending press, ('gag-straightening'). This process has 
fa llen  out o f favor because gag-straightening requires visual judgement by highly 
skilled operators and it  is d iffic u lt to obtain uniform  quality. Present practice  in 
foreign and recently upgraded domestic ra il m ills, and the practice  used on the subject 
ra il, is to employ autom ated ro ller straightening. Roller straightening is, in general, 
more amenable to  consistent quality  control, but sm all deviations o f the ro ller and 
adjustments may create  large residual stresses in the ra il stock. (Deroche e t a l., 1982). 
Improper gag-straightenirig can create  s im ilar magnitudes o f residual stress. However, 
the residual stresses in gag-straightened ra il occur a t most in a few  discrete locations 
and thus do not provide for continuous driving o f a crack over an extended length 
during fa ilu re .

Excessive residual stresses can also be created  i f  rails are not worked a t su ffic ien tly  
high tem peratures in the rolling m ills which form  the ra il cross section. In typ ica l ra il 
m ill operations, the steel ingots from  which the ra il stock w ill be produced are held in 
soak pits a t 2200OF until just before rolling. The rolling operation consists o f three  
phases: working the ingot into a long b ille t w ith  reduced (but s till rectangular) cross 
section; cutting the b ille t into individual rails; and rolling the b ille ts  to the fin a l length 
and cross section dimensions o f the ra il. Under norm al circumstances, the entire  
operation takes about five  minutes per ingot. Even though the m ate ria l is rapidly



cooling, i t  remains in the upper h a lf o f the 1500-2200OF range o f forging tem perature  
during the en tire  operation. On occasion, however, delays in transferring ingots from  
the soak p it to  the rolling m ill or holdups between stages of the rolling operation may 
allow  the m ateria l to cool below the nominal range for good forging and the rolling  
processes may create  residual stresses a t the lower tem peratures. Such situations are  
usually evident during the rolling operation because the equipment tends to pound 
excessively as cold b ille ts  enter the rollers.

(c) H istory o f A lloy R a il Usage -  The principal m otivation for developing specialty  
ra il steels has h istorically been to control the m icrostructure for increased hardness 
and b e tte r resistance to  head wear. The m icrostructure o f ra il s teel is form ed v ia  a 
crystalline phase transform ation as the ra il tem perature drops below 1500°F a fte r  
rolling. The austenite grain structure, which is stable a t higher tem peratures, 
transform s into grains o f pearlite  and fe rr ite . Rapid cooling produces a harder, fin e r-  
grained m icrostructure than slow cooling.

The ra te  o f cooling a fte r  ra il rolling is lim ited  by rad iative  and convective transfer of 
heat to the surrounding air, and is not rapid enough to produce a fine-grained  
m icrostructure. A lloy formulations were developed, therefore , to  obtain increased 
hardness in other ways. These form ulations fa ll into two categories. F irs t, H i-S i ra il 
steel is alloyed w ith  extra  silicon, which hardens the fe rr ite  grains by occupying 
in te rs tit ia l sites and thus straining the atom ic la ttic e . Second, additives such as 
chromium (C r), columbium (Co), manganese (Mn), molybdenum (M o), niobium* (Nb), and 
vanadium (V) are used to slow the pearlite  transform ation ra te . In this case, the 
reduced ra te  o f pearlite  transform ation has the same e ffe c t as rapid cooling, i.e ., a 
fine-grained m icrostructure can be produced a t air-cooling rates.

The earliest attem pts to produce alloy ra il steels occurred over 60 years ago. 
In term ediate  managanese (IMn) ra il was manufactured and installed on the Boston & 
Maine Railroad in the 1920s. IMn ra il manufacture actually  predated the adoption of 
controlled cooling practice to elim inate  hydrogen em b rittlem en t. The steel used to 
make the IM n ra il had a high sulfur content, however, and the excess sulfur apparently  
combined w ith  hydrogen to a llev ia te  the em brittlem ent problem. IMn ra il was la ter  
found to  have poor fatigue properties, and its m anufacture was discontinued before  
this alloy saw any widespread application. Vanadium was introduced as an alloying  
elem ent in an experim ental ra il steel in the 1920s and 1930s. Some o f this early  
vanadium ra il was installed on the Duluth, Messabi & Iron Range Railroad, but did not 
perform  w ell and was never widely used.

H i-S i ra il was developed in the 1940s, and was found to have good wear and fatigue  
perform ance. I t  was also found that H i-S i ra il tended to give false indications of 
defects when tested by the magnetic induction method, although the actua l incidence 
o f defects was no worse than that o f plain carbon ra il. The false indication problem  
has declined w ith  the advent o f ultrasonic ra il testing, and H i-S i ra il continues to be 
used today.

The early  domestic alloy ra il technology was pursued and fu rther developed in Europe 
and Japan during the reconstruction a fte r  World War II. Some domestic suppliers 
responded by developing Cr-M o ra il steel alloys in the la te  1960s. This was quickly 
followed by European and Japanese penetration o f the domestic m arket for alloy ra il 
and by Canadian development o f C r-C o and C r-N b ra il in the early  1970s.
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U n til recently, H i-S i and alloy ra il have comprised about 5 to 10 percent o f the 
domestic m arket and have been used principally  on curves where plain carbon ra il had 
experienced rapid head wear. However, w ear experim ents perform ed on the F ac ility  
for A ccelerated Service Testing a t the Transportation Test Center in the la te  1970s 
have now increased the railroad industry's awareness o f the wear resistance benefits  
obtainable w ith  hardened ra il, and the fu tu re  may bring a trend o f increasing usage of 
H i-S i and/or alloy ra il steels.

While some alloy ra il steel form ulations have shown improved wear resistance, the  
fractu re  toughness has generally not been considered except via the A R E A  specified  
nick-break tes t and drop tes t. These tests are measures o f ra il and heat homogeneity, 
rather than m ateria l notch sensitivity. Hence, i t  is possible to fo rm ulate  an alloy ra il 
steel which meets existing specifications and has improved wear resistance, but which 
also has reduced resistance to frac tu re  when sharp-crack defects are present. 
Laboratory frac tu re  toughness measurements have shown th a t dom estic C r-M o ra il 
steel generally has more resistance to frac tu re  than plain carbon ra il steel. However, 
other alloys such as chromium w ith  high manganese or C r-M o w ith  vanadium added 
tend to have reduced fractu re  resistance. A lloy rails w ith  reduced frac tu re  toughness 
are not only more sensitive to sharp-crack defects, but are also more susceptible to 
mechanical damage from  the handling practices which have been established as 
reliab le practices for plain carbon rails.

O ther practices established on the basis o f experience w ith plain carbon ra il, such as 
torch-cutting and welding, can produce d e trim en ta l e ffec ts  when applied to alloy ra il. 
The process o f torch-cutting actually  involves flam e heating o f a narrow zone o f the 
ra il to oxidation tem peratures, i.e ., the "cut" is actually  the m elting and burning o f the 
iron in the ra il to produce iron oxides. An oxygen-acetylene torch provides suffic ient 
combustion tem perature to s tart the burning process in plain carbon ra il, and the post
cut a ir cooling is generally slow enough to  avoid the production of to rch -cu t defects  
unless an overheated flam e has been used. Conversely, alloy ra il requires higher 
tem peratures to s tart the burning process, and is more susceptible to quench-cracking  
when cooling a fte r  application of an overheated flam e. The tendency o f alloy ra il to 
quench-crack when torch-cut can be counteracted by following a practice  o f pre
heating the ra il to about 930°F  and making the cut w ith  an oxygen-propane torch. 
However, this special practice is d iff ic u lt  to im plem ent on railroad track  in the fie ld  
because it  requires nonstandard equipment and m ateria ls  and it  is more tim e -  
consuming than the established practice .

R a il welding involves the heating o f one or tw o inches o f ra il length to  tem peratures  
above the stable range for p earlite  and fe rr ite , and this h eat-a ffec ted  zone (H A Z) 
retransforms to  its stable m icrostructure as the ra il cools. In the case o f welding as 
opposed to rail-m aking, however, the cooling rates are much more rapid because the 
m ateria l outside the H A Z acts as a heat sink. Cooling o f the H A Z in plain carbon rails  
produces an acceptable m icrostructure, but the transform ation delay in alloy rails can 
lead to undesireable results. A t the cooling rates which prevail in the H A Z, i t  is 
possible to reach m artensite form ation tem peratures (about 200 to 300OF) before the  
delayed au s ten ite -fe rrite /p ea rlite  reaction can occur. A t these tem peratures, the  
carbon, which is in solid solution in the austenite la ttic e , remains in solution as the 
crystal structure changes to  its low -tem perature  form . The result is a highly strained  
m artensite crystal structure. M artensite  is an extrem ely  hard phase, but possesses 
very lit t le  resistance to frac tu re . I f  the established practice  for welding plain carbon
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ra il is applied to  alloy ra il, the H A Z may contain as much as 20 to  40 percent 
m artensite and the weld w ill be susceptible to fractu re  under service loads. Tests o f 
domestic C R -M o ra il have shown th a t increased preheating before welding is su ffic ien t 
to avoid m artensite  in the H A Z. However, other alloy rails such as chromium w ith  
high manganese, C r-M n -V , and C r-M o-V  require post-heating to m aintain the H A Z  
above the m artensite form ation tem perature until the a u s ten ite -fe rrite /p ea rlite  
reaction can occur.

The trend toward increased usage o f alloy ra il is likely to continue as the long-term  
economic benefits are more widely recognized. Therefore, i t  is essential for the 
industry to be able to  classify alloy ra il steels on the basis o f fractu re  toughness and to  
have specific guidelines for the m anufacture, handling, installation, and maintenance  
o f those alloys which are more notch sensitive than plain carbon ra il steel.

2.2 Physical and M etallu rg ical Examination of R ail Remnants

(a) Physical Examination of R ail Remnants -  The subject ra il remnants were  
examined a t the Union Pacific  (UP) Railroad Laboratory in Omaha, Nebraska, in 
December 1983. The examination included a detailed survey, o f the ra il remnants and 
the ir frac tu re  surfaces, and a review  o f the results from  prelim inary m etallurg ical 
tests by UP Laboratory personnel. M eta llu rg ical tests on the subject ra il fragm ents  
are continuing a t the request o f the Task Force and the N ational Transportation Safety  
Board. In form ation was also obtained from  the Japanese N ational Railways and 
Wheeling Pittsburgh Steel, a ra il m anufacturer, about the characteristics o f ra il 
failures induced in laboratory tests o f other steels. Details o f the m etallurg ical 
observations summarized herein are contained in Appendix B.

A detailed fo ld -out diagram of the reconstructed subject ra il is contained in Appendix 
B (Figure B-6). The fracture  was about 33 fe e t long, and occurred prim arily  in the ra il 
web. There were numerous occurrences o f crack branching, in which the web crack  
separated into two paralle l web cracks which la ter rejoined, or which formed separate 
branches which ran from  the main web crack into the ra il head and/or base. V irtually  
the en tire  frac tu re  surface contained chevron markings characteristic  o ff rapid 
breaking. D eta ils  o f these observations appear in Appendix B, Figures B-2 through B-
6 .

The presence o f crack branching and chevron markings implies th a t the fractu re  
propagated a t a speed approximating 3000. ft/sec  (Bluhm, 1969). Hence, the observed 
ra il fa ilu re  is in ferred to have been "sudden" in tha t the en tire  33 fe e t o f propagation 
probably required a tim e on the order o f only 10 ms. Crack branching is not unique to  
the subject ra il. The Japanese National Railway has observed crack branching while  
perform ing slow-bend tests on short lengths of alloy ra il w ith d iffe re n t chem istry and 
m icrostructure (See Appendix B, Figure B-7). Crack branching is not ordinarily  
expected, in a slow-bend test. For exam ple, approxim ately 40 slow-bend tests were  
perform ed on plain carbon rails containing small service fa tigue-crack  defects as a 
part o f the F R A /T S C  ra il in tegrity  research program during 1981-1982. In a ll cases, 
these rails broke cleanly through the defect w ith-no occurrence o f crack branching. 
The Task Force has also arranged for additional slow-bend tests to be perform ed on 
several rails w ith  d iffe re n t combinations o f chemistry (alloy versus plain carbon) and 
ro ller or gag-straightening (see Table 2). In these tests, a special load fix tu re  w ill be 
used to sim ulate conditions o f w h eel/ra il ve rtica l load and jo in t-bar reactions sim ilar 
to the environm ent o f the subject ra il. The test rails w ill also be notched a t the joined 
end to sim ulate the presence o f a torch-cut defect.
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TABLE 2. SAMPLES FOR SPECIAL SLOW-BEND TESTS

Type Section Source Straightening Remarks

Plain Carbon 132 RE Conrail . GAG Service worn

Plain Carbon 132 RE Conrail Roller Service worn

C R /M n/V 136RE MoPac Roller New; -piece of subject 
ra il which was removed 
from track during 
temporary repair 
procedure

THS-11 136RE T T C * Roller Service worn

1% Cr 136 RE T T C * Roller Service worn

Cr/M o 136 RE T T C * Roller Service worn

*  Transportation Test Center

A 30-foot length is unusual for a sudden ra il failure, but it lies within the order of 
magnitude of previous experience. Sudden failures of plain carbon steel ra il have 
typically involved 8 to 12 feet of ra il and have occurred in plain carbon steel rails that 
were not roller-staightened. In the case of the subject rail, residual stress is believed 
to have been the contributing factor that continued to drive the crack a fte r the 
commencement of rapid fracture. Indirect evidence for the presence o f residual stress 
was found in the fact that the upper and lower remnants of the subject ra il were 
observed to be curved slightly away from  each other over the firs t 8 feet of the 
fracture. The curvature indicates that the ra il had been subjected to moderate plastic 
bending during manufacture, such as might occur in roller-straightening operations.

Any ra il which had failed in stages from a series of post-derailment wheel-impact 
overloads could be expected to exhibit large permanent bends and several wheel marks 
on the gage surfaces. The absence o f such bends and the paucity of wheel marks in the 
case of the subject ra il provide additional confirmation that the failure was sudden. 
Figures 3 and k illustrate the only evidence of heavy wheel marks found anywhere on 
the subject rail: a web batter mark a t approximately 7 feet; and a head batter mark 
approximately 8 feet from the torch-cut ra il end. Because of their proxim ity these 
ra il marks may be associated, and had to have occurred a fte r the ra il failure.

Chevron marks on a fracture surface provide a clear record of the direction of crack 
propagation. In the case of the subject ra il, the chevron marks point unambiguously to 
the torch-cut ra il end as the origin of the fracture. Figure 5 reveals the ra il end and 
an inclined notch in the upper part of the web. Sectioning and scanning electron 
microscopy, performed by the UP, also revealed the presence of shrinkage cracking
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between the notch root and the beginning of the rapid fracture surface (see Figure B-
1). I t  is, therefore, probable that the torch cutting operation le ft  a defect in the ra il 
end, and that this in itia l defect probably provided the origin for the sudden ra il failure. 
The in itia l defect was in the form of a sharp-tipped crack o f the order of 0.1 inch long 
and inclined approximately 45 degrees downward into the ra il web.

The fracture features observed in the first 8 feet of the subject ra il are o f the type 
commonly associated with Mode I (opening) crack propagation. Common Mode I 
behavior would require a driving force acting to separate the ra il head from the base, 
as indicated schematically in Figure 6. Such loading might be possible via reactions 
between the ra il end and the joint bars which secured the plug ra il to the subject rail. 
On the other hand, wheel loads might be able to drive a web crack independent o f the 
joint-bar reactions in either of the two ways suggested in Figure 7. Details of the 
interaction between driving force and crack propagation can only be obtained from  
further tests.

(b) Preliminary M etallurgical Examination of R ail Remnants -  A t the Union Pacific  
(UP) Railroad Laboratory, the preliminary m etallurgical examinations on the subject 
ra il did not reveal the ra il to have any unusual m etallurgical characteristics. The 
composition was close to that given by the supplier. There was no evidence of 
hydrogen flakes such as might have resulted from incomplete vacuum degassing. 
M ateria l taken from the subject ra il did, however, exhibit lower ductility than plain 
carbon ra il steel. This lower ductility is an indicator o f lower fracture toughness.

2.3 Estimate of R ail Dynamic Loads

Engineering estimates were made of the lateral, longitudinal, and vertica l dynamic 
loads which would be expected as a function of train  speed over a mismatch o f the 
type that apparently existed a t the temporary repair location. The calculations were 
based on a modification of a method developed by British Rail. (BR) and accepted by 
both BR and the industry in the United States. (Jenkins et a l., 1974). The original 
method applied to the estimation of the dynamic vertica l loads a t dipped ra il joints. 
The major elements of the present modification involves replacement o f the dip 
geometry with a step geometry corresponding to the height mismatch, and an 
adjustment of the w heel/ra il contact stiffness to re flect corner batter a t the step. 
Details of the model and the calculations are contained in Appendix C. The 
calculations show that the vertica l load is larger than the lateral or longitudinal loads. 
The dynamic vertica l load is proportional to the train speed and the square root of the 
mismatch height.

The vertica l dynamic load resulting from the passage of the lead axle was assumed to 
consist of a short-tim e peak (P i)  and a delayed peak (P2)> as shown in Figure 8. The 
short-tim e peak is associated with battering of the rail-end corner by the upsprung 
mass of the lead-axle wheelset. The delayed peak is associated w ith ra il bending (a 
more resilient deformation mode than corner batter). Consequently, P i is larger than 
P2, and the difference between the short and delayed peaks increases as the train  
speed increases. Also, the duration (t2) of the delayed peak is about four to ten times 
the duration ( t i )  of the short peak. To estimate the to ta l load a t either peak, one 
must add the static wheel load (which depends on vehicle weight) to the dynamic load.

The to ta l load is estimated to be approximately twice the static wheel load when the 
tra in  speed is 10 mph, and the short peak can be as much as ten times the static wheel 
load for a 70 mph train  speed. Data obtained on normal service loads as a part of the
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FRA/TSC track research program shows th a t loads of two to three times the static  
wheel load occur frequently, and in rare instances wheel flats may cause loads up to 
six times the static wheel load in high-speed (70 mph) service. Table 3 summarizes the 
results of the load calculations for a locomotive axle. Peak vertica l impulsive load, 
including the static wheel load, is shown as a function of train speed and height 
mismatch. Table 4 shows estimated impulse loads and duration times for both the 
in itia l and delayed peaks for a fixed height mismatch.

2.4 Discussion of Results

(a) Rail Fracture Mechanism -  The observations strongly suggest that the subject 
ra il failed suddenly, as the result of a single dynamic overload occuring when the lead 
wheel of the lead locomotive o f the passenger train  encountered a mismatch on the 
receiving end of the ra il. Two peaks are associated with such overloads, (see discussion 
of Figure 8, in Section 2.3). The short-tim e peak is believed to be the actual cause of 
the failure because the short peak force is larger than the delayed force. Also, the 
characteristic 8 to 12 foot fracture lengths, typical o f sudden failures in non-roller- 
straightened plain carbon steel ra il correspond to propagation tim e of 2.5 to 4 
milliseconds (ms), i.e ., of the same order as the to ta l duration of the peak dynamic 
loads. The propagation tim e estimate is based on a 3 ft/m s crack speed in steel 
(Bluhm, 1969).

The unusual 33-foot fracture length requires 10 ms propagation tim e. The additional 
force needed to drive this crack could have been supplied by either the delayed peak or 
by adverse residual stresses possibly le f t  in the subject ra il web by ro ller
straightening. The la tte r source is more likely because of the indirect evidence for 
the presence of residual stress, and because of the remote distance between the 
dynamic load application point and the extent o f the fracture.

The fact that one train negotiated the repair w ith no apparent e ffe c t on the subject 
rail, while a subsequent train  induced a sudden failure, bounds the critica l speed range 
for failure of the subject ra il to approximately between 50 and. 70 mph. The 
corresponding short-peak loads can be estimated from the 50 and 70 mph rows of Table
4. Hence, the critica l vertica l load for failure o f the ra il is estimated at between 180 
and 240 kips, for an assumed height mismatch of 3/16 inch.

The principles of fracture mechanics can be applied to estim ate the sensitivity of plain 
carbon steel ra il to similar loading conditions and to estim ate the sensitivities of both 
carbon and alloy ra il to operations a t slower speeds. The principles of fracture  
mechanics lead to the following scaling law for a given alloy:

P y [ K  = Constant

where A is the length of the in itia l crack, P is the corresponding failure load, and the 
constant is proportional to the alloy fracture toughness. The scaling law holds for 
geometrically similar situations, i.e., in the present case a 136 RE rail, w ith an inclined 
shrinkage crack a t the ra il end.

The available m etallurgical data suggest that the fracture toughness of the subject ra il 
is roughly half the toughness of plain carbon rail. Thus for the same in itia l defect 
length, the c ritica l load for plain carbon ra il steel should be tw ice the load estimated  
for the subject rail, i.e ., between 360 and 480 kips. Applying the short-peak load



TABLE 3. PEAK VERTIC AL IMPULSIVE LOAD AS A FU N C TIO N  OF  
TR A IN  SPEED AND HEIGHT MISM ATCH

P i = Po + Const, x (V) x

Train speed Height Mismatch (Inch)

(mph) 1/8 3/16 3 /8

10 51 kips 62 kips 88 kips
30 98 121 171
50 146 179 253
70 194 237 335

Po = Static W heel/Raii Load (33 kips) *

V Train Velocity

6 Height Mismatch

TABLE 4. IN IT IA L  PEAK AND DELAYED PEAK AS A  FUN C TIO N  
OF TR A IN  SPEED AT A F IXED  HEIG HT M IS M A TC H *

Vertical Loads

Train Speed 
(mph)

Peak
(kips)

In itia l
Duration
(sec.)

Peak
(kips)

Delayed
Duration
(sec.)

10 62 0.4 x 10-3 56 5.1 x 10-3
30 121 0.4 x 10-3 62 3.4 x 10-3
50 179 0.4 x 10-3 82 2.4 x 10-3
70 237 0.4 x 10-3 85 1.8 x 10-3

*  R ail Height Mismatch = 3 /16 inch.
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estimation procedure (Appendix C), one finds that these loads correspond 
to an operating speed range of approximately 110 to 150 mph. Therefore, 
plain carbon steel rails having defects similar to those in the subject ra il 
would probably be subject to sudden failure only in train  operations at the 
maximum speeds attained on any U.S. lines.

(b) Speed Restrictions -  It  is likely that rails w ill continue to be torch-cut, 
on occasion, when temporary track repairs are made. Railroads have long 
recognized the potential risks of torch cutting and have established slow 
orders to cover these situations. Current practices are based on the 
railroads' extensive experience w ith plain carbon ra il steel.

The ra il loading level is directly proportional to the train  speed (see 
Appendix C). The speed restriction required to assure safe operation while 
a train is passing over a temporary repair should be slow enough to reduce 
considerably the size of the impulse load and the probability of rapid crack 
growth of a specific size ra il defect.
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3.0 FINDINGS, CONCLUSIONS AN D  RECOM M ENDATIONS

FINDINGS

The Task Force has made the following findings with regard to the subject ra il and its 
failure:

o The fracture origin was located at a notch which was le ft  in the rail end a fte r  
the rail had been torch cut.

o The fracture occurred as a sudden single event, such as would be expected to 
result from a single impulsive load.

o The single impulsive load which resulted in the ra il fracture was probably 
caused by a lead locomotive wheel striking a ra il height mismatch. It is 
estimated that the subject rail end received a vertical load of about 250,000 
pounds having an impulse duration of about 2 ms.

o The estimated peak load was sufficient to in itia te  the rapid propagation of 
the rail fracture.

o The observed fracture extent can be attributed to adverse levels of residual 
stress believed to have been existing in the rail. Some evidence of this stress 
was observed during examination of the ra il remnants. A manufacturing 
process such as roller-straightening is a possible cause of such adverse 
residual stress.

CONCLUSIONS

The characteristics of the subject rail failure were determined by a combination of the 
temporary track-repair and the properties of the ra il itself. The Task Force has 
concluded the following with respect to both the subject ra il fracture and possible 
similar situations:

o Temporary track repairs w ill continue to be used as a means of avoiding 
excessive train  delays. In some cases, specific circumstances in the fie ld  w ill 
require the use of a torch to cut rail.

o A temporary repair which is completed by jointing a service-worn ra il plug to  
a torch-cut ra il end w ill leave the track in a condition which has the potential 
of combining a rail-end defect with a significant impulsive overload source 
(height mismatch).

o The foregoing conditions lim it the speed a t which trains can traverse such 
repairs without the risk of initiating rapid fracture from a rail-end defect.

N o Lim ited experimental data indicates that the fracture toughness of alloy ra il 
“ is less than that of plain carbon rail. This implies that the maximum safe 

speed is theoretically less for alloy rail than for plain carbon rail, given 
identical environments associated with temporary repairs which leave a 
jointed torch-cut ra il end in track.
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o The common practice o f traversing temporary repairs a t a maximum speed of 
10-mph, however, reduces both impulse forces and the consequence of 
possible derailments to manageable levels for both alloy and plain carbon 
rails.

RECOMMENDATIONS

Based on the foregoing findings and conclusions, the Task Force makes the following 
recommendations regarding the procedures for temporary repairs which leave a torch- 
cut ra il end jointed in -track:

o The torch-cutting of ra il for temporary jointed repairs should not be a 
preferred practice.

o I f  a torch-cut ra il end must for any reason be le ft  in a jointed temporary 
repair, railroads which do so to alloy ra il should slow-order such repairs to a 
speed not exceeding 10 mph.

FUTURE ISSUES

The ra il manufacturing technologies associated with the subject rail are within the 
state-o f-the-art for ra il manufacture. The Task Force is o f the opinion that certain  
risks associated with these technologies may arise in the future, unless addressed by 
appropriate research before their widespread introduction into domestic track.

o It  is likely that ra il defects other than those associated with temporary 
repairs w ill continue to be inadvertently introduced into ra il and track. 
Examples include excessively deep serial stamping, d rill holes intersecting 
serial stamp marks, surface nicks which result from  mishandling, and internal 
micro-crack colonies which result from excess hydrogen content. A fter ra il 
has been laid, the locations of such defects can be ubiquitous and are not 
readily identifiable until such tim e as tra ffic  loads have caused slow crack 
growth or rail failure.

o Impulsive overloads, such as those caused by wheel flats, can occur in track 
locations other than a t temporary repairs. The combination of such a load 
with one of the foregoing defects can increase the rate  of slow crack growth 
or cause a sudden ra il failure.

o Adverse residual stress in a ra il can accelerate the rate o f slow crack growth 
or extend the length of fracture in a ra il failure. R ail manufacturing 
processes inevitably introduce some level of residual stress in the product, 
but the amount is generally tolerable. However, excessive levels of residual 
stress may be created by process deviations such as forging a ra il b ille t below 
the proper hot-working temperature or by the action of roller-straightening  
equipment in extending the length of highly stressed zones in a rail.

o Alloy ra il development is likely to continue to result in some products with  
reduced ductility and fracture toughness and consequent reduced resistance 
to sudden failure caused by service loads. Such products may also pose 
relatively higher risks w ith respect to handling and welding.
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In view of the foregoing points, the Task Force recommends the following long-term  
actions:

o An industry study should be undertaken to assess quality control procedures 
to make certain that the manufacturing processes are not introducing 
excessive residual stresses in the product. Particular attention should be paid 
to the study of roller-straightening practices.

o An industry study should be undertaken on the experimental measurement of 
the fracture toughness of recent formulations of alloy ra il steel. Detailed  
information on fracture toughness and fracture susceptibility, for loading 
conditions characteristic of normal train operations, would provide a rational 
basis for the development of recommended procedures for alloy ra il 
installation and maintenance.

o An industry survey should be conducted to ascertain current alloy ra il 
handling, installation, maintenance, and welding practices and produce 
acceptable practice guidelines since alloy ra il may be less tolerant to 
otherwise similar practices than plain carbon rail.
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A M E R I C A N  R A I L W A Y  
E N G I N E E R I N G  A S S O C I A T I O N

Februaxy 6, 1984

2000 L St., N.W. 
Washington, D.C. 

20036
(202) 835-9336

Mr. H. D. Reed
Chief, Railway Safety Division 
U.S. Department of Transportation 
Transportation Systems Center 
Kendall Square 
Cambridge, MA 02142
Dear Mr. Reed:

In response to your verbal request, we have made a survey of 
railroads represented on the AAR Engineering Division General 
Committee as to the amount of chrome vanadium alloy rail that was 
laid after 1972 that is presently in track. The responses included 
all U.S. railroads of gross revenues of over 400 million per year.

The total track miles of chrome vanadium alloy rail indicated 
in the replies was 340, of which at least 300 miles was bolted rail 
not continuously welded. An additional 36 track miles of this type 
of rail is installed on Canadian roads.

In regard to your question as to what percentage of this is in 
passenger service, Amtrak indicated that.it has no chrome vanadium 
alloy rail on trackage that it owns or maintains. An educated 
guess would be that Amtrak trains presently use about 200 miles of 
the trackage with chrome vanadium alloy rail.

Sincerely,

Louis T. Cemy 
Executive Director

LTC/met
cc: A. W. Johnston
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APPENDIX B

DETAILS OF METALLURGICAL OBSERVATIONS
Members of the Task Force examined the failed rail at the Union Pacific Railroad
Laboratory in Omaha, Nebraska on December 12, 1983. The examiners made the
following observations:
1. The alloy composition, as measured by UP, is close to the nominal composition 

given by the rail supplier.
2. The composition of 0.87Cr, 1.12Mn, and 0.058V (plus other elements) amounts to a 

high-chrome/high-manganese rail rather than a nominally designated chrome- 
vanadium rail. The latter type of alloy usually contains 0.10V to 0.15V.

3. The torch cut on the receiving end of the rail contained a notch, with a 1/16 to 
1/8 inch offset. The nick was located in the fillet region just below the rail head. 
See Figure 5 in Section 2.2.

4. SEM photographs of the notch showed obvious dendritic microstructure, and 
shrinkage cracks. (Figure B-l). The shrinkage cracks connected to the principal 
web crack that was involved in the rail failure.

5. The web crack ran for approximately thirty feet, undulating up and down in the 
web. The crack orientation was straight through for about the first two-thirds of 
the distance, and at 45 degrees to the horizontal for the last third. The 
following additional features were observed, with the approximate distances 
from the receiving end of the rail noted.

6 Featureless granular fracture surface (first 4 to 5 inches), Figure B-2.
7. Chevron markings appeared, symmetrical across web thickness, with bottom of V 

pointing back toward the receiving end (5 inches), Figure B-2. Similar chevron 
markings were ubiquitous thereafter.

8. Web crack ran up toward head, passing over the drilled bolt hole. A water mark 
appears on fracture surface (12 to 18 inches).

9. Three rubbing marks on lower surface (web/base piece) of web crack, but no 
corresponding marks on upper surface (2 to 6 feet).

10. Crack branching in web and into base, with chevrons indicating propagation both 
away from and then reversing toward receiving end of rail on different branches 
at 6 to 7 feet, Figure B-3.

11. Heavy batter and blue discoloration on an inclined branch (going up and away
from receiving end) of the web crack: A damaged area can be seen near the top 
of the incline, where branch rejoins main web crack underneath rail head at 7 
feet. See Figure 3 in Section 2.2. -

12. First branch breaking out to rail head and receiving end of broken rail head 
heavily battered at 8 feet. See Figure 4 in Section 2.2.
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FIGURE B-2. VIEW LOOKING D O W N  AT FIRST 4 TO 5 INCHES 
OF RAIL WEB FRACTURE
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FIGURE B-3. EXAMPLE OF CRACK BRANCHING
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13. Crack branching similar to Item (10), with one case of branching including 
breakout to rail head (10 to 21 feet). Minor batter was observed on receiving end 
of head breakout (21 feet).

14. Web crack ran through plant weld (19 feet).
15. Shattered zone approximately 1 to 2 feet long, with pieces of the order of 1 to 2 

inches long at 20 feet, Figure B-4.
16. After the shattered zone, web crack orientation changed to 45 degrees for the 

remaining length of the failure; highly fluted chevron markings appear on this 
part of the crack, Figure B-5.

17. There were no observations of any beachmarks indicating crack arrest.
18. Visual observation did not reveal any evidence of hydrogen cracking.
19. No large-scale plastic bending was observed. The first 8 feet of the web crack 

did exhibit apparent elastic stress relief, however, as indicated by the fact that 
the fracture surfaces could not be mated along the entire length without a gap.

A detailed illustration of the failed rail is reproduced here in Figure B-6 to locate the 
foregoing observations. Figure B-6 also records the directions of crack propagation 
inferred from chevron markings.
Related information was obtained from the Japanese National Railway (JNR) on 
fracture tests of alloy rail with similar chrome and manganese content and comparable 
strength to that of the failed rail. Two short lengths of the JNR rail were broken in 
the laboratory by means of a three-point bending test. Although the load was applied 
slowly these rails broke in a crack-branching pattern similar to the observations noted 
in Items 10. and 13. above (Figure B-7). Table B-l compares the alloy composition, 
showing that the JNR and failed rails have similar contents of chromium (Cr), 
manganese (Mn), and vanadium (V), but the carbon content of the JNR rail is much 
lower than that of plain carbon or conventional alloy rail steels.

TABLE B-l. COMPOSITIONS REPORTED FOR ALLOY RAILS (Wt%)
Element CR Mn V C Si Mo Ni S P B A1
Failed Rail 0.87 1.12 0.058 0.79 0.19 0.008 0.037 0.025 0.015 — —

JNR
L22063 1.15 1.18 0.07 0.33 0.32 0.20 — 0.007 0.020 0.0022 0.024
JNR
L22061 1.14 1.22 0.06 0.33 0.29 0.19 — 0.007 0.019 0.002 0.019
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Photograph of Reconstruction in UPRR Laboratory, 
— ""1 looking from 9.5 foot mark toward 33.5 foot mark
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TORCH-CUT END

» I

F ig u re  B -6  Reconstruction of Subject Rail



(a) Rail 22063, tested in head-up position simulating 
vertical wheel load on rail head

(b) Rail 22061, tested in head-down position inducing 
reverse bending (tension in rail head)

FIGURE B-7. RESULTS OF 3NR SLOW-BEND TEST
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Information was also obtained from Wheeling-Pittsburgh Steel, a U.S. rail supplier, on 
effects of torch cutting in plain carbon steel rail. Lengths of rail treated with a wear- 
retardant coating on the running surface were to be subjected to static three-point 
bending tests to determine whether the coating would spall off. The rails were torch- 
cut to lengths suitable for the test fixture. In some cases, the rails themselves 
unexpectedly started to fail during the bend test, the failure mode consisting of web 
cracks propagating from the torch-cut ends.
Additional metallurgical tests of the subject rail were performed in the UP 
laboratories. Three tensile specimens were tested with the following results:

Test No. YS(ksi) UTS(ksi) Elongation (%) RA(%}
1 105.2 172.6 8.9 9.4
2 1 1 4 .5 173.3 8.6 7.6
3 122.0 177.0 9.7 8.4

The results for elongation and reduction of area suggest low ductility and, therefore, 
low fracture toughness. The UP also ran several charpy impact tests on specimens 
oriented vertically with a horizontally oriented 0.079-inch depth V-notch. In all cases 
the fracture surfaces were judged to be fully brittle, and the fracture energies varied 
only slightly with test temperature.

Temperature (°F) 70 150 250 350
Fracture energy (Ft-lb) 1.5 3 5 5

Charpy fracture energy is an approximate comparative indicator of fracture toughness 
for similar metals, e.g., the subject rail and other steels with simlar carbon content. 
Figure B-8, comparing the UP data with independent results for plain carbon rail steel, 
suggests that the subject rail has less fracture toughness than plain carbon rail. An 
empirical formula for conversion of fracture energy to fracture toughness (Besuner, 
1976) has been applied to the charpy data, with the result that the fracture toughness 
of the subject rail is estimated to be about 44 percent of the fracture toughness for 
plain carbon steel at 70<>F.

B-12



30

3

>-
CD
C d

U J
C d

2

25 

20 

15 

10  

5 

0

-100 0 100 200 300 400 500 600 700

TEST TEMPERATURE (°F)

T
°  PLAIN CARBON RAIL STEEL, MIN & MAX OF 5 TESTS (CAMPBELL ET AL., 1949) 

D SUBJECT RAIL

„  ©

o cp
A

CD

A

FIGURE B-8 COMPARISON OF CHARPY V-NOTCH TEST RESULTS

B-13



APPENDIX C

ASSESSMENT OF SHOCK LOADS AND STRESSES

C-l



APPENDIX C

ASSESSMENT OF SHOCK LOADS AND STRESSES
Load Sources at the Joint Crossing
Vertical - The largest load is produced as a result of a wheel moving at a 
constant speed along the track encountering the mismatch as a step change in 
height. A bound on the maximum force can be based on an assumption that the 
receiving rail acts as a pivot point for rolling of the wheel as shown in Figure 
C-l. This kinematic situation implies an impulsive vertical component of 
velocity, v, for the wheel,

v V (C-1.1)

where:
R = wheel radius 
<5 = height mismatch 
V = vehicle velocity
The rail forces produced as a result of this impulse can be considered as follows:
a. Unsprung Mass/Track stiffness: Assuming that the vertical impulse is a

consequence of the flexibility of the rail support, as shown in Figure C-2, 
the dynamic force can be estimated on the basis of an analysis of the 
motion of the vehicle unsprung mass as it moves over a step change in 
vertical contact position.

From Figure C-2, the displacement of the unsprung mass M u can be related to 
the movement of the rail by,

Zi = Z0 + 6 + R cos 9
The corresponding velocity and acceleration of Mu are:

d Z ^  . . .
- r ±  = Z = Z - R 0 Sin .0 dt 1 o

‘ h2 7^ ” -1 •• ©O - - •• O
— -T== Z = Z - R 6 cos 0 = Z - V  /R 
dt2 1 ° ‘ °

(C-1.2)

(C-1.3)

The equation of motion for the unsprung mass can be written as

M Z- + M u 1 r Z + fC Z = 0 O r o (C-1.4)
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(C-1.5)
Zi, can be eliminated by substituting from (C-1.3) to form,

(M + M ) Z + K Z = M V2/R v u r' o r o u
Since the rail mass is small compared with the unsprung mass, so that M u »  Mf> 
solution for the motion of the rail is,

v2 Zo(0)z (t) = — x ( 1  - cos to„t) H------ sin to„t
Rto, to.

where,

to2
u

and Zo(0) - - V , 0

so that,
v

zo(t) = —  c1 - cos “2fc) - r V f  sln V  
Rto2 1

- - 4to0 ▼
2<S

The rail force resulting from this response is given by:
-M V2uF2 (t) - - Kr ZQ(t) - R (1 -  C O S  to2 t) +

f  A■'!*
V ✓ITm sin to0tr u 1  R Z

Defining d = V . . ...
F2 <t) V 0  W ” 0l2t - jij (1 - cos 0J2 t)]

This force reaches a maximum when,
dF2

i.e. tan to„ t = to„d
2 m 2

so that the maximum rail force is given by

the

(C—1-6)

(C-1.6) 

(C—1.7)



where P0 is the static wheel load. The parameters for this estimate can be taken as 
follows:.

For 136 lb. rail on good support, the vertical modulus = 4(10)3 psi, so that 
the rail stiffness, Kr= 3.3(10)3 ib/in
The unsprung mass on half an axle plus a wheel = 2000/386

= 5.18 Ib-seĉ /in
For 33 inch wheels, 6 /R = 0.011 (passenger vehicle)
For 40 inch wheels, 6/R = 0.009 (locomotive)
With these values 2̂ = 252 rad/sec = 40 Hz

V d 
(in/sec) (1/sec)

W2d (jd0t2 m tm(sec) Sin z m I-cos to2tm P2 (kips)
Pass- Loco- 
enger motive

176 0.014 3.528 1.295 0.0051 0.962 0.727 25.5 23.2
880 0.0028 0.706 0.614 0.0024 0.576 0.183 53.6 48.7
1056 0.0024 0.605 0.544 0.0020 0.518 0.144 56.5 51.3
1232 0.0020 0.504 0.467 0.0018 0.450 0.107 57.0 51.8

Assuming values of: 
PQ for a locomotive = 
PQ for a passenger car

33 kips 
= 20 kips

TABLE C-l. RAIL REACTION LOAD (kips)
10 mph 50 mph 60 mph 70 mph

Locomotive 56.2 81.7 84.3 84.8
Passenger
Vehicle 45.5 73.6 76.6 77.0

This reactive load is characterized by a relatively low frequency (40 Hz) and peaks in 
2 to 5 milliseconds after impact.
This load produces longitudinal bending and transverse shear stresses in the rail. The 
bending sresses are dominant in the rail head. In the web there are small vertical 
normal stresses near the head as a consequence of the web acting as an elastic 
foundation supporting the head. The largest stress in the web from this load is 
transverse shear. These stresses are distributed as shown in Figure C-3, roughly 
uniformly through the web, with a vaiue given by:

w ' 
C-5
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TABLE C-2. WEB SHEAR STRESS (ksi)

10 mph 50 mph 60 mph 70 mph

Locomotive 18.6 28.0 29.0 29.8
Passenger
Vehicle 15.9 25.8 26.8 27.0
b. Rail Mass/Contact stiffness; The estimate of rail force is consistent with 

dynamic vertical predictions for the most common joint irregularity, a dipped 
joint. It has been observed that for shock loads from such low joints a localized 
pulse near the rail end can be related to the contact stiffness of the wheel/rail 
contact region. This load has been described as to distinguish it from the 
vertical load estimate which may be characterized as P2*
The maximum value of this impulsive force can be estimated by modifying the 
analyses above to account for the contact stiffness between the wheel and rail 
and for the inertia of the rail.

Referring again to Figure C-2, the relationship between motion of the unsprung mass 
and that of the rail can be adjusted to consider the contact deformation, Ac

Z = Z + <5 + a + R cos 0 (C-1.10)
1  o c

Since Kc» K r, motion is governed by equations that relate the rail and unsprung mass 
displacements to the contact displacements A ,

. M Z. + K A = 0 i u - T c c

M Z - K A = 0 r o c c (C-1.11)

These equations can be combined to form,

M (Z. - Z ) + K A = 0 e l o c c (C-1.12)

where
_1 _
Me u

_1 _ M + M u r
M M u r
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From (C-1.10), the difference in accelerations is,
«• •• •• ^ •• V
Z, -  Z = A - R0 cos '-0 t~  A -- 5-1 o c c R

2

so that,

vM A + K A = M —  e c c c c R (C-1.13)

The solution of this equation for the time variation of contact displacement is,

v2 , v°)A = — 7T (1 - cos (u, t) -- ---- sin 03, t

with,

C T3 2Ro)̂ 03,

T k

(C-1.14)

or, A --*7
C R03?

(1  -  co s  031t )  -  s in

‘ '  ‘ j -i i\CiU ' " '  i O.  -  ' , '  1 •

v  t s i n  V  -  ^ 7  ( 1  "  cos wi t ) ]

The maximum of this force occurs for

tan 03, t  = 03, d l m l

Taking into account the curvature of the receiving edge of the rail at the step 
irregularity, we can estimate the maximum Pi force assuming,

K c = 5 (10)6 Ityin
M r = 0.324 lb-sec 2/in

Again using - 1
2R6
V

Px ( t )  = K A = c c K M c e
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so that

M e = 0.305 lb - sec 2/in
and

“ 1 = 4049 rad/sec = 645 Hz

With these values,

m d »  1 for all speeds of interest and t ~ -=—
1  m

Therefore, the maximum impulsive force can be approximated by:
P = P -F y^Kir V /26/R 1 o c e (C-1.15)

Table C-3 tabulates these impulsive loads for both the locomotive and the passenger 
vehicles.

TABLE C-3. IMPULISVE L O A D  (kips)

10 mph 50 mph 60 mph 70 mph

Locomotive 62.5 179 208 237

Passenger
Vehicle 52.5 181 213 245

—  { »This load has a high characteristic f frequency, 645 Hz, and peaks in about 0.4 
milliseconds. L j

While the vertical components of load at the mismatched joint have the largest 
magnitude, significant axial and lateral loads may also occur.

2. Axial (longitudinal) forces at the mismatch - As a wheel hits a vertical 
mismatch in height, an axial change in momentum occurs along with the vertical 
impulse. Considering the kinematic assumptions of Figure C-l, the change in 
axial velocity during impact is

S' S 'v lO' hfl-Of '59CjqL "'i- if;, i i *. . V  • l:ic~ ... ■

V - V' = V - V cos 9 = V - V (1 - 6/R) = V 6/R

Assuming that the impulsTve'fbrde is provided^by the axial flexibility of the rail, the 
maximum axial force can be estimated by:

Pa -  W E )

Using a representative value of 5(10)^ lb/in. for axial stiffness K , for a 
passenger vehicle,

Pa = 4.42V (C-2.2)
C-8



while for a locomotive,

Pa = 3.65 V (C-2.3)
in which the unit of V is in./sec.
Table C-4 tabulates these forces for both vehicles.

TABLE C-4, AXIAL L O A D  (lbs)

10 mph 50 mph 60 mph 72 mph

Locomotive 644 3210 3850 4620

Passenger
Vehicle

780 3890 466 7 5600

These loads are small in comparison with the vertical loads at the mismatch. This load 
does not have a significant effect unless the vertical step becomes very large. 
Furthermore, the resulting longitudinal stresses have little influence on the 
propagation of a horizontally oriented crack.

/
3. Lateral forces at the mismatch - The magnitude of lateral load is strongly 

determined by the specific dynamic conditions (e.g. angle of attack) that 
characterize the approach to the joint. Since these details cannot be known, the 
only available simple bound is to assume that L/W = 1 if no wheel climb has 
occurred. (W = Vertical wheel load)

While the reference W  could be taken as large as P2 , a more reasonable estimate can 
be based on the static wheel load adjusted for speed. For example, the A R E A  speed 
factor for vertical load estimates the dynamic wheel load as:

p r ' ; ’ i r  r> is o  *  (C-3.1)

where:
:y W  =Pnd.l +-

■

33V
•iooi

V = speed (mph)
■a cJnssfioc/Tion ;
■hi'.'-i :.<• is&Y.k-

D  = wheel diameter gd.1 "s .esoioi. '
■ ns .vdgldf1' (u  r t jU im i .  >

PQ = static wheel load (lb.)irfc/i sii. pnn~: .j :q r
*̂! C/0” * J-i: *iL'0 i0 0 1 ild i s :

Using this vertical load as an upper bound for the lateral load, the 
lateral loads is shown in table C-5.

) - v ■V

estimate of

TABLE Q-5; LATERAL L O A D  (kips) 3 ^
. . , „ i^ < T,-? ?, •• '•

10 mph 50 mph 60 mph 70 mph

Locomotive 36.3 46.6 49.3 52.1

Passenger
Vehicle 2 2 .0 30.0 32.0 34.0
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It is likely that the actual lateral load was much lower than this estimate. 
However, this load is potentially the most damaging to the top of the web since it can 
produce a vertical tensile stress at the surface. A  decisive question in this regard is 
whether a horizontal web crack loaded in this way can be propagated horizontally.

4. Joint bar load transfer - As a wheel crosses from one rail to another of a bolted 
joint, bending of the rail places the joint bar in four point bending. This situation 
yields a lower stiffness than an identical length of continuous rail and produces a 
quasi-static upward load on the under side of the rail head. The magnitude of 
this upward load depends on the wheel load, and the integrity of the joint. Under 
some circumstances it can exceed the wheel load in magnitude. However, the 
major influence of this load is on alternating stresses in the vicinity of the first 
bolt hole rather than in the region at the end of the rail.

5. Wheel "hop" - A  related effect of the impact of a wheel on the step irregularity 
in rail heights is the likelihood of temporary loss of contact of the wheel and 
rail. Some sources have suggested that loss of contact will occur at any step 
except at very low speed. A  crude estimate of the height of such motion can be 
based on the kinematics used in Figure C-l. Equating the kinetic energy of the 
unsprung mass with the vertical velocity of the initial impact to some of the 
work needed to lift the wheel load to a height h, and the energy to deflect the 
primary spring by h yields,

where

h / P “ \ 2  "  1
t  o \

(C-5.1)

Frequency of (the unsprung mass jpn the primly vehicle suspension
Fot-a^assenger-vehiGle^-this estimate bounds^the-movement-of-the -wheel.

TABLE C-6,.r, M A X I M U M  HEIGHT

10 mph 60 mph 72 mph

h 0.005 in 1.10 in 1.42 in
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VERTICAL SHEAR STRESS

Figure C-3
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RAILROAD ACCIDENT INVESTIGATION
ACCIDENT REPORT 8-83

MISSOURI PACIFIC RAILROAD COMPANY 
NATIONAL RAILROAD PASSENGER CORPORATION 

WOODLAWN, TEXAS 
NOVEMBER 12, 1983

FEDERAL RAILROAD ADMINISTRATION 
OFFICE OF SAFETY 

TascnTM OTmii r> n  9  o k  an

Synopsis

On November 12, 1983, at approximately 10:10 a.m., 4 passengers 
died and 133 other passengers and 12 railroad employees were 
injured as the result of.rthe derailment of an Amtrak passenger 
train operating on Missouri-Pacific „(MP) track near Woodlawn, TX.

| ‘V ' 'Location and Method of Operations
The passenger train was derailed at| milepost 55.6, 3.1 miles east 
of Woodlawn, on a singlexmain track whose traffic is governed by 
signal indications from a traffic control system. Woodlawn, 58.7 
miles west of Texarkana, AK, is on that portion of the MP 
extending from Texarkana to Dallas", TX.

Track and Terrain

In the immediate accident area, the track extends north to south 
geographically. Timetable direction (the reference used) is east 
to west.
From the east, there are in succession: tangent of 1 1/2 miles;
a curve of 1 degree 24 minutes to the south for 1,358.5 feet to 
the point of the derailment and 433.2 feet beyond; a tangent of
157.4 feet; and a curve of 1 degree 2 minutes to the north. The



grade for the 1,600 feet approaching the derailment is 0.03 percent descending to the west, and the terrain is wooded and slightly rolling.
The main track was composed of 136-lb, RE-section continuous 
welded rail (CWR), laid in 1983, on crossties spaced an average of 19 1/2 inches center-to-center, and double-shoulder tie 
plates, spiked with two plate-holding spikes and two rail-holding 
spikes per plate. The rail was restrained from longitudinal 
displacement by an average of 48 rail anchors for every 39 feet 
of track, with every second tie box anchored. The ballast was 
crushed rock, an average of 12 inches deep below the crossties.

Sight Distance
Vision from a train approaching the accident point was restricted 
to approximately 900 feet by the growth of vegetation and a
1-degree 24-minute curve to the left.

Maximum Authorized Speed
The maximum authorized speed at the accident site is 75 mph for 
passenger trains and 60 mph for freight trains.

Applicable Rules

Federal Track Safety Standards (Code of 
Federal Regulations, Title 49, Part 213
Subsection 213.121(e): In the case of
continuous welded rail track, each rail must 
be bolted with at least two bolts at each 
joint.

(Missouri Pacific Railroad Company Rules)
Chief Engineer's Instructions CE237T
Rails may be cut with a saw, nicked with a 
chisel and broken, or cut with a torch.
Rails cut with a torch must be re-cut with a 
saw. Except in emergencies or under special 
conditions, all rails will be cut with a saw. 
Those rails cut with a torch will have a 10 
mph slow order until the rails are replaced. Under no circumstances will the bolt holes be 
installed with a torch. All bolt holes will 
be drilled.

Operating Rules
Rules 350. Stop indication per Rule 292:. . . when a train or engine is stopped by a
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Stop indication and such indication does not change promptly to a more favorable 
indication:
1. Communicate with train dispatcher or control operator if means of communica

tion is available.
2. Upon verbal advice from train dispatcher 

or control operator in words: "There is no opposing train in the block", train 
or engine may proceed at Low Speed to 
the next signal.

Definitions:
Low Speed. A speed that will permit 
stopping short of train, engine, 
obstruction, oor switch not properly 
lined and looking out for broken rail, 
but not exceeding 20 miles per hour.

Circumstances Prior to the Accident
On October 20, 1983, MP track crews replaced rail through the 
accident site with new 136-lb, RE-section CWR. The rail was 
chrome—vanadium alloy steel rolled by Krupp in the Federal 
Republic of Germany.
On November 12, the day of the accident, MP Extra 3228 West, 
consisting of two locomotives, 62 freight cars, and a caboose, 
departed Texarkana at 3:32 a.m. It was stopped at 6:13 a.m. by a 
signal indication displaying a "STOP" aspect at the west end of 
the siding at Jefferson, TX. The dispatcher authorized Extra 
3228 West to proceed in accordance with Rule 350, and the train 
operated at "Low Speed" without incident from Jefferson to 
Woodlawn. After the passage of Extra 3228 West, the dispatcher's 
traffic control panel continued to show a track occupancy light 
in the segment between Jefferson and Woodlawn.
An MP track inspector was sent by the train dispatcher to look 
for a broken rail as a possible cause of the track occupancy 
indication between Jefferson and Woodlawn. The inspector found a 
broken field weld with the rail ends separated 3 1/2 inches at 
milepost 55.6, and he removed the track from service at 6:49 a.m.
An MP track maintenance crew, composed of a foreman, a welder, and a laborer, was sent to repair the rail. They cut the 136-lb 
rail in track with an oxy-acetylene torch, 19 feet 3 inches west of the broken weld and removed the 19-foot 3-inch section of rail 
Then they cut a section of rail (136 lb 19 feet 6 inches) from the secondhand rail that had been removed from the track on
October 20. This section of rail was cut with the torch at both
ends. Thirty-six-inch joint bars were used to join the
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replacement rail to the rail on the track. At 9:15 a.m., the MP track inspector restored the track to service with no restrictions.
MP Extra 3319 West, two locomotives, 97 freight cars, and a 
caboose, departed Texarkana at 3:50 a.m., stopped at Jefferson at 6:46 a.m., and waited for the track beyond Jefferson to be restored to service. At 9:30 a.m., the dispatcher authorized 
Extra 3319 West to proceed with no speed restrictions. The track 
crew remained on the scene and actually observed the train move 
over the repaired track at milepost 55.6 at the maximum 
authorized speed (60 mph) without incident.
Passenger Extra Amtrak 294 West, consisting of two locomotives 
and nine passenger cars, departed Texarkana at 9:07 a.m. This 
train, designated Number 21, "The Eagle," was an extra train 
placed in service to facilitate a timetable change on November 13. 
Aboard were 145 passengers, 12 Amtrak passenger service 
employees, and 5 MP train service employees. When 294 West 
passed Jefferson at 10:03 a.m., the signal at the west end of 
Jefferson displayed an aspect indicating "Proceed," and the 
intermediate signal at milepost 53.1 also showed "Proceed." The 
fireman was operating the locomotive, and the engineer was seated in the fireman's seat.

The Accident
At about 10:10 a.m;, as Passenger Extra Amtrak 294 West was 
traveling at about 72 mph over the repaired track at milepost 
55.6, the eight rear cars became derailed. The CWR adjoining the 
western end of the replacement rail shattered into small pieces 
under the train during the derailing action. When the leading 
locomotive stopped 1,274 feet west of the point of derailment, 
the two locomotives and the first car remained on the track, and 
the next four derailed cars remained essentially upright. The 
sixth car was derailed and was leaning approximately 40 degrees 
to the north. The seventh, eighth, and ninth cars were derailed 
and rested on their north sides, after they had slid on their 
sides’ along the ground north of the track. (See figure 1.)

Emergency Response
At 10:10 a.m., the crew of Passenger Extra Amtrak 294 West 
radioed news of the accident to the train dispatcher. The 
Marshall Fire Department, the Texas Department of Public Safety, and the Harrison County Sheriff's Department were notified by 
10:20 a.m. The Harrison County sheriff immediately requested areawide assistance, and 23 organizations responded.
The first ambulance arrived at 10:30 a.m., and by 11:15 a.m. all the seriously injured were evacuated. Two physicians and one nurse from Marshall Memorial Hospital reached the scene at 10:40 a.m., and evacuation of all casualties was completed by 11:30 a.m. 
The medical staff of Marshall Memorial Hospital was increased
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from 6 to 15 physicians before the first casualties arrived at 11:20 a.m. Casualties were also transported to hospitals in 
Jefferson and Longview, TX. Uninjured passengers were taken to the Texas Amy National Guard Armory at Marshall.

Damage
Four passenger cars received substantial damage; four passenger cars sustained minor damage. The carriers (MP and Amtrak) 
estimated damage to equipment at $2,111,500 and damage to track 
at $11,000.

Post-accident Examination of Equipment
On November 13, 1983, tests of the air brakes on the entire 
consist of Passenger Extra Amtrak 294 West showed that the brakes 
functioned properly on the two locomotive units and the first 
four cars of the train. The brakes on the rear five cars were 
inoperative because of derailment damage. The right 
leading-wheel flange of the second car (sleeping car No. 2911) 
showed the mark of a heavy impact.

Post-accident Examination of Track Structure
Examination of the, track revealed .that the north rail, starting . 
at the west" jbfnti of^trhe'~rep±aeed: rail section' and continuing- west for 38 feet, had shattered into many small pieces, 85 of 
which were later recovered. The first mark of a derailment was 
found, on the south rail., 7 feet 11 inches west of the west joint of the replacement rail. The only deviations from Federal Track 
Safety Standards were the two joints securing the replacement 
rail— each had only three bolts instead of the required four. 
Otherwise, the condition of the track had met the requirements of 
Federal Track Safety standards.
Analyses of recovered pieces of the failed rail and the adjacent 
sections of rail revealed the following:

o The failed rail branding was marked "136 RE VT KRUPP 
1981 111111111 AL."

o The failed rail shattered into more than 85 pieces 
within 38 feet. (Some pieces were not recovered.) 
Generally, the failure followed a longitudinal crack in 
the web of the rail, with secondary cracks progressing through the head and base of the rail.

o The eastern end of the failed rail had been cut with a 
torch. A step or offset of approximately one-eight 
inch in the cut was found approximately 2 inches below the tread surface of the rail. (See figure 2.)
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Figure 2.
E a s t  end  o f  f a i l e d  c h ro m e - v a n a d iu m  r a i l ,  a d j o i n i n g  w e s t  end
° f  r e p l a c e m e n t  r a i l  s e c t i o n s  a t  t h e  r i g h t .  R e c o n s t r u c t e d ,
w i t h  j o i n t  b a r s  r e m o v e d .
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o The eastern end of the longitudinal crack in the failed 
rail was located at the offset in the torch cut. (See figure 3.)

o When the joint connecting the failed rail with the 
replacement section was reconstructed, there was a 
tread mismatch of approximately three-sixteenths inch, 
with the failed rail tread higher than the replacement rail. (See figure 4.)

o The eastern and western ends of the replacement rail 
section each contained two bolt holes, drilled a 
diameter of 1 1/8 inches. The two ends of the CWR 
which were connected to the replacement rail section 
each contained only one bolt hole, drilled a diameter 
of 1 1/8 inches.

o MP track inspection records showed that the track had
been inspected at the frequency required by the Federal 
Track Safety Standards.

o A rail flaw detector car had last been operated over 
the main track at the accident site on June 1,
1983— before the failed rail was installed. The only 
rail defect found within 1 mile of the accident site 
was a small, defective plant weld in the north rail at 
milepost 55.2.

o One week after the accident, a rail flaw detector car 
was used to test all the high-alloy rail on the Dallas 
Subdivision, including the recently installed Krupp 
chrome-vanadium rail; no flaws were detected.

Findings
1. At the time of the accident, Passenger Extra Amtrak 294 

West was being operated in accordance with the 
carrier's (MP) applicable rules and regulations.

2 The MP failed to issue the proper speed restrictions 
when it restored service over torch-cut rails without 
reducing train speed to 10 mph —  a violation of the 
Missouri Pacific Chief Engineer's Instruction CE237T.

3. The track at the accident site —  in non-compliance
with 49 CFR 213.121 (e) —  had two bolt holes drilled 
the required diameter in both ends of the replacement 
rail, but only one bolt hole was drilled the required 
diameter in the CWR rail ends. Three bolts were 
provided at each connecting joint in violation of the 
four-bolt hole requirement.
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Figure 3.
East face of failed chrome-vanadium rail, reconstructed, showing 
torch cut, offset, and web crack through offset.
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Figure 4.
Failed rail on the left, reconstructed, joined to west end of 
replacement rail section, showing bolting pattern and tread surface mismatch.
N o t e :  M is m a tc h  i s  s l i g h t l y  e x a g g e r a t e d  d ue  t o  s e p a r a t i o n  o f  t o p

a n d  b o t to m  p o r t i o n s  o f  f a i l e d  r a i l  o f  t h e  web c r a c k .
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4. As a result of the unusual failure, FRA established a 
technical Task Force to conduct a full evaluation of 
the rail failure. The Task Force concluded that "there 
are no inherent reasons why acceptable combinations of 
manufacturing, operating, and maintenance practices 
cannot result in safe use of alloy rail." Further, the 
Task Force recommended, "torch-cutting of rails should 
not be preferred practice for temporary track repairs. 
However, railroads which do so to alloy rail should 
restrict the speed allowed over those repairs to 10 
mph. "

5. The traffic control signal system functioned as 
intended— first detecting the broken field weld and 
later displaying the "Proceed" signal after the 
continuity of the track circuit had been restored by 
repair of the rail.

Dated at Washingto 
this day of 
by the Federal Rai

at Washingto 
day of fi. W. Walsh j 

Chairman
Railroad Safety Boardinistration
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