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PREFACE

This report describes and compares the ballast physical state test 
results obtained from field investigations on several track sites represent­
ing various track conditions* maintenance operations and traffic levels.
The work is part of a contract to evaluate ballast compaction and recommend 
guidelines for using compaction to improve track performance.

This study was conducted by the Research Foundation of the State 
University of New York at Buffalo (SUNYAB) under contract to the U.S.' 
Department of Transportation, Transportation Systems Center, in Cambridge, 
Massachusetts, sponsored by the U.S. Department of Transportation's Federal 
Railroad Administration, Office of Research. The Contract No. is DOT/TSC/ 
1115. The technical monitor was Andrew Sluz.

The Principal Investigator for the study was Ernest T. Selig,
Professor of Civil Engineering at SUNYAB. Technical direction of the work 
described in this report was also provided by Tai-Sung Yoo, Research 
Assistant Professor, and Carmen M. Panuccio, Research Engineer. The 
outstanding cooperation of the Illinois Central Gulf Railroad, Southern 
Railways, and Canadian National Railways in permitting tests to be conducted 
on their track is gratefully acknowledged. Assistance of the Transportation 
Test Center in Pueblo, Colorado with the tests at the FAST track is also 
acknowledged. A majority of the field tests by SUNYAB and the related data 
reduction were conducted with the help of Hwang-Ming Chen, James I. Johnson, 
and Brian C. Dorwart, who were Graduate Research Assistants at SUNYAB.
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ADDITIONAL CONVERSION FACTORS
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EXECUTIVE SUMMARY

The three most.promising methods for identifying the physical state of 
ballast were determined to be the plate, load test (PLT), the lateral tie 
push test (LTPT) with single ties, and the ballast density test (BDT). The 
plate load test determines the pressure on the ballast surface from a
5-in.-diameter plate which is required to produce a specified amount tff
surface deflection, usually 0.1 to 0.3 in. The resulting parameter, termed

- ' • •ballast bearing index, is a measure of the ballast stiffness. The lateral
tie push test determines the force to push a tie up to 0.25 in. horizontally 
when the tie is unfastened from the rail. This gives indirect measurement 
of ballast physical state but it is directly related to the amount of 
lateral restraint to the track provided by the ballast. The ballast 
density test determines the weight of ballast particles per unit volume of 
ballast structure. This is a direct measure of the degree of compactness 
of the ballast.

Apparatus and procedures were developed for performing each of these 
tests in the field. Measurements were then made on existing track to 
investigate the effects of tamping, crib and shoulder compaction, and 
traffic on the ballast physical state. The four sites at which the field 
tests were conducted were: 1) Canadian National Railways in Belleville,
Ontario, 2) Southern Railways site near Lynchburg, Virginia, 3) Illinois 
Central Gulf (ICG) site near Kankakee, Illinois, and 4) the Department of 
Transportation Facility for Accelerated Service Testing (FAST) in Pueblo, 
Colorado. Available data from U.S. and foreign literature for different 
track maintenance operations and train loading conditions were correlated 
with this new data.
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The field measurements showed that the ballast physical state is 
significantly affected by train traffic, track maintenance procedures, and 
track conditions existing prior to maintenance. Tamping may densify or may 
loosen the ballast layer depending on the type and nature of tamping 
operation, track conditions, and location of the ballast layer. Typically, 
tamping during initial construction may increase ballast density and 
stiffness under the tie near the rail, but the same tamping performed 
during track maintenance after traffic will disturb and loosen the ballast 
layer that has been compacted by traffic. Ballast density and stiffness 
increase from crib and shoulder ballast compaction was quite evident in the 
crib near the rail, but the effect of crib compaction on the ballast under 
the tie was very limited. The long-term effect of this ballast compaction 
was not conclusive, however, because of insufficient data. Traffic appeared 
to be the biggest source of ballast compaction.

The ballast density test was shown to be a useful tool for determining 
the in-situ ballast physical state. The techniques, which were improved 
through the field experience, have proven suitable for railroad application, 
and the measurements are considered reliable. The density test results 
presented in this report provide important and needed information which 
will improve the understanding of track performance.

The lateral tie push test results indicated that, after disturbance 
from maintenance operations, a reasonable estimate of train loading required 
to reestablish a "stable" ballast condition is 20 million gross tons (MGT) 
of traffic. The amount of traffic to produce the same benefits as crib 
and shoulder compaction when used immediately after tamping is about 0.2 
MGT, or 3 to 4 days of average daily traffic. The effects of crib and
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shoulder compaction following tamping could not be distinguished from the 
tamped-only track condition after approximately 2.0 MGT of traffic.

The plate load test ballast bearing index trends with traffic could 
not be established. However, the amount of traffic equivalent to the 
benefits of crib and shoulder compaction appeared similar to that estimated
from the LTPT correlation.

V
Insufficient data in the 2 to 20 MGT range prohibits the establishment 

of clearly defined trends with applied traffic. Also, effects of differ­
ences in ballast type, amount of track raise, characteristics of ballast 
crib and shoulder compactors, and track structure cannot be thoroughly 
evaluated. Further study of these factors is strongly recommended. In- 
such studies, adequate information on the track structure, traffic loading 
history, track maintenance history, and environmental conditions is impor­
tant.. In addition, standardized BDT, PLT, and LTPT apparatus and test 
procedures are needed because the measured values are sensitive to the 
apparatus and procedures.

x v i  i / x v i  i  i



1 . INTRODUCTION

The railroad industry is currently concerned with the track system 
response following out-of-face track maintenance operations. The track 
system response has been categorized in terms of the changes in lateralis
track stability, in vertical track stiffness, and in track gage, surface, 
line and twist. Several factors which influence the track system response 
are: a) environmental conditions, b) magnitude of total train loading,
c) physical state and type of ballast and subgrade, and d) type of track 
maintenance operation. The first three factors are interrelated for track 
in-service; however, the initial conditions established by the latter two 
factors are the most crucial. Accurate and reliable methods of measuring 
ballast physical state and its change from the initial conditions must be 
employed to properly relate track conditions to performance.

Presently, the two most common field methods of measurement related 
to track performance used by American and foreign agencies are single and 
panel-section lateral tie pull or push tests. Other available methods are 
track geometry measurement using instrumented cars, longitudinal tie push 
tests, plate load tests, ballast density measurements and track geometry 
surveying. A literature review (Ref. 1) indicated the three most promising 
methods for identifying the ballast physical state are the plate load test 
(PLT), single lateral tie push test (LTPT), and the in-situ ballast den­
sity test (BDT). SUNYAB's emphasis was placed upon developing apparatus 
for these methods which was rugged, portable, quickly set up, required 
a short amount of testing time, and retained a permanent record from each 
test.
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This report will be concerned with field test results obtained from 
the plate load test, the lateral tie push test and the ballast density 
test. The first method measures vertical ballast stiffness and is a direct 
indicator of the changes in ballast physical state. The second method is 
only an indirect measure of physical state, but it is directly relevant to 
the lateral track buckling behavior. The third method directly measures 
the ballast physical state by determining the density or void ratio.

Available data were compiled on the PLT and LTPT from U.S. and foreign 
literature for different track maintenance operations and train loading 
conditions. These data will supplement tests performed by SUNYAB on the 
sites of several participating railroads. Since the BDT technique was only 
recently developed, density measurements will just be qualitatively com­
pared with other published data.

'For the PLT and LTPT, differences in test equipment, test procedures 
and the absolute magnitude of load resistances were identified with each 
source of data, and in particular with each test program and track struc­
ture. Thus, in order to establish the general trends for all data ob­
tained for each test method, several data normalization techniques were 
devised to account for these differences for correlation purposes. The 
normalization procedures essentially yielded a dimensionless load ratio 
at a specific displacement levels The load ratio proportions load for a 
given track condition, i.e., a certain million gross tons (MGT) of traffic, 
to load at a common reference condition. The latter state appeared to be 
most suitably defined as that immediately following the track tamping-
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leveling-lining operation. The correlation would then involve establishing 
a relationship between the load ratio at a given displacement level and 
the MGT of traffic. Since the plate load test data is as limited as the 
ballast density measurements, the correlations will be emphasized for only 
the lateral tie push test results.

Evaluation of the LTPT correlations should indicate any apparent 
differences in trends caused by track maintenance operations, such as crib 
and shoulder ballast compaction. Thus, the correlation would.serve a. 
twofold purpose for the lateral tie push test. The first is identifying a 
reasonable magnitude of MGT following track maintenance which provides a 
stable track condition. The second would be the determination of an 
equivalent amount- of MGT provided by crib and shoulder compaction after 
tamping. Where possible the trends implied from the other two ballast 
physical state tests will be used as additional supportive data to 
supplement the trends from the LTPT.

The track and test conditions existing on the sites for SUNYAB's 
field investigations are described in Section 2. The ballast density 
test, the plate load test, and the lateral tie push test data are sum­
marized, compared, and evaluated in Sections 3, 4 and 5 respectively.
A general summary of the findings of this report is provided in 
Section 6.

\
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2. RAILROAD SITES FOR SUNYAB TESTS

The State University of New York at Buffalo (SUNYAB) conducted field 
tests on operating track utilizing the single lateral tie push test (LTPT), 
the plate load test (PLT), and the in-situ ballast density test (BDT). The 
railroad sites were: 1) Canadian National Railways station yard in Belle­
ville, Ontario, 2) Southern Railways site near Lynchburg, Virginia, 3) 
Illinois Central Gulf (ICG) site ne.ar Kankakee, Illinois, and 4) the 
Department of Transportation Facility for Accelerated Service Testing 
(FAST) near Pueblo, Colorado. The pertinent track and test conditions are 
summarized in Tables 2.1 and 2.2, respectively. The objective of these 
field tests was to investigate the changes in the physical state of various 
ballast types with respect to different track maintenance operations and 
traffic conditions.

2.1 CANADIAN NATIONAL RAILWAYS

In 1976 CNR initiated a program to evaluate the effectiveness of 
tamping machines and ballast compactors available in North America. The 
CNR program mainly relied on lateral tie push tests as a measure of effec­
tiveness. In July, 1976, with the cooperation of CNR, the ballast compac­
tion study group at SUNYAB participated in the CNR field experiments, 
evaluating the laboratory-tested ballast density apparatus and procedures, 
and assessing the physical state changes in the ballast layer during 
maintenance.

4
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Table 2.1. Track Conditions for SUNYAB Test Sites

Railroad
Track

Classification
Maximum
Speed
(mph)

Annual
Traffic
(MGT)

Type of 
Track

Type of 
Rail Type

Ties
Dimensions Spacing

CNR No. 2 mainline 
station yard

— — Tangent 78 ft 
bolted

wood ( i l l ) — 19*s in.

Southern

ICG Freight

20 to 
30

Tangent 132 RE 
CWR

wood 8.6 ft. 
length 20 in.

Class //5 50 23 Tangent 132 RE 
CUR

wood (oak) 
old & new

7 in. x 
x 8.4

9 in.
ft.

20 to 22 in

FAST Test Track 48 135 to 
150

Tangent 136 RE 
Bolted

wood (oak) 
new

7 in. x 
x 8.5

9 in. 
ft

191s in.



Table 2.2. Test Conditions for SUNYAB Test Sites

cn

Railroad Test State Ballast Type Height of Compactor Average No. of Ballast Physical State Tests
Tamping Vibration BDT PLT LTPT

Under Center Under Rail of Track Rail Center of Track

CNR Before Tamping Nickel Slag 4 - - ' - - - -

Tamped Only 1-1/2 2 — — —
Tamped-Compacted 3 to 4 4

(All In-Crib Only)
“ “ “ ""

Southern Tamped Only Crushed Granite — 4 — — — —
Tamped-Compacted 4

(All In-Crib Only)
“ “ '

ICG Tamped Only Limestone and Steel Slag 8 4 10 4 9

Tamped-Compacted 3-1/2 a 4 10 4 10
TampedPlus 5 MGT 
Traffic

1 to 1-1/2 16
(Half

8
of Tests

6
In-Crib;

5
Half of Tests

21
Under Tie)

FAST After Track Construction; a) Crushed Graniteb) Crushed Limestone 8 4Before Traffic c) Crushed Traprock
135 MGT Only b) & c) 8 4 12 4 5
Tamped Only 81 1(b) 8 4 12 4 5
0.1 MGT tl 2 (c) 8 4 12 4 5(Half of Tests In-Crib; Half of Tests Under Tie) (Total Number of Tests for Each Ballast Type)

Total No. of Tests: BDT = 174, PLT = 135, LTPT = 70

■ t



The SUNYAB tests were conducted at the Belleville station yard near 
the No. 2 mainline between Toronto and Montreal. About 3000 ft (915m) of 
track was tamped, about 2/3 of which was compacted. A total of ten in-situ 
density measurements were made before tamping, after tamping, and after 
compaction, using a preliminary version of the ballast density apparatus. 
Measurements were conducted in the cribs, both inside and outside the rail. 
In addition to the in-situ density measurements, measurements were made 
of moisture content, gradation, and reference density.

The ballast at the test site was a nickel slag supplied by a mill at 
Sudbury, Ontario (Ref. 2). Figure 2.1 shows the gradation range of the 
ballast. It was determined from the sieve analyses of the ballast density 
samples. The ballast at the test site varied significantly in its grada­
tion and appeared to have been completely fouled by intrusion of subgrade 
materials. The classification of the ballast samples taken for the density 
tests varied from GW to GP according to the USCS, and the percent finer 
than No. 4 sieve varied from 5.5 to 35.7?o. The moisture content of the 
ballast ranged from 0.3 to 2.4?£, depending on the amount of fines in the 
ballast layer. Table 2.3 lists typical index properties of the nickel 
ballast as determined by Gaskin and Raymond (Ref. 2).. However, the grada­
tion is not representative of the fouled ballast in the station yard.

2 .2  SOUTHERN RAILWAY

The Southern Railway System (SR) has been active in evaluating the 
effectiveness of their maintenance work and had previously conducted 
a series of tie-push tests while using a Plasser compactor (Compactor

7
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Table 2 .3 . Index P ro p e rtie s  o f  N icke l Slag B a lla s t  a t  CNR S ite  (R e f. 2)

Shape -v A ngular

Nominal S ize , 
i  nches

1 / 4 - 2

U n ifo rm ity  
C o e f f ic ie n t ,  Cu

8.1

C oncavity  
C o e f f ic ie n t ,  Cc

2.5

U n if ie d .S o il  
C la s s i f ic a t io n

GW

S p e c if ic  G ra v ity :  
Bulk 3.40

Apparent 3.42

A b so rp tio n  (%) 0.25
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VDM800R). The d e ta ile d  r e s u lts  o f  th e i r  te s ts  are re p o rte d  in  R ef. 3. In  

1976, the SR leased a Tamper compactor fo r  use in  t ra c k  maintenance on a 20 

to  30 annual MGT m a in lin e  . W ith the  co o p e ra tio n  o f  th e  SR, SUNYAB had 

a chance to  conduct f ie l d  te s ts  d u rin g  t h e i r  m aintenance work on th e  

m a in lin e  on August 26 to  27, 1976, in  R o ck fish , V ir g in ia ,  near Lynchburg.

The tra c k  was a s in g le  l in e  o f  con tinuou s welded r a i l  (CWR) supported 

on crushed g ra n ite  b a l la s t .  The b a l la s t  appeared to  be q u ite  u n ifo rm ly  

graded, w ith  l i t t l e  v a r ia t io n  in  i t s  g ra d a tio n  over the  e n t ire  te s t  s e c tio n  

(F ig .  2 .2 ) .  The USCS c la s s i f ic a t io n  in d ic a te s  th e  b a l la s t  as GP.

A t o t a l  o f  e ig h t d e n s ity  measurements were perform ed in  th e  c r ib .  The 

te s t  s e c tio n  was d iv id e d  in to  tamped and tamped-compacted zones. Four 

te s ts  were done in  each te s t  zone, using the  improved v e rs io n  o f  b a l la s t
 ̂ r

d e n s ity  apparatus. A lso measured were in - s i t u  b a l la s t  d e n s ity ,  m o is tu re  

c o n te n t, g ra d a tio n , v o id  r a t io ,  and re fe re n ce  d e n s ity .

2 .3  ILLINOIS CENTRAL GULF RAILROAD

As a p a r t o f  the  m ajor t ra c k  r e h a b i l i t a t io n  program (R efs. 4 , 5 ) ,  the  

I l l i n o i s  C e n tra l G u lf conducted e x te n s ive  b a l la s t  u n d e rc u ttin g  and c le a n ­

in g  work on about 200 m ile s  o f  i t s  m a in lin e  tra c k  between E ffingham , I l l ­

in o is ,  and Chicago, d u rin g  th e  p e rio d  o f  June to  mid-November, 1976. The 

main o b je c t iv e  o f  th e  work was to  improve th e  e x is t in g  b a l la s t  la y e r  th a t  

had been fou led  over an unknown p e rio d  o f  tim e .

SUNYAB undertook two s e r ie s  o f  f ie ld  te s ts  to  determ ine changes in  

the  p h y s ic a l s ta te  o f  the  b a l la s t  la y e r  w ith  th e  maintenance procedures,

10
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and w ith  t r a f f i c  as w e ll .  The te s t in g  program co n s is te d  o f  in - s i t u  b a l la s t  

d e n s ity ,  p la te  load re s is ta n c e , and la te r a l  t i e  push te s ts .  The te s ts  were 

conducted on the  northbound l in e  o f  the  double tra c k  m a in lin e  connecting 

Chicago, Memphis, and New O rleans, lo ca te d  between Chebanse and C l i f t o n ,  

I l l i n o i s ,  about 20 m ile s  south  o f  Kankakee.

The f i r s t  s e r ie s  o f  te s ts  was conducted in  November, 1976 on a tangent 

s e c tio n  o f  t ra c k .  The tra c k  a t th e  te s t  s i t e  i s  an FRA c la s s  5 t ra c k .  The 

maximum t r a in  speed th a t  ICG imposed on th e  tra c k  was 50 mph (80 km/hr) 

fo r  f r e ig h t  t r a in s ,  and 79 mph (126 km /hr) fo r  passenger t r a in s .  The 

average t r a f f i c  d e n s ity  was re p o r te d ly  23 MGT per ye a r.

The tra c k  was co n s tru c te d  o f  132 RE c o n tin u o u s ly  welded r a i l  (CWR) 

r e s t in g  upon hardwood t ie s  spaced from 20 to  22 in .  (0 .5 1  to  0.56 m) a p a rt.  

The average t ie  dimensions were app ro x im ate ly  8 7 /8  by 6 7 /8  by 101 1 /4  in .  

lo n g  (0 .2 3  by 0.17 by 2.57 m). The shou lder w id th  was approx im ate ly  12 in .  

(0 .3 1  m) and the  slope about 1 :3  ( v e r t i c a l :  h o r iz o n ta l) .

The tra c k  maintenance o p e ra tio n s  perform ed p r io r  to  te s t in g  co n s is te d  

o f :  1) re p la c in g  d e te r io ra te d  t ie s ,  2) u n d e rc u ttin g  and c le a n in g  b a l la s t

to  a depth o f  10 to  12 in .  (0 .2 5  to  0.31 m) underneath the  t i e ,  3) re b a l­

la s t in g  w ith  s te e l s la g , 4) tam ping, l in in g ,  and le v e l in g  the tra c k ,.  5) 

f i l l i n g  th e  c r ib s  and sweeping and shaping the shou lder w ith  a b a l la s t  

re g u la to r ,,  and f i n a l l y ,  6) c r ib  and shou lder com paction. The la s t  opera­

t io n  was accomplished w ith  a P lasser and Theurer 800 VDM compactor w ith  

a 3 1 /2  sec. v ib ra t io n  tim e .

The e f fe c ts  o f  c r ib  and shou ld er compaction on th e  b a l la s t  p h y s ic a l 

s ta te  were in v e s tig a te d  by d iv id in g  300 f t  (9 1 .4  m) o f  t ra c k  in to  fo u r
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equal te s t  s e c tio n s . Two s e c tio n s , which in c lu d e d  a l l  t ra c k  maintenance 

o p e ra tio n s , were termed th e  tamped-compacted (TC) s e c tio n s . The rem ain ing 

two s e c tio n s , which d id  n o t in c lu d e  the c r ib  and shou lder com paction, were 

termed the  tamped-uncompacted (TU) s e c tio n s . A t o t a l  o f  24 d e n s ity  te s ts ,

28 p la te  load te s ts ,  and 20 t i e  push te s ts  were perform ed.

The b a l la s t  la y e r  e x is t in g  b e fo re  th e  maintenance was re p o r te d ly  

in  poor c o n d it io n  due to  fo u lin g  th a t  had taken p lace  over many years .

The th ic k n e s s  o f  th e  fo u le d  b a l la s t  la y e r  be fo re  the  maintenance was re ­

p o r te d ly  about 12 to  15 in .  (0 .31 to  0.37 m), below th e  t i e  bottom . During 

the  m aintenance, th e  upper 10 to  12 in .  (0 .2 5  to  0.31 m) la y e r  was under­

c u t ,  and th e  cleaned b a l la s t  was rede p o s ite d  on to  th e  tra c k  between r a i l s ,  

m ostly  in  th e  ce n te r area, a f te r  sc re e n in g . The bottom  2 to  3 in .  (51 to  

76 mm) la y e r  o f  fo u le d  b a l la s t  remained untouched.

To supplement th e  lo s s  o f  b a l la s t  and to  accomodate tra c k  ra is e ,  new 

b a l la s t  was brought in  and spread over the o ld  cleaned b a l la s t ,  m ain ly 

along th e  r a i l s  and th e  shou lder area.

The o ld  e x is t in g  b a l la s t  was lim e s to n e , fo r  which the  o r ig in  and 

s u p p lie r  were no t known. I t  was ra th e r  subangu lar, and appeared to  be 

r e la t iv e ly  hard . The fre s h ly  undercut and cleaned b a l la s t  was u n ifo rm ly  

graded and was s im i la r  to  the AREA No. 4 g ra d a tio n , accord ing to  th e  s ieve  

a n a ly s is  r e s u lts  o b ta ined  in  the d e n s ity  samples (F ig .  2 .3 ) .

The new b a l la s t  was b la s t  furnace s la g , which was su p p lie d  by the  U. S. 

S te e l Co. p la n t a t Gary, In d ia n a . The new b a l la s t  was r e la t iv e ly  round- 

shaped, and u n ifo rm ly  graded. The maximum p a r t ic le  s iz e  was 3 in .  (76 mm) 

and th e  d is t r ib u t io n  appeared to  f i t  the  AREA No. 3 o r No. 24 g ra d a tio n

13
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(F ig .  2 .3 ) .  However, th e  q u a li ty  o f  the  new b a l la s t  appeared to  be so poor 

th a t  severe breakdown o r degradation  was a lready n o tic e d , even d u rin g  

m aintenance, e s p e c ia lly  d u rin g  com paction.

F ig u re  2 .4  shows th e  two d i f fe r e n t  b a l la s t  typ e s . The c h a ra c te r is t ic s  

o f  the  o ld  and new b a l la s t  were so d i f fe r e n t  th a t  s p e c ia l te s t in g  and care 

were necessary fo r  p roper e v a lu a tio n  o f  p h y s ic a l s ta te  o f  th e  b a l la s t .

In  June, 1977, th e  second s e rie s  o f  te s ts  was done a f te r  seven months 

to  eva lua te  the  e f fe c ts  o f  t r a f f i c  on the p h y s ic a l s ta te  o f  b a l la s t ,  and 

th e  lo n g -te rm  e f fe c ts  o f  the  maintenance o p e ra tio n . The t ra c k ,  when 

r e v is i te d  fo r  th e  second s e r ie s  o f  te s ts ,  d id  n o t lo o k  in  good c o n d it io n , 

c o n s id e rin g  th e  fa c t  th a t  i t  was sub jec ted  to  o n ly  a s h o r t p e rio d  o f  

t r a f f i c ,  i . e . ,  about seven months s ince  m ajor m aintenance. The whole 

tra c k  appeared to  have experienced d i f f e r e n t ia l  s e ttle m e n t, and a t se ve ra l 

spots  in  the  v i c in i t y  o f  the  te s t  s e c tio n  the tra c k  seemed to  be o u t o f  

le v e l .  A number o f  t ie s  were loosened from t h e i r  fa s te n in g , o r  damaged or 

skewed. The t i e  spacing was a lso  q u ite  i r r e g u la r ;  th e re fo re ,  th e  amount o f  

the  b a l la s t  in  th e  c r ib  v a r ie d .

The b a l la s t  la y e r  v is u a l ly  appeared to  be q u ite  dense. No s ig n i f ic a n t  

fo u lin g  was n o tic e d  a t th e  top surface  o f  the  b a l la s t  la y e r ,  except a very 

s l ig h t  amount o f  co a l p a r t ic le s  th a t e x is te d . However, i t  was la te r  re ­

vealed d u rin g  e xca va tio n  o f th e  d e n s ity  ho les th a t  the  subgrade la y e r 

formed water pockets a t se ve ra l spots in  the te s t  s e c t io n , and the  i n f i l ­

t r a t io n  o f  wet f in e  s i l t y  m a te r ia ls  in to  the b a l la s t  from th e  subgrade 

was o c c u rr in g .

15



Left: New Ballast (Blast Furnace Slag)

Right: Old Ballast (Limestone)

Figure 2.4. Two Different Types of Ballasts at the ICG Test Site
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The degree o f  such fo u lin g  v a rie d  from one sp o t to  a n o th e r, b u t more 

fo u lin g  appeared in  th e  ce n te r o f  the  tra c k  where the  lim estone  b a l la s t  was 

co n ce n tra te d , and le s s  around th e  r a i l s  where th e  s la g  b a l la s t  predom inated. 

I t  i s  n o t known whether th e  degree o f  fo u lin g  i s  re la te d  to  the  type o f  

b a l la s t .  However, th e  fa c t  th a t  lim estone b a l la s t  p a r t ic le s  tend to  absorb 

and ho ld  more m o is tu re  a t th e  p a r t ic le  su rfa ce  than s la g  p a r t ic le s  may 

p a r t ia l l y  account fo r  the  d if fe re n c e .

A te s t in g  prqgram id e n t ic a l  to  the f i r s t  s e r ie s  was repeated a t the  

same te s t  lo c a t io n .  Four te s t  se c tio n s  were aga in  in v o lv e d  d u rin g  the 

second s e r ie s .  One each was from the  p re v io u s ly  tam ped-only and.tamped- 

compacted s e c tio n s . The o th e r two te s t  s e c tio n s  were lo c a te d  fu r th e r  

n o r th , about 300 f t  away from th e  se c tio n s  p re v io u s ly  te s te d . These two 

s e c tio n s  were a lso  tangent s e c tio n s , about 66 f t  (20 m) lo n g  each, which 

had been su b jec ted  to  tamping and b a l la s t  compaction a f te r  th e  b a l la s t  

c le a n in g , b u t which remained in ta c t  d u rin g  th e  i n i t i a l  te s t  s e r ie s .  The 

reason fo r  s e le c t in g  these o th e r two s e c tio n s  was to  e lim in a te  any p o s s ib le  

e f fe c ts  o f  tra c k  d is tu rb a n c e  caused du rin g  the  i n i t i a l  te s ts .

The o r ig in a l  o b je c t iv e  o f  t h is  second te s t  s e r ie s  was to  in v e s t ig a te  

th e  e f fe c ts  o f  t r a f f i c  on the  b a l la s t  p h y s ic a l s ta te  fo r  the  TC and TU 

s e c tio n s . A ccord ing to  lo c a l ICG tra c k  o f f i c i a l s ,  tra c k  maintenance 

o p e ra tio n s  were a p p a re n tly  conducted e a r l ie r  in  March o r A p r i l  a t  the  

te s t  s i t e .  The f i r s t  was a tra c k  smoothing o p e ra tio n  which co n s is te d  

o f  tam ping, l in in g ,  and le v e lin g  the tra c k  w ith  a 1 to  1 -1 /2  in .  (25.5  

to  38.1 mm) r a is e .  Th is  was fo llo w e d  by a b a l la s t  re g u la to r  which was
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used to  t ra n s fe r  shou lder b a l la s t  to  the c r ib  area o u ts id e  o f  th e  r a i l s .

The shou lder was thus changed from 1 :3  to  1 :2  and a d e f in i t e  d e fic ie n c y  

o f  c r ib  b a l la s t  between th e  r a i l s  s t i l l  e x is te d .

The occurrence o f  t h is  t ra c k  smoothing o p e ra tio n  would p r o h ib i t  any 

p o s s ib le  d e te rm in a tio n  o f  the  lo n g  term  e f fe c ts  from c r ib  and shou lder 

com paction. Based upon th e  annual t r a f f i c  d e n s ity  and th e  elapsed tim e 

from th e  tamping o p e ra tio n  in  March or A p r i l  u n t i l  th e  June te s ts ,  3 MGT o f  

accumulated t r a f f i c  was e s tim a ted  (R e f. 6 ) .  Because th e  tamping o p e ra tio n  

o ccu rre d , the  second te s t  s e r ie s  w i l l  be tre a te d  as a TU c o n d it io n  w ith  

the  a p p lic a t io n  o f  5 MGT o f  t r a f f i c .

2 .4  FACILITY FOR ACCELERATED SERVICE TESTING

In  c o n ju n c tio n  w ith  the  b a l la s t  and subgrade in s tru m e n ta tio n  program 

(R e f. 7 ) , an e v a lu a tio n  was made o f  the p h y s ic a l s ta te  o f  the  b a l la s t  a t 

th e  Department o f  T ra n s p o rta tio n  FAST tra c k  near Pueblo, C olorado. The 

f i r s t  s e r ie s  o f  te s ts  was conducted in  September, 1976, im m ediate ly  a f te r  

c o n s tru c tio n  and b e fo re  any t r a f f i c ,  to  e s ta b lis h  the  i n i t i a l  tra c k  con­

d i t io n .  The second s e r ie s  o f  te s ts  was made in  November, 1977, a f te r  the  

FAST tra c k  had been su b jec ted  to  134.6 MGT o f  t r a f f i c  and v a r io u s  amounts 

o f  tra c k  maintenance work, to  assess the e f fe c ts  o f  accumulated t r a f f i c  

and maintenance procedures in v o lv e d .

The te s ts  th roughout a l l  the  s e r ie s  co n s is te d  o f  i n - s i t u  b a l la s t  

d e n s ity ,  b a l la s t  m o is tu re  c o n te n t, b a l la s t  s ieve  a n a ly s is , vo id  r a t io  

d e te rm in a tio n , and re fe re n ce  d e n s ity ,  as a t the  p re v io u s  s i te s .  During
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th e  supplem ental s e r ie s  ( a f te r  134.6 MGT), one o f  th e  t ie s  in  each s e c tio n  

used fo r  the  b a l la s t  d e n s ity  te s ts  was removed and the  b a l la s t  in spec ted  

fo r  e v a lu a tio n  o f  b a l la s t  degradation  and p a r t ic le  m ig ra tio n  across the  

t i e .  In  a d d it io n ,  p la te  load te s ts  and la t e r a l  t i e  push te s ts  were p e r­

formed d u rin g  th e  supplem enta l te s ts .

Three te s t  s e c tio n s  o f  tangent tra c k  w ith  d i f f e r e n t  b a l la s t  types were 

in v o lv e d  d u rin g  th e  f i r s t  s e r ie s  o f  te s t in g .  These in c lu d e d  g ra n ite  (s e c tio n  

18A), lim e s to n e  (s e c tio n  20B), and tra p ro c k  (s e c tio n  20G, fo rm e rly  20E£).

A t o t a l  o f  36 te s ts  were perform ed on 3 d i f f e r e n t  b a l la s t  typ e s , w ith  12 

te s ts  fo r  each b a l la s t  ty p e . In  each te s t  s e c tio n  c o n ta in in g  one type  o f 

b a l la s t ,  2 t ie s  were removed fo r  the  d e n s ity  te s ts .  At each t i e ,  measure­

ments were made bo th  under the t ie s  and in  th e  c r ib  areas.

The t ra c k  s t ru c tu re  was id e n t ic a l fo r  th e  th re e  b a l la s t  typ e s . The 

shou lder s lope  and w id th  remained r e la t iv e ly  c o n s ta n t a t  1 :2  and 12 in .

(0 .31  m), re s p e c t iv e ly .  The b a l la s t  depth was a pp ro x im a te ly  15 in .  (0 .3 8  m). 

The r a i l  co n s is te d  o f  136 RE jo in te d  r a i l  in  39 f t  (1 1 .9  m) le n g th s .

The t ie s  were hardwood w ith  average dimensions o f 6 7 /8  in .  (0 .1 5  m) by 

8 -7 /8  in .  (0 .2 3  m) by 101-1 /2  in .  (2 .58 m) w ith  an average t i e  spacing o f

1 9 -1 /2  in .  (0 .5 0  m). Thus, the  v a r ia b le s  most l i k e l y  to  in f lu e n c e  the te s t  

r e s u lts  fo r  a g iven  t r a f f i c  c o n d it io n  are b a l la s t  ty p e , g ra d a tio n , and 

a n g u la r ity .

The b a l la s ts  in  th e  th re e  te s t  se c tio n s  were u n ifo rm ly  graded and • 

a n g u la r. They had s im i la r  g ra in  s iz e  d is t r ib u t io n s ,  which were AREA No.

4 (F ig . 2 .5 ) ,  a lth ough  the  tra p ro c k  b a l la s t  p a r t ic le s  were s l ig h t ly
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U.S. Standard Sieve Opening ( in . )

roo

a) G ran ite  B a lla s t ,  
S ection  18A

b) Limestone B a lla s t ,  
S e ction  20B

c) Traprock B a lla s t ,  
S ection  20G

Figure 2.5. Gradation Distribution of Ballast from FAST Track



la rg e r ,  f la k ie r  and sharper-edged than th e  lim e s to n e  and g ra n ite  p a r t ic le s .  

Table 2 .4  d e scrib e s  the  index p ro p e rt ie s  o f  th e  b a l la s t ,  as re p o rte d  in  

R ef. 8, and g ive s  th e  source o f  the  b a l la s ts .

The o b je c t iv e  o f  th e  supplem ental te s ts  in  November, 1977 was to  

e va lu a te  th e  e f fe c ts  o f  d i f f e r e n t  b a l la s t  types and t r a f f i c  c o n d it io n s  w ith  

th e  b a l la s t  p h y s ic a l s ia te  te s ts .  The th re e  d i f f e r e n t  t ra c k  c o n d it io n s  

which e x is te d  fo r  both  lim estone  and tra p ro c k  b a l la s t  te s t  s e c tio n s  were:

1) u n d is tu rb e d  (UU) w ith  134.6 MGT o f  t r a f f i c  s ince  c o n s tru c t io n , 2) 

a f te r  maintenance tam ping (TU) and 3) a f te r  an a d d it io n a l 0 .1  MGT o f  

t r a f f i c  (A T ). Thus, a t o t a l  o f  72 d e n s ity  te s ts ,  96 p la te  load  te s ts ,  and 

30 la t e r a l  t i e  push te s ts  were perform ed (Tab le  2 .2 ) .  A tamping o p e ra tio n  

was b e lie v e d  to  have been perform ed a t app ro x im a te ly  16 MGT . However, 

adequate docum entation was no t a v a ila b le  fo r  c o n firm a tio n . The va lue  o f  

134.6; MGT o f  t r a f f i c  fo r  the  UU c o n d it io n  w i l l  be used fo r  comparisons in  

t h is  re p o r t ,  s in ce  th e  observed tren ds are no t expected to  be s ig n i f ic a n t ly  

a f fe c te d .

The t ra c k  m aintenance o p e ra tio n  co n s is te d  o f  tam ping, l in in g ,  and 

le v e l in g  w ith  a Canron e le c tro m a tic  to rs io n  beam tam per, model Mark I .  The 

lim estone  re ce ive d  a 1 in .  (25 mm) ra is e ,  and the  tra p ro c k  a 2 in .  (51 mm) 

r a is e .  A l l  c r ib s  were f u l l  p r io r  to  tam ping; however, a f te r  tam ping a 

b a l la s t  d e fic ie n c y  app ro x im ate ly  equal to  the h e ig h t o f  tra c k  ra is e  e x is te d  

in  the c r ib s .  No a d d it io n a l maintenance o p e ra tio n s  fo llo w e d  the tam ping.

The AT c o n d it io n  was achieved by the a p p lic a t io n  o f  0.1  MGT o f  t r a f f i c  

to  th e  TU c o n d it io n .  A work t r a in  was u t i l i z e d  to  accumulate th e  re q u ire d  

tonnage by passing over the  te s t  se c tio n s  a t low speeds.
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Table 2 .4 . Index P ro p e rtie s o f  th e  FAST B a lla s ts (R e f. 8)

S ection 18A 20B 20G

B a lla s t  Type Crushed 
g ra n ite

Crushed
lim estone

T ra p ro ck  
(Crushed b a s a lt)

Source Cheyenne, 
Wyo.

McCook, 111. Reading, Pa.

P a r t ic le  
Index

14.2 12.2 16.4

F la k in e s s
Index

20.8 9 .4 22.7

Soundness 0.77 11.9 0.55

Los Angeles 
a b ra s io n

18.8 25.7 13.2

B u lk  Gs 2.67 2.65 2.94

C rushing 18.4 19.3 13.1
va lue
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At the  s t a r t  o f  the  supplem ental te s ts ,  i . e . ,  a f te r  accum ulation  o f

134.6 MGT t r a f f i c ,  th e  te s t  se c tio n s  in v o lv e d  v is u a l ly  appeared to  be in  

good shape as fa r  as tra c k  geometry is  concerned, in  s p ite  o f  having been 

su b jec ted  to  a t r a f f i c  le v e l  e q u iv a le n t to  about 5 to  10 years in  norm al 

revenue s e rv ic e  tra ck .. The b a l la s t  la y e r  a f te r  th e  t r a f f i c  was q u ite  

densely compacted b o th  under the t ie s  and in  th e  c r ib .  Some degree o f  

 ̂ b a l la s t  deg ra d a tio n  by t r a f f i c  was a lso  e v id e n t, e s p e c ia lly  in  th e  c r ib  

a reas. The t i e  spacing was ra th e r  i r r e g u la r  a t  th e  b eg in n in g  o f  the te s ts ,  

and some t ie s  were n o tic e a b ly  skewed. The b a l la s t  deg ra d a tio n  observed in  

th e  c r ib  areas was a p p a re n tly  due to  such t i e  movement caused by t r a f f i c .

D uring the  second s e r ie s  o f  te s ts ,  b a l la s t  fo u lin g  appeared in  some 

cases a t about 4 to  6 in .  (102 to  152 mm) below the  bottom  o f  the  t ie s .  

P robab ly , f in e  p a r t ic le s  degraded from th e  b a l la s t  and m ig ra ted  downward.

In  the  case o f  the  lim estone  b a l la s t ,  the  f in e  p a r t ic le  s iz e  v a rie d  

w id e ly  from powdery f in e s  to  f in e  g ra v e l-s iz e  c h ip s , w h ile  th e  tra p ro c k  

s e c tio n  showed m ostly  c h ip -s iz e  p a r t ic le s .  The f in e s  in  th e  lim estone  

b a l la s t  la y e rs  were o fte n  w e ll-packed in to  the  vo ids  around la rg e  b a l la s t  

p a r t ic le s .

As expected, th e  tamping o p e ra tio n  a f te r  the  second s e r ie s  o f  te s ts  

appeared to  have g re a t ly  d is tu rb e d  and loosened the  b a l la s t  packing in  

the  c r ib  areas. However, in te re s t in g ly  enough, the  degree o f  d is tu rb a n ce  

o f  the  b a l la s t  la y e r  under the t ie s  appeared to  be m in im a l, e s p e c ia lly  in  

the  lim estone  s e c t io n . I t  appeared th a t  the  whole column o f  b a l la s t  

la y e r  beneath the  t ie s  around the  r a i l  areas was ra is e d  d u rin g  tamping
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o p e ra tio n s  w ith o u t d is tu rb in g  th e  b a l la s t  s t ru c tu re .  The c e n te r p o r t io n  

o f  b a l la s t  under the t i e  a p p a re n tly  remained unchanged, th e re fo re  c re a tin g  

a w e ll-d e f in e d  f l a t  vo id  under th e  t i e  in  the  c e n te r, as shown in  F ig .  2 .6 . 

The gap between the t i e  bottom and th e  f l a t  b a l la s t  su rfa ce  in  th e  ce n te r 

i s  about equal to  the 1 in .  (25 mm) ra is e  d u rin g  th e  tam ping.

The above o b se rva tio n  was not so apparent in  th e  case o f  the  tra p ro c k  

s e c tio n  where approx im ate ly  a 2 in .  (51 mm) ra is e  was used. Th is is  p robab ly  

due to  a le s s e r degree o f  in te r lo c k in g  and f la k ie r  b a l la s t  p a r t ic le s ,  along 

w ith  th e  h ig h e r ra is e  o f  tam ping.
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F la t  V o id  Under th e  T ie  in  the Center as Observed 
Tamping, in  Lim estone S e c tio n  20B
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3. IN-SITU BALLAST DENSITY TEST

R a ilro a d  b a l la s t  i s  a s e le c t  g ra n u la r  m a te r ia l p laced between the  

subgrade and the  tra c k  s t ru c tu re ,  where i t  p la ys  im p o rta n t ro le s  in  the 

o v e r a l l  t ra c k  perform ance. B a lla s t  beh av io r i s  s ig n i f ic a n t ly  in flu e n c e d  by 

i t s  i n - s i t u  p h y s ic a l s ta te ,  in  a d d it io n  to  i t s  index p ro p e r t ie s  such as 

p a r t ic le  s iz e , shape, and a n g u la r i ty .  However, th e  understand ing  o f 

b a l la s t  performance in  the  t ra c k  and th e  e f fe c t  on b a l la s t  beh av io r o f  such 

fa c to rs  as m echanical tamping and t r a f f i c  is  se ve re ly  l im ite d  a t the  

p re se n t tim e by the la c k  o f  in fo rm a tio n  on the  in - s i tu - p h y s ic a l  s ta te  o f  

b a l la s t .  One im p o rta n t measurement o f  p h y s ic a l s ta te  is  d e n s ity .  How­

e v e r, s u ita b le  techniques fo r  b a l la s t  d e n s ity  measurement are n o t a v a i l ­

a b le , c h ie f ly  because o f  th e  c h a r a c te r is t ic s  o f  t h is  m a te r ia l.

T y p ic a l ly ,  good b a l la s t  is  noncohesive, g ra n u la r  m a te r ia l,  th e  s iz e  o f  

coarse aggregate, u s u a lly  w ith  r e la t iv e ly  un ifo rm  g ra d a tio n . Crushed 

g ra n ite ,  tra p ro c k , lim e s to n e , and s la g  are the  most commonly used b a l la s t  

m a te r ia ls  in  th e  U nited S ta te s . A lthough the p a r t ic le  s iz e  v a r ie s  w ith  

d i f f e r e n t  s p e c if ic a t io n s ,  i t  g e n e ra lly  f a l l s  w ith in  the range o f  1 /4  in .  to  

3 in .  (6 to  76 mm). For these m a te r ia ls ,  e x is t in g  s tandard f i e l d  methods . 

o f  d e n s ity  measurement, such as rubber b a llo o n , sand cone, n u c le a r, o i l  

rep lacem ent, b lo ck  or c y lin d e r  sample, and v a r io u s  s o l id i f ic a t io n  methods 

are u n s u ita b le , because these methods e i th e r  cannot be used o r a re  in ­

adequate in  p re c is io n  and accuracy. A p re lim in a ry  la b o ra to ry  e v a lu a tio n
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was made o f  p o te n t ia l ly  s u ita b le  methods o f  d e n s ity  measurement to  assess 

them fu r th e r  and to  determ ine those fe a tu re s  th a t  m igh t be adaptab le  fo r  

use w ith  b a l la s t  (R e f. 9 ) .  An approach em ploying w ater replacem ent in  a 

l in e d  ho le  was then se le c te d  fo r  e x te n s ive  e v a lu a tio n . Based on the  

la b o ra to ry  te s ts ,  a new apparatus was devised fo r  measurement o f  b a l la s t

d e n s ity ,  and te s t  procedures were developed.
V

A s e r ie s  o f  f ie l d  te s ts  was subsequently conducted to  e va lu a te  the  

f ie l d  a p p lic a t io n  o f  te s t  apparatus and procedures, a f te r  the  la b o ra to ry  

te s ts  had s u c c e s s fu lly  demonstrated the v a l id i t y  o f  th e  measurement 

concepts and th e  s u i t a b i l i t y  o f  the te s t  techn ique s . I n - s i t u  b a l la s t  

d e n s ity  was measured to  assess the b a l la s t  p h y s ic a l s ta te  under a v a r ie ty  

o f  tra c k  c o n d it io n s  a t fo u r  d i f fe r e n t  te s t  s i te s .

S e c tio n  3 b r ie f l y  d iscusses the  development o f  the  te s t  apparatus and 

te s t  procedures and p resen ts  the re s u lts  o f  th e  f ie l d  measurements o f  

i n - s i t u  b a l la s t  d e n s ity .  The b a l la s t  d e n s ity  measurements are then e va lu ­

ated in  S e c tio n  3 .2  to  p resen t an o v e ra ll  p ic tu re  o f  b a l la s t  p h y s ic a l s ta te  

and i t s  changes w ith  d i f f e r e n t  tra c k  c o n d it io n s . The e f fe c ts  o f  tam ping, 

b a l la s t  com paction, and t r a f f i c  were o f  p a r t ic u la r  in te r e s t .

3.1 SUNYAB B a lla s t  D e ns ity  Test

B a lla s t  D e n s ity  Apparatus. W hile the concept employed in  th is  

study fo r  the  measurement o f  in - s i t u  b a l la s t  d e n s ity  remained the  same 

th roughout the  re se a rch , the  design o f  the  apparatus as w e ll as the 

measuring techn ique s underwent seve ra l changes and m o d if ic a t io n s .
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F igu re  3 .1  shows the p re lim in a ry  v e rs io n  o f  the  apparatus which was 

used in  the  e a r l ie r  stage o f  la b o ra to ry  and f ie l d  e v a lu a tio n  (R e fs . 9, 1 0 ). 

I t  co n s is te d  o f  a su rfa ce  r in g  and a supp ort base p la te .  The su rfa ce  r in g  

i s  th e  major c o n s t itu e n t o f  b a l la s t  d e n s ity  measurement app ara tu s , which 

serves as a guide fo r  exca va tin g  th e  sample ho le  in  th e  b a l la s t  and as 

la t e r a l  support fo r  the upper p o r t io n  o f  the  membrane when w ater i s  p laced 

in  th e  l in e d  h o le .

The measurement techn ique us ing  t h is  p re lim in a ry  b a l la s t  d e n s ity  device 

i s  i l lu s t r a t e d  s c h e m a tic a lly  in  F ig .  3 .2 . I t  i s  b a s ic a l ly  d e te rm in a tio n  o f  

th e  volume o f  sample removed by re p la c in g  w ater in  th e  m embrane-lined sample 

h o le . Two d i f f e r e n t  devices were used. One was a c i r c u la r  r in g ,  8 in .  (203 

mm) in  d iam eter (F ig .  3 .1 a ), and th e  o th e r  was an o va l r in g ,  8 in .  (203 mm) 

wide and 16 in .  (406 mm) long  (F ig .  3 .1 b ) . The h e ig h t o f  both dev ices was

1 -1 /2  in .  (38 mm) and the  w id th  was l im ite d  to  10 in .  (254 mm) to  p e rm it 

te s ts  w ith in  the  w id th  o f  a t y p ic a l  r a i l r o a d  t ie -b e a r in g  area . The o va l 

r in g ,  having a la rg e r  c ro s s -s e c tio n  area fo r  the  same w id th , was designed to  

p ro v id e  a la rg e r  sample s iz e  than th e  c i r c u la r  one w ith in  th e  w id th  con­

s t r a in t  g iv e n . The- l in in g  used w ith  t h is  p re lim in a ry  dev ice  was a very th in  

f le x ib le  p la s t ic  membrane.

A fte r  a s e r ie s  o f  la b o ra to ry  te s ts  which dem onstrated th e  v a l id i t y  o f  

the  concepts and the p o te n t ia l  o f  the  techniques u t i l i z e d  (R e f. 9 ) ,  the  p re ­

l im in a ry  b a l la s t  d e n s ity  apparatus was eva lua ted fo r  the  f ie ld  a p p lic a t io n .  

In  J u ly ,  1976, w ith  the co o p e ra tio n  o f  the  Canadian N a tio n a l Railways (CNR), 

th e  f i r s t  in - s i t u  b a l la s t  d e n s ity  te s ts  were perform ed on one o f  the  CNR 

m a il l in e  tra c k s . D e ta ils  o f  these  te s ts  are described  in  Ref. 10 and w i l l ,  

be summarized in  the subsequent s e c tio n .
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a) CIRCULAR RING b) O V A L  RING

F ig u re  3 .1 . P re lim in a ry  Design o f B a lla s t  D e n s ity  Apparatus
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Figure 3.2. Schematic Illustration of In-situ Ballast Density Measurement 
Using the Preliminary Apparatus
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Based on th e  i n i t i a l  f i e ld  e v a lu a tio n  a t th e  CNR s i t e ,  the  d e n s ity  

dev ice  was co m p le te ly  redesigned to  improve i t s  perform ance (R e f. 1 1 ). The 

ho le  s e c tio n  areas remained about th e  same, b u t the  r in g  h e ig h t was in ­

creased s u b s ta n t ia l ly  to  6 in .  (152 mm) to  p ro v id e  s u f f ic ie n t  w ater p ressure  

to  y ie ld  b e t te r  con fo rm a tion  o f  the  l in in g  membrane to  th e  b a l la s t  su rfa ce  

in s id e  the  m easuring r in g .  The p la s t ic  membrane was a ls o  re p laced  w ith  an 

extrem ely  expandable la te x  rubber sheet o f  ve ry  h igh q u a l i t y .  A p o in t  gage 

was added to  measure the d is ta n ce  from th e  top su rfa ce  o f  the  r in g  to  the 

w ater s u rfa c e  in s id e  th e  measuring r in g  to  p ro v id e  a more accu ra te  d e te rm i­

n a tio n  o f  th e  volume o f  water in  the  h o le . F ig u re  3 .3  i l l u s t r a t e s  the 

schem atic o f  th e  newly improved b a l la s t  d e n s ity  appara tus, and F ig .  3 .4  

shows th e  appara tus in  o p e ra tio n .

The newly designed apparatus was fu r th e r  e va lua ted  in  the  subsequent 

s e r ie s  o f  f ie l d  te s ts  a t o th e r r a i lr o a d  s i te s ,  in c lu d in g  the  Southern 

Railway System (R e f. 1 0 ), the  I l l i n o i s  C e n tra l G u lf R a ilro a d  (R e f. 12, 1 3 ), 

and the  FAST t ra c k  a t the  U.S. DOT T ra n s p o rta tio n  Test C enter in  Pueblo, 

Colorado (R e f. 14, 1 5 ). In  the course o f  th is  f ie l d  w ork, which w i l l  be 

d iscussed la t e r ,  th e  c a p a b il i ty  and adequacy o f  th e  f i e l d  te s t  apparatus 

have been w e ll dem onstrated, w h ile  the te s t  procedures were c o n tin u o u s ly  

re f in e d  fo r  fa s te r  o p e ra tio n  and more accura te  measurement.

F u rth e r improvements in c lu d e d  use o f  p la s te r  o f  p a r is  to  s ta b i l iz e  

th e  loose  b a l la s t  p a r t ic le s  a t the su rfa ce  and to  form a s ta b le  base fo r  

su p p o rtin g  the  d e n s ity  r in g ,  and replacem ent o f a w ater measuring d e v ice . 

A p p lic a t io n  o f  a p la s te r  o f  p a r is  la y e r  on the  b a l la s t  su rfa ce  was p a r t ic u ­

l a r l y  su cce ss fu l in  s ta b i l iz in g  loose b a l la s t  p a r t ic le s  a t the  su rfa ce
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POINT G A G E

F ig u re  3 .3 . Schematic Diagram o f improved B a lla s t  D e n s ity  Apparatus
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F ig u re  3 .4 .  B a lla s t  D e n s ity  Apparatus in  O p e ra tio n



around the ho le  and p ro v id in g  a smooth area and shape fo r  th e  r in g  de v ice . 

P la s t ic  tem plates w ith  the  same s e c tio n  area and shape as th e  d e n s ity  r in g  

were used to  form th e  d e s ire d  shape o f  the  p la s te r  o f  p a r is  la y e r .  Use o f  

th e  e le c t r ic a l  water-volum e measuring d e v ice , equipped w ith  pumps fo r  

m echanical w ater supply and r e tu rn ,  made the  te s ts  much e a s ie r  and fa s te r .

T h is  was a lso  used as an imm ersion c o n ta in e r fo r  la b o ra to ry  measurement o f  

th e  d isp la ce d  volume o f  s o l id  b a l la s t  p a r t ic le s  used in  th e  vo id  r a t io  

d e te rm in a tio n .

Reference 16 d escribes  d e ta i ls  o f  th e  f in a l  design of. th e  b a l la s t  d e n s ity  

apparatus th a t  had gone through such m o d if ic a t io n s  and re fin e m e n ts . Recom­

mended te s t  procedures using  t h is  f in a l  d e n s ity  apparatus fo r  i n - s i t u  

b a l la s t  d e n s ity  and vo id  r a t io  d e te rm in a tio n  (R e f. 11) are a lso  d e scrib e d .

Reference D e ns ity  A ppara tus. Development o f  the  re fe re n c e  d e n s ity  

apparatus was o r ig in a te d  from th e  la b o ra to ry  sample p re p a ra tio n  techn iques 

which were used to  c re a te  d u p lic a te  d e n s ity  s ta te s  d u rin g  b a l la s t  d e n s ity  

apparatus e v a lu a tio n . In  the  course o f  a s e r ie s  o f  la b o ra to ry  s tu d ie s  to  

develop a r e l ia b le  sample p re p a ra tio n  method s u ita b le  fo r  b a l la s t  m a te r ia ls  

and re p ro d u c ib le  in  a wide range o f  d e n s ity  s ta te s  (R e f. 9 ) ,  an approach o f  

r e la t in g  b a l la s t  d e n s ity  to  com pactive e f f o r t  was a p p lie d  to  e s ta b lis h  a 

re fe re n ce  d e n s ity  th a t  cou ld  be used in  assessing the amount o f  b a l la s t  

compaction achieved in  the  f ie l d  d u rin g  tra c k  c o n s tru c tio n  and maintenance 

o p e ra tio n s .

The approach, used in  th e  study and subsequently a p p lie d  very  success­

f u l l y  in  the  f ie ld  experim ents, was to  c a lc u la te  the  u lt im a te  d e n s ity  by 

e x tra p o la t io n  based on the  assum ption th a t  the. d e n s ity -co m p a c tive  e f f o r t  

curve has a h y p e rb o lic  shape as i l l u s t r a t e d  in  F ig .  3 . 5 .
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a) Hyperbolic Ploc

Figure 3.5. Representation of Relationship Between Density and Compactive 
Effort
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R eferen ce  16 d e s c r ib e s  d e t a i l s  o f  th e  d e s ig n  o f  th e  b a l l a s t  r e fe r e n c e  
d e n s it y  t e s t  ap p aratu s and p ro ced u res  used  th rou gh ou t th e  f i e l d  ex p er im en t.

CNR T e s t s .  Table 3 .1  l i s t s  a summary o f  th e  i n - s i t u  d e n s i t y  t e s t  
r e s u l t s .  R eferen ce  10 d e s c r ib e s  d e t a i l s  o f  th e  t e s t  p ro ced u res  used  and 
th e  t e s t  r e s u l t s  o b ta in e d . I t  i s  shown in  th e  t a b le  th a t  th e  i n - s i t u

Z' measurem ent r e s u l t s  a t  th e  CNR s i t e  were r e a so n a b ly  r e p e a ta b le  w ith in  th e
*

same tr a c k  c o n d it io n s .  No a p p r e c ia b le  d i f f e r e n c e  was n o t ic e d  in  th e  c r ib  
d e n s i t i e s  betw een th e  in s id e  and th e  o u t s id e  o f  th e  r a i l  and betw een th e  
c ir c u la r  and o v a l r in g s .

Even though th e  sm a ll amount o f  d a ta  l i m i t s  th e  c e r t a in t y  o f  v a r io u s  
o b s e r v a t io n s ,  th e  r e s u l t s  in d ic a t e  t h a t  th e  tam ping o p e r a t io n  may have 
s l i g h t l y  lo o se n e d  th e  u n d is tu rb ed  b a l l a s t ,  b u t th e  c r ib  com p action  produced  
a d e n s ity  s i g n i f i c a n t l y  g r e a te r  than  th a t  o f  th e  u n d istu rb ed  b a l l a s t  ( F ig .  
3 . 6 ) .  I t  may sound s u r p r is in g  th a t  th e  com p actor-in d u ced  d e n s it y  exceed ed  
th a t  o f  th e  u n d istu rb ed  tr a ck  w hich has been lo n g  s u b je c te d  to  t r a f f i c .  But 
i t  sh o u ld  be r e a l iz e d  th a t  th e  t r a f f i c - in d u c e d  com paction  i s  m ost l i k e l y  to  
c o n c e n tr a te  beneath  t i e s ,  w hereas t h e s e  m easurem ents were a l l  in  th e  c r ib .

The g ra d a tio n  c h a r a c t e r i s t i c s  o f  th e  d e n s ity  sam p les a l s o  r e v e a l  some 
in t e r e s t in g  f a c t s .  The b a l l a s t  from th e  u n d istu rb ed  zone p o s s e s s e d  a 
uniform  gap g ra d a tio n  w ith  an a v era g e  o f  1 5 .5% f in e r  than th e  No. 4 s i e v e .  
However, th e  g r a d a tio n  o f  th e  sam p les from th e  tamped zon e r e p r e se n te d  a 
more w e ll-g r a d e d  s i t u a t i o n ,  w ith  a g e n e r a l r e d u c tio n  to  13.5?i o f  p er c e n t  
o f  p a r t i c l e s  f in e r  than th e  No. 4 s i e v e .  Such l o s s e s  o f  f in e r  p a r t i c l e s  
in  th e  b a l l a s t  la y e r  i s  presum ably due to  p a r t i c l e  s e g r e g a t io n  and m igra­
t io n  o f  f in e r  p a r t i c l e s  down toward th e  subgrade la y e r  d u rin g  tam ping, 
e s p e c ia l ly  w ith  v ib r a t io n .
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Table 3.1. Summary of CNR Test Results

*
Track No. of Average Average Dry Density Void Ratio Percent**

Condition Tests Moisture % Finer (pcf) (e) Compaction, %
Content, % Than //4 Mean Range Mean Range Mean Range

Undisturbed ***
Before
Tamping

2 1.64 15.5 143.6 0.6 0.49 0.0 93.9

After
Tamping 2 0.63 13.5 143.1 0.3 0.50 0.02 93.5 0.2
After 0
Compaction 4 1.04 18.6 146.2 1.3 0.48 0.03 95.5 0.8

* Computed Void Ratio Based on Specific Gravity, G =s 3.43
** Ultimate Reference Density for Crushed Nickel Slag Ballast = 153.0 pcf
*** Reference Density Test on the Mixed Sample 
Note: Reference Density Test Determined From Water Replacement Method



TAMPING TAMPING COMPACTION

Figure 3.6. Changes in Average Ballast Density with Track 
Maintenance Procedures at the CNR Site
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The a v erage o f  18.6?£ f in e r  than th e  No. 4 s i e v e  fo r  th e  com pacted  
b a l l a s t  sam ples was s i g n i f i c a n t l y  in c r e a se d  over th a t  f'or both  th e  un­
d is tu r b e d  and tamped z o n e s , in d ic a t in g  th a t  a c o n s id e r a b le  amount o f  
p a r t i c l e  d e g r a d a tio n  or fu r th e r  m in g lin g  o f  b a l l a s t  and subgrade m a te r ia ls  
m ight have o ccu rred  du rin g  th e  com paction  p r o c e s s .

The m o istu re  c o n te n ts  a ls o  showed s im ila r  tr e n d s  to  th e  ab ove, which0
i s  a n oth er  in d ic a t o r  o f  changes in  th e  amount o f  f in e r  p a r t i c l e s ,  th e  major 
so u r c e  o f ,m o is tu r e  r e t e n t io n ,  in  th e  b a l l a s t  la y e r .

Southern  R ailw ays T e s t s .  Table 3 .2  l i s t s  a summary o f  th e  t e s t  
r e s u l t s  o b ta in e d  a t  th e  SR s i t e .  D e t a i l s  o f  th e  d a ta  can be found in  R ef. 
1 0 . I t  i s  shown in  th e  t a b le  th a t  th e  r e s u l t s  a re  v ery  c l o s e l y  r e p ea ted  
fo r  th e  t e s t s  under s im ila r  c o n d it io n s ,  fu r th e r  co n firm in g  th e  s u c c e s s  o f  
th e  d e n s ity  m easuring methods and p roced u res used in  th e  s tu d y . I t  i s  
e v id e n t  t h a t  th e  c ir c u la r  and th e  o v a l r in g  worked e q u a lly  w e l l ,  and 
th e  s i z e  o f  sam p les appears to  be s u f f i c i e n t  fo r  th e  a g g r e g a te  s i z e s  o f  
b a l l a s t  m a t e r ia l .

In g e n e r a l ,  th e  SR r e s u l t s  confirm ed  v a r io u s  o b s e r v a t io n s  made fo r  th e
CNR t e s t s ,  such as d e n s ity  in c r e a s e  w ith  com paction and p a r t i c l e  d egrad a-\/t io n  accom panying com p action . However, one o f  th e  i n t e r e s t i n g  o b s e r v a t io n s  
in  th e  SR d ata  i s  th e  s i g n i f i c a n t  d i f f e r e n c e  in  b a l l a s t  d e n s i t i e s  betw een  
th e  in s id e  and o u t s id e  o f  th e  r a i l  ( F ig .  3 . 7 ) .  T his d i f f e r e n c e  i s  g r e a t ly  
enhanced by com p action . The average dry d e n s ity  in  th e  c r ib  o u t s id e  th e  
r a i l  was in c r e a s e d  by about 30 p c f  ( 0 .4 8  Mg/m^) w ith  com paction  
o f  th e  tamped tr a c k , w h ile  th e r e  was o n ly  2 .7  p c f  ( 0 .0 4  Mg/m^) in c r e a s e  
on th e  in s id e  o f  th e  r a i l .
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Table 3.2. Summary of Southern Railways Test Results

Track
Condition

Sample
Location

No. of 
Tests

Average 
% Finer 
Than 1"

Dry Density 
(pcf)

Mean Range
Void Ratio 

(e)
Mean Range

‘Percent 
Compaction 
Mean Range

Outside
Rail 2 20.3 109.9 * ** 4.3 0.59 0.06

*
103.5 4.0

After
Tamping

Inside
Rail 2 17.4 104.8 0.3 0.66 0.0 98.6 0.3
Ave 4 18.8 107.3 2.3 0.63 0.03 101.1 2.2

\

o Outside
Rail 2 26.2 140.3 1.0 0.23 0.05

**
133.7 1.0

After
Compaction

Inside
Rail 2 28.2 107.4 1.3 0.60 -

**
102.4 1.2

Ave 4 27,2 123.8 1.2 0.42 0.05 118.1 1.1

* Ultimate Reference Density for Tamped Zone Sample of Crushed Granite = 106.2 pcf
** Ultimate Reference Density for Tamped and Compacted Zone Sample of Crushed Granite = 104.9 pcf



Figure 3.7. Changes in Ballast Density with Tamping and Ballast Com­
paction at the SR Site
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o b ta in ed  a t  th e  ICG s i t e  d u rin g  th e  f i r s t  s e r i e s  ( i n i t i a l  t e s t s ) .  The
measured i n - s i t u  b a l l a s t  d e n s ity  v a r ie d  s i g n i f i c a n t l y  n o t o n ly  a lo n g  th e
t i e ,  but w ith in  th e  same t e s t  c o n d it io n  as w e l l ,  due to  d i f f e r e n t  m ix tu res
o f  b a l l a s t s .  The s c a t t e r  was s u f f i c i e n t ,  e s p e c i a l l y  in  th e  c r ib  and a t  th e
c e n te r  under th e  t i e ,  so  th a t  no ap p aren t tren d  i s  r e a d i ly  n o t ic e a b le*
betw een d i f f e r e n t  t e s t  c o n d it io n s .  However, th e  d ata  s t i l l  r e v e a l  some 
in t e r e s t in g  f a c t s  ( F ig .  3 . 8 ) .

The d e n s i t i e s  m easured under t i e  where th e  o ld ,  b u t c le a n e d , b a l l a s t  
was th e  main c o n s t i t u e n t  c l e a r ly  show d e n s i t y  in c r e a s e  from tam ping. In 
a l l  c a s e s ,  th e  b a l l a s t  under th e  t i e  around th e  r a i l  where tam ping o ccu rred  
was about 12 p c f  ( 0 .2  Mg/m^) d en ser  than  in  th e  c e n te r  under th e  t i e  where 
th e  b a l l a s t  was lo o s e l y  d e p o s ite d  from th e  c le a n in g  o p e r a t io n .

In th e  c r ib ,  th e  d e n s ity  v a lu e s  a re  q u it e  s c a t t e r e d .  There i s  a l s o  a 
s i g n i f i c a n t  d i f f e r e n c e  betw een th e  o u t s id e  and th e  in s id e  o f  th e  r a i l ,  
which can be e x p la in e d  by th e  m a te r ia l  d i f f e r e n c e ,  i . e . ,  th e  more th e  o ld  
b a l l a s t ,  th e  h ig h er  th e  measured d e n s i t y .  That i s  th e  reason  why th e  
c r ib  d e n s ity  a t  th e  c e n te r  i s  much h ig h er  than near th e  r a i l .  As to  th e  
e f f e c t  o f  com p action , th e r e  aga in  e x i s t s  some e v id e n c e  o f  d e n s ity  in c r e a s e  
around th e  r a i l  due to  com p action . The d e n s ity  a t  th e  c e n te r  p o r t io n  o f  th e  
tr a c k  i s  h ig h er  in  th e  c r ib  than under th e  t i e .

To e l im in a te  th e  e f f e c t s  o f  having a m ix tu re  o f  two d i f f e r e n t  ty p e s  o f  
b a l l a s t ,  two c o r r e c t io n  approaches were tak en  based  on th e  p ercen ta g e  
m ixtu re  o f  th e  two b a l l a s t s .  One a d ju s t s  th e  s p e c i f i c  g r a v ity  to  a common 
v a lu e ,  and th e  o th er  u se s  th e  r e fe r e n c e  d e n s ity  d eterm in ed  w ith  th e  c o r r e c t  
m ixtu re  o f  th e  b a l l a s t s .  D e t a i l s  o f  th e s e  p ro ced u res are d is c u s s e d  in  R ef. 12

ICG Initial Tests. Table 3.3 lists a summary of the test results
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Table 3.3. Summary of Ballast Density Measurements at ICG During Initial Tests

■P-U>

Track Sampling No. of Average Measured Dry Corrected* **Dry Void Ratio Percent
Condition Location Tests Mixture Density (pcfl Density (pcf) (e ) Compaction *

Old New Mean Range Mean Range Mean Range Mean Range
Ballast Ballast

Outside 2 7.5 92.5 75.3 3.0 92.5 8.5 0.90 92.5 8.1
Crib Inside 2 33.5 66.5 78.6 0.2 91.4 2.2 0.86 - 90.7 2.6

Tamping
Only

Center 2 100 - 96.2 0.2 96.2 0.2 0.60 96.2 0.2
Outside 2 82 18 100.1 5.1 104.1 0.2 0.53 103.7 1.0

Under
Tie Inside 2 95.5 4.5 99.8 5.9 100.8 . 4.9 0.54 100.7 5.0

Center 2 98.5 1.5 84.6 0.8 84.9 1.3 0.77 84.9 1.3
Outside 2 15.5 84.5 80 1.6 96.3 5.7 0.76 96.4 5.5

Tamping
Crib Inside 2 45.5 54.5 85.2 4.6 96.5 1.8 0.76 95.6 2.0

and

Compacted
Center 2 100 - - 91.4

/
1.4 91.4 1.4 0.69 91.4 1.4

Outside 2 82.5 17.5 98.2 5.5 101.5 4.0 0.56 101.7 2.6
Under
Tie Inside 2 94 ' 6 103.5 0.3 104.8 2.4 0.50 104.7 2.2

Center 2 100 - 87.9 2.4 87.9 2.4 0.72 87.9 2.4

* Corrected Density with Bulk. Specific Gravity

** Measured Dry Density Divided by Ultimate Reference Density



Figure 3.8. Average In-situ Ballast Density Measured During Initial Tests at 
the ICG Site
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Table 3 .3  a l s o  l i s t s  th e  d e n s i t i e s  c o r r e c te d  u s in g  th e  above pro­
ced u r e s  and th e  r e fe r e n c e  d e n s ity  fo r  each sam ple in t e r p o la t e d  from th e  
l in e a r  r e la t io n s h ip  betw een th e  r e fe r e n c e  d e n s ity  and th e  m ix tu re  r a t i o .
A lso  in c lu d e d  i s  th e  p e r c e n t computed from th e  p ro ra ted  r e fe r e n c e  d e n s ity  
based  on th e  mix r a t i o .

F ig u r e s  3 .9  and 3 .1 0  show th e  r e s u l t s  a f t e r  th e  c o r r e c t io n .  O b v io u sly , 
such c o r r e c t io n  d id  n ot change th e  d is t r ib u t io n  o f  th e  d e n s ity  under th e  
t i e ,  s in c e  th e  b a l l a s t  under th e  t i e  was m ostly  th e  o ld  b a l l a s t .  However, 
s i g n i f i c a n t  ch an ges were o b ta in e d  in  th e  c r ib  d e n s ity  from th e  c o r r e c t io n ,  
as e x p e c te d . The.am ount o f  s c a t t e r  rem ained about th e  sam e. However, th e  
tr en d  shown by th e  c o r r e c te d  d e n s ity  became more r e a s o n a b le , th a t  i s  no 
s i g n i f i c a n t  d i f f e r e n c e  in  th e  c r ib  d e n s ity  a lon g  th e  t i e .

U n fo r tu n a te ly , th e  e f f e c t s  o f  tam ping and com paction  d id  n o t become 
more e v id e n t  than b e fo r e  c o r r e c t io n ,  which i l l u s t r a t e s  th a t  th e  s c a t t e r  was 
n o t o n ly  from th e  v a r ia t io n  o f  th e  m a te r ia l ty p e s  e x i s t i n g  a t  th e  s i t e ,  b u t  
a ls o  from th e  v a r ia t io n  o f  th e  p h y s ic a l s t a t e s  from one sam pling  h o le  t o  
a n o th e r . The l a t t e r  co u ld  be q u ite  w e ll  e x p e c te d , c o n s id e r in g  th e  n atu re  
o f  th e  m aintenance in v o lv e d , e s p e c ia l ly  th e  way o f  rem oving and r e d e p o s i t ­
in g  th e  b a l l a s t  d u rin g  u n d e r c u tt in g  and b a l l a s t  c le a n in g .

ICG F ollow -u p  T e s t s . Table 3 .4  l i s t s  th e  co rresp o n d in g  m easurem ents 
o b ta in e d  during th e  fo llo w -u p  t e s t s .  D e ta ile d  d ata  can be found in  R ef.
1 3 . F ig u re  3 .1 1  shows th e  c o r r e c te d  b a l la s t  d e n s ity  o b ta in e d  d u rin g  th e  
fo llo w -u p  t e s t s .

The measured d e n s i t i e s  under th e  t i e  a p p a ren tly  show th a t  th e  s e c t io n s  
i n i t i a l l y  tamped and com pacted ( S e c t io n s  1 , 5 , and 6) a c h ie v e d  h ig h er  
d e n s i t i e s  than th e  tam ped-on ly  s e c t io n  a f t e r  t r a f f i c  ( S e c t io n  2 ) .  The 
d if f e r e n c e  i s  s i g n i f i c a n t  in  th e  c e n te r  o f  th e  t i e  and in  th e  in s id e  o f  
th e  r a i l  and appears to  d im in ish  in  th e  o u ts id e  o f  th e  r a i l .
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Figure 3.9. Average In-situ Ballast Density after Correction
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Figure 3.10. Percent Compaction Based on the Prorated Reference 
Ballast Density
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Figure 3.11. Corrected In-situ Ballast Density Measured During 
Follow-up Tests at the ICG Site

48

/



Table 3.4. Summary of Ballast Density Measurements During Follow-up Tests at ICG Site

Track Sampling <+4Oo25 Average AA Measured Dry Corrected Dry* Void Ratio Percent AAA

Condition Location Tests Mixture. % Density (pcf) Density (pcf) (e ) Compaction.
Old

Ballast
New

Ballast
Mean Range Mean Range Mean Range Mean Range

Outside 1 9 91 80.2 97.3 0.76 - 97.1 -

Crib Inside 1 12 88 83.0 102.1 0.68 - 102.2 -

Tamping
Only

Center 1 75 25 102.1 107.5 0.54 - 106.6 -

Under
Outside 1 35 65 98.5 ” 115.4 “ 0.47 — . 114.6 —

Tie Inside 1 47 53 97.3 - 111.5 0.52 - 110.5 -

Center 1 66 34 90.4 - 100.6 - 0.67 - 99.6 -

Tamping
and

Compacted

Outside 

Crib Inside 

Center

3
3

3

9.3

38
83

90.7
62

17

81.2

91.1
103.4

6.0

12.3

1.9

99.2

103.9

107.9

6.7

2.3

4.3

0.72

0.63

0.53

0.12

0.08

0.04

99.2

103.1
107.2

6.7 

2.3

3.7
Outside 3 47.7 52.3 103.9 11.4 116.0 7.2 0.45 0.10 114.9 7.1

Under
Tie Inside 3 61 39 109.8 6.5 120.6 15.1 0.39 0.15 119.5 .14.8

Center 3 81.3 18.7 100.5 3.2 104.6 4.3 0.57 0.08 104.9 6.2
* Corrected Density with Bulk Specific Gravity

** Determined From Visual Classification 

*** Measured Dry Density Divided by Ultimate Reference Density



Crib d e n s i t i e s  a ls o  show th e  same tr e n d , b u t th e  d i f f e r e n c e  i s  n o t as  
s i g n i f i c a n t  as under th e  t i e .  However, i t  i s  n o t so  c le a r  a t  t h i s  moment 
w hether such d i f f e r e n c e s  are  due to  d i f f e r e n t  i n i t i a l  c o n d i t io n s ,  b eca u se  
th e r e  i s  an unconfirm ed r e p o r t  in d ic a t in g  th a t  a t l e a s t  a p o r t io n  o f  th e  
t e s t  s e c t io n  was tamped som etim e betw een th e  i n i t i a l  m ain ten an ce in  1976 
and th e  fo llo w -u p  t e s t s  in  1 9 77 .

In any e v e n t , th e  d e n s ity  d i s t r ib u t io n  a f t e r  t r a f f i c  was g e n e r a lly  
s im i la r  to  th a t  ob served  b e fo r e  t r a f f i c .  B a l la s t  d e n s i t y  under th e  t i e  was 
s t i l l  h ig h er  around th e  r a i l  than in  th e  c e n te r  o f  th e  t i e ,  and th e  r e v e r s e  
tr en d  was ob served  in  th e  c r ib .  The d e n s ity  under th e  t i e  was about 20 to  
25 p c f  ( 0 .3  to  0 .4  Mg/m ) d e n se r  than in  th e  c r ib  around th e  r a i l ,  b u t  
about th e  same in  th e  c e n te r .

I n t e r e s t in g ly ,  th e  m easured d e n s ity  i s  shown in c r e a s in g  from o u ts id e  
to  in s id e  o f  r a i l ,  both  under th e  t i e  and in  th e  c r ib .  T h is may r e s u l t  
from th e  f a c t  th a t  th e  b a l l a s t  p a r t i c l e s  o u t s id e  th e  r a i l  do n ot have th e  
con fin em en t needed fo r  com paction  under t r a f f i c .  The p a r t i c l e s  in  t h i s  
zone m ight j u s t  have flow ed  l a t e r a l l y  toward th e  sh o u ld er  d u rin g  v ib r a t io n s  
and lo a d in g  im posed by t r a f f i c .

F ig u re  3 .1 2  shows th e  v a r ia t io n  o f  th e  a v erage c o r r e c te d  d e n s ity  when 
i t  i s  assumed th a t  th e  a verage o f  S e c t io n s ' 1 , 5 , and 6 r e p r e s e n ts  th e  i n i t i a l  
tr a c k  c o n d it io n  o f  tam ped-com pacted, and S e c t io n  2 th e  tam ped-on ly  c o n d it io n .  
Even though th e  average v a lu e s  a re  not o f  s t a t i s t i c a l  s ig n i f i c a n c e  due to  
th e  few d a ta  p o in t s ,  th ey  s t i l l  show d e n s ity  d i f f e r e n c e s  betw een th e  s e c t io n s  
assumed i n i t i a l l y  tam p ed -on ly , and tam ped-com pacted. The d i f f e r e n c e s  are  
q u it e  s i g n i f i c a n t  (a b o u t 10 p c f  or 0 .1 6  Mg/m^) in s id e  th e  r a i l  and in  th e  
c e n te r  under t i e ,  but not much (a b o u t 3 p c f  or 0 .0 5  Mg/m-^) o u t s id e  o f  th e  
r a i l .  The c r ib  d e n s i t i e s  are  about th e  same betw een th e  two d i f f e r e n t
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Figure 3 .1 2 . Average Corrected Ballast Density Measured during
Follow-up Tests for Different Initial Conditions
at the ICG Site
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i n i t i a l  tra ck  c o n d it io n s ,  b u t th e  tam ped-com pacted s e c t io n  shows s l i g h t l y  
h ig h e r  d e n s ity  than th e  tam ped-uncom pacted s e c t i o n .

F ig u r e s  3 .1 3  and 3 .1 4 ,  show th e  r e s u l t s  in  term s o f  th e  v o id  r a t io  and 
p e r c e n t  com p action , r e s p e c t i v e l y .  The same g e n e r a l tr e n d s  a re  in d ic a te d  by 
these^ m eth od s o f  r e p r e s e n ta t io n  as by d e n s i t y ,  b u t w ith o u t  th e  in f lu e n c e  o f  
p a r t i c l e  s p e c i f i c  g r a v it y .

FAST I n i t i a l  T e s t s . T able 3 .5  l i s t s  a summary o f  i n - s i t u  b a l l a s t  
d e n s ity  m easurem ents o b ta in e d  a f t e r  tam ping d u rin g  c o n s t r u c t io n .  D en sity  
was measured both  under th e  t i e  and in  th e  c r ib ,  a t  lo c a t io n s  in s id e  th e
r a i l ,  o u t s id e  th e  r a i l ,  and a t  th e  c e n te r  o f  th e  t i e .  The t i e  lo c a t io n s
were d is t r ib u t e d  o ver  th e  t e s t  s e c t io n  in v o lv e d  so  th a t  r e p r e s e n t a t iv e  
sam pling  cou ld  be o b ta in e d . D e t a i l s  a t  t e s t  l o c a t io n s ,  t e s t  p ro ced u res , 
and t e s t  r e s u l t s  as w e ll  are  d e s c r ib e d  in  R ef. 1 4 .

F ig u re  3 .1 5  shows th e  ch an ges o f  th e  average b a l l a s t  d e n s ity  a lon g  th e  
t i e  fo r  d i f f e r e n t  b a l l a s t  t y p e s .  I t  i s  shown th a t  th e  d i s t r ib u t io n s  in  th e  
th r e e  b a l l a s t s  were very c o n s i s t e n t .  The c r ib  d e n s ity  was r e l a t i v e l y  
uniform  a c r o s s  th e  s e c t io n .  The d e n s ity  under th e  t i e  was a lm o st th e  same 
in s id e  and o u ts id e  o f  th e  r a i l .  The lo w e s t  d e n s ity  was in  th e  c e n te r  under 
th e  t i e ,  th e  h ig h e s t  d e n s ity  was in  th e  tamped zone b en eath  th e  t i e ,  and 
th e  d e n s ity  in  th e  c r ib  la y  betw een  t h e s e  two v a lu e s  in  each  b a l l a s t
s e c t i o n .  The d i f f e r e n c e  in  d e n s ity  under th e  t i e  betw een th e  c e n te r  and
th e  tamped zone was about 11 to  15 p c f  (0 .1 8  to  0 .2 4  Mg/m^). The above 
o b s e r v a t io n s  g e n e r a lly  con firm  th e  p r e v io u s  e x p e r ie n c e  a t  ICG.

The d i f f e r e n c e s  in  th e  m agnitude o f  d e n s ity  among th e  th r e e  b a l l a s t s ,  
shown in  F ig . 3 .1 5 ,  i t  i s  a t l e a s t  p a r t ly  a fu n c t io n  o f  p a r t i c l e  g ra d a tio n
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Figure 3.13. Average Void Ratio Obtained during Follow-up Tests
for Different Initial Conditions at the ICG Site
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igure 3.14. Average Percent Compaction Obtained during Follow-up
Tests for Different Initial Conditions at the ICG Site
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Table 3.5. Summary of In-Situ Ballast Density Measurement at FAST During Initial Tests

Section
No.

Ballast
Type

Sample
Location

No. of 
Tests

Measured Dry 
Density (pcf)

Void Ratio 
(e)

Percent
Compaction

Mean Range Mean Range Mean Rangi

Outside 2 99.2 9.5 0.69 0.15 97.2
18A Granite . Crib Inside 2 101.3 0.8 0.64 0.02 99.2 -

Center 2 101 4.6 0.67 0.11 98.6 -

Under
Outside 2 107.7 4.5 0.59 0.08 105.5 -

Tie Inside 2 105.1 1.4 ,0.62 0.03 102.9 -
Center 2 94.1 8.4 0.77 0.25 92.2 -

Outside 2 101.8 4.8 0.69 0.08 98.6 -
20B Lime­

stone
Crib Inside 2 106.3 2.4 0.60 0.04 102.9 -

Center 2 104.9 7.3 0.62 0.09 101.5 -

Under
Outside 2 112.9 10.4 0.53 0.13 109.3 -

Tie Inside 2 112.5 7.0 0.51 0.10 108.9 -
Center 2 98.0 - 0.76 - ' 94.9 -

Outside 2 111.2 6.4 0.66 0.10 100.8 -
Crib Inside 2 109.2 2.5 0.65 0.10 . 99.0 -

20E Traprock Center 2 107.6 3.3 0.68 0.0 9 7 . 6 ~

Under Outside 2 118.7 6.6 .0.53 0.09 107.6 -
Tie Inside 2 117.9 7.4 0.55 0.12 106.9 -

Center 2 104.0 0.7 0.77 0.01 94.3 -



Figure 3.15. Variation of Ballast Density Along the Tie for Dif­
ferent Ballast Types, Initial Tests at FAST
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and s p e c i f i c  g r a v i t y .  T h e .e f f e c t  o f  th e s e  p aram eters i s  shown removed in  
F ig . 3 .1 6 ,  w hich p l o t s  th e  r e s u l t s  in  term s o f  v o id  r a t io  and p e r c e n t  
com p action .

FAST Su p p lem en ta l T e s t s . Table 3 .6  sum m arizes th e  r e s u l t s  o b ta in ed  
d u rin g  th e  su p p lem en ta l t e s t s  a t FAST. D e t a i l s  o f  t e s t  r e s u l t s  a re  d e s ­
c r ib e d  in  R e f . - 1 5 .

vF ig u r e s  3 .1 7  to  3 .1 9  i l l u s t r a t e  th e  d i s t r ib u t io n s  o f  th e  av era g e  b a l l a s t  
d e n s ity  in  th e  c r ib  and under th e  t i .e  fo r  th e  two d i f f e r e n t  b a l l a s t  s e c ­
t i o n s .  The d e n s it y  d i s t r ib u t io n  a lo n g  th e  t i e  a f t e r  1 3 4 .6  MGT o f  t r a f f i c  
( F ig .  3 .1 7 )  show ed, in  g e n e r a l,  very  s im ila r  tr e n d s  to  th o s e  o b serv ed  
p r e v io u s ly  a t  FAST and ICG a s w e l l ,  i . e . ,  th e  h ig h er  u n d e r - t ie  d e n s ity  in  
th e  r a i l  a rea  than in  th e  c e n te r ,  and about th e  same c r ib  d e n s i t i e s  a lon g  
th e  t i e .  However, th e  m agnitude o f  th e  d e n s ity  d i f f e r e n c e s  betw een  in  th e  
r a i l  a rea  and in  c e n t e r ,  and betw een in  th e  c r ib  and under th e  t i e  were 
red u ced . In f a c t ,  in  th e  c a se  o f  th e  lim e s to n e  s e c t io n ,  th e  i n - s i t u  
b a l l a s t  d e n s i t y  th rou gh ou t th e  s e c t io n  appeared to  be very  uniform  reg a rd ­
l e s s  o f  lo c a t io n  in  th e  c r ib  or under th e  t i e .

As e x p e c te d , tam ping showed th e  m ost s i g n i f i c a n t  e f f e c t s  in  th e  c r ib  
around th e  r a i l  where th e  in s e r t io n  o f  tamping f e e t  occu rred  ( F ig .  3 .1 8 ) .
The d e n s ity  d e c r e a s e  was very s i g n i f i c a n t  in  th e  l im e s to n e ,  ab ou t 16 p c f  
(0 .2 6  Mg/m^) d e c r e a se  from a f t e r  t r a f f i c ,  and m oderate in  th e  tr a p r o c k , 
about 3 .5  p c f  ( 0 .0 6  Mq/ni)  d e c r e a s e . Tamping caused  l i t t l e  change in  
both  th e  c r ib  d e n s ity  and th e  u n d e r - t ie  d e n s ity  in  th e  c e n te r  o f  th e  t i e .  
Tamping ca u sed  a c o n s id e r a b le  s c a t t e r  in  d e n s ity  d i s t r ib u t io n s  from one  
sp o t  to  a n o th er  in  th e  trap rock  s e c t io n .  For unknown r e a s o n s , th e  b a l l a s t  
d e n s ity  was c o n s i s t e n t ly  low er in s id e  th e  r a i l  than o u t s id e  th e  r a i l  fo r  
both th e  c r ib  and u n d e r - t ie  d e n s i t i e s .
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Table 3.6a. Summary of In-Situ Ballast Density Measurement .During
Supplemental Tests in Section 20B at FAST

Track Sample No. of Measured Dry Void Ratio Percent *
Conditions Locations Tests Density (pcf) <•) Compaction

Mean Range Mean Range Mean Range

Outside 2 113.1 1.8 0.50 0.04 109.5 -

After Crib Inside 2 112.6 0.5 0.52 0.01 109.0 _

134.6 MGT
(uo) : Center 2 112.2 0.7 .0.53 0.0 107.7 -

Outside 2 114.0 0.8 0.50 0.0 110.4
Under
Tie Inside 2 114.8 2.2 0.48 0.03 111.1

Center 2 109.7 0.1 0.55 0.0 106.2 -

Outside 2 98.9 0.8 . 0.73 0.04 95.7 -

Tamped Crib Inside 2 94.3 4.0 0.82 . 0.08 91.3
(TU)

Center 2 110.6 4.3 0.55 0.09 107.0 -

Outside 2 114.4 0.4 0.49 0.0 110.8
Under
Tie Inside 2 113.7 2.3 0.50 0.03 110.1

Center 2 107.6 1.8 • 0.57 0.03 104.2 -
0.1 MGT Outside 2 112.5 2.0 0.51 0.03 108.9 _

of
Additional Crib Inside 2 108.5 5.7 0.58 0.08 105.1 -
Traffic
After Center 2 112.3 9.2 0.52 0.11 108.7 -

• Tamping
(AT) Outside 2 112.1 3.9 0.52 0.04 108.6 -

Under
Tie Inside 2 112.4 5.0 0.52 0.06 108.8 —

Center 2 106.4 4.7 0.61 0.06 103.0 -

* Ultimate Reference Density for Limestone (LS) =* 103.3 pcf Determined from Water Replacement 
Method (Ref. 9)
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Table 3.6b. Summary of In-Situ Ballast Density Measurement During
Supplemental Tests in Section 20G at FAST

Track Sample No. of Measured Dry Void Ratio Percent *
Condition Locations Tests Density (pcf) ( e ) Compaction

Mean Range Mean Range Mean Range
Outside • .2 . 117.3 8.11 0,60 0.16 l06.3 -

After Crib Inside 2 119.2 7.9 0.53 0.16 108.0
134.6 MGT

<UU) Center 2 118.2 4.3 0.52 0.10 107.2 - •
Outside 2 126.6 2.1 0.46 0.02 114.7

Under
Tie Inside 2 127.8 0.7 0.45 0.01 115.8 -

Center 2 117.1 4.8 0.57 0.07 106.2
Outside 2 119.2 3.7 0.55 0.05 108.0 -

Tamped Crib Inside 2 112.5 2.2 0.63 0.05 102.0 _

(TU)i
Cent,. r 2 117.9 4.3 0.55 0.07 106.9 -

Outside 2 125.8 4.9 0.47 0.06 114.0
Under
Tie Inside 2 113.7 8.3 0.62 0.12 103.1 - ’

Center 2 114.6 2.8 0.62 0.07 103.9 -

0.1 MGT Outside 2 118.5 11.7 0.55 0.12 107.4 : ••
of

Additional Crib Inside 2 107.7 5.3 0.70 0.09 97.6 -
Traffic
After Center 2 120.1 2.9 0.52 ‘ 0.03 108.9 -
Tamping
(AT)

Under
Outside 2 124.7 10.5 0.48 0.12 113.1

Tie Inside . 2 114.5 10.2 0.61 0.19 103.8 --
Center 2 ' 115.3 0.4 0.58 0.0 104.6

* Ultimate Reference Density For Traprock (TR).- 110.3 pcf Determined from Water Replacemen 
Method (Ref. 9)
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rigure 3.17. Distribution of Ballast Density Along the Tie for
Different Ballast Types, After 135 MGT, FAST
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ire 3.18. Distribution of Ballast Density Along the Tie for 
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LOCATION OF M E A S U R E M E N T

Figure 3.19. Distribution of Ballast tensity Along the Tie for
Different Ballast Types, After Additional 0.1 MGT, FAST
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The effect of additional traffic of 0.1 MGT following tamping is 
inconclusive at the moment (Fig. 3.19). In the limestone section, the 
under-tie density appeared to have decreased, while the crib density almost 
returned to the same level as that after 134.6 MGT. In the traprock 
section, the 0.1 MGT traffic showed very little effect on the under-tie 
density and rather erratic trends in the crib density.

FAST Ballast Gradation. Figures 3.20 to 3.27 summarize the gradation 
test results of the ballgst samples.obtained throughout all-the tests at 
FAST. For each ballast, average gradation at different track locations,
i.e., under the tie and in the crib, and in the rail area and in the center 
of the track, are shown for the four different track conditions tested.

Regardless of ballast type, it is shown that the ballast gradation 
under the tie did not change at all with different track conditions, i.e., 
from the time of initial construction to 134.6 MGT and again to tamping. 
However, the ballast gradation in the crib is shown to have changed, but 
not significantly.

In the rail area, both sections showed almost the same ballast grada­
tions in the crib and under tie after the initial tamping and after 174.6 
MGT. However, with the tamping operation performed during the supplemental 
tests, the limestone section seems to have lost some fine particles in the 
crib area due to downward migration, while the traprock section lost a lot. 
The under-tie gradation remained about the same in both sections.

In the center of the track, both sections had about the same gradation 
in the crib and under the tie after the initial tamping; however, more 1
fines appeared in the crib area after 134.6 MGT of traffic than under tie. 
It illustrates that a significant portion of ballast degradation during
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FAST #20B

SAMPLE NO. SYMBOL
CT TU76 UT e — — © After construction tamping
CT UU 7 7 UT After 136 MGT traffic
CT TU77 UT B — — a After maintenance tamping
CT AT 7 7 UT After additional 0.1 MGT traffic

Figure 3.20. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Center of Track, Limestone Section, FAST
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1

FAST #20B

SAMPLE NO. SYMBOL
RL TU76 UT <5— ■0 After construction tamping
RL UU77 UT After 136 MGT traffic
RL TU77 UT B — -€S After maintenance tamping
RL AT77 UT -0 After additional 0.1 MGT traffic

Figure 3.21. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Rail Areas, Limestone Section, FAST
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FAST #20B

SAMPLE NO. SYMBOL
CT TU76 CR © — 0 After construction tamoine
CT UU7 7 CR A ---- ▲ After 136 MGT traffic
CT TU77 CR e — -a After maintenance tamo-in e
CT AT77 CR »  » After additional 0.1 MGT traffic

Figure 3.22. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Crib in the Center of Track, Limestone Section, FAST
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FAST #20B

GRAIN SIZE IN NILLINETERS
SAMPLE NO. SYMBOL -

RL TU76 CR © — — © After construction tamping
RL UU77 CR After 136 MGT traffic-
RL TU77 CR B — — a After maintenance tamping
RL RT77 CR After additional 0.1 MGT traffic

Figure 3.23. Changes in Ballast Gradation with Track Conditions, Under the 
Tie in the Crib in the Rail Areas, Limestone Section, FAST
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FAST #20E2

SAMPLE NO. SYMBOL
CT TU76 UT e — After construction tamping
CT UU77 UT After 136 MGT traffic
CT TU77 UT a — — a After maintenance tamping
CT AT7 7 UT 0— — ❖ After 0.1 MGT traffic

Figure 3.24. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Center of Track, Traprock Section, FAST
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FAST #20E2

SAMPLE NO. SYMBOL
RL TU76 UT 0  0 After construction tamping
RL UU77 UT After 136 MGT traffic
RL TU77 UT B—— B After maintenance tamping
RL RT77 UT After additional 0.1 MGT traffic

Figure 3.25. Changes in- Ballast Gradation with Track Conditions, Under the
Tie in the Rail Areas, Traprock Section, FAST
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FAST #20E2

SAMPLE NO. SYMBOL
CT TU76 CR ©— — e After construction tamping
CT UU7 7 CR After 136 MGT traffic
CT TU77 CR B — — a After maintenance tamping
CT AT7 7 CR o— — $ After additional 0.1 MGT traffic

Figure 3.26. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Crib in the Center of Track, Traprock Section, FAST

71



FAST #20E2

SAMPLE NO. SYMBOL
RL TU76 CR 0  0 After construction tamping
RL UU77 CR After 136 MGT traffic
RL TU77 CR a — — a After maintenance tamping
RL AT77 CR — ♦ After additional 0.1 MGT traffic

Figure 3.27. Changes in Ballast Gradation with Track Conditions, in the
Crib in the Rail Areas, Traprock Section, FAST
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traffic occurs in the crib between the ties, possibly due to the longi­
tudinal movement of ties. Again, since the center portion of the track is 
not disturbed during tamping, the ballast gradation remained about the same 
between in the crib and under the tie, and before and after the tamping 
performed during the supplemental tests. A

3 .2  ASSESSMENT
In the preceding sections, in-situ ballast density measurements at 

different test sites have been presented along with description of the test 
apparatus and procedures used, test background, and field conditions. This 
section summarizes the results to present aspects of ballast physical state 
based on the ballast density measurements.

Throughout the study, four typical track conditions were tested. They 
are 1) after initial tamping during new construction or complete ballast 
undercutting, 2) after compaction immediately following tamping, 3) after 
accumulation of traffic, and 4) after maintenance tamping. For each of 
these track conditions, changes in the measured ballast density and its 
distribution along the tie are examined as well as the ballast gradation 
changes to assess the effects on the ballast physical state of important 
track parameters such as ballast type, tamping, ballast compaction, and 
traffic.

Initial Tamping. Effects of initial ballast tamping of a newly 
constructed or freshly undercut track can be well characterized from 
the ballast density profiles obtained from ICG and FAST. Figure 3.28a 
summarizes qualitatively the measurements after such tamping at the two 
sites. The results generally indicated similar ballast density distri­
butions along the tie at both test sites, even though the two sites
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Figure 3.28. Schematic Illustration of Ballast Density Profiles under Different Track Conditions



had quite different track conditions, notably•ballast conditions and nature 
of track work. The ballast density in the crib is relatively uniform along 
the tie, with the magnitude being slightly lower in the rail area than in 
the center. For the same track condition, the ballast density under the 
tie varied significantly along the tie, and it was much denser in the rail 
area than in the center.

In the center, the under-tie density and the crib density were about 
the same, but in the rail area the density was much higher under the tie 
than in the crib. It was about 11 to 15 pcf (0.18 to 0.24 Mg/m^) higher' at 
FAST, and 9 to 12 pcf (0.14 to 0.19 Mg/m^) at ICG. The above density differ­
ence in the rail area where the tamping operation is concentrated illus­
trates an important aspect of ballast densification during tamping. When 
the ballast layer is initially very loose as in a newly constructed or 
completely undercut track, ballast densification may very well occur from 
particle vibrations imposed by the vibrating tamping feet, along with the 
confinement provided by the tie bottom and the squeezing action.

Crib and Shoulder Compaction. It is a widely accepted conviction that 
crib and shoulder compaction reduce the adverse loosening effects of ballast 
tamping and enhance the process of restoration of track stability by ballast 
density increase. However, It has not been completely understood how crib 
and shoulder compaction change the ballast physical state and how much 
ballast compaction contributes to restoration of track stability.

Figure 3.29 summarizes the results from ICG regarding ballast density 
changes with crib and shoulder compaction. Changes in average void ratio 
with ballast compaction at different locations in the ballast layer are to
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Figure 3.29. Effect of Crib and Shoulder Compaction on the Ballast Density, ICG
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those obtained under the tamped-only condition. In addition, the long-term 
effects of the ballast compaction are also illustrated with measurements 
assumed to be obtained after at least 10 MGT of traffic, which is a sig­
nificant amount of traffic.

Comparison of the measurements obtained from the tamped-only (TU) and 
the tamped and compacted (TC) conditions generally indicate ballast density 
increases in the ballast layer, as expected. But the magnitude of such 
increases differed from location to location in the ballast layer. Obvi­
ously, the ballast density increase due to crib and shoulder compaction was 
concentrated in the crib where the ballast compaction occurred. As shown 
in the figure, ballast density increase in the crib in the rail area was 
quite significant. However, the effect of the same ballast compaction 
procedures on other locations, i.e., in the center and under the tie, 
appears to be very limited, even though a slight density increase was 
often noticed in those areas. Similar observations have been reported by 
CNR in a field study on the changes in the ballast bearing capacity with 
different track conditions (Ref. 17).

The long-term effect of ballast compaction on the ballast physical 
state after accumulation of a significant amount of traffic is not con­
clusive. Generally, the measurements at ICG seem to indicate that the 
density increase due to ballast compaction subsequent to tamping diminishes 
with accumulation of traffic in the crib, but somehow the effects of 
ballast compaction under the tie appear to have been accentuated. It is 
not clear at the moment, due to insufficient data, whether or not the 
trends are representative and correct. But, interestingly, Birman and 
Cabos (Ref. 18) observed that the initial density difference before traffic
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which had resulted from different ballast compaction methods, still remained 
preserved even after significant traffic.

The magnitude of ballast density increase from crib and shoulder com­
paction differed among different sites, presumable due to different track 
conditions and compaction procedures. There was about a 2% increase over 
the density achieved after tamping at the CNR site, and about 4SS and 17?o at 
the ICG and SR sites, respectively.

Figure 3.28b shows generalized ballast density distribution along the 
tie after crib and shoulder compaction. Since the ballast density increase 
is mainly concentrated in the rail area in the crib, ballast density distri­
butions basically similar to those after tamping are expected. However, 
the amount of scatter in the measured ballast density from one tie to 
another appeared to be quite reduced, compared to the TU conditions. As 
Hardy (Ref. 19) asserted from a series of field tests at a Canadian Northern 
line, the uniformity of ballast density distribution along the track could 
be one of the important factors contributing to the track performance.

Compared to the density obtained after traffic, the magnitude of 
ballast density increase from ballast compaction appears to be significant. 
However, it is questionable that the same degree of track stability restor­
ation will be achieved during compaction.

Accumulation of Traffic. Summarizing the measurements at FAST, Fig.
3.30 illustrates ballast compaction changes with accumulation of traffic. 
Ballast densities at different locations of track are compared for two 
different levels of accumulated traffic, i.e., during the first 134.6 MGT 
after initial construction and tamping, and during an additional 0.1 MGT 
after maintenance tamping. Even though the data do not provide sufficient 
information on the exact patterns of compaction growth for different
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Figure 3.30. Changes in Ballast Compaction with Traffic and 
Maintenance, FAST
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ballast types, the results explain well the overall trends of ballast 
density changes throughout the traffic history tested.

The two different ballasts having similar particles shape and grada­
tion exhibited very similar ballast compaction changes during the first
134.6 MGT of traffic. Regardless of ballast types, the most significant 
increase was noticed under the tie in the center where the ballast was 
initially very loose. The smallest increase was under the tie in the rail 
area where the ballast was generally dense prior to traffic. The change in 
the crib was intermediate, and was about the same along the tie.

The basic pattern of ballast density state along the tie did not alter 
with traffic (Fig. 3.28c). The under-tie density was still higher in the 
rail area than in the center,- but the difference was smaller than those 
after tamping or after compaction. The crib ballast density was relatively 
consistent along the tie, and the magnitude was about the same as under the 
tie in the center.

Data obtained after traffic often indicated a trend of ballast density 
decrease from inside the rail to outside, particularly in the crib. For 
example, an average difference of 3.6 pcf (0.1 Mg/m̂ ) was noticed in 
the crib density after traffic at the ICG site. Presumably, with lack of 
confinement, ballast particles in the crib and outside the rail could 
easily have flowed toward the shoulder during vibration and repeated 
loading cycles imposed by traffic, instead of being densified in place.

The effect of the additional 0.1 MGT of traffic after maintenance 
tamping is not conclusive. The density change and its magnitude were quite 
irregular, varying with ballast types and measurement locations. The 0.1 
MGT of traffic after such tamping does not appear to be significant
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enough to cause any ballast densification under traffic loading. Instead 
it could either densify or loosen the ballast layer depending on the ballast 
conditions. With accumulation of sufficient traffic, ballast will eventu­
ally be densified as shown after 134.6 MGT of traffic. There is not enough 
data at this time to determine when and how fast the ballast compaction 
increases with traffic.

Maintenance Tamping. Effects of maintenance tamping on the ballast 
density change can also be examined from Fig. 3.30. Compared to the 
measurements after traffic, tamping on a track previously subjected to 
traffic is shown to have consistently loosened the ballast layer regardless 
of the location of the measurements. The density decrease was quite 
significant in the rail area, almost totally eliminating the compaction 
achieved during traffic after initial tamping. Even in the center where no 
insertion of tamping feet was made, the ballast density is shown to have 
consistently been reduced. Figure 3.28d illustrates schematically the 
probable ballast density distribution after maintenance tamping.

The amount of such density decreases due to maintenance tamping 
appears to be dependent on various factors such as track conditions, 
particularly ballast type and conditions. For example, less than 1% 
density decrease from the undisturbed track condition was noticed at the 
CNR site, while more than 14?o decrease was observed in the limestone 
section at FAST. In fact, the ballast density in the- limestone section 
after maintenance tamping was. even lower than those after initial tamping. 
One of the possible reasons for such a significant decrease in the lime­
stone might be that the degraded particles, sometimes in powdery form, 
generally tend to form bonding between large ballast particles, therefore 
leaving large voids intact after removal of tamping feet.

81



Ballast Gradation Changes. Gradation change in the ballast layer also 
illustrates another important aspect of ballast physical state. Ballast 
degradation reflected by gradation changes could' very well indicate ballast 
performance under different track conditions. Figure 3.31a shows variation 
of percent finer than No. 4 sieve as presented in the ballast density 
samples taken at the CNR site under different test conditions. It illus­
trates significant reduction of fines with tamping, and regaining with 
ballast compaction.

Loss of fine particles in the ballast during tamping-is obviously due 
to particle segregation and downward migration of the fines. The regain of 
fines with ballast compaction was in this particular case mainly due to 
intermingling of ballast and subgrade materials. The loss of fines during 
tamping is directly related to the subsequent moisture content decrease, 
because the fines are the major source of water retention in the ballast 
layer (Fig. 3.31b).
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Figure 3.31. Changes in Percent Fines and Moisture Content in the Ballast 
Layer with Track Conditions, CNR
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4. PLATE LOAD TEST

This chapter will initially discuss SUNYAB's plate load test field 
apparatus and procedure. Several strength and deformation indices were 
employed to evaluate the changes in the ballast physical state. The 
important findings and general trends obtained from field investigations 
with SUNYAB's field plate load test apparatus will be compared to available 
results from other investigations. Additional details of the test results 
are described in a summary report by Panuccio and Dorwart (Ref. 20) and in 
individual field test reports (Ref. 21, 22, and 23).
4.1 SUNYAB PLATE LOAD TEST

The field plate load tests in this study are an extension and adapta­
tion of equipment and procedures established in laboratory investigations 
by Wayne (Ref. 24) and Cioklo (Ref. 25). A discussion of the factors 
affecting the in-situ plate load resistance can be obtained from these 
references.

The current PLT apparatus (Fig. 4.1) essentially remained unchanged 
from the original laboratory design. Detailed specifications for the in­
dividual components of the apparatus are described by Selig, et al.,(Ref.l)

The main refinement was a method to accurately measure the average 
plate displacement. The key element developed for the deformation system 
is a slotted steel cylinder, termed the displacement reference block.
This block allows displacement measurements to be recorded directly at the 
centroidal axis of the plate.

The basic field test procedure has undergone only slight changes from 
that developed in the laboratory. Improvements with respect to testing
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efficiency and the deformation measuring system are described in a detailed 
test procedure by Selig, et al., (Ref. 1). A brief description of the 
procedure used is as follows:

1. For tests on the tie bearing area, remove all the ballast in
both adjacent cribs. Remove spikes, tie plates, and rail anchors, 
and then carefully remove the test tie. For. tests in the crib, 
remove onl^the spikes from both adjacent ties.

2. Select the center of spots to be tested in the crib and under the 
ties.

3. Place the 5-in. (127-mm) diameter load bearing plate on a plaster 
of paris seat and level the plate.

4. Place the PLT structural load frame on the rails in a position 
straddling the plate.

5. Insert the hydraulic load jack assembly in the PLT frame over the 
test plate.

6. Place the displacement reference block on the load bearing plate.
7. Set up the deformation support system on a level and firm founda­

tion.
8. Apply a load to the plate at a constant deformation rate of about

0.25 in./min (6.35 mm/min) until 0.3 in. (7.6 mm) of displacement 
is reached and then unload the plate to zero load.

9. Perform additional cycles of plate loading to the same peak load 
as the first.

Approximately 20 minutes is required to complete a test with five load-unload 
cycles on one plate.
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Load and displacement readings are manually recorded at zero and -peak 
displacements, and after complete unloading for each cycle. Mechanical

igages used to obtain these values of load and displacement were a calibra­
ted hydraulic pressure gage and a dial indicator, respectively. In addi­
tion, commercially available electronic transducers were used to continubusly 
record the load-displacement curves on the X-Y recorder.

The data reduction process involved proportioning the loads and 
displacements from the recorded field curves with known calibration signals. 
For the first cycle, loads were determined at 0.1, 0.2, and 0.3 in. (2.5,
5.1, and 7.6 mm) vertical plate displacement. For all subsequent loading 
cycles, only peak load and the peak and rebound displacements were deter­
mined from the curves.

The strength and deformation indices obtained from the load-displace­
ment curves which were used to analyze the PLT data are as follows:

1. Ballast bearing index, B = (4.1)
D2. Modified ballast bearing index, B|< = —

3. Average modified ballast bearing index =

k^O.l + ( V o . 2  + ^ V o . 3Average B^ = - - - - - - - - - - — 1 ' ■ ’ 1 ' ’ '

(4.2)

(4.3)

4. Modified modulus of deformation,

E„ = . (4.4)
A AP
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5. Modified resilient modulus,
ppeak

A(yV
6. Percent elastic recovery,

D r  inEr = - - K— ■—  x 100 = -F—  x 100Ap rm

(4.5)

(4.6)

The parameters are defined as:
P = load in lb (N) at 0.1, 0.2, and 0.3 in. (2.5, 5.1 and 7.6 mm) 

displacement,
A = area of plate in square inches = 19.63 in.2 (0.0127 m2) ,
A = 0.1, 0.2, and 0.3 in. (2.5, 5.1 and 7.6 mm) displacement,
Ppeak = Pea*< plate load in lb (N)>
Ap = total deformation per cycle in inches (mm),
Ar = rebound deformation during unloading in inches (mm).
The B and values are computed for the first cycle only, while
Em > Erm and Er values are computed for all cycles. Since the 
plate area is a constant, the B and B|< values
yield identical trends at a given deformation level though the magnitude 
and units of values are different. The average B^ value represents an 
average stiffness response of the entire load-displacement curve as 
determined by Wayne (Ref. 24). The B^ at 0.3 in. (7.6 mm) displacement 
and first cycle Em values are also equal by definition.

The results obtained from the ICG and FAST test sites will be discuss 
ed in the following sections. The B values will be compared only at 0.2 
in. (5.1 mm) displacement. The general trends have been shown to be
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similar to those for the other B values and for the average B|< 
value (Refs. 21, 22, and 23). Inside rail and outside rail test locations 
are averaged and defined as the "under the rail" location results. In the 
figures, these values are shown symmetrically about the center of the 
track.

Values of Em , Erm , and percent Er were examined by 
Panuccio and Dorwart (Ref. 20) for the ICG and FAST test series. These 
indices were not found to be useful in establishing meaningful relation­
ships and, thus, will not be discussed in this report.

Illinois Central Gulf. The first series of PLT’s which occurred in 
November 1976 was analyzed and discussed by Panuccio (Ref. 21). A second 
trip followed in June 1977 for a continued study of the ICG track system. 
These results were analyzed and discussed by Dorwart and Panuccio (Ref.22). 
The track maintenance operations, the track loading history, and a descrip­
tion of the track system have been summarized in Section 2. However, some 
further discussion is warranted at this point.

The track loading history after undercutting, tamping, and crib and 
shoulder compaction in November 1976 is assumed to have consisted of: 1)
approximately 9 MGT of traffic, 2) then a second tamping operation (March 
or April, 1977), and 3) finally, approximately 5 MGT more of traffic (Refs. 
22 and 6). The trafficked ballast under the rail for both the crib and 
under-tie zones were probably disturbed by the second tamping operation.
The ballast stiffness in these zones at the time of tamping may have been 
similar to those values obtained in November, 1976. Thus, it is assumed 
that the physical state changes can be attributed to only 3 MGT of the 14 
accumulated MGT of traffic. However, this situation is not necessarily
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valid for the center of track. Note that depressions in the center of the 
track from a track raise during tamping were observed for both trips 
(Refs. 21 and 22). Since tamping might possibly loosen the ballast in this 
zone, the actual amount of applied traffic is uncertain. However, for the 
purpose of convenience and consistency of data presentation, 5 MGT of. 
traffic will also be assumed for the center of track.

The field load-displacement curves are represented by ballast bearing 
index (B) as a function of displacement for under the rail (Fig. 4.2) and 
center of track (Fig.4.3). Each individual curve is identified for the 
under-tie and in-crib locations and for specific track maintenance opera­
tions and traffic loading. These average curves illustrate the general 
differences in ballast behavior for the given conditions for ICG. The 
principal reasons for including these curves, however, are to illustrate 
the similarity in trends for the three displacement levels and to show the 
general shape of the PLT load-displacement relationship.

The ballast strength profiles (Fig. 4.4) for the ICG track system are 
constructed from the B values at 0.2 in. (5.1 mm) displacement in Figs.
4.2 and 4.3. The crib and shoulder compaction and traffic clearly increas­
ed the ballast stiffness near the rail, both in the crib and under the tie 
from the tamped-only condition. .The center of the track location both 
under the tie and in the crib appears to be little affected by the compac­
tion process, but is significantly affected by the application of traffic. 
Traffic causes increases of 145 to 206% under the tie and in the crib, 
respectively, at the center of track.

The under-rail location increased in strength both with compaction and 
traffic. The under-tie, tamped-only values increased 27% with compaction
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Figure 4.2. Plate Resistance Under the Rail at the ICG Site for 
Limestone and Steel Slag Ballast
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Figure 4.4. PLT Strength Profile at 0.2 in. (5,1 imn) Plate Displacement
for ICG Limestone and Steel Slag Ballast
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and 213% with 5 MGT of applied traffic when compared to the tamped-only 
condition. Note that some of the B values at 3 MGT were estimated since 
the ballast was extremely stiff and therefore, the tests could not be 
conducted to 0.2 in. (5.1 mm) deformation. The in-crib, tamped-only values 
increased 93% with compaction, and 187% with 5 MGT of traffic.

FAST Test. Dorwart and Panuccio (Ref. 23) analyzed the FAST plate 
load tests which occurred in November, 1977. The test parameters and 
track system are described in Section 2 along with track maintenance 
operations.

The same effect on the center of track values of ballast bearing index 
(B) resulting from tamping an undisturbed, trafficked track bed prevailed 
at the FAST tie site as it did at the ICG site. For both the limestone and 
traprock ballasts a depression approximately equal to the track raise 
existed under the center of the tie for the tamped-uncompacted (TU) condi­
tion and after 0.1 MGT of traffic (AT). The center of track B values are 
not expected to yield the same increases in strength as those occurring 
under the rail. Since the depression prevents ballast-tie contact in the 
center of the track, the strength in that location is not necessarily a 
good indicator of the changes in ballast physical state with various track 
conditions.

The profile of limestone ballast results (Fig. 4.5) illustrates 
increasing ballast strength after tamping with the application of traffic. 
The effect is apparent both under the tie and in the crib with the under- 
tie values being greater in magnitude.

The center of track location for both under the tie and in the crib 
increases in strength with traffic. The under-tie location in particular

94



BA
LLA

ST 
BEA

RIN
G 

IND
EX,

 B 
( PS

I)

Figure 4.5. PLT Strength Profiles at 0.2 in. (5.1 mm) Plate Displacement 
for FAST Limestone Ballast
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increases to the same value as the undisturbed value with the application 
of 0.1 MGT of traffic. The corresponding crib value' increased by 22% with
0.1 MGT of traffic or 64% of the undisturbed value.

The under the rail locations for both under the tie and in the crib 
increase consistently with the applied traffic. The under-tie strength 
increased 34% from the tamped condition with the application of 0.1 MGT of 
traffic, and 276% with the application of 135 MGT of traffic. The crib 
strength increased 48% from the tamped-only condition with the application 
of 0.1 MGT of traffic and 115% with 135 MGT of traffic.

The traprock strength (Fig. 4.6) increases with traffic, however, the 
curves for both under the tie and in the crib are markedly different from 
the limestone curves. Except for the tamped-only condition, the under-rail 
values both under the tie and in the crib are generally greater than the 
corresponding center of track values for traprock than for limestone.
Another notable feature for traprock is that the in-crib strength after the 
application of 0.1 MGT of traffic is the same as the undisturbed crib 
strength at all locations.

The under-rail plate resistance for traprock appears to rapidly 
increase with applied traffic. The under-tie B values increase 100% from 
a tamped condition with the application of 0.1 MGT of traffic, and 236% 
with the application of 135 MGT. The in-crib values, as previously indi­
cated, increase after-the application of 0.1 MGT of traffic to values equal 
to the undisturbed condition.

Summary. A summary of the SUNYAB PLT results under the rail is 
presented in Fig. 4.7. The B value at 0.2 in. (5.1 mm) displacement under 
the rail is chosen for comparison since this value is representative of the
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ballast strength relationships for different ballast types and various 
track conditions. Included in this figure are the maximum and minimum 
values of B for each average point.

The center of track values are dependent upon the track history and 
the results are not necessarily indicative of the traffic condition or 
maintenance operation performed at the time of testing. This point has 
been emphasized for the 5 MGT condition at ICG as well as for the tamped- 
only and 0.1 MGT- traffic conditions at FAST. The trends associated for the 
center of track values are valid for each particular track system, however, 
comparisons between track systems is not justified. Therefore, theseb 
results are not considered in this summary.

The most pronounced feature displayed in Fig. 4.7 is the increase in 
the under-rail, under-tie B values with increasing traffic. The trends 
in the crib are much less pronounced. The difference in strength with 
ballast type under similar conditions is evident. The limestone after 
tamping has a slightly greater strength than traprock. However, the trap- 
rock demonstrates a greater rate of strength increase than limestone with 
the application of 0.1 MGT of traffic, both in the crib and under the tie. 
For the undisturbed state at 135 MGT, the limestone has a significantly 
greater strength than the traprock under the tie, but in the crib the 
strengths are nearly equal.

A general comparison of the FAST and ICG sites for the tamped-only 
condition indicates that the under-tie and in-crib strengths are similar in 
magnitude for all ballast types. The slightly lower values at ICG may be 
accounted for by the ballast undercutting and cleaning operation. Crib
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and shoulder ballast compaction at ICG increases the ballast strength in 
the crib to values comparable to the 0.1 MGT traffic condition for the FAST 
limestone. However, the under-tie strengths with ballast compaction at ICG 
are considerably less than the 0.1 MGT conditon at FAST. For the 5 MGT 
traffic conditon at ICG, the under-rail ballast strength increases consid­
erably, both under the tie and in the crib. This might possibly be attrib­
uted to environmental influences in addition to applied train traffic.. 
Apparently the former is a more significant factor at ICG than at the FAST 
site. Note that the ICG strength at 5 MGT of traffic is also between the 
FAST 0.1 and 135 MGT of traffic values.

The amount of data scatter is greatest after the condition of most 
traffic. The PLT, however, appears to be a sensitive test for an evalua^ 
tion of the changes associated with different ballast types, maintenance 
operations, and train traffic conditons. Also, correlation of the under- 
rail values would provide the most reliable trends.
4.2 PREVIOUS STUDIES

The in-situ plate load test (PLT) has previously received very little 
attention with respect to measuring the relative changes in the ballast 
physical state. Peckover (Ref. 26) of the Canadian National Railway (CNR) 
and Prause (Ref. 27) are the only known sources of reported plate load 
test results..

The test results obtained by Prause (Ref. 27) will not be considered 
in the present study due to different track and test conditions. The tests 
were performed using an 8-in. (0.203 m) diameter plate with a plaster of 
paris seating material placed upon granite ballast. The track consisted 
of concrete ties which were loaded with 20 to 25 MGT of traffic. In
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general, the plate displacements for the under-the-rail tests were less 
than 0.1 in. (2.5 mm), which is insufficient for a comparison with SUNYAB 
data. Also, the larger plate diameter produces different strength index 
values than SUNYAB's 5-in. (0.127-m)-diameter plate (Ref. 24).

Peckover (Ref. 26) utilized the PLT as a means of evaluating the 
effectiveness of different track maintenance operations on the vertical 
ballast stiffness. A 5-in. (0.127 m)-diameter plate was used for this 
study and the test procedure was similar to SUNYAB’s. The CNR tests had 
the following differences:

1. Instead of plaster of paris, the bearing plate was seated in pea 
gravel having the same minerology and particle shape as the 
in-situ ballast.

2. A 250 lb (1113 N) seating load was applied by a hydraulic jack, 
and this load plus the associated deformation may or may not have 
been included as part of the load-displacement results.

3. The location of the measured plate displacement was not reported.
These three factors will each have some effect upon the reported

results. First, Wayne (Ref. 24) has determined that pea gravel produces 
slightly lower plate resistance values than plaster of paris for the loose 
ballast density state. Second, if the seating load is not included, it 
will not properly reflect the ballast behavior, especially for the loose 
density state results. As for the third factor, the displacement measuring 
system should be located such that plate rotation or track system displace­
ments do not influence the recorded ballast load-displacement response.
The effects of the latter two factors on the CNR results is unknown and the 
differences in seating material for all density states has not quantita­
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tively been established. Nevertheless, the test results obtained by Peckover 
(Ref. 26) will presently be considered representative.

The plate load tests in Ref. 26 were conducted on a tangent section of 
CNR track with wooden ties. The principal ballast type was an in-situ 
crushed rock. However, at two different locations the ballast track bed 
was replaced with a new crushed rock ballast and a new slag ballast. Full 
crib ballast conditions are assumed to exist at the time of testing. The 
ballast gradations and particle shapes were not reported.

The track was tamped, leveled and lined, but the height of track raise 
was not specified. This operation was followed by crib and shoulder 
compaction in which both Matissa and Jackson ballast compactors were 
used. A vibration time was not specified for either machine. A third 
compaction machine was also used, but was mounted with shoulder vibration 
plates only. The results obtained with this third machine will not be 
discussed because of this difference.

A ballast undercutting operation was also performed with a. Kershaw, 
under-cutteri The in-situ ballast was removed and replaced at one test site 
with a new crushed rock ballast and at another test site with a new slag 
ballast. Since a Kershaw machine was used, the depth of cut is assumed to 
be approximately 6 in. (0.15 m) below the base of the tie (Ref. 28). This 
factor will be considered in the data analysis. Sections of both undercut 
sites were compacted. However, it is assumed that this track first re­
ceived tamping, and possibly surfacing and lining, after reballasting and 
prior to compaction.
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The final test condition investigated was on an "undisturbed" ballast. 
The amount of train traffic loading for this condition was not reported.
The lack of sufficient information prohibited any attempt- to reasonably 
estimate this traffic condition.

The test results reported by Peckover (Ref. 26) were in the form of 
ballast bearing index (B) values at 0.3 in. (7.6 mm) displacement. The 
PLT's were performed adjacent to the rail in the crib and under the tie.
Since the test locations are only qualitatively known, these locations will 
be referred to as under-the-rail. For each track condition investigated, 
four plate load tests were conducted for each test location.

The average ballast bearing index values are graphically illustrated 
in Fig. 4.8a for the various track conditions. Peckover indicates a large 
variation in these test results. Note that the abscissa is not a defined 
scale and is intended for comparative purposes only. Also, the plate 
resistance values have apparently been combined for the two ballast compac­
tors and for the two ballast types tested for the undercutting operation.

Figure 4.8a indicates that the tamped-uncompacted condition (TU), which 
includes surfacing and lining, produces the lowest B values both in the 
crib and under the tie for the crushed rock ballast. These values are 
approximately 25 percent of the respective undisturbed (UU) track condition 
values. With the application of crib and shoulder compaction to a tamped- 
only. track (TC condition), the B values increase by a factor of 5 in the 
crib and a factor of 3 under the tie with respect to the TU condition. The 
tamped-compacted condition yields B values comparable to the undisturbed 
track condition. The reasons for such a remarkable increase cannot presently 
be explained.
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The effect of undercutting and replacement with a new ballast is also 
illustrated in Fig. 4.8a. The under-tie values are slightly higher but are 
still comparable to the tamped-uncompacted condition. However, the in-crib 
values are a factor of 2 greater. Since the results of the two ballast 
types were combined for the undercutting operation, the differences in B 
values with the TU condition may^be attributed to differences in particle 
shape, in gradation, or in ballast types. With the data in the present 
form, this situation cannot be resolved.

When crib and shoulder compaction is applied to the undercut condition, 
the B values increase by a factor of at least 2 for both under-tie and 
in-crib values. The interesting feature for this condition is that the 
in-crib values are .slightly greater than the under-tie values. This opposes 
the trends established for the other track conditions and again, no apparent 
explanation is available. In general, the undercut and compacted condition 
yields B values comparable to the tamped-compacted (TC) condition, and 
follows a trend similar to the respective tamped-only condition.

4.3 ESTIMATE OF COMPACTION EFFECT
Insufficient quantities of under-rail plate load test data limits the 

establishment of clearly defined plate resistance trends with track main­
tenance operations and train traffic loading. The only available source 
of information to supplement SUNYAB's data was supplied, by Peckover (Ref.
26) for the CNR. This data is also limited by the lack of plate resistance 
values at intermediate traffic levels for the tamped-uncompacted and 
tamped-compacted conditions. Thus, the differences for these two track
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conditions, as well as differences in ballast type and the effectiveness of 
different ballast crib and shoulder compaction equipment, cannot easily be 
quantified.

A correlation for the under-rail plate load test data with traffic can 
at best yield only approximate general trends. An evaluation of the 
absolute magnitudes of plate resistance will be as reliable as any data 
normalization techniques which may be attempted. Several data normaliza­
tion approaches have been considered as possible methods of more adequately 
representing the plate resistance trends. These will not be elaborated 
upon here, but are discussed by Panuccio and Dorwart (Ref. 20).

An attempt will be made in order to determine an equivalent amount of 
train traffic on a tamped-only track which is initially offered by ballast 
crib and shoulder compaction. Any attempt to define a reasonable MGT of 
traffic Which provides a stable or "undisturbed " track condition will be a 
guess at best. Also, the amount of traffic at which plate resistance 
cannot be differentiated for either track condition is presently indeter­
minate due to the lack of available data. Thus, the equivalent traffic 
estimate, as implied by the plate load test, is the only value comparable 
to the other ballast physical state test results.

The ballast bearing index (B) values for SUNYAB's under-rail PLT data 
at 0.3 in. (7.6 mm) displacement are illustrated in Fig. A.8b along with 
CNR's data in Fig. 4.8a. This figure displays two particularly interesting 
features. First for the undisturbed condition (UU), the under-tie and 
in-crib B values are of comparable order of magnitude for CNR and SUNYAB. 
Note, however, that the average under-tie B values for each ballast type
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at FAST only represents two of the six tests conducted and are probably 
much lower than the actual average, since the high plate loads prohibited 
the tests to be performed to 0.3 in. (7.6 mm) deformation. A similar 
situation also existed for the 5 MGT condition at ICG. The second is that 
very good agreement exists for the tamped-uncompacted (TU) condition for
both data-sets in the crib and under the tie. Also, the CNR undercut-only #

\ • condition, i.e., assumed tamped and possibly surfaced and lined, yields
binder-tie B values comparable to the SUNYAB TU condition. In general, 
this latter factor indicates a reliable degree of reproducibility for the 
tamped-only condition for different ballast materials of different test 
programs. Note that the ICG track for the TU condition was undercut 10 to 
12 in. (0.25 to 0.31 m) while the CNR undercut-only condition was approxi­
mated as a 6 in. (0.16 m) cut. The slightly higher CNR B value may be 
attributed to an influence of a more rigid base.

A comparison of the tamped-compacted (TC) conditions for CNR and 
SUNYAB produced the greatest difference in test results. The CNR B 
values are 1-1/2 to 2 times larger than those for SUNYAB. This difference 
is as unexplainable for the TC comparison as it was for the TU to TC 
comparison for the CNR data sets.

Due to the nature of SUNYAB's data, an approximate'equivalent traffic 
estimate for the TC condition can be obtained. By combining the three 
ballast types tested, the TC condition under-the-rail is shown to be 
somewhat in between the TU and 0.1 MGT traffic conditions for both under 
the tie and in the crib. If the relative change in B values for the FAST 
limestone from the TU to 0.1 MGT traffic conditions for both under the tie
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and in the crib is compared to the relative change for the ICG data from TU 
to TC conditions, the result is that the TC condition is equivalent to 
slightly greater than 0.1 MGT of traffic. Considering both cases previously 
presented, a reasonable equivalent traffic estimate appears to be 0.1 MGT. 
The lack of any trafficked conditions for the CNR data prohibits such an 
estimate, however, a 0.1 MGT value appears to be low.

¥
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5. LATERAL TIE PUSH TEST
o

This chapter will briefly discuss SUNYAB's lateral tie push test field 
apparatus and test procedure. In order to evaluate the changes in the 
ballast physical state with track maintenance operations and traffic, the 
lateral tie resistance at certain displacement levels were obtained from 
the recorded load-displacement curves. A summary of the general trends for 
SUNYAB's field investigation are presented in the following sections. 
Further details of these LTPT test results can be obtained in Refs. 29, 30, 
and 31. Available United States and foreign data were compiled and compar­
ed to SUNYAB's results, and the combined data thoroughly assessed. Several 
techniques were devised to correlate the LTPT data in order to establish 
the general lateral tie resistance trends with applied traffic. Panuccio 
and Dorwart (Ref. 20) provide additional details on the LTPT correlation.

5.1 SUNYAB LATERAL TIE PUSH TEST

The field LTPT's in this study are primarily an extension and adapta­
tion of equipment and procedures established by Ciolko's laboratory invest­
igation (Ref. 25). The test apparatus and procedures will be briefly 
discussed here in order to familiarize the reader with SUNYAB's method. A 
thorough description and evaluation of factors affecting lateral tie 
resistance are adequately covered by Ciolko (Ref. 25). These factors have 
been accounted for in the test data analysis of each field investigation.

The field test apparatus has been refined several times since-the 
original laboratory design. The main emphasis concentrated upon increasing 
the reaction load capacity of the structural frame. Each iteration of 
increasing the structural capacity of the frame for the anticipated lateral
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loads proved satisfactory for each field trip. That is, for the first 
ICG trip (Ref. 29), the second ICG trip (Ref. 30), and the FAST trip (Ref. 
31), the frame load capacities of 950, 2,000 and 10,000 lb (4.23, 8.9 and
44.5 KN), respectively, were adequate. However, with the advantage of 
increased frame^stiffness, which subsequently increased the weight, the 
advantages of lightness and portability had to be sacrificed.

The final design of the LTPT apparatus, which includes the instrumen­
tation package, is shown schematically in Fig. 5.1. Detailed specifi­
cations of the individual components of the apparatus can be obtained from 
Selig, et al. (Ref. 1). The key element illustrated in Fig. 5.1, which was 
a critical design feature throughout the evolution of the LTPT apparatus, 
was the location of the load applying and measuring system at the centroi- 
dal axis of the tie. This method comes close to measuring actual lateral 
tie resistance, since the location is nearly coincident with the resultant 
ballast forces acting upon the tie.

The field test procedure was adjusted in accordance with apparatus 
modifications. These changes were designed primarily to improve testing 
efficiency. The basic format of the test performed for each field investi­
gation remained essentially unchanged. The detailed test procedure associ­
ated with the LTPT apparatus is also contained in Selig, et a l . (Ref. 1). 
However, a brief description of the test procedures used is as follows:

1. Remove the spikes, tie plates, and rail anchors.
2. Align the load frame over the centerline axis of the tie and 

attach it to the rails.
3. Align and attach the deformation system to the tie.
4. Locate the load system at the centroidal axis of the tie.
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Figure 5.1. Assembled Lateral Tie Push Test Apparatus (Ref. 1)



5. Apply load at a constant rate of 0.25 in. (6.35 mm) per minute 
until 0.25 in. (6.35 mm) displacement is reached.

6. Reduce the load on the tie to zero.
7. Repeat the procedure for a second cycle.

The total time required per test was approximately 20 minutes.
Load-displacement readings were manually recorded at the start of 

displacement, at peak displacement, and after complete unloading (i.e., 
rebound) for each cycle. The ‘instrumentation package is the same as that 
used for the plate load tests.

The data reduction process involved proportioning the loads and 
displacements from the recorded field curves with respect to known calibra­
tion signals. Each individual test cycle curve was reduced to determine 
the load values at zero or initial static load (ISL), 0.0393, 0.0787,
0.157, and 0.25 in. (1, 2, 4 and 6.35 mm) displacement. Also computed was 
a rebound deformation index,

A .A
Er = - V 2  x 100 , (5.1)P

in which . Er = the amount of elastic recovery of the tie expressed as a 
percent, and p and r = peak and rebound displacements, respec­
tively. The results obtained on the ICG and FAST test sites will be 
discussed in the following sections.

Illinois Central Gulf Tests. For the initial series of tests at ICG, 
ten ties were selected for testing in the tamped-compacted (TC) section, 
while nine ties were selected in the tamped-uncompacted (TU) section.
The details of this test series can be obtained from Panuccio (Ref. 29);
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however, th e  im p o rta n t f in d in g s  w i l l  be presented in  t h is  re p o r t.

The average lo a d -d isp la ce m e n t curves fo r  each lo a d in g  cyc le  o f  the  TU 

and TC s e c tio n s  are  i l l u s t r a t e d  in  F ig . 5 .2a . The second.cyc le  o f  th e  t ie  

lo a d in g  in v o lv e d  re lo a d in g  the  t i e  a f te r  com ple tion  o f  the  f i r s t  c y c le . An 

im p o rta n t fe a tu re  d isp la ye d  in  the  curves is  th a t  a d d it io n a l cy c le s  o f  

lo a d in g  produced e s s e n t ia l ly  the  same la te r a l  re s is ta n c e  as the  f i r s t  c y c le  

fo r  each te s t  c o n d it io n .  This tre n d  i s  c o n s is te n t w ith  te s t  re s u lts  

ob ta ined  by SUNYAB s t a f f  fo r  the two rem ain ing f i e l d  s tu d ie s  (R e fs . 30 and 

3 1 ). Since the  second cyc le  la te r a l  re s is ta n c e  does not p ro v id e  much 

a d d it io n a l in fo rm a t io n ,  the  second cyc le  te s t  w i l l  n o t be fu r th e r  e la b o r­

ated upon in  t h is  re p o r t .

The e f fe c t  o f  c r ib  and shou lder compaction upon in c re a s in g  the  la te r a l  

t i e  re s is ta n c e  is  c le a r ly  demonstrated in  F ig . 5 .2 a . The f i r s t  cyc le  loads 

fo r  the  TC s e c tio n  were c o n s is te n t ly  26% g re a te r  than the  f i r s t  cyc le  loads 

fo r  the  TU s e c tio n  a t  a l l  d isplacem ent le v e ls  except the  i n i t i a l  s t a t ic  

lo a d . The i n i t i a l  s t a t ic  load va lues fo r  TC and TU were comparable fo r  

both cyc le s  o f  lo a d in g .

C rib  and shou ld e r compaction appeared to  in c re a se  th e  percen t e la s t ic  

recovery (Er ) s l ig h t l y  (R ef. 2 9 ). The percen t Er  a lso  increased 

s l ig h t l y  w ith  in c re a s in g  cyc le s  o f lo a d in g  fo r  both the  TU and TC co n d i­

t io n s .  In  g e n e ra l, th e  average Er  va lues were w ith in  the  range o f 

17 to  31 p e rc e n t.

Two re la t io n s h ip s  were found not to  e x is t  fo r  e i th e r  te s t  c o n d it io n . 

The load a t 0.25 in .  (6 .3 5  mm) disp lacem ent d id  n o t c o r re la te  w ith  p e rcen t 

Er  fo r  any c y c le  o f  loadi.no. and the i n i t i a l  s t a t ic  load (TSL), o r  load
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a t zero d isp lacem ent, was not a fu n c tio n  o f  th e  b a l la s t - t ie  c o n ta c t a rea. 

For th e  second t e s t  s e r ie s  a t ICG, which is  cons ide red  a tamped-uncompacted 

c o n d it io n  w ith  5 MGT a p p lie d  t r a f f i c ,  a t o t a l  o f  21 t ie s  were te s te d .

A lso , e leven o f  th e  t ie s  were c la s s if ie d  as o ld ,  and te n  t ie s  as new, based 

upon v is u a l in s p e c t io n .

The average f i r s t  cyc le  load-d isp lacem ent curves (F ig .  5 .2b) i l l u s -  

t r a te  th e  e f fe c ts  o f  t i e  age and t r a f f i c  on la te r a l  t i e  re s is ta n c e . The 

la te r a l  re s is ta n c e  fo r  o ld  t ie s  is  g e n e ra lly  12% g re a te r  than fo r  new t ie s  

a t a l l  d isp lacem ent le v e ls ,  except zero . In  t h is  case, th e  i n i t i a l  s t a t i c  

load va lues were app ro x im a te ly  e qu a l. A h ig h e r la te r a l  re s is ta n c e  seemed 

to  be in d ic a te d  f o r  o ld e r  t ie s ,  b u t a g re a te r amount o f  s c a t te r  e x is te d  fo r  

th e  o ld e r t ie s  than fo r  the  new t ie s  a t a l l  d isp lacem ent le v e ls .

The genera l shape o f  the  average load -d isp la ce m e n t curves fo r  th e  o ld  

and new t ie s  (F ig .  5 .2 b ) i s  the  same as those o b ta ined  fo r  th e  TC and TU 

c o n d it io n s  (F ig .  5 .2 a ) .  However, th e  f i r s t  c y c le  la te r a l  re s is ta n c e  fo r  

both  the o ld  and new t ie s ,  i . e . ,  th e  TU c o n d it io n  w ith  5 MGT o f  t r a f f i c ,  

is  app rox im ate ly  tw ic e  th a t  obta ined fo r  the  TU c o n d it io n  alone a t a l l  

d isp lacm ent le v e ls  except zero .

The percen t e la s t ic  recovery (E r ) i s  more c o n s is te n t and s l ig h t l y  

g re a te r fo r  the  o ld  t ie s  than fo r  the  new t ie s  (R e f. 4 ) .  The average Er  

va lues fo r  a l l  t ie s  were g e n e ra lly  w ith in  the  range o f  19 to  37% fo r  5 MGT 

o f  t r a f f i c .  These r e s u lts  are s l ig h t ly  g re a te r  than the  Er  va lues 

ob ta ined  from th e  TU c o n d it io n .

For the  second te s t  s e r ie s , th e  load a t 0.25 in .  (6 .3 5  mm) d is p la c e ­

ment d id  no t c o r re la te  w ith  percen t Er  . A lso , the  la te r a l  re s is ta n c e  

a t a l l  d isp lacem ent le v e ls  and percen t Er  were no t a fu n c tio n  o f  e i th e r  

the base area o f  th e  t i e  o r the t o ta l  b a l la s t - t ie  c o n ta c t a rea.
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FAST T e s ts . L a te ra l t i e  re s is ta n c e  was in v e s t ig a te d  fo r  th re e  tra c k  

c o n d it io n s : 1) 135 MGT a p p lie d  t r a f f i c  (UU) c o n d it io n ,  2) tamped on ly  (TU

c o n d it io n ) ,  and 3) 0 .1  MGT a p p lie d  t r a f f i c  (AT c o n d it io n ) .  F ive  la te r a l  

t i e  push te s ts  were perform ed fo r  each b a l la s t  type a t a g iven  tra c k  

c o n d it io n .  A d e ta ile d  d is c u s s io n  o f  the  la te r a l  t i e  push te s ts  a t th e  FAST 

t ra c k  can be ob ta ined  from Dorw art and Panuccio (R e f. 3 1 ). The most ^ 

s ig n i f ic a n t  r e s u lts  are rep resen ted  by the  f i r s t  c y c le  load -d isp lacem ent 

curves fo r  the  lim estone (F ig .  5 .3a ) and tra p ro c k  (F ig .  5 .3 b ) . The change 

in  la te r a l  t i e  re s is ta n c e  fo r  th e  v a r io u s  t r a f f i c  co n d ito n s  i s  c le a r ly  

i l l u s t r a t e d .
b ■■ ■■

The data a n a ly s is  fo r  th e  FAST te s ts  in v o lv e d : 1) com parisons o f

lim e s to n e  to  tra p ro c k  fo r  a p a r t ic u la r  tra c k  c o n d ito n , and 2) comparisons 

o f  d i f f e r e n t  tra c k  c o n d it io n s  fo r  a p a r t ic u la r  b a l la s t  ty p e . For each 

comparison the percen t la t e r a l  re s is ta n c e  change was determ ined a t the  fo u r 

d isp lacem ent le v e ls :  0 .0394 , 0 .0787 , 0 .157, and 0.25 in .  (1 , 2 , 4 and 6.35 

mm). R e la t iv e ly  c o n s is te n t percentages were o b ta ined  fo r  a l l  fo u r  d is p la c e ­

ment le v e ls .  Thus, the  fo u r va lues  were averaged in  p re s e n tin g  the  

gen era l tre n d s . The i n i t i a l  s t a t i c  load (IS L ) v a lu e s , on th e  o th e r hand, 

d id  n o t dem onstrate the same c o n s is te n c y , so they w i l l  n o t be considered in  

t h is  d is c u s s io n , o th e r than to  no te  th a t  they were comparable fo r  both 

b a l la s t  types (F ig .  5 .3 ) .

The tra p ro c k  and lim e sto n e  r e s u lts  are compared in  F ig .  5 .3 . The 

f i r s t  cyc le  average loads were 15?o g re a te r fa r  tra p ro c k  than fo r  lim estone 

in  th e  TU c o n d it io n , b u t the  tra p ro c k  was 15?o low er than the  lim estone  fo r  

th e  AT c o n d it io n , and 6% low er fo r  the  UU c o n d it io n . The loads fo r  the  UU 

c o n d it io n  are comparable fo r  both  b a l la s t  typ e s . A lso , loads fo r  the  TU and 

AT c o n d it io n s  are 25 and 38?o, re s p e c t iv e ly ,  o f  the  UU c o n d it io n  fo r  lim e -
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Figure 5.3. LTPT Load-Displacement Curves at FAST for Various Track Conditions
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s to n e , and 30 and 35%, r e s p e c t iv e ly ,  o f  the  UU c o n d it io n  fo r  t ra p ro c k . For 

both  b a l la s ts ,  the  a p p lic a t io n  o f  0 .1  MGT o f  t r a f f i c  fo llo w in g  the tamping 

o p e ra tio n  measurably incre ases the  la t e r a l  t i e  re s is ta n c e . A lthough 

lim e sto n e  has a s l ig h t l y  low er la t e r a l  re s is ta n c e  than tra p ro c k  a f te r  

tam ping, th e  lim estone  b a l la s t  a t ta in s  a g re a te r  re s is ta n c e  a t a more 

ra p id  ra te  w ith  the a p p lic a t io n  o f  0 .1  MGT o f  t r a f f i c .

G e n e ra lly , a l l  f i r s t  and second c y c le  p e rce n t e la s t ic  recovery  (Er ) 

va lues fo r  both b a l la s t  types were between 10 and 30?o fo r  th e  th re e  d i f f e r ­

e n t tra c k  c o n d it io n s  (R e f. 3 1 ). The second c y c le  Er  va lues were s l ig h t l y  

g re a te r  than the f i r s t  c y c le  fo r  each tra c k  c o n d it io n .  Traprock and lim e ­

stone y ie ld e d  comparable va lues o f  Er  . However, a d e f in i t e  re la t io n s h ip  

o f  Er  w ith  amount o f  t r a f f i c  co u ld  no t be e s ta b lis h e d .

No c o r re la t io n  e x is te d  between th e  f i r s t  and second c y c le  peak loads 

and the  percen t Er  fo r  e i th e r  b a l la s t  typ e . Based upon th e  ICG f in d ­

in g s , a re la t io n s h ip  between lo a d  o r  p e rcen t Er  and b a l la s t - t ie  co n ta c t 

area was no t a ttem pted.

Summary. A summary o f  the  SUNYAB LTPT r e s u lts  fo r  th e  ICG and FAST 

s i te s  is  presented in  F ig .  5 .4 . The t i e  typ e , d im ensions, and spacings, as 

w e ll as the amount o f  tra c k  r a is e  fo r  the  tamping o p e ra tio n  (TU c o n d it io n )  

were approx im ate ly  equal fo r  bo th  s i te s .  The d e fic ie n c y  o f  c r ib  b a l la s t  

due to  the tamping ra is e  may, however, e x h ib i t  a s l ig h t  in flu e n c e  on the 

magnitudes o f la te r a l  t i e  re s is ta n c e . Load va lues from 0.0394 to  0.25 in .

(1 to  6.35 mm) d isp lacem ent le v e ls  c o n s is te n t ly  dem onstrate the  same percen t 

changes in  t i e  re s is ta n c e  w ith  d i f f e r e n t  tra c k  maintenance o p e ra tio n s  and 

t r a in  t r a f f i c .  The average load  va lu e  a t 2 mm disp lacem ent was chosen fo r  

com parison, s ince th a t  d isp lacem ent le v e l best re p re se n ts  the  genera l tre n d s .
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In  F ig . 5 .4 , w ith  each average load value are the  maximum and minimum 

va lu e s , which are rough in d ic a to rs  o f  the  amount o f  data s c a t te r .  The 

s c a t te r  appears to  increase w ith  in c re a s in g  t r a in  lo a d in g .

Several o th e r re s u lts  are e v id e n t in  F ig . 5 .4  w ith  the most n o ta b le

being the la rg e  increase in  la t e r a l  t i e  re s is ta n c e  w ith  t r a f f i c  fo r  both

G>
te s t  s i te s .  A s im i la r i t y  in  t i e  re s is ta n c e  obta ined by the  tamping on ly  

(TU) o p e ra tio n  fo r  the th re e  b a l la s t  types can a lso  be seen, and im p lie s  

th a t  the  la te r a l  t i e  re s is ta n c e  a t ICG was not a ffe c te d  by the  pre-tam ping 

t ra c k  maintenance o p e ra tio n s , such as u n d e rc u tt in g . The va lue  o f  t i e  

re s is ta n c e  a f te r  c r ib  and sho u ld e r compaction (TC) a t the ICG s i t e  is  shown 

to  be comparable to  the 0.1 MGT o f  t r a f f i c  c o n d it io n  a t the  FAST s i t e ,  and 

the  5 MGT t i e  re s is ta n c e  a t ICG l ie s  between the  0.1 and 135 MGT va lues a t 

the  FAST s i t e .

G e n e ra lly , the LTPT appears to  be s e n s it iv e  to  d if fe re n c e s  in  b a l la s t  

typ e s , t i e  c o n d it io n , and tra c k  maintenance o p e ra tio n s , and y ie ld s  f a i r l y  

re p ro d u c ib le  re s u lts  c o n s id e rin g  the  v a r ie d  h is to r ie s  o f  each tra c k  system. 

The c o r re la t io n  trends can most s a t is f a c t o r i l y  be developed by u t i l i z in g  

the  la te r a l  t i e  re s is ta n c e  a t 0.0787 o r 0.157 in .  (2 o r 4 mm) d isp lacem ent 

le v e ls .

Severa l o th e r in d ic e s  compared fo r  each te s t  s e r ie s  w ith  no s i g n i f i ­

cant tre n d s  deve loping were pe rcen t e la s t ic  re co ve ry , c y c le s  o f  lo a d in g , 

and b a l la s t - t ie  co n ta c t a rea . The i n i t i a l  load (IS L ) was a lso  eva lua ted  

and p re s e n tly  determ ined not to  be u s e fu l as an in d ic a to r  o f  the  changes 

in  la te r a l  t i e  re s is ta n c e  w ith  t r a f f i c .

1 2 0



5.2  PREVIOUS STUDIES

U nited S ta te s . The on ly  p rev ious  U. S. f ie l d  la te r a l  t i e  push ( p u l l )  

t e s t  r e s u lts  on in d iv id u a l  t ie s  were re p o rte d  by Cunney, e t a l (R e f. 3) 

from ENSCO, which w i l l  h e re in  be re fe r re d  to  as ENSCO. This te s t in g  was 

c a r r ie d  o u t under Federa l R a ilro a d  A d m in is tra t io n  sponsorsh ip . The purpose 

o f  t h is  s tudy was to  u t i l i z e  the  LTPT as a means jD f e v a lu a tin g  the  e f fe c t  

o f  a cce le ra te d  b a l la s t  c o n s o lid a tio n  on la te r a l  tra c k  s t a b i l i t y .  The 

b a l la s t  c r ib  and shou ld e r v ib ra to ry  compaction machine used was a P la s s e r- 

American CPM 800 owned by FRA.

The te s ts  were conducted on the  s i te s  o f  f iv e  commercial r a i l r o a d s :  

the  Southern Railway Company, Boston and Maine C o rp o ra tio n , Penn C e n tra l 

T ra n s p o rta tio n  Company, S t. Lou is  and Southwestern Railway Company, and 

M is s o u ri P a c if ic  R a ilro a d  Company. The te s t  s i te s  o f  these ra ilro a d s  

were in  re g io n a lly  d i f f e r e n t  lo c a t io n s ;  however, th e  t ra c k  s tru c tu re s  were, 

s im i la r .  The im p o rta n t tra c k  and te s t  c o n d it io n s  were c a r e fu l ly  documented 

and are presen ted in  Tables 5 .1  and 5 .2  re s p e c t iv e ly .

In  g e n e ra l, th e  t ie s  were hardwood w ith  average dimensions o f  7 in .  

(0 .178 m) by 8 .5  in .  (0 .2 .6  m) by 8.5 f t  (2 .5 9  m), w ith  an average t i e  

spacing o f  20 in .  (0 .508 m)» The t ie s  were v is u a l ly  c la s s i f ie d  as o ld  o r 

new. A l l  t ie s ,  in c lu d in g  the o ld ,  are assumed to  be in  r e la t iv e ly  good 

c o n d it io n  a t th e  tim e o f te s t in g ,  s ince  each tra c k  is  a f r e ig h t  l in e  w ith  a 

h igh o p e ra tin g  speed and is  h e a v ily  loaded y e a r ly  w ith  a h igh MGT. The 

average tra c k  ra is e  was approxim ate ly  2 in .  (51 mm). E ith e r  3 o r 5 second 

v ib ra t io n  tim e was used w ith  the c r ib  and shou lder compactor for. the  

se le c te d  te s t  s e c t io n s . The b a l la s t  type was p r im a r i ly  a crushed g ra n ite  

except fo r  Penn C e n tra l,  which was a crushed lim e s to n e , and each b a l la s t  

was AREA g ra d a tio n  number 4 . The c r ib s  are assumed f u l l ,  s in ce  a b a l la s t
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Table 5.1. LTPT Track Conditions For All Railroads
\

0
Track Max. Annual , ^ l l l a s t

C la s s if i - Speed T r a f f ic T ic s Type
Railroad cation (mph) (MOT) Type Dimensions Spacing (AREA Gradation)

United States

Southern til Freight New Crushed
(Ref. 3) Cl ass #4 . 60 25 (1973) 7 in . x 8 in . x 8 .5  f t 20 in . G ranite

Oak (04)

Boston & Freight
Maine Class />4 50 19 Old
(Ref. 3) & New 7 in .  x  8 in .  x 8 .5  f t 21 in . Crushed

(1972) G ranite
Hard (#4)

Wood

Penn Freight Old
C entra l Class #5 70 40 (1966) 7 In . x 9 i n .  x 8 .5  f t 20 in  a Crushed
(R ef. 3) New Limestone

(1973) (#4)

S t. Louis & Freight Old
Southwestern Class "5 70 41 New 7 In . X 9 in . x 9 .0  f t 20 i n . Crushed
(R ef. 3) * (1973) G ranite

0/4)

M is s o u ri- Fre ight New
P a c if ic Class #4 50 18 (1973) 7 in . x 9 in . x 8 .5  f t 19.5 i n . Crushed
(Ref. 3) Oak G ranite

' (#4)

Penn Freight Yellow
C entra l Class #4 50 15 Pine 6 i n .  x 8 in . x 8 .5  f t 21 i n - Crushed
(R ef. 3) G ranite

w ith
Southern Freight Old Fines

n Class * *4 60 -10* New 7 20 in «(Ref. 3, 32) 2CT (1974) Crushed
Oak G ranite

(04)

Foreign

C.N .R . - - : i4 * Wood 6 in .  x 8 in .  x 7.75 ft _ Crushed
(Ref. 33) 7 in . x 9 In . x 7.75 f t Stone

A u s tria .
(Wesel) 1st order 100 ~8** B-58
•Kef. 34) Cone rote■ - - - - Crave1

+■ Assumed
* Estimated baseo upon 1.2 MGT/i Month
** Estimated based upon 1.3 MGT/2 Months

122



Table 5.2 LTPT Test Conditions For All Railroads

Compactor
Test Type Track Tamping V ib ra tio n

Dace Load 1 Degree, \ Type Raise Time No. T ie s
R ailroad Tested (MGT) \Supor elevation/ R ail (In.) (Sec) Tested

United States S

Southern J u ly , 0 , 0.5, Tangent CUR
01 Aug. 1.5 Curved 132 2 -3 . . '5 20/Section

(R ef. 3) 1973‘ (2 .2 * , 5 i n . )

Boston & Aug. , 0 , 1, Tangent CWR
Maine Sept. 2 Curved 112 1 -  2 3 20/Seccion

(Ref. 3) 1973 (1*.35*,
1. i n . )

Curved Bolted
(2 * . 1-5/8 i n . ) 132 .

Penn Aug. 0, 0 .5 , Curved CWR
C entra l 1973 1.7 (0° 30’ , 140 2 5 20/Sectlon
(Ref. 3) 0.25 i n . )

Tangent 3

S t. Louis & Nov. 0 , 0 .7 5 , Tangent CWR
Southwestern 
(R ef. 3)

1973 2.0 112 1.5 5 20/Seccion

M isso u ri- 
/P acific 
(Ref. 3)

Dec. . 
1973, 
Jan. 
1974

0 ,.0 .7 5 ,  
2 .0 Curved 

( -  -  ) 
Tangent

CWR
119 2-3 3 20/Sectlon

Penn. 
Cencral 
(R ef. 3)

Occ.
1973

Undiscurbed CWR
140 - - 2

Southernn
(Ref. 3, 32)

June—
Aug.
1974

0.032, 0.065, 
0 .1 6 , 0 .26, 
0 .68 , 0 .7 1 , 
1 .6 2 , 1.68

Tangent CWR
132

2-3 3 16/Section

Foreign

C.N .R .
(R ef. 33)

Ju ly —
Aug.
1974

0, 0 .3 ,
0 .6 , 1 .2 , 
Undiscurbed

Tangent
132

- - 20/Track C ond itio n

A u s tria  
(Wesel) 
(R ef. 34)

Nov.
1971

0. 01,
0. 045,
0 .0 9 . 1. 3,  
Undiscurbed

Tangent
110

- - 20/Section
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o
sweeping o p e ra tio n  was perform ed p r io r  to  c r ib  and shou ld er com paction.

The dimensions o f  shou lder w id th  and shou ld er s lope  were n o t re p o rte d  fo r  

any o f  the  s i te s .

A s e c tio n  o f  tra c k  a t each s i t e  was d iv id e d  in to  fo u r  te s t  s e c tio n s . 

Two s e c tio n s  were tam ped-only and th e  rem ain ing two s e c tio n s  were tamped 

fo llo w e d  by c r ib  and shou ld er com paction. T ies were te s te d  in  tangen t 

t ra c k  a t each s i te  and on curved t ra c k  a t fo u r  o f  1fhe s i te s .  For the  te s t  

s i te s  w ith  both tra c k  geo m e trie s , a tam ped-only and a tamped-compacted te s t  

s e c tio n  were p ro v id e d . The LTPT was perform ed on 20 t ie s  in  each te s t  

s e c tio n  a f te r  th e  i n i t i a l  t ra c k  m aintenance o p e ra tio n s  and a f te r  se le c te d  

in te r v a ls  o f  a p p lie d  t r a in  t r a f f i c .

Two d i f f e r e n t  types o f  f i e l d  apparatus were re p o rte d  to  have been used 

in  the  ENSCO study to  measure la t e r a l  t i e  re s is ta n c e . The i n i t i a l  te s ts  

fo r  a l l  f iv e  ra ilro a d s  used the  equipment s c h e m a tic a lly  i l l u s t r a t e d  in  F ig .

5 .5 .  Load and d isplacem ent le v e l  were recorded m anually from p ressure  gage 

and d ia l  in d ic a to r  re a d in g s . The te s ts  were a p p a re n tly  perform ed a t a 

co ns tan t b u t no t n e c e s s a rily  a c o n s is te n t de fo rm ation  ra te .  Penn C e n tra l 

la te r  used ENSCO's system, which in c lu d e d  s l ig h t  m o d if ic a t io n s , in  o rd e r to  

o b ta in  accura te  va lues o f  l a t e r a l  t i e  re s is ta n c e  fo r  an u n d is tu rb e d  tra c k  

c o n d it io n .  However, te s ts  were perform ed o n ly  on two t ie s .  T he re fo re , 

they w i l l  no t be considered fu r th e r .

Southern Railway a lso  fa b r ic a te d  a t i e  p u l l  te s t  apparatus (F ig .

5 .6 ) w ith  the in te n t  o f  supplem enting the data ob ta ined  from ENSCO's 

i n i t i a l  te s t  s e r ie s .  This apparatus is  d is t in c t ly  d i f f e r e n t  from ENSCO'S 

e a r l ie r  v e rs io n  in  th a t  the  load  a p p ly in g  system is  lo c a te d  p a r a l le l  

to  the  top o f  the  t ie  and n o t 4 to  5 in .  (0 .1  to  0.13 m) above the  top o f  

the  t i e .  A lso , a continuous lo a d -d isp la ce m e n t record  fo r  each te s t
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HYDRAULIC JACK

Figure 5.5. Lateral Tie Push Test Apparatus Used by ENSCO (Ref. 3) 
and Similar to CNR (Ref. 33)
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PULL CHAIN

Figure 5.6. Lateral Tie Pull Test Apparatus Used by 
Southern #2 (Ref. 32)
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was o b ta in e d  w ith  e le c tro n ic  tra n sd u ce rs  being used in  c o n ju n c tio n  w ith  

m echanical gages. Th is is  a s ig n i f ic a n t  improvement in  f i e l d  data  re co rd in g  

te ch n iq u e s , s in ce  th e  p re v io u s  method is  q u ite  s u s c e p tib le  to  e r ro rs .  These 

e r ro rs  m igh t in c lu d e  synchronized recording of the load and displacement 
re a d in g s , in s u f f ic ie n t  re s o lu t io n  o f  gages, and d i f f i c u l t y  in  id e n t i f y in g

th e  in te rc e p t  o f  the  load -d isp lacem ent cu rves. For these reasons, th e  te s t
. -A

r e s u lts  o b ta ined  w ith  t h is  apparatus w i l l  be discussed s e p a ra te ly  and 

tre a te d  as Southern se t number 2. The ' i n i t i a l  te s ts  conducted by ENSCO on 

the  Southern l in e  w i l l  thus be d e fin e d  as Southern s e t number 1.

Southern a lso  te s te d  d i f f e r e n t  t ie s  a t each increm ent o f  t r a f f i c ,  

whereas th e  i n i t i a l  ENSCO te s t  s e r ie s  ap p a re n tly  re te s te d  the  same t ie s .

The d if fe re n c e s  in  la te r a l  t ie  re s is ta n c e  o f  o ld  and new t ie s  w ith  tra c k  

m aintenance p ra c t ic e s  and subsequent t r a f f i c  was an a d d it io n a l fe a tu re  

considered  by Southern te s t  number 2.

ENSCO (R e f. 3) ta b u la te d  la t e r a l  t i e  re s is ta n c e  va lues a t 0.0787 and

0.157 in .  (2 and 4 mm) d isp lacem ent le v e ls  fo r  th e  i n i t i a l  te s t  s e r ie s .

The data was subd iv ided  accord ing to  tam ped-only and tamped-compacted 

c o n d it io n s , type  o f  t ra c k ,  and amount o f  a p p lie d  t r a f f i c  to  th e  te s t  

s e c tio n  on each o f  the  f iv e  p a r t ic ip a t in g  ra ilr o a d s .  Inc lu ded  were fo u r 

" re p re s e n ta t iv e "  va lues o f  t i e  re s is ta n c e  fo r  the  twenty t ie s  te s te d  per 

s e c tio n . A la rg e  degree o f s c a tte r  was conta ined w ith in  these fo u r va lu e s . 

These " re p re s e n ta t iv e "  va lues were averaged and are l is t e d  in  Appendix B o f  

Ref. 20. Some o f  the  load va lues a t 0.157 in .  (4 mm) d isp lacem ent were 

noted to  have been ob ta ined by e x tra p o la t io n .
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A lso , ENSCO in c lu d e d  a s t a t i s t i c a l  a n a ly s is  o f  th e  the la t e r a l  t i e  

re s is ta n c e  data on the tangent t ra c k  o f  Southern te s t  number 1 and on the 

Boston and Maine te s t .  Values from 9 to  20 new t ie s  were used to  compute 

an average v a lu e . Th is  data  a p p a re n tly  o r ig in a te d  from th e  same da ta  as 

the  " re p re s e n ta t iv e "  va lues p re v io u s ly  d iscussed fo r  th e  i n i t i a l  te s t
i

s e r ie s .  Thus, th e  s t a t i s t i c a l  data  is  expected to  y ie ld  a more r e a l i s t i c  

•es tim a te  o f  th e  a c tu a l average la t e r a l  t i e  re s is ta n c e  than th e  average o f  

the  " re p re s e n ta t iv e "  va lu e s . Both data  se ts  fo r  th e  two ra ilro a d s  are 

compared in  F ig . 5 .7 . The s t a t i s t i c a l  da ta  average is  g e n e ra lly  80 lb  (‘356 

N) le s s  a t 0.0787 in .  (2 mm) and 170 lb  (757 N) le s s  a t 0.157 in .  (4 mm) 

d isp lacem ent than the  " re p re s e n ta t iv e "  average va lu e s . Since th e  s t a t i s ­

t i c a l  data encompasses a la rg e r  s e t o f  t i e  re s is ta n c e  va lu e s , o n ly  t h is  

d a ta  w i l l  be u t i l i z e d  fo r  th e  Southern te s t  number 1, and fo r  Boston and 

Maine r a i l r o a d .

Two a d d it io n a l p o in ts  o f  ENSCO's i n i t i a l  te s t  s e r ie s  fo r  the  f iv e  

p a r t ic ip a t in g  ra ilro a d s  need to  be e la b o ra te d  upon. F i r s t ,  ENSCO computed 

th e  average la te r a l  t i e  re s is ta n c e  va lues  fo r  th e  tam ped-only and tamped- 

compacted c o n d it io n s  a t 0.0787 in .  (2 mm) d isp lacem ent and zero  a p p lie d  

t r a f f i c  c o n d it io n .  Each average va lu e  was o b ta ined  by com bining a l l  the  

o r ig in a l  te s t  r e s u lts  from th e  tangen t and curved tra c k  te s t  s e c tio n s  fo r  

a l l  f iv e  r a i lr o a d s .  These average v a lu e s , which should be the  same as 

s t a t i s t i c a l  averages, were s l ig h t l y  low e r than the  average computed 

from th e  " re p re s e n ta t iv e "  te s t  v a lu e s . I t  was p re v io u s ly  in d ic a te d  th a t 

the  Southern te s t  number 1 and th e  Boston and Maine " re p re s e n ta t iv e "  

averages were s l ig h t l y  h igher than th e i r  re s p e c tiv e  s t a t i s t i c a l  averages. 

However, the  d iffe re n c e  in  the  " re p re s e n ta t iv e "  and s t a t i s t i c a l  averages 

fo r  these two data se ts  is  g re a te r  than th e  d iffe re n c e  fo r  a l l  th e  f iv e
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ra ilro a d s  combined. This im p lie s  th a t  the  " re p re s e n ta t iv e "  average va lues 

fo r  the th re e  rem ain ing ra ilro a d s  are p ro b a b ly  much c lo s e r to  t h e i r  respec­

t iv e  s t a t i s t i c a l  averages than the  Southern te s t  number 1 and th e  Boston 

and Maine d a ta . Thus, the Penn C e n tra l,  S t. Lou is  and Southwestern, and 

M isso u ri P a c if ic  " re p re s e n ta t iv e "  average va lues are p roba b ly  r e a l i s t i c  

e s tim a te s  o f  each o f  these r a i l r o a d 's  average la te r a l  t i e  re s is ta n c e s  a t

0.0787 in .  (2 mm) disp lacem ent and zero  MGT t r a f f i c  c o n d it io n . The " re p ­

re s e n ta t iv e "  average values a t 0.157 in .  (4  mm) d isp lacem ent and o th e r 

t r a f f ic k e d  c o n d it io n s  on tangent and curved tra c k  data  w i l l  have to  be 

assumed as r e a l i s t i c  averages.

The second p o in t to  be considered  i s  t i e  age, which is  o n ly  a su b je c ­

t iv e  in te rp r e ta t io n  o f  the t i e  c o n d it io n .  ENSCO s ta te s  th a t  the LTPT 

s t a t i s t i c a l  data on Southern number 1 was fo r  new t ie s  on ly  in  new b a l la s t .  

These va lues were low compared to  the  o th e r r e s u lts .  However, w ith  the  

excep tion  o f  Penn C e n tra l,  and Boston and Maine, a l l  LTPT's a p p a re n tly  

were perform ed on new t ie s ,  i . e . ,  1 to  1 -1 /2  year age in  s e rv ic e , and 

y ie ld e d  comparable va lu e s . A lso , ENSCO does not q u a n t i ta t iv e ly  d i f f e r e n ­

t ia t e  between the o ld  and new t i e  la te r a l  re s is ta n c e s . Thus, fo r  the  

i n i t i a l  te s t  s e r ie s , a l l  data w i l l  be considered  w ith o u t d is t in g u is h in g  

i n i t i a l  t i e  age.

The la te r a l  t i e  re s is ta n c e s  a t 0.157 in .  (4 mm) d isp lacem ent w i l l  be 

p resen ted , s ince  Panuccio and Dorwart (R e f. 20) have shown the va lues at

0.0787 in .  (2 mm) e x h ib it  s im ila r  tre n d s .

The changes in  la te r a l  t i e  re s is ta n c e  a t  0.157 in .  (4 mm) d isp lacem ent 

from a tamped and uncompacted s ta te  are i l lu s t r a t e d  in  F ig . 5.8a fo r  tangent 

t ra c k  and in  F ig . 5.8b fo r  curved t ra c k .  In  g e n e ra l, t i e  re s is ta n c e  

increases w ith  a p p lie d  t r a f f i c  fo r  both  types o f t ra c k .  However, la rg e
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Figure 5.8. U.S. (ENSCO) LTPT Results at 0.157 in. (4 mm) Displacement for the Tamped- 
Uncompacted Condition on Different Types of Track



d iffe re n c e s  in  va lues are e v id e n t fo r  th e  s im i la r  t ra c k  s tru c tu re s .  Penn 

C e n tra l te s ts  were noted to  have been perform ed on a m ix tu re  o f  o ld  and new 

t ie s  in  a crushed lim estone  tra ckb e d . These r e s u lts  are comparable to  those 

o f  th e  o th e r fo u r  ra ilro a d s  w ith  new t ie s  and a crushed g ra n ite  b a l la s t .  

A lso , th e  e f fe c t  o f  a re p o rte d  wet b a l la s t  c o n d it io n  e x is t in g  on th e  s i te s  

a t 1 .7  MGT fo r  Penn C e n tra l and 2 MGT fo r  M is s o u ri P a c if ic  and S t. L o u is  

and Southwestern does n o t appear to  a p p re c ia b ly  change th e  t i e  re s is ta n c e  

tre n d  w ith  t r a f f i c .

A comparison o f  la te r a l  t i e  re s is ta n c e  va lues im m ediate ly  a f te r  tamping 

dem onstrates n e a rly  id e n t ic a l  r e s u lts  fo r  ta ngen t and curved t ra c k . ,  Note 

th a t  ENSCO d id  n o t s t ip u la te  th e  d ir e c t io n  in  which the  t ie s  were d isp la ce d  

on the  curves. The la te r a l  re s is ta n c e  tre n d s  w ith  t r a f f i c  on curved tra c k  

f a l l  w ith in  the same ranges as those on tangen t t ra c k . .  The o n ly  s ig n i f ic a n t  

d iffe re n c e  occurred  on th e  curved t ra c k  fo r  th e  M is s o u ri P a c if ic  R a ilro a d  

which y ie ld e d  some o f  the  h ig h e s t re p o rte d  v a lu e s . The re p o rte d  5 in .

(0 .127 m) s u p e re le v a tio n  on the  Southern number 1 tra c k  was th e  g re a te s t.  

These re s u lts  d id  not in d ic a te  th a t  la t e r a l  re s is ta n c e  was h ig h e r on curved 

t ra c k  than on tangen t t ra c k .  Thus, c o n s id e rin g  th e  presen t q u a n tity  o f  

d a ta , i t  is  in c o n c lu s iv e  to  s ta te  th a t  curved tra c k  would y ie ld  h ig h e r 

la te r a l  t i e  re s is ta n c e  than tangent t ra c k  a f te r  tamping and a f te r  a p p lie d  

t r a in  t r a f f i c .

The e f fe c t  on la te r a l  t i e  re s is ta n c e  o f  c r ib  and shou ld e r compaction 

fo llo w in g  the  tamping o p e ra tio n  is  i l l u s t r a t e d  in  F ig .  5.9a fo r  tangen t 

tra c k  and F ig .  5.9b fo r  curved t ra c k .  In  g e n e ra l, la t e r a l  re s is ta n c e  

increases up to  approx im ate ly  1 MGT o f  t r a f f i c  and then appears to  le v e l 

o f f  w ith  in c re a s in g  t r a f f i c  lo a d in g . The o b se rva tio n s  s ta te d  fo r  the  

tamped-uncompacted c o n d it io n  are a lso  p re se n t and c o n s is te n t fo r  the
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Figure 5.9. U.S. (ENSCO) LTPT Results at 0.157 in. (4 mm) Displacement for the Tamped- 
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tamped-compacted* c o n d it io n . The a p p lic a t io n  o f  c r ib  and shou ld er compaction 

to  a tam ped-only tra c k  i n i t i a l l y  incre ased  th e  la te r a l  re s is ta n c e  by 400 to  

500 lb  (1780 to  2225 N). Th is tre n d  i s  c o n s is te n t fo r  both types o f  t ra c k .  

The la te r a l  re s is ta n c e s  are g e n e ra lly  th e  same orde r o f  magnitude fo r  the  

tamped-uncompacted and fo r  the  tamped-compacted c o n d it io n s  on bo th  th e  

tangen t and on curved tra c k  as 2 MGT t r a f f i c  i s  approached. An e xce p tio nV/
i s  the  M is s o u ri P a c if ic  data on curved t ra c k .

Southern Railway (R ef. 32) conducted a. fo llo w u p  s e r ie s  o f  la te r a l  t ie  

push te s ts  to  fu r th e r  v e r i f y  th e  e f fe c ts  o f c r ib  and shou lder com paction.

As p re v io u s ly  m entioned, the  apparatus and in s tru m e n ta tio n  package were 

more s o p h is t ic a te d  than those u t i l i z e d  in  th e  i n i t i a l  te s t  s e r ie s .  The 

second Southern te s ts  were perform ed on two s i te s  w ith  crushed g ra n ite  

b a l la s t .  L a te ra l re is ta n c e  was in v e s t ig a te d  fo r  tangent t ra c k  o n ly .

However, th e  r e s u lts  w ith  tra c k  m aintenance o p e ra tio n s  and subsequent t r a in  

t r a f f i c  were analyzed s e p a ra te ly  fo r  o ld  and new t ie s .

The in cre a se  in  la te r a l  t i e  re s is ta n c e  a t 0.157 in .  (4 mm) d isp lacem ent 

w ith  t r a f f i c  is  e v id e n t fo r  both the  tamped-uncompacted c o n d it io n  ( F ig .5 .10a) 

and the  tamped-compacted c o n d it io n  (F ig .  5 .1 0 b ). Both tra c k  c o n d it io n s  d id  

no t have t i e  re s is ta n c e  va lues e x a c tly  a t zero MGT t r a f f i c ,  b u t were 

re p o rte d  fo r  0.032 and 0.065 MGT. Since these va lues were c lo se  to  zero 

MGT, the i n i t i a l  values fo r  the  tamped-uncompacted and tamped-compacted 

c o n d it io n s  could reasonably be e s tim a te d  by a l in e a r  e x tra p o la t io n .

F igu re  5.10 c le a r ly  i l l u s t r a t e s  th a t  o ld  t ie s  have a h ig h e r la te r a l  

re s is ta n c e  than new t ie s .  The r e s u lt  o f  th e  i n i t i a l  te s t  s e r ie s ,  th a t  c r ib  

and shou lder compaction fo llo w in g  tam ping increased  la te r a l  t i e  re s is ta n c e , 

was a lso  ob ta ined by Southern number 2. At app ro x im ate ly  0 .7  MGT o f  t r a f f i c ,  

Southern re p o rte d  a h igh amount o f  r a in f a l l  on the  two te s t  s i te s .  Thus,
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Figure 5.10. Southern #2 LTPT Results on Tangent Track at 0.157 in. (4 mm) 
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any in flu e n c e  o f  lu b r ic a t in g  the  b a l la s t  p a r t ic le s  and subsequently  reducing  

th e  la te r a l  re s is ta n c e  should have an apparent and most pronounced e f fe c t  

a t 0 .7  MGT fo r  both tra c k  c o n d it io n s . However, t h is  in f lu e n c e  appears 

r e la t iv e ly  sm a ll s ince  these te s t  r e s u lts  fo llo w  th e  e s ta b lis h in g  tre n d s .

Southern a lso  perform ed 34 te s ts  on an u n d is tu rb e d  tra c k  in  o rd e r to  

o b ta in  a " s ta b le "  la te r a l  t i e  re s is ta n c e . Th is  va lu e  i s  s ig n i f i c a n t ly  

g re a te r  than a l l  the  o th e r re p o rte d  r e s u l ts .  A 20 MGT t r a f f i c  c o n d it io n  

was assumed as a reasonable e s tim a te  o f  a p p lie d  t r a in  lo a d in g  a lth ough  the 

t ra c k  c la s s i f ic a t io n  was not re p o rte d  fo r  t h is  t ra c k .  Th is is  based upon a 

y e a r ly  t r a f f i c  o f  10 to  20 MGT and one to  two years from the  p re v io u s  

tamping o p e ra tio n . The 20 MGT va lue  o f  la t e r a l  re s is ta n c e  in  F ig .  5 .10 i s  

an average fo r  both TU and TC t ra c k  c o n d it io n s  s in c e , as w i l l  be shown 

la te r  in  th is  re p o r t ,  the  e f fe c t  o f  c r ib  and shou ld e r compaction is  n o t 

expected to  remain a f te r  the  amount o f  t r a f f i c .

A comparison o f  the Southern number 2 da ta  w ith  the  genera l tre n d s  

ob ta ined from ENSCO's i n i t i a l  te s t  s e r ie s  re v e a ls  an e x c e p tio n a lly  s i g n i f i ­

can t f in d in g .  That is ,  the  apparatus used on th e  Southern number 2 te s ts  

produced much low er la te r a l  t i e  re s is ta n c e  va lu e s . Since the  tra c k  s t ru c ­

tu re s  were s im i la r  fo r  a l l  the  te s ts ,  th e  d iffe re n c e s  in  r e s u lts  can 

most reasonably be accounted fo r  by the  d if fe re n c e  in  te s t  apparatus and 

method o f  re co rd in g  the f ie ld  da ta .

Non U .5. R a ilro a d s . Other ra i lr o a d s ,  e s p e c ia lly  European, have been 

concerned w ith  the problem o f  la te r a l  t ra c k  s t a b i l i t y  as long as U.S. 

ra i lr o a d s .  European employing o f  the  s in g le  la te r a l  t i e  push te s t  as a 

means o f e v a lu a tin g  the r e la t iv e  degree o f  tra c k  s t a b i l i t y  precedes usage 

on U.S. r a i l r o a d s .  This te s t  a p p a re n tly  o r ig in a te d  a t the tim e th a t  

b a l la s t  c r ib  and shou lder compaction machines were in tro d u ce d  onto
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th e  European m arket. The t i e  push te s t  was u t i l i z e d  in  an a tte m p t to  quan- 
*

t i f y  th e  b e n e fits  ob ta ined  from b a l la s t  compactors, as a p a r t  o f  normal 

t ra c k  maintenance program. These b e n e fits  were in te nded  p r im a r i ly  as a) 

th e  re s to r in g  o f  a p o r t io n  o f  the  la te r a l  t ra c k  s t a b i l i t y  lo s t  due to  

b a l la s t  d is tu rb a n c e  d u rin g  th e  tam ping, l in in g  and le v e lin g  o p e ra tio n , and 

b) in c re a s in g  th e  tim e between m ajor tra c k  maintenance c y c le s . The on ly  

advantage, which has been s u b s ta n tia te d  w ith  expe rim enta l s tu d ie s ,  i s  th a t 

th e  c r ib  and shou ld e r compactor used im m ediate ly  a f te r  tamping produces a 

h ig h e r la t e r a l  re s is ta n c e  o f  in d iv id u a l t ie s  (R e f. 34, 35, 36 and 3 7 ). 

However, o n ly  l im ite d  European data are a v a ila b le  on the  changes in  tamped- 

compacted and tamped-uncompacted c o n d it io n s  w ith  t r a in  t r a f f i c .

The A u s tr ia n  Wesel s ta t io n  te s ts ,  which are re p o rte d  by th e  P lasse r 

and Theurer te s t in g  d iv is io n  (R e f. 34) and a lso  by R e issberger (R e f. 35 and 

3 6 ), p ro v id e d  th e  o n ly  usable European in fo rm a tio n  compatable w ith  the 

o b je c t iv e s -o f  t h is  s tu d y . However, th e  Wesel te s ts  c o n ta in  s e v e ra l parame­

te rs  which were n o t in v e s tig a te d  in  th e  U n ited S ta tes  te s ts .  The im p o rta n t 

fa c to rs  in c lu d e : a) type  B-58 co ncre te  t ie s ,  b) heaped shou ld e r b a l la s t ,

and c) a g ra v e l b a l la s t  which d id  n o t have a s p e c if ie d  shape o r m in e ra lo g i-  

c a l ty p e . The amount o f  tra c k  ra is e  du rin g  tamping was not re p o rte d  and i t  

i s  u n c e rta in  i f  the  c r ib s  were f u l l  o f  b a l la s t  fo r  th e  te s ts .  A lso , the  

b a l la s t  shou ld e r dimensions and t i e  spacing were no t re p o rte d .

A lthough the t i e  push te s t  apparatus used (F ig .  5 .11) was s im i la r  to  

th a t  used by ENSCO in  the i n i t i a l  U. S. te s t  s e r ie s  (F ig .  5 . 5 ) ,  the  te s t  

d id  c o n ta in  two d is t in c t ly  d i f f e r e n t  fe a tu re s . The f i r s t  was th a t  the  te s t  

was lo a d -c o n tro lle d  and not d is p la c e m e n t-c o n tro lle d . The second was 

mounting th e  de fo rm ation  re co rd in g  system on th e  te s t  t i e  and u s in g  the
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Figure 5.11. Plasser and Theurer Lateral Tie Push Test Apparatus 
Used for Austrian Wesel Station Tests (Ref. 36)
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r a i l  a s  a s t a b le  r e fe r e n c e  lo c a t io n .  T his r a i l  i s  s u b je c t  to  u n a cco u n ta b le  
movements from th e  r e s t  o f  th e  tr a c k  s tr u c tu r e  d u rin g  t e s t i n g .  In t h i s  
t e s t  program , th e  same t i e s  were n ot r e t e s t e d  w ith  t r a f f i c .  An u n d istu rb ed  
l a t e r a l  t i e  r e s i s t a n c e  was r e p o r te d . However, th e  amount o f  t r a f f i c  co u ld  
n o t rea so n a b ly  be e s t im a te d . The e v a lu a t io n  and com parison o f  th e  W esel 
t e s t  r e s u l t s  to  a l l  o th e r  r e p o r ted  v a lu e s  w i l l  be t r e a te d  in  g e n e r a l term s, 
s in c e  th e  in f lu e n c e  o f  th e  p r e v io u s ly  m entioned f a c t o r s  i s  u n c e r ta in .

The av era g e  l a t e r a l  t i e  r e s i s t a n c e  v a lu e s  on ta n g e n t tr a c k  fo r  th e  
tam ped-uncom pacted c o n d it io n  and tam ped-com pacted c o n d it io n  a re  i l l u s t r a t e d  
in  F ig .  5 .1 2 .  The com paction was done w ith  a P la sse r -T h e u r e r  model VDM 800 U 
b a l l a s t  com pactor. Two tr e n d s  which e x i s t  fo r  t h i s  d a ta  as w ith  th e  U. S . 
d a ta  a r e :  a) c r ib  and sh o u ld er  com paction i n i t i a l l y  in c r e a s e s  l a t e r a l  t i e
r e s i s t a n c e ,  and b) l a t e r a l  t i e  r e s i s t a n c e  in c r e a s e s  w ith  a p p lie d  t r a f f i c  
from th e  p h y s ic a l  s t a t e s  e s t a b l is h e d  by both i n i t i a l  tr a c k  c o n d i t io n s .  The 
secon d  tren d  i s  n o t a s  pronounced a s  in  th e  U .S . d a ta  s in c e  th e  l a t e r a l  
r e s i s t a n c e  a t 1 .3  MGT i s  o n ly  s l i g h t l y  h igh er  than  th e  i n i t i a l  v a lu e s  or 
a f t e r  a s l i g h t  amount o f  t r a f f i c ,  i . e . ,  0 .0 9  MGT. The r e a so n s  fo r  such a 
tren d  have not c l e a r ly  been d e f in e d . N ote th a t  th e  l a t e r a l  r e s i s t a n c e s  a t
1 .3  MGT a re  eq u a l fo r  both  tra ck  c o n d it io n s .

The o n ly  o th e r  so u rce  o f  a v a i la b le  fo r e ig n  d ata  was p ro v id ed  by Trask  
(R e f . 33) o f  th e  C an ad ian .N a tio n a l Railw ay (CNR). The t e s t  ap p aratu s ( F ig .  
5 .5 )  and p ro ced u re  were s im ila r  to  th o se  used by ENSCO. A cru sh ed  reck  
b a l l a s t  was t e s t e d  on a ta n g en t s e c t io n  o f  tr a c k . The t e s t  t i e s  were 
wood and p r im a r ily  8 in .  by 6 in .  by 93 in ., ( 0 .2  m by 0 .1 5  m by 2 .3 6  m), 
which was s m a lle r  than t i e s  t e s t e d  by ENSCO. The b a l l a s t  com pactor used  
was a P la s s e r  and Theurer model CPM 800-R . The amount o f  tr a c k  r a i s e ,  t i e  
s p a c in g , and sh o u ld er  d im en sion s were hot r e p o r te d .
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Figure 5.12. Foreign LTPT Results on Tangent Track at 0.157 in. (4 mm) Displacement 
for Different Track Maintenance Conditions



The l a t e r a l  t i e  r e s i s t a n c e  was o b ta in ed  by a v e r a g in g  tw enty t i e s  fo r  
each  t r a f f i c  l e v e l  and fo r  each tr a c k  c o n d it io n .  D i f f e r e n t  t i e s  were t e s t e d  
w ith in  each  group fo r  each t r a f f i c  lo a d in g  c o n d it io n .  The CNR r e s u l t s  are  
p r e se n te d  in  F ig .  5 .1 2  a lon g  w ith  th e  A u str ia n  W esel s t a t i o n  r e s u l t s .  The 
g e n e r a l tr e n d s  o f  in c r e a s in g  l a t e r a l  t i e  r e s i s t a n c e  w ith  t r a f f i c  and w ith  
c r ib  and sh o u ld er  com paction i s  a l s o  dem onstrated  by th e  CNR d a ta . As w ith  
th e  W esel t e s t s ,  th e  CNR r e s u l t s  a t  1 .2  MGT a re  th e  same fo r  th e  tam ped- 
uncom pacted and th e  tam ped-com pacted c o n d it io n s .

The l a t e r a l  t i e  r e s i s t a n c e  v a lu e s  from t h e s e  fo r e ig n  t e s t s  w i l l  be 
compared to  th e  U n ited  S t a t e s  d a ta  in  th e  fo l lo w in g  s e c t i o n .

Summary. The l a t e r a l  t i e  push ( p u l l )  t e s t  r e s u l t s  from a v a i la b le  
American and fo r e ig n  l i t e r a t u r e  were com piled  and p r e se n te d  in  th e  p reced in g  
s e c t i o n s .  The r e s u l t s  from SUNYAB's t e s t in g  program s on th e  ICG and FAST 
s i t e s  were d is c u s s e d  in  S e c t io n  5 .1  and are i l l u s t r a t e d  in  F ig .  5 .1 3  in  a 
form com p atab le  w ith  th e  o th er  r e p o r te d  t e s t  v a lu e s .

The a v era g e  l a t e r a l  t i e  r e s i s t a n c e  tren d s  a t  0 .1 5 7  i n .  (4  mm) d i s p la c e ­
ment fo r  th e  U n ited  S t a t e s ,  fo r e ig n  and SUNYAB d a ta  a re  shown in  F ig .  5 .1 4 a  
fo r  th e  tam ped-uncom pacted c o n d it io n  and in  F ig .  5 .1 4 b  fo r  th e  tam ped- 
com pacted c o n d it io n .  The tra ck  s tr u c tu r e s  were s im i la r  in  a l l  c a s e s  e x c e p t  
fo r  th e  A u str ia n  W esel t e s t s .  N ote th a t  th e  tr e n d s  fo r  SUNYAB have been . 
e s t im a te d  w ith  th e  a v a i la b le  d a ta .

In g e n e r a l ,  l a t e r a l  t i e  r e s i s t a n c e  r a p id ly  in c r e a s e s  w ith  th e  a p p l i ­
c a t io n  o f  a l im it e d  amount of traffic after track maintenance operations 
and th e n , a t  ap p rox im ately  0 .5  to  1 .0  MGT o f  t r a f f i c ,  th e  r a te  o f  in c r e a s e  
i s  s i g n i f i c a n t l y  red u ced . Crib and sh o u ld er  com paction  i n i t i a l l y  in c r e a s e s  
th e  t i e  r e s i s t a n c e  o f  a tam ped-only tr a c k . However, th e  Southern  number 2 
d a ta  and th e  i n t i a l  t e s t  s e r i e s  fo r  th e  U .S . ENSCO d a ta  in d ic a t e  th a t

141



L
A
T
E
R
A
L
 
TI

E 
R
E
S
I
S
T
A
N
C
E
 (

LB
)

Figure 5.13. SUNYAB LTPT Results on Tangent Track at 0.157 in. (4 mm) Displacement 
for Various Track Conditions



t h i s  i n i t i a l  in c r e a s e  in  t i e  r e s i s t a n c e  due to  com paction i s  a lm o st e n t i r e ly  
r e ta in e d  by th e  t i e s  fo r  up to  2 MGT o f  t r a f f i c .  The CNR and A u str ia n  data  
d em o n stra te  th a t  th e  l a t e r a l  r e s i s t a n c e  approaches th e  same v a lu e  fo r  both  
tr a c k  c o n d it io n s  a f t e r  th e  a p p l ic a t io n  o f  a l im it e d  amount o f  t r a f f i c i  
A lthough th e  A u str ia n  t e s t s  were n o t perform ed in  c o n d it io n s  s im i la r  to  
U .S . t e s t s ,  th e  CNR t e s t s  were in  f a c t  very  much th e  same. A lthough th e  
CNR tr e n d s  a r e  g r e a te r  than th e  a v era g e  U .S . d a ta  above 0 .5  MGT on ta n g en t  
tr a c k ,  th e  v a lu e s  a re  com parable to  th e  tren d s e s t a b l i s h e d  on th e  in d iv id u a l  
r a i l r o a d s ,  i . e . ,  Southern  number 1 and Penn C e n tr a l ( F ig .  5 .8 a  and 5 .9 a ) .  
Thus, i t  i s  d i f f i c u l t  to  determ in e a t  which amount o f  t r a f f i c  th a t  c r ib  and 
sh o u ld er  com paction  no lo n g er  have an e f f e c t  upon l a t e r a l  r e s i s t a n c e .  The 
p o s s i b i l i t y  o f  f a c t o r s  in f lu e n c in g  th e  t e s t  r e s u l t s  w i l l  be in v e s t ig a t e d  
n e x t .

The e f f e c t  o f  r a in  upon lu b r ic a t in g  th e  b a l l a s t  p a r t i c l e s  and su b se ­
q u e n tly  r e d u c in g  t i e  r e s i s t a n c e  has been c o n s id e r e d  in  th e  e v a lu a t io n  o f  
th e  ENSCO and Southern number 2 t e s t s .  T his fa c to r  was d eterm in ed  to  have 
a sm a ll e f f e c t  on th e  t i e  r e s i s t a n c e ,  s in c e  th e  g e n e r a l tr e n d s  d id  n o t  
appear to  be a f f e c t e d .

The d i f f e r e n c e s  in  t e s t  ap p aratu s and t e s t  p ro ced u res were c o n s id e r e d  
n e x t .  The l a t e r a l  t i e  r e s i s t a n c e s  im m ed iately  a f t e r  tra ck  m ain ten an ce  
o p e r a t io n s ,  i . e . ,  zero  MGT, in  F ig .  5 .1 4  are n e a r ly  th e  same fo r  th e  ENSCO, 
CNR and A u str ia n  t e s t s ,  which u t i l i z e d  s im ila r  equipm ent, w h ile  th e  Southern  
number 2 and SUNYAB t e s t s  y ie ld  much low er r e s u l t s  u sin g  d i f f e r e n t  ap p a ra tu s.

SUNYAB's lo a d  apparatus,, which i s  lo c a te d  a t  th e  c e n tr o id a l  a x is  o f  
th e  t i e  end , i s  c lo s e  to  th e  l i n e  o f  a c t io n  o f  th e  b a l l a s t  r e s i s t i n g  f o r c e s  
a c t in g  upon th e  t i e .  T his would p r o v id e  th e  c l o s e s t  m easure o f  th e  a c tu a l  
l a t e r a l  t i e  r e s i s t a n c e  and th u s  can be used a s  a r e fe r e n c e  p o in t .  SUNYAB's
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Figure 5.14. Summary of LTPT Trends for All Data at 0.157 in. (4 mm) Displacement
for Different Track Maintenance Operations and for Different Types of Track



d a ta  a l s o  in d i c a t e s  th a t  fo r  th e  tam ped-on ly  c o n d it io n ,  th e  l a t e r a l  r e s i s t ­
ance i s  n e a r ly  th e  same fo r  th r e e  d i f f e r e n t  b a l l a s t  ty p e s  t e s t e d  ( F ig .  5 .1 3 )  

The e f f e c t  o f  th e  lo c a t io n  o f  th e  lo a d  a p p ly in g  and m easuring system  
on l a t e r a l  t i e  r e s i s t a n c e  a t zero  MGT t r a f f i c  i s  more c le a r ly  i l l u s t r a t e d  
in  F ig .  5 .1 5  fo r  a l l  th e  U .S . d a ta  h avin g  s im i la r  tr a c k  s t r u c t u r e s .  As 
th e  lo c a t io n  o f  th e  a p p lie d  lo a d  moves upward from th e  c e n t r o id a l  a x i s  o f  
th e  t i e  end to  th e  web o f  th e  r a i l ,  th e  l a t e r a l  r e s i s t a n c e  in c r e a s e s .  The 
Southern  #2 d a ta  fo r  th e  tam ped-only c o n d it io n  i s  com parable to  SUNYAB's 
d a ta ; how ever, ENSCO's v a lu e s  are n e a r ly  tw ic e  as g r e a t .  T h is d a ta  d oes  
in d ic a t e  th a t  th e  measured l a t e r a l  t i e  r e s i s t a n c e  i s  h ig h ly  depen d en t upon 
th e  ty p e  o f  a p p a ra tu s u sed , l e t  a lo n e  th e  m ethods o f  r e c o r d in g  d a ta ,  
t e s t i n g  p ro ced u re , or  th e  s o p h is t i c a t io n  o f  th e  in s tr u m e n ta tio n  u sed .
F ie ld  t e s t  d a ta  can be more e a s i l y  e v a lu a te d  i f  sta n d a rd  t e s t  ap p aratu s  
are u t i l i z e d ,  i . e . ,  s im i la r  to  SUNYAB's. T his a t  l e a s t  would red u ce th e  
amount o f  d a ta  s c a t t e r  fo r  g iv e n  s i t e  c o n d it io n s  and p r o v id e  a means fo r  
com parison betw een d i f f e r e n t  s i t e s  such  th a t  th e  f a c t o r s  in f lu e n c in g  th e  
t e s t  r e s u l t s .m ig h t  more e a s i l y  be i d e n t i f i e d .

5.3 DATA INTERPRETATION APPROACH
The la r g e  d i f f e r e n c e s  in  rep o rted  l a t e r a l  t i e  r e s i s t a n c e  v a lu e s  

betw een d a ta  so u r c e s  c o m p lic a te s  th e  problem o f  U t i l i z i n g  th e  l a t e r a l  t i e  
push t e s t  r e s u l t s  on d i f f e r e n t  s i t e s  as a means o f  id e n t i f y in g  th e  ch an ges  
in . th e  p h y s ic a l  s t a t e  o f  th e  b a l l a s t .  With th e  l im it e d  q u a n tity  o f  a v a i l ­
a b le  d a ta , th e  p r e se n t  stu d y can n ot i s o l a t e  th e  e f f e c t  o f  d i f f e r e n c e s  in  
amount o f  tr a c k  r a i s e  or b a l la s t  ty p e , l e t  a lo n e  th e  d i f f e r e n c e s  in  ty p e s  
o f  c r ib  and sh o u ld er  com paction equipm ent. The l a t t e r  would encom pass th e  
e f f e c t  o f  such  f a c t o r s  as vibration freq u en cy , c y c le  t im e , and s t a t i c  and
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dynamic f o r c e s .  Thus c l e a r l y ,  th e  s e l e c i t o n  o f  th e  m ost s u i t a b le  b a l l a s t  
ty p e  or b a l l a s t  com pactor i s  n o t p o s s ib l e .

With th e  q u a lity .a n d  q u a n tity  o f  a v a i la b le  LTPT d a ta , an a ttem p t to  
put th e  d ata  from v a r io u s  so u r c e s  in  com parable form in  ord er  to  c o r r e la t e  
th e  r e s u l t s  should be undertaken in  ord er to  e s t a b l i s h  th e  g e n e r a l tr e n d s .  
Such a correlation would fo c u s  upon th e  fo l lo w in g  th r e e  b a s ic  q u e s t io n s  fo r  
t i e  r e s i s t a n c e  o f  an in d iv id u a l  t i e :  *

1 . What amount o f  t r a in  t r a f f i c  on a tam ped-on ly  tr a ck  i s  c r ib  and 
sh o u ld er  com paction a f t e r  th e  tam ping o p e r a tio n  e q u iv a le n t  to ?

2 . What amount o f  t r a f f i c  i s  req u ired  such  th a t  th e  e f f e c t  o f  c r ib  
and sh o u ld er  com paction can no lo n g e r  be d i f f e r e n t i a t e d  from a 
tam ped-on ly  tra ck ?

3 . What amount o f  t r a f f i c  i s  req u ired  in  ord er  to  a c h ie v e  a s t a b le  
tr a c k  c o n d it io n ?

Two n o r m a liz a t io n  te c h n iq u e s  were d ev e lo p ed  w h ich , to  t h e - b e s t  e x te n t  
p o s s ib le ,  wouid e l im in a te  e r r o r s  due to :

1) d i f f e r e n t  ty p e s  o f  com paction equipm ent,
2) d i f f e r e n t  lo a d in g  r a te s  betw een t e s t i n g  p r o c e d u r e s ,
3) in h e r e n t  in stru m en t e r r o r s  in  th e  d i f f e r e n t  s e t s  o f  t e s t i n g  

a p p a ra tu s,a n d
4) d i f f e r e n t  b a l l a s t  m o istu re  c o n d it io n s .

These te c h n iq u e s  were not ex p ected  to  t o t a l l y  e l im in a te  e f f e c t s  from t e s t s  
on d i f f e r e n t  b a l l a s t  ty p e s  or bed geom etry .

The f i r s t  n o r m a liz a tio n  te c h n iq u e  em ployed u t i l i z e s  th e  a v era g e  lo a d  
a t  a g iv e n  d isp la c e m e n t l e v e l  fo r  t e s t s  conducted  in  th e  tamped and uncom- 
p acted  c o n d it io n .  T his t e s t  e s s e n t i a l l y  becom es a r e fe r e n c e  c o n d it io n  as
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e s t a b l i s h e d  by SUNYAB's d ata  fo r  a l l  o th e r  t e s t s  conducted  a t  a g iv e n  s i t e ,  
p r o v id in g  t h a t  th e  b a l l a s t  ty p e  rem ains th e  sam e. The d im e n s io n le s s  r a t io  
used  to  e x p r e ss  th e s e  r e s u l t s  has been term ed th e  load  r a t io  (LR) and i s  
d e f in e d  a s:

LR = L/L0 , ( 5 .2 )
in  w hich L = t i e  r e s i s t a n c e  a t  a g iv e n  d isp la c e m e n t l e v e l  fo r  a s p e c i f i c  
tr a c k  c o n d it io n ,  and L0 r t i e  r e s i s t a n c e  a t  th e  same d isp la cem en t l e v e l  
a s  L, b u t fo r  th e  tam ped-uncom pacted c o n d it io n  w ith  zero  a p p lie d  t r a f f i c .  
The L v a lu e  may be e i t h e r  a tam p ed -on ly  c o n d it io n  w ith  a p p lie d  t r a f f i c  or 
a tam ped-com pacted c o n d it io n  w ith  or w ith o u t a p p lie d  t r a f f i c .  In th e  
form er c a se  a t  z e r o  MGT, L = L0 and LR = 1 . T h is n o r m a liz a t io n  
te c h n iq u e  i s  e x p ec ted  to  answer th e  f i r s t  q u e s t io n .

The secon d  n o r m a liz a t io n  te c h n iq u e  u t i l i z e d  w i l l  a ttem p t to  answ er th e  
secon d  q u e s t io n .  I t  in v o lv e s  a d im e n s io n le s s  r a t i o ,  term ed th e  com paction  
r a t io  (CR), d e f in e d  a s:

CR = C/U , ( 5 .3 )
in  w hich C = t i e  r e s i s t a n c e  a t  a g iv e n  d isp la cem en t l e v e l  and a t  a c e r t a in  
amount o f  t r a f f i c  fo r  th e  tam ped-com pacted c o n d it io n ,  and U = t i e  r e s i s ­
ta n c e  a t th e  same d isp la cem en t l e v e l  and amount o f  a p p lie d  t r a f f i c  a s C , 
but fo r  th e  tam ped-uncom pacted c o n d it io n ;  -

The p r e c e d in g  r a t io s  have been computed w ith  r e s p e c t  to  th e  tam ped- 
uncompacted c o n d it io n  ra th er  than an u n d is tu rb ed  or h ig h ly  t r a f f ic k e d  
c o n d it io n .  T h is i s  based upon th e  f a c t  th a t  SUNYAB's d ata  fo r  th e  tam ped- 
uncompacted c o n d it io n  a t zero  MGT p rod u ces n e a r ly  i d e n t i c a l  l a t e r a l  t i e  
r e s i s t a n c e s  fo r  d i f f e r e n t  b a l l a s t  t y p e s .  A ls o , th e  a p p lie d  t r a f f i c  
r e q u ired  to  a c h ie v e  a s t a b le  tra ck  c o n d it io n  or a s t a b le  l a t e r a l  r e s i s t a n c e
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fo r  an in d iv id u a l  t i e  has not been c le a r ly  e s t a b l i s h e d .  T h is b a s i c a l ly  
s e t s  th e  form at fo r  f in d in g  a s o lu t io n  tp  th e  th ir d  q u e s t io n .

The tr e n d s  in  F ig .  5 .1 4  fo r  l a t e r a l  t i e  r e s i s t a n c e  w ith  a p p lie d  
t r a f f i c  a re  g e n e r a l ly  h y p e r b o lic  in  sh a p e . S in c e  th e  lo a d  r a t i o  (LR) i s  
computed w ith  a c o n s ta n t  v a lu e , i . e . ,  L0 , in  th e  d en om in ator, th en  th e  
shape o f  th e  LR cu r v e s  w i l l  a ls o  be h y p e r b o lic . Thus, a tran sform ed  
h y p e r b o lic  f i t t i n g  te c h n iq u e  fo r  th e  LR -  MGT c u r v e s  can be u t i l i z e d  in

b

ord er  to  e s t im a te  a s t a b le  v a lu e  fo r  a load  r a t io  and th e  a s s o c ia t e d  amount 
o f  t r a f f i c  lo a d in g .  T h is tech n iq u e  has s u c c e s s f u l ly  been used  in  l in e a r ­
i z in g  h y p e r b o lic  shaped s t r e s s - s t r a i n  cu rv es fo r  c o h e s iv e  s o i l s  (R e f . 38)  
and fo r  g r a n u la r  s o i l s  (R e f . 3 9 ) .  The l in e a r  fo r m 'o f th e  h y p e r b o lic  
eq u a tio n  i s :

= a + b (MGT), ( 5 .4 )
in  w hich a and b are c o n s ta n t s .  The s t a b le  or u lt im a te  v a lu e  fo r  a 
lo a d  r a t io  i s :

LRu l t  = 1 /b  . ( 5 .5 )
The th r e e  approaches p r e v io u s ly  d e sc r ib e d  appear to  be th e  m ost 

s u i t a b le  in  a c h ie v in g  th e  th r e e  s t a t e d  o b j e c t iv e s .  The U n ited  S t a t e s  
(ENSCO), Sou th ern  number 2 and SUNYAB's data  w i l l  be th e  m ost c r i t i c a l l y  
e v a lu a te d  due to  th e  s im i la r i t y  in  tr a c k  s tr u c tu r e s  and t r a in  lo a d in g  
c o n d i t io n s .  The d a ta  from CNR and A u s tr ia  W esel s t a t io n  w i l l  be compared 
to  th e  r e s u l t s  o b ta in ed  from a l l  th e  U .S . d a ta .

5.4 TAMPED-UNCOMPACTED CONDITION
The in d iv id u a l  load  r a t io  v a lu e s  computed fo r  each r a i lr o a d  are  

c o n ta in e d  in  R ef. 2 0 . The r e s u l t s ,  to  be p resen ted  h e r e in , were more
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e a s i l y  computed from th e  summary c u r v e s  fo r  th e  tam ped-uncom pacted c o n d it io n  
( s e e  F ig .  5 .1 4 a ) .

The Southern  number 2 d a ta  w i l l  be c o n s id e r e d  f i r s t  s in c e  i t  i s  th e
o n ly  d a ta  s e t  which c le a r ly  d i f f e r e n t i a t e s  betw een o ld  and new t i e s .  The
LR tren d  w ith  t r a f f i c  shown in  F ig .  5 .1 6 a  fo r  th e  tam ped-uncom pacted
c o n d it io n  r e v e a ls  th e  im p ortan t f in d in g  t h a t  t i e  age d oes n o t in f lu e n c e  th e  0 te
LR tren d  fo r  t e s t s  conducted  on th e  same s e c t io n  o f  tr a c k . For each  t e s t  
s i t e ,  pId and new t i e s  produced e s s e n t i a l l y  th e  same LR v a lu e s  w ith  t r a f f i c .

T h is im p lie s  th a t  r e s u l t s  from ENSCO's i n i t i a l  t e s t  s e r i e s  would  
produce th e  same tren d  i f  l a t e r a l  r e s i s t a n c e  were sep a ra ted  fo r  o ld  and new 
t i e s .  Thus, th e  in d iv id u a l  or com bined LR r e s u l t s  would be s im i la r .

The d i f f e r e n c e s  in  LR v a lu e s  betw een  s i t e s ,  shown in  F ig .  5 .1 6 a ,  
p r e s e n t ly  cannot be e x p la in e d . B ecau se LR d oes n o t appear to  be a f f e c t e d  
by t i e  a g e , th e  four d ata  s e t s  fo r  S ou th ern  number 2 w i l l  th u s  be com bined  
to  p r e se n t  th e  g e n e r a l tr e n d .

The LR tr e n d s  fo r  a l l  data  a re  summarized in  F ig .  5 .1 7 a .  T h is norm al­
iz a t io n  te c h n iq u e  p ro v es to  be w o rth w h ile  b eca u se  a l l  th e  U n ited  S t a t e s  
d a ta  are  c o n fin e d  to  a narrow r a n g e . P an u ccio  and Dorwart (R e f . 20) have  
shown th a t  0 .0 7 8 7  and 0 .1 5 7  in .  (2 and 4 mm) d isp la c e m e n ts  a ls o  y i e l d  
n e a r ly  id e n t i c a l  t r e n d s . A com parison w ith  F ig .  5 .1 4 a  shows th a t  c o r r e la ­
t io n  w ith  th e  LR method i s  a t l e a s t  p a r t i a l l y  e f f e c t i v e  in  red u cin g  th e  
amount o f  d a ta  s c a t t e r  betw een t e s t  a p p a ra tu s and p ro ced u res used  in  th e  
d i f f e r e n t  t e s t  program s.

The fo r e ig n  LR tr e n d s  are s im i la r  to  th e  U .S . d a ta  in  th e  range from 
zero  to  0 .2 5  MGT, bu t d e v ia te  from th e  U .S . tr e n d s  a f t e r  0 .2 5  MGT. The
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A u str ia n  d ata  i s  e x p la in a b le  due to  th e  v a s t ly  d i f f e r e n t  t e s t  c o n d i t io n s .  
However, th e  CNR d a ta  may be in f lu e n c e d  by o th e r  fa c t o r s  such a s  b a l l a s t  
ty p e .

A lso  shown in  F ig .  5 .1 7 a  a re  th e  SUNYAB and Southern number 2 LR v a lu e s  
a t  th e  h ig h er  t r a f f i c  lo a d in g s .  These v a lu e s  a re  s i g n i f i c a n t l y  la r g e r  than  
th e  LR v a lu e s  a t 2 .0  MGT and in d ic a t e  th a t  th e  l a t e r a l  t i e  r e s i s t a n c e  
c o n t in u a l ly  in c r e a s e s  w ith  t r a f f i c  lo a d in g  a lth o u g h  th e  r a te  may be  
d im in ish e d .

The tran sform ed  h y p e r b o lic  f i t t i n g  e q u a tio n s  o f  th e  LR-MGT tr e n d s  fo r  
each  d a ta  s e t  in  F ig .  5 .1 7 a  a re  p r e se n te d  in  T able 5 .3  The c o e f f i c i e n t  o f  
d e te r m in a t io n , R^, ranged from 0 .9 3  to  1 .0  fo r  a l l  th e  e q u a t io n s . T his  
i n d ic a t e s  a very  good f i t  betw een th e  o r ig in a l  d a ta  p o in t s  and th e  l in e a r  
r e g r e s s io n  e q u a t io n s . The number o f  d a ta  p o in t s  used  fo r  an in d iv id u a l  
d a ta  s e t  was th e  lo w e s t  fo r  CNR and A u str ia  a t 4 , w h ile  10 to  21 p o in t s
were used  fo r  an in d iv id u a l  U .S . d a ta  s e t .  By com bining a l l  th e  U .S . d a ta ,
37 to  46 d a ta  p o in t s  were used fo r  0 .1 5 7  in .  (4  mm) d isp la c e m e n t .

The u lt im a te  lo a d  r a t io  was a ls o  computed fo r  each d ata  s e t  in  Table.
5 .3 .  R ef. 20 in d ic a t e s  th a t  v a lu e s  fo r  each p a r t ic u la r  d ata  s e t  show good  
agreem ent fo r  both  0 .0 7 8 7  and 0 .1 5 7  in .  (2  and 4 mm) d isp la c e m e n t l e v e l s .
The a v era g e  u lt im a te  LR v a lu e  fo r  a l l  U .S . d a ta  i s  th e  same a s  th a t  fo r  
SUNYAB's d a ta . T h is i s  ex p ected  s in c e  SUNYAB's d a ta  c o n ta in s  th e  h ig h e s t  
MGT v a lu e s ,  which would s tr o n g ly  in f lu e n c e  th e  f i t  fo r  th e  l in e a r  r e g r e s ­
s io n  e q u a t io n . The Southern number 2 v a lu e  a t  20 MGT i s  th e  o n ly  o th er
d a ta  p o in t  g r e a te r  than 2 .0  MGT. N ote , th a t  when th e  20 MGT v a lu e  i s
e x tr a c te d  from th e  Southern number 2 d a ta , th e  eq u a tio n  i s  a lm o st e x a c t ly
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Table 5.3. Equations for 0.157 in. (4 mm) Displacement from Hyperbolic Fitting Technique for all Railroads

MGT/LR = a + b (MCT)

Maximum Tam tied-■Gncrunpac ted Tamped-Compac ted _Railroad MGT a R2 /N " LR , ult a b R‘ /N LRult
United States(ENSCO) (-)
a) Tangent 2.0 0.008 0.638 0.983

15 1.57 0. 0005 0.561 0.9915 1.78

b) Curved 2.0 0.012 0.498 0.98 2.0 0.021 0.432 0.9312 2.31

Southern #2 1.7 0.011 0. 624 0.96320 1.60 0.022 0.464 0.93120 2.16

10 0.16 0.315 0.91121 3.17 0.096 0.309 0.96521 3.24

20 0.172 0.303 0.97421 3.3 0.102 0.304 0. 991 21 3 29

50 0.175 0.303 0.99621 3.3 0.104 0.304 0.99921 3.29

SUNYAB 135 0. 249 0.272 0.98910 3.68 - - - -

All U.S. 5 0.068 0.509 0.95143- 1.96 - _ _ -

Tangent
20 0.199 0.323 0.93544 3.10 0.14 0.309 0.97137 3.24

- 135 0.257 0.272 0.9946 3.68 ■ 0.179 0.272 0.991~T9" 3.68
CNR 1.2 0.029 . 0.419 0̂ 97 2.39 0.035 0.418 0.96

4 2.39
Austrian 1 (-) 1(Wesel) 1.3 0.0 0.826 4 1.21 0.002 0.828 J 1.21

2R’ - Coefficient of Determination 
N = Number of Data Points
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th e  same a s th a t  o f  ENSCO's ta n g en t tr a c k  a t  0 .1 5 7  i n .  (4  mm) d i s p la c e ­
ment ( s e e  T able 5 . 3 ) .

The A u str ia n  and CNR e q u a t io n s  produce e x a c t ly  th e  some tr e n d s  w ith  
r e s p e c t  to  th e  U .S . d a ta  in  T able 5 .3  a s  they  d id  in  F ig .  5 .1 7 a .  Thus, 
t h i s  d a ta  w i l l  n o t be fu r th e r  e la b o r a te d  upon.

The key q u e s t io n  i s  th e  s e l e c t i o n  o f  a re a so n a b le  v a lu e  o f  t r a f f i c  
w hich i s  r e s p r e s e n t a t iv e  o f  a s t a b le  tra ck  c o n d it io n  fo r  th e  l a t e r a l  
r e s i s t a n c e  o f  a s in g le '  t i e .  The la c k  o f  s u f f i c i e n t  q u a n t i t i e s  o f  d ata  
above 2 .0  MGT o f  t r a f f i c  makes th e  d e te rm in a tio n  o f  a s p e c i f i c  v a lu e  
d i f f i c u l t ,  and so  a t  b e s t  i s  o n ly  approxim ated . From T able 5 .3 ,  th e  
Sou th ern  number 2 d a ta  in d ic a t e s  th a t  20 MGT y i e l d s  an LR v a lu e  com parable  
to  th a t  o f  SUNYAB's a t  135 MGT. N ote , how ever, th a t  t h i s  20 MGT t r a f f i c  
v a lu e  was n o t a r e p o r ted  v a lu e , b u t was e s tim a te d  f o r  th e  u n d istu rb ed  
c o n d i t io n .  The h y p e r b o lic  f i t t i n g  tech n iq u e  was i t e r a t e d  s e v e r a l  t im e s  
w ith  assumed v a lu e s  o f  t r a f f i c  fo r  th e  u n d istu rb ed  c o n d i t io n .  The r e s u l t  
was t h a t  th e  s lo p e s  o f  th e  r e g r e s s io n  l i n e s  and su b se q u e n tly  th e  u lt im a te  
LR v a lu e s  were n e a r ly  eq u al fo r  assumed t r a f f i c  lo a d s  in  th e  range o f  10 to  
50 MGT ( s e e  T able 5 . 3 ) .  Thus, 20 MGT and LR = 3 .3  appear to  be a r ea so n ­
a b le  e s t im a t e s  o f  a s t a b le  t r a f f i c  c o n d it io n  fo r  an in d iv id u a l  t i e  a t  0 .1 5 7  
i n .  (4  mm) d isp la c e m e n t.

5.5 TAMPED-COMPACTED CONDITION

The lo a d  r a t io  v a lu e s  fo r  th e  tam ped-com pacted c o n d it io n  were computed 
from th e  summary c u r v e s  in  F ig .  5 .1 4 b  fo r  each d ata  s e t .  The in d iv id u a l  
v a lu e s  fo r  each r a i lr o a d  are  ta b u la te d  in  R ef. 2 0 .

155



As p r e v io u s ly  s t a t e d  in  th e  tam ped-uncom pacted s e c t i o n ,  th e  Southern  
number 2 lo a d  r a t io  tr e n d s  are e s s e n t i a l l y  th e  same fo r  o ld  and new t i e s  a t  
a g iv e n  s i t e .  T h is i s  a ls o  confirm ed  fo r  th e  tam ped-com pacted c o n d it io n  a t  
s i t e  number 2 , ( F ig .  5 .1 6 b ) .  The s i t e  number 1 c u r v e s  a re  rea so n a b ly  c lo s e  
from zero  to  0 .2 6  MGT, how ever, th e  c u r v e s  d e v ia t e  a t  th e  la r g e r  t r a f f i c  
lo a d in g s .  T h is may p a r t i a l l y  be e x p la in e d  by th e  i n i t i a l l y  low  l a t e r a l  
r e s i s t a n c e  fo r  th e  tam ped-uncom pacted c o n d it io n  a t  s i t e  number 1 . In ord er  
to  e s t a b l i s h  th e  g e n e r a l tr e n d , a l l  th e  tam ped-com pacted d ata  w i l l  be 
com bined.

The LR tr e n d s  fo r  a l l  th e  d a ta  are  summarized in  F ig .  5 .1 7 b . The 
r e s u l t in g  tr e n d s  and o b s e r v a t io n s  fo r  th e  tam ped-com pacted c o n d it io n  are  
s im ila r  to  th o se  fo r  th e  tam ped-uncom pacted c o n d it io n ,  e x c e p t  th a t  th e  
m agnitudes o f  the. LR v a lu e s  are  s l i g h t l y  g r e a t e r .  N ote th a t  p o in t s  a t  
zero  and 135 MGT a re  shown in  F ig .  5 .1 7 b  fo r  SUNYAB d a ta  s in c e  in te r m e d ia te  
v a lu e s  were n ot o b ta in e d .

Using F ig .  5 .1 7  or a ls o  F ig .  5 .1 4 ,  an e s t im a te  o f  th e  amount o f  
t r a f f i c  on a tam ped-on ly  tr a ck  e q u iv a le n t  to  th e  e f f e c t  o f  c r ib  and s h o u l­
der com paction can be o b ta in e d . T h is i s  e a s i l y  accom p lish ed  by f i r s t  
o b ta in in g  th e  load  r a t io  ( F ig .  5 .1 7 b )  or  l a t e r a l  t i e  r e s i s t a n c e  ( F ig .
5 .1 4 b ) fo r  th e  tam ped-com pacted c o n d it io n  im m ed ia te ly  a f t e r  tam ping,
i . e . ,  zero MGT, and then  f in d in g  th e  e q u iv a le n t  t r a f f i c  from th e  tam ped- 
uncompacted tr e n d s  ( F ig s .  5 .1 7 a  and 5 .1 4 a )  fo r  th e  same co rresp o n d in g  
v a lu e s .  T h is i s  based  upon th e  average v a lu e s  and d oes n o t s t a t i s t i c a l l y  
c o n s id e r  th e  amount o f  d a ta  s c a t t e r .

The r e s u l t s  l i s t e d  in  T able 5 .4  in d ic a t e  th a t  0 .0 7 8 7  and 0 .1 5 7  i n .  (2  
and 4 mm) d isp la c e m e n t l e v e l s  produced com parable MGT e s t im a te s  fo r  each
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Table 5.4. Equivalent Traffic Estimates for Crib and
Shoulder Compaction from a Tamped Only Track

Equivalent Traffic 
(MGT) 'j Annual Equivalent

Railroad
Displacement 

0.079 in. 0.157 in.
Traffic
(MGT)

No. Days 
Traffic

U. S. (ENSCO) 
•Tangent
• Curved

(2 mm) 
0.30 
0.23

(4 mm) 
0.25 
0.27

28.6 3 -*■ 4

'Southern #2 * 
(Old & New Ties)

- 0.35 ~20 6 + 7

SUNYAB
•ICG

0.06 0.08
23 1 + 2

. "FAST - 135 < 1
Aus tria 
(Wesel)

0.08 0.06 8 3 + 4

CNR 0.18 0.10 14 2 + 4
Average + 0.17 0..19 - 3 + 4
Ave rage
without Wesel + 0.19 0.21 - 3 + 4

* Based Upon Equal MGT/Day Loading Condition

Reported Values (Ref. 3)
U. S. (ENSCO) 
[Tangent & Curved] 0.40 0.44 18 - 40
Southern #2 

' ■New Ties - 0.45 _ _
• Old Ties► (

0.43 
see Fig. 
5.19)

— — §
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p a r t ic u la r  d ata  s e t .  ENSCO's i n i t i a l  t e s t  s e r i e s  on ta n g en t and curved  
tr a c k  were s im i la r  w ith  an average e q u iv a le n t  t r a f f i c  o f  a p p rox im ately  0 .2 6  
MGT. C o n sid er in g  th a t  th e  a v erage annual t r a f f i c  fo r  th e s e  f i v e  r a i lr o a d s  
i s  2 8 .6  MGT, th en  c r ib  and sh o u ld er  c o n s o l id a t io n  would e s s e n t i a l l y  produce  
th e  same r e s u l t s  as 3 or 4 days o f  t r a in  t r a f f i c .  T h is assum es an eq u a l 
amount o f  t r a in  t r a f f i c  each day.

The Southern number 2 d a ta  y ie ld e d  th e  h ig h e s t  e q u iv a le n t  t r a f f i c  a t
0 .3 5  MGT and SUNYAB's d a ta  was th e  lo w e s t  w ith  0 .0 7  MGT a s  an a v e ra g e .  
SUNYAB's data  in d ic a t e s  th a t  a p p rox im ate ly  1 day o f  t r a in  t r a f f i c  on a 
tam ped-on ly  tr a ck  i s  e q u iv a le n t  to  th e  e f f e c t  o f  c r ib  and sh o u ld er  
com p action .

The t e s t  d a ta  from CNR and A u str ia  y i e l d  e q u iv a le n t  t r a f f i c  v a lu e s
com parable to  SUNYAB's. A lthough th e  A u str ia n  W esel s t a t io n  t e s t s  used
c o n c r e te  t i e s ,  th e  r e s u l t s  were a p p rox im ate ly  eq u a l to  SUNYAB's.

*

In g e n e r a l ,  a s  im p lie d  by th e  s i n g l e  l a t e r a l  t i e  push t e s t ,  th e  a v era g e  
e q u iv a le n t  t r a in  lo a d in g  a ch iev ed  by c r ib  and sh o u ld er  com paction a f t e r  th e  
tam ping o p e r a tio n  i s  ap p rox im ately  0 .1 7  to  0 .1 9  MGT fo r  a l l  r a i lr o a d s .
T h is amounts to  3 to  4 days t r a f f i c  on a tam p ed -on ly  tr a c k .

The tran sform ed  h y p e r b o lic  f i t t i n g  te c h n iq u e  was a l s o  perform ed on th e  
tam ped-com pacted c o n d it io n  (T ab le  5 . 3 ) .  The computed u lt im a ta  load  r a t io  
v a lu e s  are s l i g h t l y  h ig h er  than th e  tam ped-uncom pacted v a lu e s  o n ly  fo r  th e  
U .S . ENSC0 d a ta . The CNR, A u str ia n , Southern number 2 and o v e r a l l  average  
fo r  a l l  U .S . d a ta  y i e l d  th e  same u lt im a te  LR v a lu e s  fo r  both  tra ck  c o n d i­
t i o n s .  The 20 MGT t r a f f i c  and LR o f  3 .3  a l s o  appear to  r e p r e se n t  a s t a b le  
tr a c k  c o n d it io n  fo r  th e  tam ped-com pacted r e s u l t s .

The second n o r m a liz a t io n  te c h n iq u e  used fo r  th e  tam ped-com pacted  
c o n d it io n  i s  th e  com paction r a t io n  (CR). T h is r a t io  w i l l  attem p t to  d e f in e
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th e  amount o f  t r a f f i c  a t  w hich th e  lon g  term e f f e c t  o f  c r ib  and sh o u ld er  
com paction  no lo n g e r  e x i s t s  when compared to  tam ped-on ly  tr a c k  w ith  t r a f f i c .  
T h is p o in t  w i l l  be d e f in e d  a s  th e  p o in t  a t  which th e  tam ped-com pacted  
v a lu e s  o f  l a t e r a l  r e s i s t a n c e  are  w ith in  5 p er c e n t o f  th e  tam ped-uncom pacted  
v a lu e s .  The 5 p e r c e n t was a r b i t r a r i ly  s e le c t e d  but ap p ears r e a so n a b le
s in c e  t h i s  i s  a p p rox im ate ly  eq u al to  th e  stan d ard  d e v ia t io n  o f  th e  two

v
tr a c k  c o n d it io n s  fo r  th e  s t a t i s t i c a l  a n a ly s is  perform ed on th e  Southern  
number 1 and B oston -an d  Maine d ata  s e t s  ( s e e  Appendix B o f  R ef. 2 0 ) .  The 
CR approach was determ in ed  to  be a s im p le r  method o f  a n a ly z in g  th e  data  
th an  by u s in g  th e  l a t e r a l  t i e  r e s i s t a n c e  cu rv es fo r  th e  two tr a c k  c o n d it io n s  
( F ig .  5 .1 4 ) .

The CR tr e n d s  fo r  a l l  U .S . d a ta  on ta n g en t tr a c k  a re  shown in  F ig .  
5 .1 8 a .  The Southern  number 2 s e t  su p p lie d  more d ata  a t 0 .1 5 7  i n .  (4  mm) 
d isp la c e m e n t;  how ever, th e  g e n e r a l tren d  changed c o n s id e r a b ly  a t  1 .6 5  MGT.
By in c lu d in g  t h i s  d a ta , i t  i s  im p lied  th a t  th e  i n i t i a l  in c r e a s e  in  l a t e r a l  
t i e  r e s i s t a n c e  a t z e r o  MGT due to  c r ib  and sh o u ld er  com paction  i s  a p p ro x i­
m ately  c o n s ta n t  and r e ta in e d  up to  a t  l e a s t  2 .0  MGT. The Southern  #2 d ata  
in d ic a t e s  th a t  th e  e f f e c t  o f  t r a in  t r a f f i c  on a tam p ed -on ly  c o n d it io n  can 
be superim posed  upon th e  i n i t i a l  tam ped-com pacted c o n d it io n ,  i . e ,  th e  
e f f e c t  i s  a d d i t iv e .  In a c t u a l i t y ,  c r ib  and sh o u ld er  com paction  i n i t i a l l y  
d e f in e s  a d i f f e r e n t  b a l l a s t  p h y s ic a l  s t a t e  than th e  tam p ed -on ly  c o n d it io n ,  
and th e  r e s p e c t iv e  r e sp o n se s  w ith  t r a f f i c  fo r  both  sh o u ld  approach th e  same 
s te a d y  s t a t e  c o n d it io n .  With th e  e x c e p tio n  o f  th e  1 .6 5  MGT d a ta , th e  
Southern  number 2 d a ta  does fo llo w  th e  ex p ected  tr e n d s .

From F ig . 5 .1 8 a ,  2 .0  MGT o f  t r a f f i c  appears to  be a r e a so n a b le  e s t im a te
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a t  w hich th e  e f f e c t s  o f  c r ib  and sh o u ld er  com paction  can no lo n g e r  be 
d i f f e r e n t i a t e d  from a tam ped-only c o n d it io n  on ta n g e n t tr a c k .  Any e f f e c t  
o f  b a l l a s t  w e tn e ss  d u rin g  th e  tim e o f  t e s t in g  sh o u ld  be a ccou n ted  fo r  by 
th e  com paction  r a t i o ,  s in c e  th e  amount o f  d a ta  s c a t t e r  in  F ig .  5 .1 8 a  i s  n ot  
d i f f e r e n t  fo r  th e  w et and dry c a s e s .  The CR tr e n d s  fo r  U .S . cu rved  tr a ck  
( F ig .  5 .1 8 b ) produce th e  same r e s u l t s  as U .S . ta n g e n t  tr a c k .

The com paction  r a t io  tr e n d s  fo r  fo r e ig n  d ata  on a ta n g e n t tr a c k  ( F ig .  
5 .1 8 c )  showed a te r m in a tio n  o f  th e  e f f e c t s  o f  c r ib  and sh o u ld e r  com paction  
a t  l e s s  than 0 .2 5  MGT. T his i s  s i g n i f i c a n t l y  l e s s  than  th e  2 .0  MGT o f  
t r a f f i c  in d ic a te d  by th e  U .S . d a ta , which p r e s e n t ly  can n ot be e x p la in e d .
The ORE (R e f . 37) r e s u l t s  from e ig h t  European r a ilw a y  a d m in is tr a t io n s  fo r

-\
th e  p a s t  15 y e a r s  in d ic a t e  th a t  th e  e f f e c t s  o f  c r ib  and sh o u ld er  com paction  
a re  co n clu d ed  a f t e r  a t r a f f i c  lo a d in g  o f  1 .5  to  2 .5  MGT. T h is r e s u l t  is> 
com patab le w ith  th e  f in d in g s  o f  U .S . d a ta  in  t h i s  s tu d y , even  though th e  
tr a c k  S tr u c tu r e s  are  d i f f e r e n t .

5 .6  ASSESSMENT
The in d iv id u a l  l a t e r a l  t i e  push t e s t  r e s u l t s  fo r  th e  tam ped-uncom pacted  

and tam ped-com pacted c o n d it io n s  w ith  a p p lied  t r a in  t r a f f i c  have been  
d is c u s s e d  and e v a lu a te d  fo r  a l l  a v a i la b le  U nited  S t a t e s ,  SUNYAB and fo r e ig n  
d a ta . The tr a c k  s t r u c tu r e s  were s im ila r  fo r  a l l  th e  r a i lr o a d s  e x c e p t  th e  
A u str ia n  W esel s t a t io n  t e s t s .

The g r e a t e s t  v a r ia t io n  in  r e s u l t s  between s i t e s  was o b ta in e d  from 
ENSCO's i n i t i a l  t e s t  s e r i e s  on f i v e  p a r t ic ip a t in g  r a i lr o a d s  w ith  each s i t e  
h av in g  s im i la r  t e s t  c o n d it io n s .  The p r in c ip a l  b a l l a s t  ty p e  was g r a n i t e .  
T hese l a t e r a l  t i e  r e s i s t a n c e s  were s i g n i f i c a n t l y  g r e a te r  than th e  r e s u l t s  
o b ta in e d  from a secon d  t e s t  s e r i e s  perform ed by Southern  R ailw ays and
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SUNYAB. The b a l l a s t s  t e s t e d  by SUNYAB were l im e s to n e ,  tr a p r o c k , and a 
l im e s to n e  and s t e e l  s la g  m ix tu r e , which showed very  good agreem ent in  
l a t e r a l  r e s i s t a n c e  fo r  th e  tam ped-uncom pacted c o n d it io n  a t  zero  MGT. The 
g r a n it e  sh o u ld  produce l a t e r a l  r e s i s t a n c e s  com parable to  th e  lim e s to n e  and 
tr a p r o c k , which r e p r e s e n t  extrem e d i f f e r e n c e s  o f  in d ex  p r o p e r t ie s  fo r  
common b a l l a s t  ty p e s .  However, th e  la r g e  d i f f e r e n c e  in  th e  l a t e r a l  t i e  
r e s i s t a n c e s  o b ta in ed  by ENSCO and SUNYAB can p r im a r ily  be a t t r ib u te d  to  th e  
l o c a t io n s  o f  th e  lo a d  a p p ly in g  and m easuring s y s te m s .

In a d d it io n  to  th e  l im it e d  q u a n t i t i e s  o f  d a ta  and th e  a s s o c ia t e d  d a ta  
s c a t t e r ,  th e  a n a ly s i s  i s  fu r th e r  c o m p lica ted  when th e  r e s u l t s  o b ta in e d  by 
u t i l i z i n g  d i f f e r e n t  ap p aratu s s i g n i f i c a n t l y  in f lu e n c e  th e  LTPT v a lu e s .
T h is .p r e s e n ts  an a d d it io n a l  d i f f i c u l t y  in  a s s e s s in g  and i s o l a t i n g  th e  
d if f e r e n c e s  in  th e  more im p ortan t f a c t o r s  which a re  o f  prim e co n cern .
These f a c to r s  in c lu d e  d i f f e r e n c e s  in  h e ig h t  o f  tr a c k  r a i s e ,  in  b a l l a s t  
ty p e , in  b a l l a s t  m o is tu r e  c o n d it io n s ,  and in  v ib r a t io n  tim e or o th e r  
c h a r a c t e r i s t i c s  o f  b a l l a s t  c r ib  and sh o u ld er  co m p a cto rs. For th e  p r e se n t  
s tu d y j th e s e  f a c t o r s  were c o n s id e r e d  n ot to  be s t a t i s t i c a l l y  im portant 
enough to  in f lu e n c e  th e  t i e  r e s i s t a n c e  tr e n d s . Thus, i f  fu r th e r  s t u d ie s  
a re  to  be conducted  on th e  l a t e r a l  t i e  r e s i s t a n c e  o f  in d iv id u a l  t i e s ,  a 
stan d ard  LTPT ap p aratu s and t e s t  proced u re sh o u ld  be u t i l i z e d .

In g e n e r a l ,  l a t e r a l  t i e  r e s i s t a n c e  in c r e a s e d  w ith  th e  a p p lic a t io n  o f  
t r a in  t r a f f i c .  The tam ped-com pacted c o n d it io n  i n i t i a l l y ,  dem on strated  a 33 
p e r c e n t g r e a te r  t i e  r e s i s t a n c e  than th e  tam ped-uncom pacted c o n d it io n  fo r  
a l l  U .S . r a i lr o a d s .  The r e s u l t s  o f  SUNYAB's t e s t s  on ICG produced a lm ost  
th e  same p ercen t in c r e a s e .  T h is r e s u l t  was c o n s i s t e n t  fo r  both  0 .0 7 8 7  and
0 .1 5 7  in .  ( 2 and 4 mm) d isp la cem en t l e v e l s  on ta n g e n t and curved  tra ck

162



(R e f . 2 0 ) .  As t r a f f i c  was a p p lie d  to  th e  two d i f f e r e n t  tr a c k  c o n d i t io n s ,  
th e  d i f f e r e n c e  in  t i e  r e s i s t a n c e  s t e a d i ly  d ec r e a se d  and approached th e  same 
v a lu e .  Wet b a l l a s t  c o n d it io n s  were noted  d u rin g  c e r t a in  in t e r v a l s  o f  
t e s t i n g ,  b u t t h i s  d id  n o t n o t ic e a b ly  change th e  g e n e r a l t r e n d s . The t i e  
r e s i s t a n c e  tr e n d s  were s im i la r  fo r  th e  fo r e ig n  d a ta .

The l a t e r a l  t i e  r e s i s t a n c e s  at h igh  MGT t r a f f i c  c o n d it io n s ,  i . e . ,  20 
MGT fo r  Southern number 2 and 135 MGT fo r  FAST, were s i g n i f i c a n t l y  g r e a te r  
than  th e  v a lu e s  a t low amount o f  t r a f f i c .  At FAST, th e  b a l l a s t  bed under­
n ea th  th e  t i e  was o b serv ed  to  have a smooth appearance and appeared to  
c a u se  o n ly  s l i g h t  in d e n ta t io n s  on th e  b ase o f  th e  t i e .  The b a l l a s t  s h o u l­
der appeared to  be in  a lo o s e  c o n d it io n .  The b ase  and sh o u ld er  r e s i s t a n c e  
was prob ab ly  a sm a ll p o r t io n  o f  th e  t o t a l  l a t e r a l  r e s i s t a n c e  per t i e .
Thus, th e  c r ib  b a l l a s t  i s  a p p a ren tly  th e  p r in c ip a l  componeint o f  t i e  l a t e r a l  
r e s i s t a n c e .  S in ce  th e  c r ib  b a l l a s t  i s  i n i t i a l l y  in  a lo o s e  s t a t e  a f t e r  t i e  
tam ping, th e  t i e  movements r e s u l t in g  from t r a in  lo a d in g s  a p p a ren tly  produce  
a h igh  d eg ree  o f  in t e r lo c k in g  o f  th e  c r ib  b a l l a s t  betw een th e  t i e s .  T his  
i s  th e  m ost p la u s a b le  e x p la n a t io n  o f  th e  changes in  l a t e r a l  t i e  r e s i s t a n c e  
from i n i t i a l  tr a ck  m aintenance w ith  t r a f f i c  o th e r  than en v iro n m en ta l 
in f lu e n c e s  or h ig h ly  fo u le d  b a l l a s t .  A s im i la r  r e a so n in g  was deduced by 
th e  e n g in e e r s  fo r  th e  20 MGT c o n d it io n  on th e  Southern  tr a c k .

In c o n s id e r in g  th e  p r e v io u s ly  s ta te d  f a c t o r s ,  c e r t a in  approaches were 
d e v is e d  in  ord er to  c o r r e la t e  th e  l a t e r a l  t i e  r e s i s t a n c e  v a lu e s  fo r  each  
r a i lr o a d .  Two d ata  n o r m a liz a t io n  te c h n iq u e s  used to  c o r r e la t e  th e  r e s u l t s  
were th e  lo a d  r a t io  (LR) and th e  com paction r a t io  (CR). These r a t i o s  
appeared  e f f e c t i v e  in  n e g a tin g  th e  d i f f e r e n c e s  in  t e s t  a p p a ra tu s, and t e s t
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p roced u res and t i e  a g e , and in  p r o p er ly  e s t a b l i s h in g  th e  tr e n d s  due to  
a p p lie d  t r a f f i c  and to  c r ib  and sh o u ld er  com p action .

The LR approach p ro v id ed  a r e a so n a b le  method o f  r e la t in g  th e  t i e  
r e s i s t a n c e  v a lu e s  in  a form su ch  th a t  th e  d a ta  were more d ir e c t ly  com p arab le .
The LR tr e n d s  w ith  t r a f f i c  were s im i la r  fo r  both  d isp la cem en t l e v e l s  andj
fo r  both  ta n g en t and curved  tr a c k  fo r  a l l  U .S . d a ta . U sing a tr a n s ­
formed h y p e r b o lic  f i t t i n g  te c h n iq u e  to  th e  LR-MGT r e la t io n s h ip s ,  20 MGT o f  
t r a f f i c  was d eterm ined  to  be a r e a so n a b le  e s t im a te  o f  a " s ta b le "  or u n d is -  
turbed  tr a ck  c o n d it io n .

The CR approach appeared t o  be an ad eq u ate  means o f  d e term in in g  th e  
amount o f  t r a f f i c  r e q u ir e d  su ch  th a t  th e  e f f e c t  o f  c r ib  and sh o u ld er  
com paction can no lo n g e r  be d is t in g u is h e d  from a tam p ed -on ly  tr a c k . A 
v a lu e  o f  2 MGT appeared to  be a r e a so n a b le  e s t im a te  fo r  a l l  U .S . d a ta  and 
i s  c o n s is t e n t  w ith  ORE f in d in g s  fo r  European r a i l r o a d s .  T h is r e s u l t  was 
s im ila r  fo r  both  d isp la c e m e n t l e v e l s  and fo r  both  ta n g e n t and curved  tr a c k .  
A lso , th e  CR approach i s  a p p a ren tly  n o t a f f e c t e d  by b a l l a s t  m o istu re  
c o n d it io n s  a t th e  tim e o f  t e s t i n g .  N ote th a t  a s t a t i s t i c a l  a n a ly s is  
perform ed by ENSCO (R e f .  3 ) on Southern  number 1 and B oston  and Maine data  
in d ic a te d  a low er v a lu e  o f  0 .5  and 1 to  2 MGT o f  t r a f f i c ,  r e s p e c t i v e l y ,  on 
ta n g en t tr a ck  as h av in g  r e l a t i v e l y  no e f f e c t  f r o m .b a l la s t  com p action .
The 2 .0  MGT e s t im a te  may be a c o n s e r v a t iv e  e s t im a te  in  com parison to  th e  
Southern  number 1 and B oston  and Maine v a lu e s .  These v a lu e s  are  c o n s id e r e d  
r e l i a b l e  s in c e  " r e p r e s e n ta t iv e "  a v erage v a lu e s  were a v a i la b le  fo r  a n a ly s i s  
and not a l l  th e  o r ig in a l  t e s t  d a ta .

The f i n a l  f a c t o r  to  be determ in ed  was th e  e q u iv a le n t  amount o f  t r a f f i c  
on a tam ped-only tr a c k  fo r  which c r ib  and sh o u ld er  com paction  im m ed iately
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a f t e r  tam ping was e f f e c t i v e .  The 0 .0 7 8 7  and 0 .1 5 7  (2  and 4 mm) d isp la c e m e n t
l e v e l s  y ie ld e d  c o n s i s t e n t  v a lu e s  fo r  each r a i lr o a d  and r e s u l t e d  in  an

' a v era g e  v a lu e  o f  0 .1 7  to  0 .1 9  MGT o f  t r a f f i c  fo r  a l l  r a i l r o a d s .  For th e
r e p o r te d  annual MGT's o f  t r a f f i c ,  3 to  4 days o f  t r a in  t r a f f i c  on a tam ped- 
o n ly  tr a c k  a p p a ren tly  p roduces th e  same e f f e c t  as b a l l a s t  com p actors.

The e q u iv a le n t  t r a f f i c  e s t im a te s  are low er than th e  v a lu e s  r e p o r ted  by 
ENSC0 (R e f . 3) and Southern  number 2 (R e f. 32) fo r  t h e ir  r e s p e c t iv e  average  
t r e n d s .  T h is d isc r e p a n c y  i s  la r g e ly  due to  th e  method o f  in t e r p r e t in g  th e  
t r e n d s .  ENSC0 and Southern number 2 assumed th a t  a l in e a r  r e la t io n s h ip  
e x i s t s  betw een l a t e r a l  t i e  r e s i s t a n c e  v a lu e s  and amounts o f  t r a f f i c ,  whereas 
t h i s  stu d y  used a b e s t - f i t t i n g  cu rve through th e  d ata  p o in t s ,  which i s  a ■. 
more r e a so n a b le  approach .

ENSC0 r e p o r te d  th e  a v erage v a lu e s  o f  e q u iv a le n t  t r a f f i c  fo r  ta n g en t
* and cu rved  tr a c k  o f  0 .4 0  and 0 .4 4  MGT a t  0 .0 7 8 7  and 0 .1 5 7  i n .  (2  and 4 mm) 

d is p la c e m e n ts , r e s p e c t i v e l y .  These v a lu e s  were o b ta in e d  by th e  l in e a r  '♦>
in t e r p o la t io n  te c h n iq u e  as shown in  F ig .  5 .1 9 a , a lo n g  w ith  SUNYAB's in t e r ­
p r e t a t io n  o f  ENSCO's d a ta . By f i t t i n g  a rea so n a b le  cu rve through each s e t  
o f  d a ta  p o in t s ,  th e  r e s u l t in g  average e q u iv a le n t  t r a f f i c  v a lu e s  are 0 .2 4  
and 0 .2 8  MGT fo r  0 .0 7 8 7  and 0 .1 5 7  in  (2  and 4 mm) d is p la c e m e n t , r e s p e c t iv e ly .  
These v a lu e s  are  n e a r ly  o n e - h a lf  o f  ENSCO's e s t im a te  and are  c lo s e  to  th e  
e s t im a te s  o b ta in e d  in  t h i s  stu d y  u sin g  ENSCO's d ata  (T a b le  5 . 4 ) .

Southern  number 2 r e p o r te d  an e q u iv a le n t  t r a f f i c  v a lu e  o f  0 .4 5  MGT fo r  
new t i e s  o n ly  a t  0 .1 5 7  in  (4  mm) d isp la c e m e n t. A v a lu e  o f  0 .3 3  MGT i s  
o b ta in e d  from u s in g  a b e s t - f i t t i n g  curve to  Southern number 2 d a ta  ( F ig .

* 5 .1 9 b ) .  For o ld  t i e s ,  t h i s  v a lu e  i s  0 .3 6  MGT. The o ld  and new t i e  average  
i s  r e a so n a b ly  c lo s e  to  th e  0 .3 5  MGT v a lu e  l i s t e d  in  T able 5 .4 .  A c tu a lly ,

■i
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•i th e  Southern  number 2 e s t im a te  would have been c lo s e r  to  Q.35 MGT i f  th e
tam ped-com pacted tr e n d s  were e x tr a p o la te d  to  z e r o  MGT and th a t  v a lu e  was 
d sed  in s te a d  o f  th e  one a t  0 .0 3 2  MGT.

Southern  number 2 d o es p r e se n t  an in t e r e s t in g  approach , b ased  upon 
s t a t i s t i c s ,  toward th e  d e te r m in a tio n  o f  th e  e q u iv a le n t  amount o f  t r a f f i c  
t h a t  c r ib  and sh o u ld er  com paction  o f f e r s .  T his has been term ed th e  minimum 
advantage (Ref. 3 2 ) .  Instead of using the average tamped-only lateral 
t i e  r e s i s t a n c e  tren d  to  determ in e th e  e q u iv a le n t  amount o f  t r a f f i c ,  
th e  tren d  i s  g e n e r a l ly  d e f in e d  a s  th e  average p lu s  th e  secon d  stan d ard  
d e v ia t io n .  A lso , th e  tam ped-com pacted v a lu e  o f  l a t e r a l  t i e  r e s i s t a n c e  a t  
zero  MGT i s  g e n e r a l ly  d e f in e d  a s  th e  average minus th e  secon d  stan d ard  
d e v ia t io n .  However, u s in g  t h i s  m ethod, th e  e q u iv a le n t  t r a f f i c  e s t im a te  
w i l l  be s i g n i f i c a n t l y  lo w e r .

An o v e r a l l  e v a lu a t io n  o f  th e  l a t e r a l  t i e  push t e s t  r e s u l t s  in d ic a t e s  a 
* d e f i n i t e  d e f ic ie n c y  o f  f i e l d  d ata  s u i t a b le  fo r  a com prehensive e v a lu a t io n

o f  th e  f a c t o r s  a f f e c t in g  th e  b a l l a s t  p h y s ic a l s t a t e .  SUNYAB's d a ta  i s  
c o n s id e r e d  h ig h ly  r e l i a b l e ,  bu t la c k s  th e  t i e  r e s i s t a n c e  v a lu e s  a t  in t e r ­
m ed ia te  l e v e l s  o f  t r a f f i c  to  c l e a r ly  d e f in e  th e  tr e n d s  fo r  tam ped-on ly  and 
tam ped-com pacted c o n d i t io n s .  A d d it io n a l data would e s t a b l i s h ,  a s  im p lie d  
by th e  t i e  push t e s t ,  w hether th e  b a l l a s t  c r ib  and sh o u ld er  com pactor i s  worth  
w h ile  as an in t e g r a l  p a r t o f  a normal tra ck  m ain ten an ce program .

&
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6. SUMMARY AND RECOMMENDATIONS

The o b j e c t iv e  o f  t h i s  p r o je c t  was to  e v a lu a te  th e  ch an ges in  th e  
b a l l a s t  p h y s ic a l  s t a t e  fo r  both  a tam p ed -on ly  (TU) tr a c k  and a tam ped- 
com pacted ( TC) tr a c k  w ith  a p p lie d  t r a in  t r a f f i c  by u t i l i z i n g  th e  l a t e r a l  
t i e  push ( p u l l )  t e s t  (LTPT) on a s i n g l e  t i e ,  th e  i n - s i t u  b a l l a s t  d e n s ity
t e s t  (BDT), and th e  p la t e  lo a d  t e s t  (PLT). T hese t e s t s  are  good in d ic a t o r s

A '
o f  th e  changes in  b a l l a s t  p h y s ic a l  s t a t e .  The t e s t  r e s u l t s  were r e l i a b l e
and r e p r o d u c ib le . In a r e l a t i v e  s e n s e ,  th e  BDT, LTPT, and PLT each produced
c o n s is t e n t  r e s u l t s  fo r  l im e s to n e , tr a p r o c k , and m ix tu res  o f  l im e s to n e
and s t e e l  s la g  b a l l a s t s  fo r  th e  TU s t a t e  a t  z e r o  MGT t r a f f i c  and w ith
a p p lie d  t r a f f i c .  T h is same c o n s is te n c y  was d em on stra ted  fo r  th e  TC s t a t e
a t  zero  MGT t r a f f i c  in  th e  l im e s to n e  and s t e e l  s la g  b a l l a s t  m ix tu r e . T est
d a ta  were com piled  and e v a lu a te d  from a v a i la b le  U n ited  S t a t e s  and fo r e ig n  ^
so u r c e s  and compared w ith  SUNYAB d a ta . The main c o n c lu s io n s  fo r  t h i s  *

' #  s tu d y , a s  im p lied  from th e  BDT, PLT, and LTPT, a re  a s  f o l lo w s .

B a l la s t  D e n s ity  T e s t .  The newly d ev e lo p ed  b a l l a s t  d e n s ity  m easuring  
method has s u c c e s s f u l ly  dem onstrated  i t s  p o t e n t ia l  a s  a u s e f u l  t o o l  fo r  
d eterm in in g  th e  i n - s i t u  b a l l a s t  p h y s ic a l  s t a t e .  The te c h n iq u e s , which 
e v o lv e d  ou t o f  v a r io u s  im provem ents, have proven s u i t a b le  fo r  r a i lr o a d  
a p p l ic a t io n ,  and th e  m easurem ents are c o n s id e r e d  r e l i a b l e  w ith  an adequate  
a c c u r a c y .

The t e s t  r e s u l t s  p r e se n te d  in  t h i s  r e p o r t p r o v id e  very  im p ortan t and 
bad ly  needed in fo r m a tio n  on th e  i n - s i t u  b a l l a s t  p h y s ic a l  s t a t e s  under 
v a r io u s  tra ck  c o n d it io n s .  They c o n s t i t u t e  a s i g n i f i c a n t  enhancement o f  
knowledge toward a b e t t e r  u n d erstan d in g  o f  tr a c k  r e sp o n se  and i t s  r e l a t i o n -  
sh ip  to  tr a c k  p erform ance.
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E f f e c t s  o f  v a r io u s  im p ortan t param eters in f lu e n c in g  th e  b a l l a s t  
p h y s ic a l  s t a t e s  and su b seq u en t tr a c k  perform ance have been a s s e s s e d ,  and 
th e  fo l lo w in g  im p ortan t f in d in g s  are  con clu d ed :

1) I n - s i t u  b a l l a s t  p h y s ic a l  s t a t e ,  a s  d eterm in ed  in  term s o f  b a l l a s t  
d e n s i t y ,  i s  s i g n i f i c a n t l y  a f f e c t e d  by tr a c k  h i s t o r y ,  in c lu d in g  
t r a f f i c ,  tr a c k  m ain ten an ce p ro ced u res , and tr a c k  c o n d it io n s  
e x i s t in g  p r io r  to  m ain ten an ce.

2) Tamping may d e n s if y  or may lo o s e n  th e  b a l l a s t  la y e r  depending on 
th e  ty p e  and n a tu re  o f  tamping o p e r a t io n , tr a c k  c o n d i t io n s ,  and 
lo c a t io n  o f  th e  b a l l a s t  la y e r .  T y p ic a l ly ,  tam ping d u rin g  i n i t i a l  
c o n s tr u c t io n  may in c r e a s e  b a l l a s t  d e n s ity  under t i e  in  th e  r a i l  
a r e a , b u t th e  same tam ping perform ed d u rin g  tr a c k  m ain ten an ce  
a f t e r  t r a f f i c  w i l l  in e v i t a b ly  d is tu r b  and lo o s e n  th e  b a l l a s t  
la y e r  th a t  has been com pacted over a p e r io d  o f  t r a f f i c .

3) B a l la s t  d e n s it y  in c r e a s e  from c r ib  and sh o u ld er  b a l l a s t  com paction  
i s  q u it e  e v id e n t  in  th e  c r ib  in  th e  r a i l  a r e a , b u t th e  e f f e c t  o f  
c r ib  com paction  on th e  b a l la s t  la y e r  under th e  t i e  i s  very  l im i t e d .

4) The lo n g -term  e f f e c t  o f  b a l l a s t  com paction i s  n o t c o n c lu s iv e  a t  
t h i s  moment, m ain ly  b ecau se  o f  i n s u f f i c i e n t  d a ta .

3) T r a f f ic  ap p ears to  be th e  b ig g e s t  so u rce  o f  b a l l a s t  com p action .
With accu m u la tion  o f  t r a f f i c ,  d e n s ity  th rou gh ou t th e  b a l l a s t  
la y e r  w i l l  in c r e a s e  w ith  grad u al rearrangem ent o f  b a l l a s t  p ar­
t i c l e s  to  a r e l a t i v e l y  dense and s t a b le  s t r u c t u r e .
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6) B a l la s t  ty p e  d oes not appear to  be a s i g n i f i c a n t  fa c to r  in f lu e n c ­
in g  i n - s i t u  b a l l a s t  p h y s ic a l  s t a t e  and i t s  ch an ges w ith  t r a f f i c  
h is t o r y .  I n s t e a d , p a r t i c l e  p r o p e r t ie s  such  a s  to u g h n e ss , h a r d n e ss ,  
p a r t i c l e  g r a d a tio n  and t e x tu r e  seem t o  p la y  more im portant r o le s
than ty p e  o f  b a l l a s t .

0

P la te  Load T e s t . The fo l lo w in g  c o n c lu s io n s  were drawn from th e  p la t e  
lo a d  t e s t  r e s u l t s :

1 .  A com parison o f  th e  CNR and SUNYAB b e a r in g  in d ex  B v a lu e s ,  
lo c a te d  in  th e  c r ib  and under th e  t i e  near th e  r a i l ,  showed good  
agreem ent fo r  th e  tam ped-on ly  c o n d it io n  a t  zero  MGT and th e  
u n d istu rb ed  tr a c k  c o n d it io n .

2 . T est r e s u l t s  fo r  th e  tam ped-com pacted c o n d it io n  a t  zero  MGT were 
d i f f e r e n t  betw een th e  CNR and SUNYAB d a ta , which d iscrep a n cy  has 
not been e x p la in e d .

3 . The b a l l a s t  b ea r in g  in d ex  B v a lu e  tr e n d s  w ith  MGT o f  t r a f f i c  co u ld  
not be e s t a b l i s h e d .  However, SUNYAB d a ta  in d ic a t e s  th a t  th e  
amount o f  t r a f f i c  e q u iv a le n t  to  th e  b e n e f i t s  o f  c r ib  and sh o u ld er  
com paction i s  s im i la r  to  th a t  e s t im a te d  from th e  LTPT c o r r e la t io n .

L a te r a l T ie  Push T e s t . The fo l lo w in g  are  th e  c o n c lu s io n s  from th e  
l a t e r a l  t i e  push t e s t s :

1 . The two n o r m a liz a t io n  te c h n iq u e s  used  to  e s t a b l i s h  th e  l a t e r a l  t i e  
r e s i s t a n c e  tr e n d s  w ith  t r a f f i c  p ro v id ed  a u s e f u l  means o f  com paring  
th e  t e s t  d a ta  from s e v e r a l  d i f f e r e n t  t e s t  programs which u t i l i z e  
d i f f e r e n t  t e s t  a p p a ra tu s , and can be u sed  fo r  im m ediate e v a lu a t io n
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2 . A r e a so n a b le  e s t im a te  o f  t r a in  lo a d in g  a f t e r  d is tu r b a n c e  to  reach  
a " s ta b le "  b a l l a s t  c o n d it io n  i s  20 MGT o f  t r a f f i c .

3 . An e s t im a te  o f  th e  amount o f  t r a f f i c  to  produce th e  same b e n e f i t s  
as c r ib  and sh o u ld er  com paction used im m ed ia te ly  a f t e r  tam ping
i s  0 .1 7  to  0 .1 9  MGT, or  3 to  4 days o f  av era g e  d a i ly  t r a f f i c .

4 . The e f f e c t s  o f  c r ib  and sh o u ld er  com paction  can n ot be d i s t i n ­
g u ish ed  from th e  tam ped-only tr a ck  c o n d it io n  a f t e r  ap p rox im ately
2 .0  MGT o f  t r a f f i c .

The la c k  o f  s u f f i c i e n t  q u a n t i t ie s  o f  a v a i la b le  PLT and LTPT d ata  in  
th e  2 to  20 MGT range p r o h ib it s  th e  e s ta b lish m e n t o f  c l e a r l y  d e f in e d  tren d s  
fo r  th e  TU and TC c o n d it io n s  w ith  a p p lie d  t r a f f i c .  A lso ,,  e f f e c t s  o f  
d if f e r e n c e s  such a s in  b a l l a s t  ty p e , amount o f  tr a ck  r a i s e , ,  .c h a r a c t e r i s t i c s  
o f  b a l l a s t  c r ib  and sh o u ld er  com p actors, and tr a c k  s t r u c t u r e s ,  can n ot be 
th o ro u g h ly  e v a lu a te d . F u rth er stu d y  i s  s tr o n g ly  recommended, w ith  due 
c o n s id e r a t io n  g iv e n  to  th e  preceding factors, as well as. taking the follow­
in g  f a c t o r s  in t o  a cco u n t:

1 . M a in ta in in g , to  th e  b e s t  e x te n t  p o s s ib le ,  c o n t r o l le d  t e s t  
c o n d it io n s  on s e v e r a l  d i f f e r e n t  s i t e s .

2 . P ro v id in g  ad eq u ate  docum entation  o f  th e  tr a c k  s t r u c t u r e s ,  t r a in  
t r a f f i c  lo a d in g  h i s t o r y ,  tra ck  m aintenance h i s t o r y ,  and e n v ir o n ­
m ental c o n d it io n s .

3 . U sing s ta n d a r d iz e d  BDT, PLT, and LTPT a p p a ra tu s and t e s t  p ro c e ­
d u res, i . e . ,  s im i la r  to  SUNYAB.

of field test results following the tamping operation.
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APPENDIX A

i

V'

♦

REPORT OF NEW TECHNOLOGY

The work performed under this contract has provided important new in­
sights ipfp the effects of tamping, vibratory compaction, and traffic on the 
physical state of ballast in track. Specifically, the research showed that 
tamping generally loosens ballast, that crib and shoulder compactors primarily 
densify the ballast around the tie, and that traffic provides the greatest 
amount of compaction of any of the mechanical processes found in the field. 
These findings were achieved through field investigations using the ballast 
density test, plate load test and lateral tie push test methods developed 
under this contract.
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