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PREF ACE
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"EXECUTIVE SUMMARY

The three ﬁost,promising methods for identifying the physical state of
ballast were determined to be the plate.load test (PLT), the lateral tié
push test (LTPT) with single ties, and the ballast density test (BDT). The
: plate load test determines thé pressure.on the ballast surface from a
5iin.-diameter pléte wﬁich is required to produce:a specified amount #f
surface deflection, usually 0.1 t0‘0.3 in. The resulting parameter, termed
ballastvbeéring indék,-is‘a‘meésufe.0} the ballast étiffneés. The lateral
tie bﬁsh test determines the force to push a tie up to 0.25.in. horizontally
when the tie is unfasﬁened Froh fhe rail.: This gives indirect measurement
of baliast physical state but it is directly related to the émount of
lateral réstraint to the track provided by the bailast. 'The_ballast
density test determines tﬁeﬂweight of ballast particles pef_unit volume»df
ballast structuré. This is a direct measure of the/degree of compactness
of the ballast. |

Apparatus énd'propedures were developed for performing each of these
tests in the field. MeasUrementé were then made on existing track to
investigate the effects of tamping, crib and shoulder compaction, -and
ﬁraffic on the ballast physical state. The four sites at which fhe field
tésts were conducted were: 1) Canadiéﬁ.Natidnal Railways in Bé]]evi]ie,
rﬁntario,_é)‘Sogthern Railways site near‘Lynchbprg, Virginia, 3) Illiﬁois
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. Tampiﬁg may densify or may
lposen 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 témping perfq;med
during track maintenancé afteritraffid will disturb and loosen thé ballast
layeér fhat has been coﬁpacted 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 compéction on the.ballast under
.the tie was vefy limited. The long-term effect of this ballast compaction
was not conclusive, however, because of insufficient data. Traffic appeared -
.,_ to:be the piggest source of ballast compactibn.

The ballast dénsity test was sthn to be a useful tool for détermining
the in-situ ballast physicél‘state. The techniques, which were improved
through the field experience, have proven suitable for railroad application,
and the measurement§ are considered reliable. The density ﬁest results
bresented in this reéort provide important and needed information which
- will improve the understanding of track performance.

The lateral tie push.test results indicéted that, after disturbance
from maintenance operatioﬁs, a reasonable estimate of train loading required
tﬁ reestablish a fstable" ballast conditioﬁ~is 20 million gross tons (MGT)
of traffic. The amount of traffic to produce the same benefits as crib
and sﬁoulder 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

- Xvi



v

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 érends with traffic could
not be established. However, the amount of tréffic equivalent to the
benefits of crib and shoulder cqmﬁaction appeared similar to that estimated
from the LTPT correlation.

3 _ , . :
- Insufficient data in the 2 to 20 MGT range prohibits the establishment

'dF_Cléarly defined trends with applied traffic. Also,.effeéts~of‘differ-

ences in baliast type, amount of track raiée, characteristics of ballast
crib a&d shoulder compactors, and track struéture cannot be thoroughly
evaluated. Further study of these factors'is strongly recommended. In-
such studies, adequate in%o;mation on the track st%ucture, traffic loading .

history, track maintenance history, and environmental conditions is impor-

tant.. In addition, standardized BDT, PLT, and LTPT appératus énd_test

procedures are needed because the measured values are sensitive to the

apparatus and procedures.
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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 categoriied in terms of the changes.in lateral
track stability, in vertical track stiffness, and instrack 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 anﬁ tyﬁé.of béllast and subérade; and d) type of track
maintenance operation. The first three factors are interrelated for track
in-service; however, the initial eonditions established by the latter two
factors are the most crucial. Accurate and reliable ﬁethods of measuring
ballast physical state and its change from the initial conditions must be
employed to properly relate track conditions to performance.

Presently, tﬁe two host 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 geaometry measurement using instrumented cars, longitudinal tie ﬁush
tests, plate load tests, ballast density measurements and track geomeFry
surveying. A literature review (Ref; 1) indicated the‘three_mpst promising
methods for identifyingvﬁhe ballast physical Stafe are the plate load test
(PLT), single lateral'fie push test (LTPT), and the in-situ ballast den-
sity test (BDT). SUNYAB's emphasis was pléced 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.



This report will be concerned with field test results obtained from
.the plate load test, the lateral tie push test and the ballast densify
test. The first method measures vertical ballast stiffness and is a direct
indicator of the changes in ballast physical stéte, The second method is
only an indirect measure of'physical state, but it is directly relevant to
the lateral track buckling-beﬁavior. The third method directly measdres
the ballast.physical_state by determining the.density or void :atio.

' Available;data.wére cbmpilea onvthe_PLT énd LTPf frbva.S.,and Fo:éign‘__;
1itera£u:e for aifferent tréék méintenance»operétions»ahd train loading
conditions. These data will supplement tests performed by SUNYAB on the
sites of several participating raiiroadso Since the BDT technique ‘was only
'.recently developed, density measuremenfs will just be qualitatively com-
parea with other published data.

“For the PLT and LTPT, differences .in test equipment, test procedureé
and the absolute magnitude of load resistaﬁces were identified with éach
source of daté, and in pérticular 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
. deviged to account for these differences-?or‘correlatiqn purposes. The
nofmélizatidﬁ procedures essentially-yielded a dimensionless load fatio
. at a specific displacement leveli"The load ratio proportions load for a
given tfack condition, i.e., a cértain million gross tons (MGT) of traFFic,
to load at a commoﬁ 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 betweén the load ratio at a given displacement level and

the MGT of traffic. Since the plate load test dafa is as limited as the
ballast density measurements, the correlations will be emphasized for only
the lateral tie push tesf results.

Evaluation of tﬁe LTPT correlations should indicate any apparent

A differences in trends caused by track;maintenance operations, such as crib
and shoulder ballaét:compgétion. Tﬁus, theicofrelation would, serve a
twofold purpdse fér fhe laterél tie push‘test. 4The first is identifying a
‘reasonable magnitude of MGT following track maintenance which proyides a
stable track condition. The second would be the determination of an
equivalent amount' of MGT providea by crib and éhoulde? compaction after
tamping. Where possible the trends implied from the other ﬁwd ballast
physical state tests will be used as additional supportive data to
;uppiement the trends from the LTPf._

The track and test conditions existing on the sites for SUNYAB's
FieldlinQestigations are described in Section‘2; The ballast density
test; the plate load test, and the lateral tie push test data are sum-
mafized, compared, and evaluated in»Sections 3, 4 and S.respectively.

‘ A éeneral summafy'of the findings of this réport is provided ini..‘

“Section 6.



2. RAILROAD SITES FOR SUNYAB TESTS

The State University of New York at Buffalo (SUNYAB) conducted field
tests on operating track utilizing the single léteral 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,.B)
I1linois Central Gulf (ICG) site near Kénkakee, Illinois,'éndla) the
- Deparfment 6f Transpofﬁafion Facility forzAccelerated Sérviée Testing
(FAST) near Pueblo, Colorado. The pertinent track -and test conditions are
éummarized in Tables 2.1 and 2.2, respectively. The objective ofvfhese-
field tests Qas to investigate the changes in the physical state of various
ballaét 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 ballaét compactors available in North Ameficaa Thé
CNR pfogram-mainly reliedlqn lateral tie push tests as a measﬁré of effec-
tivéness.» In July, 1976, with the'cooberatioh of .CNR, the bailast compac-
tion study group at SUNYAB participated in the CNR field experiments,
evaluating thé laboratory-tested ballast dénsity apparatus and procedures,

and assessing the physical state changes in the ballast layer during

maintenance.



Table 2.1. Track Conditions for SUNYAB Test Sifes

Track ‘Maximum  Annual Type of Type of Ties
Railroad Classification .Speed Traffic Track Rail Type Dimensions Spacing
(mph) (MGT) .
CNR No. 2 mainline - - Tangent 78 ft wood (il1) - 19% in.
station yard bolted :
Southern - - - 20 to Tangent 132 RE wood 8.6 ft.
30 CWR length 20 in.
1C6 Freight
Class #5 50 - 23 Tangent 132 RE woad (oak) 7 in. x 9 1in. 20 to 22 in.
CWR old & new x 8.4 ft.
FAST Test Track 48 135 to Tangent 136 RE wood (oék) 7 in. x 9 in. 19% in.
' 150 ' Bolted new x 8.5 ft -

-



Table 2.2. Test Conditions for SUNYAB.Tesf Sites

Railroad Test State Ballast Type Height of Compactor Average No. of Ballast Physical State Teats
Tamping Vibration D ) P
Raise (in.) Time (sec) BDT PLY LTET
Under Center Under Center
_ Rail of Track Rail of Track
CNR Before Tamping . Nickel Slag ) T4 - -= R -
Tamped Only 1-1/2 v 2 - .-’ -- -
Tamped-Compacted 3 to 4 4 - -- -- : --
g (A1l In-Crib Only)
Southern  Tamped Only . Crushed Granite -- - 4 - -— - _—
Tamped-Compacted -- . 4 - : - - -
(A1l In-Crib Only)
1CG Tamped Only Limestone and  -- . : 8 4 10 4 -8
. » Steel Slag
Tamped-Compacted . ) . 3-1/2 8 4 10 4 10
Tamped .
Plus 5 MGT . 1 to 1-1/2 16 8 6 . 5 21
Traffic (Half of Tests In-Crib; Half of Tests Under Tie)
FAST After Track a) Crushed Gramite

Construction;

b) Crushed Limestone ) 8 - 4 - - -

Before Traffic c) ershed Traprock

135 MGT
Tamped Onlj

0.1 MNGT

‘Only b) & ¢) .8 4 12 o 4 5
" ' RN 8 4 12 4 5

2 (¢) - ' -
" ) : 8 4 12 4 5

(Half of Tests In-Crib; Half of Tests iUnder Tie)
(Total Number of Tests for Each Ballast Type)

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



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,°f which was compacted. A total of'tea in-situ
density measureﬁents were made before tamping, after tamping, and after
- compaction, using a pfeliminary version of the ballast density apparatus.
Measurements were conducted in the cribs, both iaside and outside the rail.
In addition to the ih-situ density meaSurements, measurements were made
 of m01sture content, gradation, and reference denSity. - .. |

The ballast at the test 81te was a nickel slag supplied by a mill at .
Sudbury, Untario (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 beed completely touled ty 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_frdm 5.5 to 35.7%. The mdisture 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 typieal index'properties of the nickel
‘ ballast as deterﬁinedvbthaskin 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 Systém (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
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Table 2.3. Index PfopertieS‘of Nickel Slag Ballast ét CNR Site (Ref. 2)

Shape " Angular
‘Nominal Size, I V2
inches ‘ S
Uniformity - 8.1
- Coefficient, Cu ‘
Concavity L 2.5
Coefficient, Cc -
Unified Soil A G
Classification
) Specific Gravity:
' Bulk - 3.40
- o Apparent - 3.42

Absorption (%) - 0.25
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VOMBOOR). The detailed results ofitheir tests are reported in Ref. 3. In
1976, the SR lensed a Tamper compactor for use in track maintenance on a 20
to 30 annual MGT mainline . With the cooperation of the SR, SUNYAB had
é chance to cundUc£ field tests during their maintenance work.on the
mainline on August 26 to 27, 1976, in Rockfish, Virginia, near Lynchburg.
The track was a single line of continnous'welded rail (CWR) supported

on crushed granite ballast. The ballast anpeared to be quite uniformly
graded, witn liitié variation in.its‘grédétion qver'ﬁhe entire test~section
(Fig. 2.2). The USCS classification indicates the ballast as GP.

'A total of eight density measurements were pefformed in the crib. The
test section was divided into tamped and tamped-compacted zones. Four
tests were done in each test znne, using the improved version of ballast

density apparatus. Also measured were in-situ ballast density, moisture

content, gradation, void ratio, and féfe:encevdensity.
2.3 ILLINOIS CENTRAL GULF RAILROAD

As a part of the major track rehabilitation program (Refs. 4, 5), the -
I1linois Central Gulf conductéd extenéive ballast undercutting and clean-
ing work on!about 200vmil¢s of its mainline.track between Effingham, I11-
inois, and Chicago,'during the period of June.to mid-November; 1976. The ‘
main objective of the work was to improve the existing ballast layer thaf

.had been fouled over an unknown periocd of time. | |
SUNYAB undertook two series of field tests to determine changes in

the physical state of the ballast layer with the maintenance procedurés,

10
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and with traffic as weli. The testing program consisted of in-situ ballast
density, plate load resistance, and lateral tie push tests. The tests were
conducted on the northbound line of the double track mainline connecting
Chicago, Memphis, ana New Orleans, located between Chebénse and Clifton,
I1linois, about 20 miles south of Kankakee.

The first series of tests was conducted in November, 1976 6n a tangent
séction‘of track. The track at the test site is an FRA class 5 track. The:
. maximum train'speed fhat 1CG impoéed on the track was 50 mnh (80'km/hrj |
‘for freight trains, and 79 mph- (126 km/hr) for passenger'tfains. The
average traffic denéi@y was reportedly 23 MGT per year.

The track was constructed of 132 RE continuously welded rail (CWR)
reéting upon hardwood ties spaced from 20 to 22 in. (0.51 to 0.56 m) apart.
fhe average tie dimensions were approximayely 8 7/8‘by 6 7/8 by 101 1/4 in.
long (0.23 ny 0.17 by 2.57 m). The shoulder(width'was épproximately 12 in. -
'(0.31 m) and the siope about 1:3 (vertical: horizontal)o. |

The track maintenance opérations performed‘prior to testing consisted
of: - 1) replacing deteriorated ties, 2) undercutting gnd cléaning ballast
to a depth of 10 t0“12 in. (0.25:t0 0.31 m) underneath the tie, 3) rebal-
lasting with steel slag, 4) tamping, lining, and leveling the track,. 5)
Filling the cribs and sweeping4and éhaping the shouldep with a ballast
regulator,. and finally, 6) crib and shoulder nompactionw The last opera-.
tion was accomplished with a Plasser;and Theurer 800 VDM.COmpgctor with
a 3 1/2 sec. vibration time.

The effecté of erib and énoulder compaction on the ballast physinal

state were investigated by dividing 300 ft (91.4 m) of track into four

12
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equal test sections. Two sections, which included all track maintenance
operations, were termed the tamped-compacted (TC) sections. The remaining
two sections, which did not include the crib and shoulder compaction, were
termed the tamped-uncompacted (TU) sections. A total of 24 dehsity teste,
28 plate load tests, and 20 tie push tests were perFormed.

The ballast layer exlstlng before the malntenance was reportedly

in poor condltlon due to Foullng that had taken place over many -years.

: The thlckness of the fouled ballast layer befo;e thelmaintenance was pe-

-

portedly about 12 to 15 in. (0.31 to 0.37 m), below the tie bottom. During
the maintenance, the upper 10 to 12 in. (0.25 to 0.31 m) layer was under-
cdt, and the cleaned bellaet was redeposited onto the track between rails,

mostly in the center area, after screening. The bottom 2 to 3 in. (511to

76 mm) layer of fouled ballast remained untouched.

To. supplement the loss of ballast and to accomodate track raise, new'
ballast was brought in and spread over the old cleaned ballast, mainly
along the rails and the shoulder area.

The old existing ballast was limestene, fer‘which the origin and

,supplier were not known. It was rather subangular, and appeared to be

relatively hard. The freshly undercut'and'cieaned ballast was unifaormly
graded and was similar to the AREA Noira'gradatien, eecording to the sieve

analysis results obtained in the density samples (Fig. 2.3).

The new ballast was blast furnace slag, which was supplied by tbe u.s.
Steel Co. plant at Gary, Indiana. The new ballast was felatively round-
-shaped, and uniformly graded. The maximum particle eize was 3 in. (76 mm)

.and the distribution appeared to fit the AREA No. 3 or No. 24 gradation

13
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(Fig. 2.3). However, the qualfty of the new ballast appeared to be so poor
that severe breakdown or degradation was already noticed, even during
maintenance, especially during cempaction.

Figure 2.4 shows the two different ballast types. The chafacteristics
of the old and new ballast were so different that special testing and care
were necessary for proper evaluation of phy31cal state of the ballast.

In June, 1977, the second series of tests was done after seven months
to evaluate the effects of - trafflc on the phy31cal state of ballast, and

the long-term effects of the malntenance operatlon. The'track, when
revisited for the second series of tests, did not look in good condition,
considering the fact that it was subjected to only a short period of
traffic, i.e., about:seven months slnce major maintenance. The whole

track appeared to have experienced diffetential Settlement,‘and at several.
spots in the vicinity of the test section the track seemed to he out of
level. A number -of ties were loosened from their Fastening, or damaged or
.skewed. The tie spacing'Was also quite irregular; therefore, the amount of
the ballast in the crlb varled,

The ballast layer v1sually appeared to be qu1te dense. No significant
fouling was noticed at the top surface of the ballast layer, ‘except a very
. slight amount of coal partlcles that existed. However, it was later‘re-

,v‘vealed dqring excavation of the density holes that the sebgrade layer
formed water pockets at several spots in the test section, and the infil-
tration of wet fine silty materials‘into the ballast from the subgrade

was occurring.

15



Left: New Ballast (Blast Furnace Slag)

Right: 014 Ballast (Limeétone)

Figure 2.4. Two Different Types of Ballasts at the ICG Test Site
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The degreé of such fouling varied from one spot to another, but more
fouling appeared in the center of the track where the limestone ballast was
concentrated, and less around the rails where the slag ballast predominated.
It is not known whether'thé degree of fouling is related to the typé of
Ballast. However, the fact that limestone bailast particles tend to absorb
and hqld more moisture at the particle sufface than slag particles may
partially acbount for the difference.

A'testing prqgram»identicéi fo thg'First-éeries was repeated at the
éame téét locétion. Four test sections were again invoived duriﬁg the
second series. One each was from the previously tamped-oniy aﬁd.tamped-
compacted sections,_ The 6ther two test sectioﬁs were. located further
~ north, about 300 ft away from the sections previously tested. 'These two
sections were also tangent sections, about 66 ft (20 m) long each, which
“had been subjectedrto tamping and ballast compaction éfter the'ballast

cleaning, but which remained intact during the initial test series. The
Avreasoh for éelecting these other two sections was to eliminate any possible
effects of track disturbance caused during‘the initial tests.

The original objectiQe of this second test series was to investigate
the effects of tfaffic on the bailést physical staté‘for thg TC and TU
sections. ~Acé§rding fb'localAICG'track offiéials, tpack ﬁaintenance
- operations were apparently cqnductéd earlier in March or April at the
test site. The first was a track smoothing operation which consisted-
'ofltamping, lining, and leveling the track with a 1 to l-l/2 in. (25.5 |

to 38.1 mm) raise. This was followed by a ballast requlator which was

17



used to transfer shoulder ballast to the crib area outside of the rails.
The shoulder was thus changed from 1:3 to 1:2 and a definite deficiency
of crib ballast betwean the rails.still existed.

The occurrence of this frack smoothing operation would.prohibif any
possible determination of the:long term effects f;om crib and shoulder
compactionn Based upon the annual traffic density and the eiapsed time
from the tamping operation in March or April-uﬁtil the June tests, 5 MGT of
agcuﬁula?edttraffic was estimated (Ref. 6). Becaase the tamping bperationr.
occurred,>the second test series will be treated as a TU condition with

[

the application of 5 MGT of traffic.

2.4 FACILITY FOR ACCELERATED SERVICE TESTING

In conjunction with the ballast and subgrade instrumentation program
(Ref. 7), an eyaluationAwas made qf the physical state of the ballaat at
-the Departmant of Transportation FAST track near Pueblo, Colorado. The
first series of tests was conducted in September, 1976, immediately after
" construction and before any traffic, to establish thelinitial track con-
dition. The aecond sefies of tests was made in November, 1977, after the
FAsT track had been subjected to 134.6 MGT of traffic and various amounts
of track maintenance work, to assess the effects of accumulated traffic -
and maintenance procedures involved.

The tests throughout all the series consisted af in—situ_ballast
density, ballast moisture content, ballast sieve analysis, void ratio

determination, and reference density, as at the previous sites. During
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the supplemental series (after 134.6 MGT), one of the ties in each section
used for the ballast density tests was removed and the ballast inspected
for evaluation of ballast degradation and particle migration across the
tie. In addition, plate load tests and latérél tie push tests were per-
formed during the supplemental tests. | ]

Three test sections‘of tangent frack with different ballast types were
involved during the_first series of testing. Theseuincluded granite (sebtion
lBA);vlimeStone (séction 20B), and tfaprpck (section 20G, formerly édEz).

A total of 36 tests were performed on 3 differeht ballast types, with 12
tests for each ballast type. In each test section containing dne type of‘
ballast, 2 ties were removed for the density tests. At each tie,-meésure—'
ments were made both under tﬁe ties and in the crib areas. -

. The track étrﬁcture‘was identical.%or the three ballésf types. The '
shoulder slope and width remained relatively constént at 1:2 and 12 in:
(0.31 m), respectively. The ballasf qépth'was épproximately 15 in.. (0.38 m).
The rail consisted of 136 RE jointed rail.in 39 ft (11.9 m) lengths.
The ties were ﬁardwood with ave?age dimensions of 6 7/8 in. (0.15 m) by
8-7/8 in. (b.23 m) by 101-1/2 in. (2.58 m) with én average tie spacing of
19-1/2 in. (0.50 m); Thus,‘the variables most likely'torinfluence the test
results far a given'traffic condition‘are'béllést.tyhe,vgradatioh{ and |
angularity. v | |

The ballasts in the three test seétions_were uniformly gréded and -
angular. They had similar grain size distributions, which were AREA No.

>4'(Fig.‘2°5), although the traprock ballast particles were slightly
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laiger, Flakier and sharper-edged than the limestone and granite particles.
Téble 2.4 describes the index properties of the ballast, as reported in
Ref. 8, and gives the source of the ballasts.

" The objective of the supplemental tests in November, 1977 was £o
evaluate the effects of different ballast types and traffic conditioﬁs with
the ballast physical cltate tests. The three different track conditions
whiéhgexisted for both limeétone and Eraprbck ballast test éections were:
1) undisturbed (UU) with 134.6 MGT of traffic since construction, 2)

- after maintenance tamping (ij.and'3) after an additioﬁal O.IIMGTvbf'
tfaffic (AT). Thus, a total of 72 density tests, 96 plate logd tests, and
30 lateral tie push’tésts were performed (Table 2.2). A tamping operation
was bel%eved to.have been performed at approximately 16 MGT . However,
adequate documentation was not available for confirmation.' The value of

134.6. MGT of traffic for the UU condition will be uéedvfor comparisons in

this report, since the observed trends are not expected to be significantly

af fected.

fhe track haintenance operation consisted of tamping, lining, and
leveling with a Can?on.electromatié torsion beam tamper, model Mark I.- The
limestone received al in. (25 mm) raise, and the traprock a 2 in. (51 mm)
raise. All cribs were full prior to tamping; héwever, after tamping a
ballast deficiency‘approximately equal to the héigﬁt of track raise existed
ih the cribs. No additional maintenance operations followed the tamping.

The AT condition was achieved by the applicafion of O;l‘MGT of traffic
to the TU condition. A work train was utilized to accumulate‘the required

tonnage by passing aover the test sections at ldw speeds.
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Table 2.4. Index Properties of the FAST Ballasts (Ref. 8)

Section

Ballast Type’

Source
Particle
Index

_ Flakiness
‘Index

Soundness

Los Angeies
abrasion

Bulk Gs

Crushing
va lue

Crushed
granite

Cheyenne,
Wyo.
14,2
20.8
0.77
18.8

2.67

18.4

208

Crushed
limestone

McCook, Ill.

12.2

11.9

25.7

2.65

19.3

22

206

Traprock
(Crushed basalt)

Reading, Pa.

16.4

$22.7

0.55

13.2

2.94

-13.1



At the start of the supplemental tests, i.e., after accumulation of
134.6 MGT traffic, the test sections involved visually appeared to be in
good shape as far as track geometry is concerned, .in spite of having been
subjected to a traffic level equivalent ta about 5 to 10 yeers in‘normal
revenue service track. The ballast layer after the traffic was quite
densely compacted bath under the ties and inAthe-crib. Some degree of
ballast_degradetion by traffic was. also evident, especially in the crib
areas. . The tie epaciné was rather iiregelar at the beginning of the tests;l
and some ties wefe’noticeably skewed. 'The ballast degradation obeerved in
the crib areas was apparently due to such tie movement caused by traffic.

. During the second series of tests, ballast‘fouling“appeared in some
' cases at about‘a to 6 in..(102 to 152 mm) below the bottom ef the ties.
Probably, fine particles degraded from the ballast and.migrated downward.
In the case of the limestone ballast, the fine particle size varied>
' widely from powdery fines to fine gravel-size chips, while the traprock
section showed mostly chip-size particlesa The Finee in the'limestone
ballast layers were often well-packed into the voids arocund large ballast
particles. |

As expected, the tamping operation after fhe Second series of tests
appeared to have greatly:disturbed and loosehed the ballast pécking'in
the crib areas. However, interestingly enough, the degree of disturbance
of the ballast layer under the ties appeared to be minimal, especially in
the limestone section. It appeared that the whole column of ballast

layer beneath the ties arbund the rail areas was raised during tampihg
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operations Qithout disturbing the ballast structure. The center portion
of ballast under the tie apparently remained unchanged, therefore creating
a well-defined flat void under the tie in the center, as shown in Fig. 2.6.
The gap betweén the tie bottom and fhe flat ballast surface in the center
is about equal to the 1 in. (25 mm) raise during the tamping.

The above observation was not so apparent in the case of the traprdck
section where approkima:;ly a 2 in. (51 mm) raise was used. This is probably
due to a lesser degree oﬁ interlockihg ahq flakier bailast ﬁarticles, along

with the higher raise of tamping.
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3. IN-SITU BALLAST DENSITY TEST

Railroad ballast is a select granular material placed between the
subgrade and the track structure, where it plays important roles in the
overall track performance. Ballast behavior is significantly influenced ;y
its in-situ physical gtate,'in addition to its index properties such as
’ partiple size, shape, and angularity. ‘However, the understanding of-
ballast perFormance in the track éndrfheveffect ﬁn ballést;behavior of such
factors as mechanical tamping and traffic is severely limited‘af the
present time by the lack of information on the in-situ-physical state of
ballast. One important measurement of physical state is density. How-
ever, suitable techniques for ballast density measurement are not avail-
'able, chiefly because of the characteristics of this maéerial.

Typically; good ballast iS'noncohésive, granular materiai, the size of
coarse aggregate, usually with relatively uniform gradation. trUshed
granite,‘traprock, limestone, and slag are the most commonly used ballast
materials in the United States. Although the pafticle size varies with
different specifications, it generally falls within the range of 1/4 in. to
3-in. (6 to 76 mm). For these materials, existing standard field methods .
of density measurement,‘sucﬁ as rubber balloon, sand cone, nuclear, oil
replacemeht, block or cylinder sample, and various solidification methods
are unsuitabie, because these methods either cannot be used or are in-

adequate in precision and accuracy. A preliminary laboratory evaluation
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was made of potentially suitable methods of density measurement to assess
them further and to determine those features that might be adaptable for
use with ballast (Ref 9). An approach employlng water replacement in a
lined hole was then selected for extensive evaluation. Based on the
laboratory tests, a new apparatus was devised for measurement of ballast
density, and test procedures were developed.

A series of Flel; tests was subsequently conducted to evaluate the
-fleld appllcatlon of test apparatus and procedures, after the laboratory
tests had successfullyVdemonstrated the validity of the measurement
_concepts and the suitability of the test techniques. In-situ ballast
density was measured to assess the ballast physioal state under a variety
of track conditions at four different test_sites. |

Section 3»briefly discusses the development of the test apparatus and
test proceduree and presents therresults of the field measurements of
'in-situ ballast oeneity. The ballast density measurements are then evalu-
ated in Section 3.2 to present an overall picture'of ballast physical statei

and its changes with different track conditions. The effects of tamping,

ballast compaction, and traffic were of particular interest.
3.1 SUNYAB Ballast Density Test

‘Ballast Density Apparatus. While the concept employed in'thia

study for the measurement of in-situ ballast density remained the same
throughout -the research, the design of the apparatus as well as the

measuring techniques underwent several changes and modifications.
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Figure 3.1 shows the preliminary version of the apparatus which was
used in the earlier stage of laboratory and field evaluation (Refs. 9, 10).
It consisted of a surface ring and a subport base plate. The surface ring
is the major constitﬁent of ballast density measurement apbaratus, which
.serves as a guide for excavating the sample hole in the ballast and as
lateral support for the upper portion of the membrane when water is placed
in the lined hole.

The measurement tééhnique using this prelihinary ballést density device
is iliustrated schematically iﬁ Fig. 3.2. It is basically defermination‘of
the volume of sample removed by replacing water in the membrane-lined sample
hole. Two different devices were used. One was a circular fing, 8 in. (203
mm) in diameter (Fig. 3.la), and the other was an oval‘ring, 8 in. (203 mm)
wide and 16 in. (406 mm) long (Fig. 3.1b). The height of both devices was
1-1/2 in. (38 mm).and the width was limited to 10 in. (254 mm) to permit
tests within the width of a tybical railroad'tie-bearing area. T[he oval
‘ring, having a larger cross-section area for the same width,.was designed to
provide a larger sample size than the circular one within the width con-
straint given.' The-lining used with this preliminary device was a vefy thin
flexible plastiblmemprane; |

' .After a seriés of laboratory‘tests which demonstrated the validity of
the concepts and the potential of the techniques utilized (Ref. 9), the pre-
liminary>ballast density apparatus was evaluated for the field application.
In July, 1976, with the cooperafion of the Canadian National Railways (CNR) 4
the first in-situ ballast density tests.were pepforméd on one of the CNR
mail line tracks;_ Details of these tests are described in Ref. 10 and will

be summarized in the subsequent section.
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Based on the initial field evaluation at the CNR site, the densify
device was completely redesigned to improve its pérformance (Ref. 11). The
hole Séction'areaé'remained absut the same, but the ring height'was in-
‘creased substantiallyito 6 in. (152 mm) to provide sufficient water pressUre
to yield better conformatioﬁ of the lining membrane to the ballast surface
inside the measuring ring. The plastic Membrahé was aiso replaced with ah'
extremely expandabfé latex rubber sheet of very high’qua}ity. A point gage
was added to meaSuré the distance from the:tob su:Facé'of thé'riné_tq the’
water sqnface;inside the measuring rihg t0'§roviae a more accurate determi-
nétion of the volume of water in the hole. Figure 3.3 illustrates the
schematic of the newly improved ballast density apparatus,'and_Fig; 3.4
shows the apparatus in operation. |

The newly designed apparatus was further evaluated in the subsequent
series of fiela tests at other railroad sites, including the Southern
Railway System (Ref. 10), the I1linois Central Gulf Railroad (Ref. 12, 13),
and the FAST track at the U.S. DOT Transportation Test Center in Pueblo,

Colorado (Ref. 14, 15). In the course of this field work, which will be
discussed later, the cépability andbadequacy o% the field test apparatus
-have been well demonstfated, while fhe test.procedures'werevcontinuously
refined for fasfer operatioh and mofevaccuréte measurement .
FurtHer imprﬁ?ements included use of.plaster of paris to stabilize
the loose ballast particles at the surface and to form a stable base for
supporting the density ring, and replacement of a water measuring device.
Application of a plaster of paris layer on the ballast surface was particu-

larly successful in-stabilizing loose ballast particles at the surface
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around the hole and providing a smooth area and shape for the ring deQice.
Plastic templates with the same section area and shape as the density ring
were used to Formithe desired shape of the plaster of paris layer. Use of
the electrical water-volume measuring‘device, equipped with pumps fdr
mechanical water supply and return, made the tests much easier and faster.
This was alsec used as an immersion container for laboratory measurement of
the displaced volume of éolid ballast particles used in the void ratio
determihation. | o |

- Reference 16 describes details of the finalAdesign of. the ballast density
apparatus that had gone through such modifications and réfinemenfs° Recom-
ménded test procedures using this final dénsity apparatus for in-situ

ballast density and void ratio determination (Ref. 11) are also described.

Reference Density Apparatus. ©Development of the-reference density
apparatué~was driginéted from the laboratory éample‘preparation techniques
which were used to create duplicate density states duriné ballast density
apparatus.evaluation. In the course of a series of laboratory studies to
develop a reliable sample preparation method suitablé for ballast materials
and reproducible in'a widé fange of density states (Ref. 9), an approach of
‘relating ballasf density to compactive effort was applied to establish a
reference.density that could be used in asséssing the émount'of ballast
compaction achie?ed in-the field during traék construction and maintenance:
operations.

The approach, used in the\study and subsequently applied very success-
fully ih the field experiments, was éo caiculate the ultimate density by
- extrapolation baséd on the assumption fhat the denéity—compactive effort

curve has a hyperbolic shape as illustrated in Fig. 3.5.
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'Reference 16 describes details of the design of thé ballast reference
density test apparatus and procedures used throughout the field experiment.
CNR Tests. Table 3.1 lists a summary of the in-situ density test
results. Reference 10 describes details of the test procedures used and
the test results obtained. It is shown in the table that the in-situ
ymeaéurement results Qf the CNR site were reasonably repeatable within the’
same track conditions. No-appreciable difference was noticed in-thedcrib
denéities between the inside and the oﬁts}de of the_rail.and between.the
_:éircdlar and dval rings. | |
Even though the small amount of data limits the certainty of various

- observations, the results indicate that the tamping operation may have

slightly loosened the undisturbed ballast, but the crib compaction produced

a density significantly greater than that of the undisturbed ballast (Fig.
.3.6). It may sound surprising that the compactor-inducéd density exceeded ‘
”“that of the undistgrbed-tfack which has been long subjected to traffic. But
| it should be realized that the traffic-induced compaction is most likely to

concentrate beneath ties, whereas these measurements were all in the crib.

| The gradgﬁion characteristics of the déﬁsity>samples also féveal some
interestiﬁg‘facts. ‘Thé ballast from the undisturbed zone possessed aA
uniforﬁ gap gradation witﬁ an average of 15.5% finer than the No. 4 sieve.

However, the gradation of the samples from the tamped zoné fepreséhted a

more well-graded situation, witﬁ a general reduction to 13.5% of percent

of partiéles finer than the No. 4 sieve. Such losses of finer partiéles

in fhe ballast layér is presumably due to particle éegregatioh and migra-

tion of finer particleé down toward the subgrade layer during tampiné,

especially-with vibration.
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Table 3.1. Summary of CNR Tést Results

.. . * A
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 ‘ , kkk

Before 2 1.64 15.5 143.6 0.6 . 0.49 0.0 93.9 - -
Tamping : .

After B ' . . )

Tamping 2 0.63 13.5 143.1 0.3 0.50 0.02 93.5 0.2
After o _

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, Gy = 3.43

k%

*k%k

Note:

Ultiméte.Referenqe Density for Crushed Nickel Slag Ballast = 153.0 pcf

Reference Density Test on the Mixed Sample

Reference Density Test Determined From Water ReplaCement'Method
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The average of 18.6% finer than the No. 4 sieve for the compacted
ballast samples was significantly increased over that for both the un-
disturbed and tamped zones, indicating that a considerable amount of
particle degradation or further mingling of ballast and subgrade materials
might have occurred during the éempaction process. |
. The moisture contents also showed similar trends to the above, which

is another iédicator of changes in the amount of fiher particles, the major

source of moisture retention, in the ballast layer;

~ Southern Railweys Tests. fable 3.2 lists a sﬁmmary of the test
results obtained at the SR site. Details of the data can be found in Ref.
7 10. It isvshown in the table that the results are very closely repeated
for the tests under similar conditions, Further confirming the success of
the density measuring methods and precedures used in the study. It‘is
evident that the circular and the oval ring worked equally well, and
the size”of samples appears to be sufficient for the agqregate sizes Qf
ballast material.

In general, the SR results confirmed vafious observations made for the

CNR teets, such as density increase with cdmpaction and particle degrada-
tioﬁ aecompanying compaction. However, one of the interesting observations
in the SR ‘data is the significant difference in ballast densities between
the inside and outside of the rail (Fig. 3.7). This difference is greatly
enhanced by compaction. The average dry density in the crib outside the
rail was increased by about 30 pef (0.48 Mg/m3) with compaction
of the tamped‘track, while there was oply 2.7 pcf (0.04 Mg/mz) increase

on the inside of the rail.
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Table 3.2. Summary of Southern Railways Test Results

oy

Track Sample No. of Average Dry Density Void Ratio ‘Percent

Condition Location Tests % Finer (pef) (e) Compaction
Than 1" Mean Range Mean Range Mean Range
Outside C : : *
Rail 2 . 20.3 109.9 4.3 0.59 0.06 103.5 4.0
After Inside : -
Tamping 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
Outside E ‘ ' _ I
Rail 2 26.2 140.3 1.0 ° 0.23 - 0.05 .133.7. 1.0
After Inside o _ kx
Compaction 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

B

%% Ultimate Reference Density for Tamped and Compacted Zone Sample of Crushed Granite = 104.9 pcf
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ICG Initial Tests. Table'3.3 lists a summary of the test results

bbtained at the ICG site during the first series (initial tests). The
measured in-situ ballast density varied significantly not only along the
tie, but within the same test condition as well, due to different mixtures
of ballasts: The scatter was sufficient, especiaily in the crib and at the
center under the tie, so that no apparent trend is readily noticeable
between different test conditions. HoweQer,'thé data still feveal‘some '
intefesting facts (Fig. 3;8);' | |

o The densities measuréd under tie where the oid, but cleanéd,'ballasf
was the main constituent élearly show density indrease Ffom tamping. In
all cases,.the ballast under the tié around the rail where tamping occurred
-was about 12 pef (0.2 Mg/m3) denser than in the cénter,under the tie where
the ballast was loosely deposited from the cleaning operation. ‘

B In the'ﬁrfb,'the density Valdes are quite sééttered.‘ fhere is also a
‘significant difference between the outside énd the inside of the rail, |
whiéh can be explained by the material difference, i.e., the more the old
‘ballast, the higher the measured density. That is theé reason why the
crib density at the center is much higher than ﬁear the rail. As to the
effect of compaction, there agaiﬁ»exists some évidence of density increase
around the raii due to compaction. The density at.tﬁe center portion of the
trabk is higher'in the crib than underkthe fie.

To eiiminate.the'effects of having a ﬁixture of two different typés df
ballast, two correction approaches were taken based on the percentage |
mixture of the two.ballasts. One adjusts the specific gfaVity to-a common
value, and fhe other useé the referente_density determined with the correct

mixture of the ballasts. Details of these procedures are discussed in Ref. 12.
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Table 3.3. Summary of Ballast Density MeaSurements at ICG During Initial Tests

Track - Sampling No. of Avérage Measured Dry Corrected*dry Void Ratio Percent ok
Condicion Location Tests - Mixture, % Density (pef) Density (pcf) ) Compaction
‘ 0l1d 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 Center .2 100 - 9.2 0.2 9.2 0.2 0.60 -  96.2 0.2
Only T . :
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 ~-8.6 0.8 8.9 1.3 077 - 849 1.3
Outside . 2 15.5 84.5 80 1.6 9.3 5.7 0.76 - 96.4 5.5
Tamping '
Crib Inside . 2 45.5 54.5 B5.2 4.6 96.5 1.8  0.76 - 95.6 2.0
and: : ’ / . :
Center 2 100 - 91.4 1.4 91.4 - ‘1.4  0.69 - 91.4 1.4
Compacted - = - s
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
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Table 3.3 also listé the densities corrected using fhe above pro-
cedures and the reference density for each sample interpolated from the
linear relationship between the reference density and the mixture ratio.
Also‘included is the percent computed from the prorated reference density
based on the mix ratio.

Figures 3.9 anq 3.10 show the results after the correction.. Obviously,
such correction did.;ot change the distribution of the density under the
tie, since the ballast under the tie was mostly the old ballast;'However,
significant changes were obtéiﬁéd‘in fhe.cpib density from the correction,.
as expecfed. The. amount of scatter remained about the same. However, the
trend shown by the corrected density became more reasonable, thaf is no
gignificant difference in the crib density along the tie.

Unfortunately, the effects of tamping and compaction did nqt become-
more evident than before cofrection, which illustrates that the scatter was
not only from the vafiation of the material types existing ét the site, but
also from the variation of the thsicél states from one sampling hole to
another. The latter could be quite well expected, considering the nature
of the maintenance involved, especially the way of removing and redeposit-

ing the ballast during undercutting and ballast cleaning..

ICG Follow-up Tests. Table 3.4 listsAthe corresponding measuremepts
obtained during the follow—ﬁp tests. Detailed data can be found in Ref.
13; Figure 3.11 shows the corrected ballast density obtained during the
follow-up tests. » ‘

The measured densities under the tie apparently show that the sections
initially tamped and compacted (Sections 1, 5, and 6) achieved higher
denéities than the tamped-only section after traffic (Section 2). The
difference is significant in the center of the tie and in the inside of

the rail and appears to diminish in the outside of the rail.
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Tab]e 3.4;' Summéry of Ballast Density Measurements During Follow-up Tests at ICG Site

Track Sampling . No. of Average ** Measured Dry Corrected Dry*  Void Ratio Percent ***
Condition Location Tests Mixture % Density (pcf) Density (pcf) (e) . . Compaction,
- . . 01ld New Mean Range Mean Range Mean Range Mean Range

Ballast  Ballast

Outside 1 9 91 80.2 - 97.3 - 0.76 - 97.1 ., -

Crib Inside . ; = 12 . 88 83.0 - . 102.1 - 0.68 - 102.2 -
Tamping ‘ ‘Center 1 75 25 . 102.1 - 107.5 - 0.54 - 106.6 -
Only o= - -
o Outside 1 35 65 98.5 - 115.4 - 0.47 - 114.6 -
Under - ' : . . :
Tie Inside 1 - 47 53 97.3 - 111.5 -~ - 0.52 - 110.5 -
Center 1 66 3% 904 - 1006 - 0.6 -~  99.6 -
_ Outside 3 9.3 90.7 81.2 6.0  99.2 6.7 0.72 0.12  99.2 6.7
Tamping ' S : : - , :
Crib Inside 3 38 62 91.1 12.3  103;9 2.3 0.63 0.08 103.1 2.3
and - ' ' ‘ .
Center 3 . 83 17 ©103.4 1.9 107.9 4.3  0.53 0.04 107.2 3.7
Compacted — . -
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 densities also show the same trend, but the difference is not as
significant as under the tie. However, it is not so clear at this moment
whether such differences are due to different initial conditions,.because
there is an unconfirmed feport indicating that at least a portion of the
test section was tamped sometime betweeh the initial maintenance in 1976
and the follow-up tests in 1977.

In any event, the density distribution after traffic was generally
similar to thatvobserved,before,traffiq. Ballast density under the tievwas
'still highér around the rail thanvin tﬁe center of the tie, énd the reverse
trend was observed in the crib. The density under the tie was about 20 to
-25 pcf (0.3 to 0.4 Mg/mj) denser than in the crib around the rail, but
about the same in the center.

Interestingly, the measured denéity is shown‘increasing from outside
to inside of rail, both under the tie and in the crib. This may result
' frém the fact that the ballast particles outside the rail ‘do not have the
confinement needed for compaction under traffic. The particles in this
zone might just have flowed laterally toward the shoulder during vibrations
and loading imposedvby traffic.

Figure 3.12 shows the variation of the average corrected density when
it is assumed that thé average of Sections‘l? 5, and 6 représents the initial
frack condition of tamped-compécted, and Section 2 fhe tamped-only condition.
Even though the average values aré not of statistical significance due to
the few data points, they still show density differences between the sections
assumed initially tamped-only, and tamped-compacted. The differences are
quite significant (about 10 pcf or 0.16 Mg/m?) inside the rail and in the
center under tie, but not much (abduf 3 pcf or 0.05 Mg/m’) outside of thé

rail. The crib densities are about the same between the two different
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Figure 3.12. Average Corrected Ballast Density Measured during
Follow-up Tests for Different Initial Conditions

at the ICG Site
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initial track conditions, but the tamped-compacted section shows slightly
higher density than the tamped-uncompacted section.

Figures 3.13 and 3.14, show the results in terms of the void ratio and
percent compaction; respectively. .The same general trénds are indicated by
these:methads of representation as by density, but without the influence of

particle specific gravity,

FAST Initial'Testé. Table 3.5 lists a summary of in-situ ballast
density measurémenté‘obtained after famping'during.construction. Density
" was measured both under the tie aﬁd in the crib,-at locations inside the
rail, outside the rail, and at the center of the tie. The tie locations
were distributed over the test section involved.so that representative
sampling could be obtained. Details at test locatiéns, test procedures,
and test results as well are described in Ref. 14.

Figure 3.15 shows the éhanges of the average ballast density along the
tie for different ballast types. It is shown that the distributions in the
three ballasts were very caonsistent. The crib density was relatively
uniform across the section. The density under the tie was almost the same
inside and outside of the rail. The lowest density was in the centef under
the tie, the highest density was in the témped.zone beneath the tie, and -
the density in the crib lay between thesé-two values in each baliast
section. The difference in density Qnder the tie between the center énd
the tamped zone was about 11 to 15 pcf (0.18 to 0.24 Mg/m})° The above
observations generally confirm the previous experience at ICG.

The differences in the magnitude of density among the three ballasts,

shown in Fig. 3.15, it is at least partly a function of particle gradation
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Figufe 3.13. Average Void Ratio Obtained during Follow-up Tests
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53



' AVERAGE PERCENT COMPACTION

140

130

120}

[0

90

100

- ‘CL~_
| // A \5§~§~- .
7 - __Z=® UNDER TE
TC 7 -7 -
I CRB
- ¢
| | i
I -
— —
{ ! : ]
CENTER INSIDE - OUTSIDE

LOCATION OF MEASUREMENT

Figure 3.14. Average Percent Compaction Obtained during Folldw—up
: Tests for Different Initial Conditions at the ICG Site

54



99

Table 3.5. ‘Summary of In-Situ Ballast Density Measurement at FAST'During Initial TeSts,A

e

. Section Ballast- Sample No. of Measured Dry Void Ratio Percent
No. Type Location Tests Density (pcf) (e) ‘ Compaction -
: . Mean Range Mean Range Mean Range

Outside 2 99.2 9.5 0.69 0.15 97.2 -
184 Granite. Crib  Inside 2 101.3 0.8 0.64 0.02 $9.2 -~
Center 2 101 4.6 0.67 0.11 98.6 -
Outside 2 107.7 4.5 0.59 . 0.08 105.5 -
Under 5
Tie  Inside 2 105.1 1.4 .0.62 0.03 102.9 -
' Center 2 9.1 8.4 0.77 0.25 92,2 -~
Outside 2 101.8 4.8 0.69 0.08 98.6 -
208 Lime-  Crib  Inside 2 106.3 2.4 0.60 0.04 102.9 -
stone : o .
Center 2 104.9 -7.3  0.62 0.09 101.5 -
Outside 2 112.9 10.4 0.53 0.13 109.3 -
Under T
Tie  Inside . 2 112.5 " 7.0 0.51  0.10 108.9 -
Center 2 - 98.0 - 0.76 - 9%.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  97.6 -
Outside 2 118.7 6.6 0.53  0.09 107.6 -~
Under )
Tie Inside 2 117.9 7.4 0.55. 0,12 106.9 -

Center 2 104.0 0.7 0.77 0.0 '94.3 -




AVERAGE BALLAST DENSITY ,"PCF

140

130

120

110

00

o)
o

80 |

. TRAPROCK | |
 LIMESTONE .\*;,.__.__"_g-----m

UNDER TIE

CRIB

- ¢ .
\ P «—:_:_\,- - —_
| L : ]
CENTER INSIDE OUTSIDE

LOCATION OF MEASUREMENT |

Figure 3.15. Variation of Ballast Density Along the Tie for Dif-
ferent Ballast Types, Initial Tests at FAST

56



and specific gravity. The.effect of these parameters is shown removed in
Fig. 3.16, which plots the results in terms of void ratio and percent
compaction.

- FAST Supplemental Tests. Table 3.6 summarizes the results obtained

during the supplemental tests at FAST. Details of test results are des-
cribed in Ref.<15. - |

Figures 3.17 to 3.19 illustrate thexdistributions oF the average ballast
l den31ty in the cr1b and under the t1e for the two different ballast sec-
tions. The dens1ty dlstrlbutlon along the tie after 134. 6 MGT of traffic
(fig; 3.17) showed, in general, very similar trends to those observed
previously at FAST and ICG .as well;yi.e., the higher under-tie density in
the rail area than in the center, and about the same crib densities'along-
the tie. However, the magnitude of the denslty differences between in‘the
.raillarea and .in center, and between in the crib -and under the tie were
reduced. In fact, in the case of the limestone section, the in-situ
ballastldensity throughout the section appeared to be very uniform regard-
less of location. in the crib or under the tie.

As expected tamping showed'the most significant effects in the crib
around the rall where the 1nsertlon of tamplng feet occurred (Flg. 3. 18)
-lhe density decrease was very 31gnlflcant in the llmestone, about 16 pcf
(0.26 Mg/m ) decrease From after trafflc, and moderate in the traprock,
about 3.5 pcf (0.06 Mg/mj) decrease. Tamping caused little change in
both the crib density and the under-tie density in the center of the tie.
Tamping caused a consideraole scatter in density distributions from one
spot to another in the traprock section. For unknown reasons, the ballast
density was consistently lower inside the rail than outside the rail for

" both the crib and under-tie densities.
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Table 3.6a.

Supplemental Tests in Section 20B at FAST

Summary of In-Situ Ballast Density Measurement During

Track Sample No. of Measured Dry Void Ratio Percent *
Conditions Locations Tests  Density (pef) (e) 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 ‘ S
(uu) 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 o . . '
Tie  Inside 2 112.4 5.0 0.52 ~ 0.06 108.8 =~ -
Center 2 106.4 4.7 0.1  0.06 103.0 =

* Ultimate Reference Density for Limestone (LS) = 103.3 pcf Determined from Water
Method (Ref. 9)

59

Replacemeht



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 (pef) (e) . Compaction
Mean Range Mean Range Mean Range

Outside - .2 . 117.3  8.11 0.60 0.16 106.3 -
After Crib  Inside = 2 119.2 7.9  0.53  0.16 108.0 -
134.6 MGT
() : 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) . :
Center 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) Outside 2 124.7 10.5 0.48 0.12 113.1 -
Under .
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 Replacement
Method (Ref. 9) . :
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The effect of additionél 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 ballast samp;es.obtained throughout a}l-ﬁhe tests at
FAST. For each ballast, éverage gradaﬁion at different track locatioﬁs,
i.e., under the tie and in the crib, and in the rail area and in the center
of the tfack, aré shown for the four different track conditions tested. .

Regardless of ballast tYpe, it is Shown:that the ballast gfadation
under thé tie did not change at all with different track conditions, i.e.,
- from the time of inifiél construction to 134.6 MGT and again to.tamping;_
However, the ballast gradation.in the crib is shown to have changed, but
not‘significantly. A

In the rail area, both sections showed almost the same ballast_gfadé-
tions in the crib and under.tie after the initial tamping and after 134.6
MGT. However, with the tahping operation performed during the supplemental
- tests, the limestoneﬁsection seéms to have lost some FineAparticles in the
crib area due to downward migration, while the traprock section lost a lot.
The under-tiebéradation‘remained about the same in both séctionso

In the center of the track, both sections had about the same gradation
in the crib and under the ﬁie after the initial tamping; however, more

, , )

-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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Figure 3.20. Changes in Ballast Gradation with Track Conditions, Under the
Tie in the Center of Track, Limestome Section, FAST
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- 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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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 anut the same
between in the crib and under the tie, and before and after the tampiﬁg

performed during the supplemental tests.

3.2 ASSESSMENT

In the preceding sections, in-situ ballast density measurements at

. different test sites have been presented aiong with description-of~thé test
apparatus and procedures used, test background, and fiéld conditions. This
section summarizes the results to present}aspeéts of ballast physical state
based on the ballast density measuréments.

Throughout the study, four Eypical track conditions were tested. They
are 1) after initiai tampihg during new construction or complete ballast
undercutting, 2) after compaction-immediately following tamping, 3) after
accumulation of traffic, and 4) after maintenance tamping. For eaph‘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 ballasf physical state aof imporfant.
track parameters such as ballast type, tamping, ballast cbmpactian, and
traffic. | |

Initial Tambiqg. 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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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, w;th the magnitude being slightly lower in the péil area than in
the center. For the séme track condition, thé Ballast density under the
tie varied significantly along the tie, and it was much denser in the rail
area thaﬁ in the center. 4
In the center, the under-tie density and.the crib density were about

the same, but in the rail areé 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/m3) higher' at

" FAST, and 9 to 12 pef (0.14 to 0.19 Mg/m3) at ICG. The above density differ-

ence in the rail area where the tamping opefation is concentrated illus-

trates an impoffant aspect of ballast densification during tamping. When
the baliast‘layér is initially very loose as in a ﬁewly constructed or
compietely underéut track, ballast densification may very well aoccur from
particle vibrations imposed by.the vibrating tamping feet, along with the
coﬁfinement provided by the tie bottom and the squeeziﬁg 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

ballastVCompaction 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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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 éf the measurements obtained from the tamped-only (TU) and
the tamped and compacted (TC) conditions generally indicate ballast density
increasés in Eﬁe ballast layer, as expected. But the magnitude of such
incréases difFeped from location to location in the ballast layef. Obvi-
ously, the ballast dénsity increase due to crib and shouldep compaction was
concentrated in the crib where the baliast compactiaon occurrqd. 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 tle,
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»meaéurements at ICG seem~tb,indicate.thatvthe
density increaée due to ballast compacfion 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

77



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 differéd among different sites, presumable due to different track
conditions and compactidn procedures. There was about a 2% increase over
the density achieved after tamping at the CNR site, and about 4% and i7% at
the ICG and SR sites, respectively.

Figure 3.28b shéws geheralized.ballast'density distribution along thé
‘tie after crib’ and shoulder compéctioﬁ. Since thenballast deﬁsity increase
is mainly concentrated in the rail area in the crib; ballast dénsity distri-
butions bésically similar to those after tamping are expected. However,
the amount of scatter in the measured ballast density from one tié to
another appeared to be'quite reduced, compared to the TU conditions. As
Hardy (Ref. 19) aéserted from a series of field_tests at a Canadian Northern
line, the uniformity of baliast density distributién along the-érack could
be one of the important factors contributing to the track perfofmance; ‘

Compared to the density obtained after traffic, the magnitude of
ballast density increaée from baliast~compaction appears to be signi.-f'icant°
_ Howeyef, it is questionable that the same degree.of track stability restor-
. ation will bé achieved dﬁ:ing éompaction. 7

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, ioé., during the first 134.6 MGT
after initial constrﬁction and tamping,. and during an additional 0.1 MGT
after maintenance gémping. Even though the data do not provide sufficient

information on the exact patterns of compaction growth for different
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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 signifiéant
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 denée.prior to traffic. The change in

‘the crib was intermediate, and was about the same along theltie,

The basic pattern of ballast density state along the tie did not alter -

with traffic (Fig. 3.28¢). The under-tie densify 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 uhder 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 5.6 pef (0.1 Mg/m3) was noticed in
the crib density after traffic at the ICG site. Presumébly, with lack of
éonfinement, ballast particles in- the crib‘and outside the rail could |
easily have flowed toward the shoulder duriné vibration and_reﬁeated
.loading cycles imposed byytraffic,‘insteadrof being densified_in place.

The effect of the additional 0.1 MGT of traffic after maintenance
tamping is nat conclusive. The density change and ifs magnitude were quite
irregular, vérying with ballaét 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-fraffic, ballast will eventu-
ally be densified as shown after 134.6 MGT of traffic. There is nqt enoﬁgh
data at this. time to determine when and.how fast .the ballast compaction
increaées wifh traffic.

Maintenance Tamping. Effects of maintenance tamping on the ballast

A density change can also be examined from Fig. 3.30. Compared to the
' measureménts after traffic; fémbing on a tfack previousiy sub jected to
traffic is shown to have consistently loosened the ballast layér regardless
of the location of thé measurements. The density decrease was quite
significant in the rail area, almost totally eliminating the compaction
achievedAduring traffic after initial tamping. Even in the center where no
insertion of tampiﬁg feet was,made; the ballast density is shown to have
cdnsistentiy been reduced. Ffigure 3.28d illustrates schematicali& the
probable ballést density distributibn after maintenance tamping.

fhe amount of such density decreases due .to maintenancg tamping
appears to be dependent on varibus factors such as track conditions,
particularly ballast type and conditions. For example, less than 1%
density decrease from the undisturbed trapk condition was noticed at the
CNR site, while mdre than 14% decrease waé obsefvéd in ﬁhe limestone
section af FAST. In fact, the ballast densify 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 thaf the degraded- particles, soméetimes in powdery form,
genérally tend to form bondiﬁg between large ballast particles, therefore

leaving large voids intact after removal of tamping feet.
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Ballast Gradation Changes. Gradation change in the ballast layer also
illustrates another important aspect of ballast'physical state. Ballast
degnadation reflected by gradation changes could very well indicate,ballast
performance under different track conditions. Figure 3.3la shows variation
of percent Fiher than No. 4 sieve as presented in the ballast density
samples taken at the CNR site under different test conditioﬁs. It illus-
trates significant reduction of fines with tamping, and regaiping with
ballast compaction. |

Losé of fine particles iﬁ the ballast during tampingiis obviously due
to particle segregation aha downward migration 5f the: fines. The regain.of'
- fines with ballast compacéion was in this particulaf case mainiy due to
intermingling of ballast and subg:adé materiéls.‘ The loss of fines during
“tamping is directly related to the subsequent'moisture content decrease,
because the fines are the major source of water refention’in the ballast‘_

layer (Fig. 3.31b).
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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 resulte
are described in a.summary report by éanuccio’and Dorwart (Ref; 20) end,in'
individual‘field‘test-reports (Ref. 21, 22, and 23).
4.1 SUNYAB PLATE LOAD TEST |

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

The current PLT apparatus (Fig. 4.1) essentielly remained unchanged
from the original laboratory design. Detailed specifiéations 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
leete displacement. The key elemeﬁt deyeloped for the deformation system
is a elotted steel cylinder, termed the displacement reference block.
This block allows displacement measurements to be recorded directiy at the
centroidal axis of the plate. |

The basic field test erocedure 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
procedufe used is as follows: |
1. For tests on the tie bearing area, remove all the ballast in.
both adjacent cribs. Remave spikes, tie plates, and rail anchars,
andlthen carefully remove the test tie. For tests in the crib,
remove oniY'the spikes From"both adjacent ties.
2. Select the center of. spots to be tested in thé.crib and under the
fies; ﬁ
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 structuralrloaa frame on the rails in a position.
straddling the plate.
- 5. Insert the hydféulic‘load jéck assembly in the‘PLT frame over the
test plate;
6. Place the displacement reference block on the load bearing plate.
7. Set up thé-deformationvsupport 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 cyéles of plate lqading 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 inoading for each cycle. Mechanical
gages uséd to obt;in 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 continuously
record the load-displacement curves on the X-Y recorder.

The data reduction prdceés inyolved proportioning_the,loads_and
displécements FromAthe recorded field cﬁrves Qith knoWn-calibration sighals;
For the first cycle, loads were determined.at 0.1, 0.2, and 0.3 in. (2.5,
5.1, and 7.6-mm) Qeftical platg displacement. For all subsequent loading
cyclés, only Eeak load and the peak and rebound displacements were deter-
mined from«the cques.

The stréngfh 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 = g— . (4.1)
2. Modified ballast bearing index, By = -i— {4.2)
3. Average modified ballast bearing index =

‘ By (Bylgp * (Brdg g |

Average By = » (4.3)
4. Modified modulus of deformation,

Ep = =25 | 4 (4.4)

A A : o

P
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5. Modified resilient modulus,

P | ‘
Epp = —Po2K : - (4.5)
A(Ap-Ar)

6. Percent elastic recovéry,

(A-a) E : _
Ep = —E—T— x 100 = 7~ x 100 - (4.6)
By m |

The parameters are defined as:

P = load in 1b (N) at 0.1, 0.2, and 0.3 in. (2.5, 5.1 and 7.6 mm)
»displacemeht, A )
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 = peak plate load in 1lb (N)» . o

Ap = total deformation per cycle in inches (mm),
A, = rebound deformation during unloading in.inchés (mm).
The B and By values are computed for the first cycle only, while
Eh y Erm and Ep values are computed for all.cycles. Since the
'plate‘area is a constant, the B and Bk values
;ield'identical trends at a inen deformation level though the magnitude
- and uﬁ;té of values'are difFerent.- The éverage By valﬁe repfesénts-ah
average stiffness response bf thé entire load-displacement curve as
. determined by Wayne (Ref. 24). The Bic ‘at 0.3 in. (7.6 mm) displacement
and first cycie .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 averége By

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 Ep , Epp ,  and percenf Er were examined by
Panuccio and Dorwart (Ref. 20) for the ICG and FAST test series. These
indices were n9£ Foynd td be qséfui in‘esfablishing meaningful relation-
shipé and, thus, will not be discussed in thié report. |

I11inois Central Gulf. The first series of PLT's which occurred in

November 1976 was analyzed and dichssed by Panuccio (Ref. 21). A second
trip followed in Juné 1977 Fbr a continued study of the ICG track system.
Tﬁese results wére aﬁalyzed and discussed by Dorwart and Panuccio (ReF.ZZ)L
The track maintenance operations, tﬁé track loading history, and a descrip-
tion of fhe track system haye been summarized in Séction 2. However, some
further discussion 1is warranted at this point.v

The track’loading history after undercutting, tamping,4and crib and
shoulder compactioﬁ in November 1976 is assumed to have consisted of: 1)
approximately 9 MGT of traffic; 2) then a second tamping operation. (March
o:AApril,.l977), and 3) fiﬁéily; approximately 5 MGT more éf traffic (Refs.'~A
22 ahd 6). The trafficked ballast under the_rail for both thé crib and
under-t ie zones were probably disturbed by the second tamping operation:
The ballast stiffness in these zones at the fihe 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 5 MGT of the 14

accumulated MGT of traffic. However, this situation is not necessarily
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valid for the center of track. ANote 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
pufpose of convenience and consistency of data presentation, 5 MGT of
tra;fic will also be assumed for the center of track.

>Thé field load-displacement curVeé»are'represented by ballast bearing
index (B).as a function of displacement for uﬁder the rail (Fig. 4.2) and
.Center_of track (Fig.4.3). Each.individuéi'curvé is identified for the
under—tie and in-crib locations and for specific track maintenance opera-
tions and traffic loading. These averagé curves illustrate the general
diffefences in ballast behavior for the_giyen conditions for ICG. The
principal reasons for including these chves, however, are to illusﬁrate
the similarity in trends for the three displacement levels and to show the
general shape of the PLT'load-dispiacement relationship. ‘ ﬂ

fhe bailast>strength profilesv(Fig. 4.4) for tHe ICG frack 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 étiffness near the rail, bofH in the crib and under the tie
from thé‘tamped—only condition. .The ceﬁter of the track location both
under the tie and in the crib appears fo be Tlittle affeéted by the compac-
tion process, but is significantly affected by the application of traffic.
Traffic caQées inCreasés of 145 to 206% under the tie and in the crib,
respectively, at the center of track.

| The undgr—rail location 'increased in strength both with compaction and

traffic. The under-tie, tamped-only values increased 27% with compaction
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and 213% with 5 MGT of applied traffic when compared to the tamped-only
condition. Nﬁte that some of the B values at 5 MGT were estimated since
the ballast was extremely stiff and thérefore, the tests céuld not be
conducted to 0.2 in. (5.1 mm) deformation. The in-crib, tamped-only values
increased 93% with éompaction,'and 187% with 5 MGT of traffic.\

FAST Test. Dorwart and Panuccio (Ref. 23) analyzed the FAST plate
load tests which occurred iin 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 thevICG site. For both thevlimestone 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 andvafter 0.1 MGT of traffic (AT). The center of track B values are
not egpected to yield the same incréaseé 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 iﬁdicator of the changes in ballast physical state with various track -
conditioﬁs.

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 grester 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
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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. |

Thé under the rail locations for both under thé 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
.fraffic, and 276% with the application of 135 MGT of'traffic. The crib
strength.increésed 48% from the tamped-only conditiqn with the. application
6f 0.1 MGT of traffic and 115% With 135 MGT of traffic.

The traprock strengtﬁ (Fig. 496) increases with‘traffic, however, the
curves for Eoth under the tie and in the crib are markedly different from
tﬁe limestone curves. AExcept for the tamped-only condition, the under-rail
values both under the tie and in the crib are generally greater thaﬁ the
corresponding'center of track values For_traprock than for limestone.
Another notable feature for tfaprock is that the in-crib stfength éftef 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.éppears to rapidly
increase with applied traffic. The under-tie B values increase 100% from
'a famped condition with the application of 0.1 MGT of traffic, and 236%

_ with the application of 135 MGT. The in-crib values, as pré?iously inqi—
cated, increase after- the application of 0.1 MGT of traffic to values equal
to the undisturbed gdndition.

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) displa;ement 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 fiqure 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 indfcative of the traffic condition or
maintenance.- operation performed at the time‘oFAtesting. This point has
_ been emphasized for the 5 MGT condition at.ICG as well as for;the tamped-
.only_and d}l MGT- traffic conditions at FAST. The trends assoeiated fof the
center of traek values aee valid for each particular track eysten, however,
comparisons between track systems is not justified. Therefore, these®
results are not considefed in this summary.

The most pronounced feature displayed in‘Fig.'4.7;islthe increase in
the under-rail, under-tie B values with increasing traffic. The trends
in the crib are much less pronounced. The difference in Strengthfwith
ballast type under similar conditions is evident. The'limestonenafter
tanping has a slightly greater strength than traprock. However, the trap-
rock demonstfates a greater rate of strength inerease than limestone with
the application of Uel.MGT of traffic, both in the crib and under the tie.
For the undisturbed state at 135 MGT, tne limestone nas a significantly
gfeater:etrength than the traprock under the tie, but in the eeib the ~
strengths are nearly equal

A general comparison of the FAST and ICG sites for the tamped—only
condition 1ndlcates that the under-tie and 1n—cr1b strengths are 51m11ar in
magnitude for all ballast types. The slightly lower values at ICG may be

accounted for by the baliast 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 cqnsiderably 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 hight possibly be attrib-
uted to environmental influences in addition to applied train traffic.
Apparently the former is a mqre_significant‘factor}ét ICG théh_at the FAST
site. Note that the ICG strength at S;MGT of fraffic ié'alsovbetweeﬁ thex
FAST 0.1 and 135 MGT of traffic values. |

The amount ofAdata scatter is greatest after the condition of most
traffic. The PLT, however, appears to be a sensiﬁive test for an evalua-
tion of the changes assbciated with different ballast types, maintenance
operatiéns, and train traffic .conditons. Also, correlation of the underf,
rail values would provide -the most reiiable.trends.
4.2 PREVIOUS STUDIES

The in-situ plate load test (PLT) has previously received very little
attenfibn with respect to measuring the relative chénges'in the ballast
physicallstate, Peckover (Ref'° 26) of thé Canadian Nationél Railway (CNR)
and Prause (Ref. 27) are the 6nly known sources of repofted piate 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.v The.track consisted

of concrete ties whichvwere 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
vélues than SUNYAB's 5-in. (0.127-@)-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)-diametér plate was used for this
study and the test procedure was similar to SUNYAB's. The CNR tests had
:Ehe fdilbwing diffefences: . |

l. Instead of plaster of parié, the bearing plate was seated in pea

gravel having the same minérology andsparticle shape aé fhe'
in-situ ballast.

2. A 250 1b flllB_N) seating load was applied by a hydraulic‘jack,

~and this'load plus the associated deformation may 6r may not have
been includéd as part of the load-displacement resﬁlts.

3. The location of the measured plate displacement wés not reported.

These three Factors,hill each have saome effect upon the répdrted
results. First, Wayne'(ReF. 24) has determined that péa_gravel produces
'slightly lower plate resistance values than plaste£ of paris for thé loosé
ballast dénsity state. Second, if the seating lqad is'nof included, it
willAnot properly rgfléct the ballast behavior, éspecially For‘the loﬁse

density state results. As for the third factor, the displacement'measurihg

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. Nevertheleés, the test results obtained by Peckover
(Ref. 26) will presentiy 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 néw.slag ballast. Full
'crib_ballast‘conditions are assumed fo exist at the.time,qf testing. Thé_

' ballast‘gradations and particle shapes were not reported.

TheftraEk was tamped, leveled and lined, but the height of traék raise
was not specified. .This operation'wasvfollowed by crib and shoulder
" compaction in which both Matissa and Jackson bailast compactors were
‘used. A vibration time was not épecified for either machine. A third

compaction machine was also qsed, but was mounted'with shouldér vibration-
.plates only. The resuitslobtained with fhis third machine will nof be
discussed because of this difference;

A ballast undercutting operation was also performed with a;Kershaw‘
under-cutter. The in-situ ballast was removed and replaced at one test site
Qith 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‘ta ‘
be approximately 6 in. (0.15 m) below the base of the tie (Ref. 28). This
factor will be considered in the data analysiée' Sectionsiof both undércut
sites were compacted. Howevér, it is assumed that this traék First're»
‘ceived tamping, and passibly surfacing and lining, after reballaéting and

prior to compactiaon.
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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 repopted.

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 érib and under the ti@.
Since the tést locations afe ohly qualitatively knoWn, these locations will _
_be referred .to as uhder-the-rail. “For each track condition ihVestigated,
four plate ioad tests were conducted for each fest location. |

The average ballast bearing index values are graphically illustrated
in Fig; 4;83 for the various track conditions. Peckover indicates a large
variation in these test results. »the that the abscissa is not a defined
scale and is intended for poﬁparative purposes oniy. Also, thé'plate
resistanée values have apparently been gombined»for the two ballast compac-
tors and for the two ballast types tested for the undercutting opération.

- Figure 4.8a indicates that the tamped—anompacted condition (TU), which
includes surfacing and linihg, produces the lowest B values both in the
crib and under‘the tie for the crushéd rock ballast. These values are
approgimately.25~percent af the<respective undisturbed (UU).trackvcondition '
valhes.‘ With the applicétion of crib and éhdulder compactioﬁ to a tamped-
only/frack (TC_conditipn), the 'B values increase by a Faétor 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 feasons Fof such é remarkable increase cénnot 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 cohditibn. However, the in-crib
‘ vaIUES‘are a factor of 2 gréater. Since the results of the two ballast
types were combined for the undercutting operation, the differences in B
yalues with the TU conditiow may‘be attributed to differences.in particle
shape, in gradation,-ot in»ballast types. - With the data in the present
form, this sitdétion‘cannot_be_resolved.

‘ Wheﬁ crib and shoulder compaction is applied to the undercutTcondition,
the B valqesyincrease by a factor otvat ieast 2 for both Qnder-tie and
in-crib values. iTHe interesting feature for this condition is that the '
in-crib Valueg‘are.slightly'greater than the under-tie values. This opposes
the trends established For.the other track conditions and again, no apparent
_ explanatioh is available. In general, the Unaercut andicompactedAcondition
'yields B vglues comparable to_thé tamped—cdmpacted (TC) condition, and

foilowé a trend similar to the respettive tamped-only conditiona

A4.3 ESTIMATE OF COMPACTION EFFECT

| .Insﬁfficient quantities of under-rail platé load test data limits the
establishment of cléarly defined.plate resistanceitrends with track main-
tenance operationsiand train traffic loading. The'bnly availéble éource

of information to supplement SUNYAB's data wés suﬁplied\by Pecko&er (ReFi
26) for the CNR. This data is also limited by the lack of plate resistarice
values at intermédiate traffic levels for the tamped;uncompacted and

tamped—compécted conditions. Thus, the differenceé 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 compactien 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 evaluatiog;of the
abeolute magnitudes of plate resistance will be as reliable as any data
'normalizatiop techniques which may be attempted. Several data normaliza-
tion- approaches have been con31dered as possible methods of more adequately’
representlng the plate resistance trends. These w1ll 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
traih traffic on a tamped-only track which is initially offered by ballast
crib and shoulder compaction. Any attempt to define a feasonable MGT of
traffic which‘provides'a‘stable or "undisturbed " track condition will be a
'guess at best. Also, the amount of tfaffic 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 bearlng,lndex (B) values For SUNYAB's under-rall PLT data
at 0.3 in.‘(7.6 mm) displacement are illustrated in Fig. 4.8b along with
'CNR'e data 'in Fig. 4.8a. This Figure.displays two patticularly interesting
features. First for the undisturbed condition,(UU), the under-tie -and
in-crib B Qalues 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 fe 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-on;y

(condlflon, i.e., assumed tamped and p0381bly surfaced and llned, yields
under-tie B values comparable to the SUNYAB TU condition. . In general,

A thls letter factor indicates a reliable degree of reproduc1bllity for the
tamped-only condition for different ballast materials of different test;
progrems. 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-onlyucondition was appro#i—
meted 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-eompacted (TC) conditions for CNR aed
SUNYAB produced thé 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 cbmparison as it was for the TU to TC
comparison for the CNR datavsets}

Due to -the nature ef SUNYAB's daEe,.an apptoximate;equivelehf traffic
estimate'For the TC conditien can Be obtained. By combining the three

_ballast types tested, the TC conditionrunderfthe-raillis shown to be
somewhat in between the TU and 0.1 MGTvtrafFic condieions for' both under

~ the tie and in the crib. * If the relative chanée in B values for the FAST

limestone from the TU to 0.1 MGT traffic conditions pr both under the tie
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and in the crib is compared to the relétive 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 ofvany trafficked conditions {or'the CNR data prohibits such an

estimate, however, a 0.1 MGT value appears to be low.

' 4
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5.1 SUNYAB LATERAL'fIE PUSH ‘TEST

5. LATERAL TIE PUSH TEST

This chapter will briefly discuss SUNYAB's lateral tie push test field

-appafatus and test procedure. In order to evaluate the changes in the

‘ballast physical étate with track maintenance operations and traffic, the

lateral tie resistance at certain displacement leveIS'wéfe obtained from

- the recorded load-displacement curves. A summary of Epe genéral trends for

SUNYAB's field investigation are presented in the following sections.
Fupther details of theseiLTPT 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 7
and Dorwart (Ref. 20) provide additional details on the LTPT correlation.

The field LTPT's in this study are primarily an extensioﬁ and adapta-
tion of equipment'and‘procedﬂres established by €iolko's laboratory invest-
igation (Ref. 25). The test apparatus and procedures will be briefly
discussgd here inlorder.to familiarize the reader with SUNYAB's méﬁhod. A
thorough description and evaluation of Faétofs aFfectiﬁg’lateral tie
resistance are adeduately covered by Ciolko (ééf. 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 concentrétedlupoh increasing

the reaction load capacity -of tHe structural frame. Each iteration of

increasiﬁg 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 1lb (4.23, 8.9 and
44,5 KN),'respectively; were adequate. However, wifh the advantage of
increased Frameﬂstiffness, which subsequently increased the weight, the
advantages of lightness and portability had to be sacrificed}

The final design of the LTPT apparatus, whiéh includes the instrumen-
.tation package, is shown schematically in Fig. 5.1. Detailed specifi-
cations of the individual components of the'aﬁparatué can bé obtained from
Selig, et al. (Ref. 1). The key element illuétratea in Fig. 5.1, which was
é critical design feature throughout the evolqtion of the LTPT apparatus,
was the location of the load applying aﬁd measuring system af 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 farces 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 dgtailed test procedure associ-
afed with the.LTPf apparétus is also contained in Selig, et al. (&ef. 1).

. However, a brief desc;iﬁtién of the test procedures used is as follows:

1. Remove the spikes, tie plates, and rail anchofs.

2. Align the load frame over the centerline axis of the tie and
attach it to the‘rails.

3. Align and attach the deFormatiqn system to the tie.

4, Locate the load system at the centroidal axis of the tie.
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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. | B

6. ﬁeduce the load on the tie to zero.
7. Repeat.the procedure for a second cyclé.
. The total ti&é required per test was approximatélyAZO minutes.

Load-displacemént readingé were manually- recorded at the start of
displacement, at peak displacement, and after completevpnloéding (i.e.,
rebound) for each cycle. fhg‘instfﬁmentation package.is the séﬁe as thaf
used'for'the.plate load tests. |

The.data reduction proéess involved proportioning thelloads and
displacements from the recorded field -curves with'respect to known calibra-
tion signals. Each 1nd1v1dual test cycle curve was reduced to determlne
the load values at zero or initial static load (IsL), 0. 0393 0.0787,
»0.157, and 0.25 in. (l, 2, 4 and 6.35 mm) dlsplacement. Also computed was

a rebound deformation index,

A _A . ' -
T : :
E, == x 100, | SR
. P ‘
in which (E; = the amount 0F elastic recavery of the ‘tie expressed as a
'percent .and p and r = peak and rebound dlsplacements, respec-

tively. -The results obtalned on the ICG and FAST test 31tes will be
 discussed in the following sectlons.

Illinois Central Gulf Tests. For the initial series of tests at ICG,

" ten ties were selected for testing in the tamped-compacted (1C) 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, the important findings will be presented in this réport.

The average load-displacement curves for each loading gycle of the TU
and TC sections are illustrated in Fig. 5;23. The second cycle of the tie
loadgng involved reioading the tie after completipn of the first cycle.. An
important feature displayed in the curves is that»additional cycles of
loading produced essentially the same léteral resistance as the first cycle

for éacﬁvtest condition. This trend ié conéistent with‘test pesults
‘pbtaihed_py SUNYAB:staff>fpf‘the two fémaihiﬁg'field'stgdies (Refs. BO and -
31). Siﬁée‘the second éyclé lateral resistance does not provide much
additiohal information, the second cycle test will not be further elabor-
ated upon in this report.- |

The effect of crib and shoulder éompaction upon increasing the lateral
“tie rESistanée is clearly‘demOnstrated in fig.‘S,Za. The firét cycle loads
) Fof the TC section were consistently 26% greater than the first cycle loads
for the TU section at all dispiaceménﬁ»levels except the initial static
load. The initial static load values for TC aﬁd TU were comparable for
both cycles of loading. |

. Crib and shoulder cdmpaction appeared~to increase the percent elastic
recovefy (ér) slightly (Ref. 29). The percent E; also increased
'.slightly with incréasing cycles of ioading for bdtﬁ the TU énd'TC'cbndi—‘
tions. In general, the average E? values were within tﬁe range of
17 to 31 percent. | ‘ |

4 Twonrelationships Wereﬂfound nof to exist for either fest condition.
The load at 0.25 in. (6535 mm) displacement did not corfelnte_@ith percent.
E. far any cycle éf loading, and the initial static load (TSL), or lond

Yy Y

r

113



pLL

LATERAL TIE RESISTANCE (LB)

3000 1 A, — T Y ( 1 — " T T T
a) DIFFERENT TRACK , b) TAMPED ONLY WITH ‘
MAINTENANCE OPERATIONS . : =85 MGT TRAFFIC

2500 C - r

IR

i

2000} . - F B -

i

1500

TAMPED -

1000 ' COMPACTED \  ¢YCLE
| \_C
. . 'e; ]

2

1

500

TAMPED

D 1vM 2MMm aMm IMM 2MM
oL+ ¥ o 1 1 | ST n 1
0 005 Ol 0l5 02 025 0 005 Ol 0I5 02 025 030

DISPLACEMENT (IN.) -

Figure 5.2. LTPT Load-Displacement Curves for ICG Limestone and Steel Slag Ballast



at zero displacement, was not a function of the ballast-tie contact area.
For thg second test series at ICG, which is considered a tamped-uncompacted
condition with 5 MGT applied traffic, a total of 21 ties were tested.
Also, eleven of the ties Qere‘classified as old, and ten ties as new, based
upon visual inspection. |

The average first cycle load-displacement curves (Fig. 5.2b) illug;
’.trate the effects of tie age and traffic an latefal tie resistance. The
lateral resistance for old ties is generally~lz%‘g;eéterAthan for new figs
at all displacement ieve}s,'excépt zero. In this case, the initialﬁstati;
"load values wére approximately equal. A higher lateral resistance seemed
to be indicated for oider ties, but a greater amount of scatter existed for
the older ties than for the new ties at‘all displaéement levels.

| The general shape of the'aQerage ioad-displacement curves for the old

and newvties (Fig. 5.2b) is the same as those obtéined for the TC and TU
»conditions (Fig. 5.2a). However, the first cycle léteral resistance for.
boﬁh'the old and new ties, i.e., the TU condition with 5 MGT of tréffic,
is approximafely twice that obtained for the TU condition alone at all
displacment levelé except zero. |
‘ THe percent eiasfic recovery (Ep) is mﬁre consiétentvand slightly
greéter'for‘the old ties than for the new tiéS‘(ReF;'A). The average Ep .
values fo¥'all ﬁies werézgenerallyzwithin fhe range of 19 to 37% for S'MGT‘
of traffic;, These results are slightly greater than the E; valuesr |
obfained from the TUrcondition. | |

For the second test series, fhe load at 0.25 in. (6.35 mm) displace-
~ment did not correlate.witﬁ percenf Er . - Also, the lateral resistance
at all displacement levelé and pefcent Er" were not a function o% either

the base.area of the tie or the total ballast-tie contact area.
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FASf Tests. Lateral tie resistance was iﬁvestigated for three track
conditions: 1) 135 MGT applied traffic (UU) condition, 2) tamped only (TU
condition), and 3) 0.1 MGT applied traffic (AT'condition). Five lateral
tie push tests were petfofmed for eaqh ballast type at a given track
conditiqn. A detailed discussion of the lateral tie push tests at the FAST
track can be obtained from Dorwart and Panuccio (Ref. Bl)f The most 0
significant results are represented by fhe first cycle load-diéplacement
curves for the limestone (Fig. 5.3a) and tfaprdck (?ig. 5.3b). Thé change‘
in lateral tie resistance for the-variods.traffic*conditons is‘clearlyv“
illustrated. .

The data analysis for the FAST t;sts involved: 1) ébmparisons of
limestone ﬁq traprock for a particular track conditbn, and 25 comparisons
of different track conditions for a pafticular ballastv;ype. For each
comparison the percént lateral resistance change was determinedbat_the four
displécement levels:  0.0394, 0,0787, 0.157, and 0.25 in. (l; 2, 4 and 6.35
mm).. Relétivelyvconsistent percéntages were obtained for all four displace-.
ment levels. Thus, the four values were averéged in ﬁresenting the
general trends. The initial stétic load (ISL)_valueé, on‘the other hand,
did not demonstrate the same cbnsisﬁency,.so they will not be considered in
this diScussion,vother than‘to note that they-were_cbmbarable for both
ballast types (Fig. 5.3).° |

The tfabrock and limestone results are éomparedAin Fig. 5.3. The
first cycle’averagé loads were 15% greater Fof traprock thaﬁ for limestone
in ‘the TU cbndifion, but the traprock was 15% lower than the limestone for
the‘AT condition, and 6% lower for thé UU condition. The loads for the UU
condition are éomparable for both ballast types. Also, loads for the TU and

AT conditions are 25 and 38%, respectively, of the UU condition for lime-
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stone, and 30 and 35%, respectively, of the UU condition for traprock. For
both ballasts, the application of 0.1 MGT of traffic following the tamping
operation measurably increases the lateral tie resistance; Although
limestone has a slightly lower lateral resistance than traprock after
tamping, the limestone ballast attains a greater resistance at a more

rapid rate with the applicatlon of 0.1 MGT of traffic.

Generally, all first and second cycle percent elastic recovery (Er)
values for both ballast types were between 10 and 3 o for- the three differ-
ent_track conditions (Ref. 31). The second cycle Eri values were slightly
greater than the first cycle for each track condition. Traprock and lime-
stone yielded comparable yalues of Er . However, a definite relationship
of Ep with amount of'traffic could not'bekestablished.

No correlation existed between the first and second cycle peak loads
and the percent' Ep forveither-ballast type. Based upon the ICG find-

.ings, a relationship between load or percent Ep yand ballast—tie contact
area was not attenpted.

Summary. A sdmmary of the SUNYAB LTPT results for the ICG and FAST
sites is presented in Fig. 5.4. The tie type, dimensions,,and spacings, as
well as the amount of track raise for the tamping operation (TU condition)
were approx1mately equal for hoth sites. The deficiency of cribvballast
due to the tamping raise may, however, erhibit a slight influence on the
magnitudes of lateral tie resistance. Load values from 0.0394 to 0.25 in.
(1 to 6.35‘mm) displacenent levels consistently demonstrate the same percent. -
changes in tie resistance with different track maintenance operations and
train traffic. The average'load value at 2 mm displacement was chosen for

comparison, since that displacehent level best represents the general‘trends.
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In Fig. 5.4, with each average load value are the maximum and minimum
values, which are rough indicators of the amount of data scatter. The . .
scatter appears to increase with increasing train loading.

Several other results are evident in Fig. 5.4 with the most notable
being the large increase in lateral tie resistance with traffic for both
test sites. A similariﬁ; in tie resistance obtained by the tamping only
(TU) operation for the three ballast types can also be seen, and implies
- that the lateral tie resistance at ICG was not affected by the pre-tamping
track maintenance operations, such as undercutting. The value of tie
resistance after crib and shoulder compaction (TC) at the ICG site is shown
to be comparable to the 0.1 MGT of traffic condition at the FAST site, and
the 5 MGT tie resistance at ICG lies between the 0.1 and 135 MGT values at
the FAST site.

Generally,the LTPT appears to be sensitive to differences in ballast
types, tie condition, and track maintenance operations, and yields fairly
reproducible results considering the varied histories of each track system.
The correlation trends can most satisfactorily be developed by utilizing
the lateral-tie resistance at 0.0787 or 0.157 in. (2 or 4 mm) displacement
levels.

Several other indices compared for each test series with no signifi-
cant trends developing were percent elastic recovery, cycles of loading,
and ballast-tie contact area. The initial load (ISL) was also evaluated
and presently determined not to be useful as an indicator of the changes

in lateral tie resistance with traffic. e
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5.2 PREVIOUS STUDIES

United States. The only previous U. S. field lateral tie push (pull)

test results on individual ties were reported by Cunney, et al (Ref. 3)
~from ENSCO, which will herein be reFerred to as ENSCO. This testing was
carried out under Federal Railroad Administration sponsorship. The purpose
of this study was to utilize the LTPT as a meansJof evaluating.the ef fect
~of accelerated ballast consolidation on lateral track stability The
ballast cr1b and shoulder v1bratory compaction machine used was a Plasser-
: American CPM 800 owned by FRA |

The tests were conducted on the sites of five commercial railroads;
the Sauthern Railway Company, Boston and Maine Corporation, Penn Central
Transportation Company, St. Louis and Southwestern Railway Company, and
Missouri Pacific Railroad Company.‘ The test sites of these railroads
were in regionally different locations; however, the track structures wera-
"gimilar. The‘important track and test conditions were carefully documented
and are.presented in Tables 5.1 and 5.2 respectively.

In general, the ties were hardWood with average_dimensions of 7 in.
(0.178 m) by 8.5 in. (0.2.6 m) by 8.5 ft (2.59 m), With an average tie
.spacing of 20 in. (0.508 m). The ties were v1sually classified as old or
new. All. t1es, 1nclud1ng the old, are assumed to be in relat1vely good -
'condltion at the time of testlng, since each track is a freight line with a
hlgh operating speed and is heav1ly loaded yearly w1th a high MGT. The
average track raise was appr0x1mately 2 in. (51 mm). Either 3 or Slsecond
vibration time was used with the crib and shoulder compactor'For the
-selected test sections. The ballast type was primarily a crushed granite
except for Penn Central,'Which was a crushed limestone, and each ballast

was AREA gradation number 4. The cribs are assumed full, since a ballast_
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‘Ref. 34)

Table 5.1.
\
@ .
Track
Classifi-
- Railroad cation
United States
So-ut.hern' #l Freight
(Ref. 3) Class #5
Boston & Freight
Maine Class #4
(Ref. 3)
Penn Freight
Central Class #5
(Ref. 3)
St. Louis & Freight
Southwestern Class #35
(Ref. 3)
Missouri- Freight
Pacific Class #4
(Ref. 3)
Penn Freight
Centra Class fi4
(Ref. 3)
Southern Freight
#2 cl YA
(ReE, 3, 32) ass
Foreign
C.N.R. -
(Ref. 33)
Austria.
(Wesel) 1st order

LTPT Track Conditions For A1l Railroads

60

50

70

70

50

50

60

%10+
20%

Annual
Traffic
(MGT)

25

19

40

41

18

15

4%

~8%%

. Ballast
Tics Tvpe
Type Dimensious Spacing (AREA Cradatiom)
New ) “Crustied
(1973) 7 in. x 8 in. x 8.5 ft 20 in. Granite
Oak ‘ ' (44)
01d
& New 7 in. 8 in. x 8.5 ft 21 in. Crushed
(1972) Granite
Hard (#4)
Wood
01d
(1966) 7 in. 9 in. x 8.5 ft 20 ine Cruslied
New Limestone
(1973) (#4)
01d
. New 7-in. 9 in. x 9.0 ft 20 in. Crushed
(1973) . Granite
. (#4)
New
(1973) 7 in. 9 in. x 8.5 ftr 19.5 in, Crushed
Oak Granite
: - (#4)
Yellow
Pine 6 in. 8 in. x 8.5 ft 21 in- Crushed
. Granite
with
0ld Fines
New 7 in. x 8 in. x 8.5 ft 20 in, .
(1974) Crushed
Oak Granite
(#a) -
Wood 6 in. 8 in. x 7.75 ft - Crushed
7 in. 9 i{n. x 7.75 ft Stone
B-58
Concrete - - - - Gravel

+ Assumed

* Estimated baseo upon 1.2 MGT/I1 lonth
** Estimated based upon 1.3 MGT/2 Months
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Table 5.2. LTPT Test Conditions For A1l Railroads

Railroad

United States

Southern
#1
(Ref. 3)

Boston &
Maine
(Ref. 3)

Penn
Central
(Ref. 3)

St. Louis &
Southwestern
(Ref. 3)

Missouri-
Pacific |
(Ref. 3)

Penn,
Central
(Ref. 3)

Southern
#2
(Ref. 3, 32)

Foreign

C.N.R. .
(Ref. 33)

Austria
(Wesel)
(Ref. 34)

Date

Tesced

‘ July,

Aug. .
1973

Aug. ,
Sept.
1973

Aug.
1973

Nov.
1973

Dec. .
1973,
Jan.
16874

Oct.
1973

June~
Aug.
1974

July—+
Aug.
1974

Nov.
1971

0, 0.5,
1.7

g, 0.75,
2.0

9,.0.75,

Undisturbed

0.932, 9.065,
" 0.16, 0.26,

0.68, 0.71,

.1.62, 1.68

9, 0.3,
0.6, 1.2,
Undisturbed

0.01,

0. 045,
0.09. 1.3,
Undisturbed

Type Track
Degree, )
Super ¢levat ton,

Tangent
Curved X
.(2.2', 5 in.)

Tangent
Curved
(1°.35',
1 in.)
Curved
(2*,- 1-5/8 in.)

Curved
(0° 30',
0.25 in.)
Tangent

Tangent

Type
Rail

CWR
132

CUR
112

Bolted
- 132 .

CWR

140

CWR
112

CWR

Curved
(- =)

.Tangent

Tangent

Tangent

Tangent

123

119

CWR
140

CWR
132

132

110

Compactor
Tamping Vibration
Raise Time No. Ties
(tn) (Sce) Tested
2+3 .5 20/Section
1+ 2 3 20/Section
2 5 20/Section
3
1.5 5 20/Section
2+3 3 20/Section -
- - 2
3 16/Section

2+3

20/Track Condition

20/Section
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sweeping operation was pefformed prior‘to.crib and shoulder compaction.
The dimensions of shoulder width and shoulder slope were not reported for
any of the sites.

-A section of track at each site was divided into éour test sections.
Two sections were tamped—only and the remaining two sections were témped
followed by crib and shoulder compaction. Ties were tested in tangent
" track at each site and on curved track at fouf of fhé sites. For the test
sites with both»track géometpies, a tamped-only and a tamped-compaéteﬁ tést
section wefe‘proVidgd. The LTPT-Qas'perfofmed-on 26 tiés“in éach test
section after £he initial track maintenance operations<and éfter selected
intervals of applied train traffic. |

Two different types of field apparatus were reported to have been ﬁsed
in the ENSéO étudy to measure lateral tie fgsiétanqé. The initial tests
for éll five railroédé used the.equipmenf schematicaily illustrated in Fig.
~ 5.5. Load and displacement level were recorded manually F;om pressure gage
and dial indicétor readings. The tests were apparently performed at a
- constant but ndt necessarily a consistent deformation rate. .Penn Centfal
later used ENSCO's syétem, whicﬁ included slight modifiéations? in order to
obtain accurate values of lateral tie resistance for -an undisturbed track
condition. Hoﬁever, tests“wére.performed only on two ties. fhereforé, |
A fhey will not be coﬁéidered further. | |

Southern Railway also fabricated a tie pull test apparatus (Fig.
5.6)'with the intent of subplementing the data obtained from ENSCO's
initial tést series. This apparatus is dis;inctly differént-frbm ENSCU'S
_earlier version in that the load applying system is locgted parallel
_td the top of the tie and not‘a ta 5 in. (D.i to 0.13 m) above the top of

the tie. Also, a continuous load-displacement record for each test
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- HYDRAULIC JACK

PRESSURE GAGE

CTION RAIL

/.

TRIPOD WITH DIAL GAGE

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

125



19

PULL CHAIN

7‘9 “

HYDRAULIC JACK

: / 1
] .

{ )
1
T T ' N — ‘
L Opomiec ot =t " ‘ '
AR - = 1
H
I
= 7
: ' HEIGHT .
REACTION ‘
ADJUSTMENT -
C = ~'L . \ o
RAIL ——— o] == b T T
% <~ i 0,

Figure 5.6. Lateral Tie Pull Test Apparatus Used by
Southern #2 (Ref‘. 32)
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was obtained with electronic transducers being used in conjunction with
mechanical gages. Tnis is a significant improvement in field data recording
techniques, since the previous method is quite susceptible to'errors. These
errors might include synchronized recording of the load and displacement
readings, insufficient resolution of gages, and difficulty in identifying
the intercept of the load-displacement curves. For these reasons, the test
results obtained with thlS apparatus w1ll be discussed separately and
.treated as Southern set number 2. The 1n1t1al tests conducted by ENSCU on
the Southern line w1ll thus be defined as Southern set number 1.

Southern also tested different ties at each increment of traffic,'
whereas the initial ENSCO test series apparently retested the same ties.
The differences in lateral tie'resistance of old and new ties with track
maintenance practices and subsequent traffic.was an additional feature
' conSidered by Soutnern'testdnumber 2.

ENSCO (Ref. 3) tabuiated lateral-tie'resistance values at 0.0787 and
0.157 in. (2 and 4 mm).dispiacement levels Fortthe initial test series.

The data was subdivided according to tamped-only and tamped-compacted-
conditions, type of track, and amount of appiied traftic to the test,
section on each of ‘the five oarticipating railroads. included were four
"representative"_values.of‘tie resistance:forAthe tuenty ties tested oer‘
section.‘.A iargeidegree of scatter was‘contained within these four values.
TheseA"representative" values were averaged and are listed in Aopendix B of
‘Ref. 20;‘ Some of the load values at 0.157 in. (4 mm) displacement were

noted to have been obtained by extrapolation.
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Also; ENSCO included a statistical analysis of the the laferal tie
resistance data on the tangent_track of Southern test number 1 and on the
Boston and Maine test. Values from 9 to 20 new ties were used to compute
an average value. This data apparently .originated from the same data as
the "repreéentative" valuesvpreviously discussed for the.initial test
series. Thus, the stétistical da;; is expected to yield a more realistic
sestimate of the actual averége lateral tie'resistance than the average qf
the ﬁreprésentafive" yaiués. _Botﬁ data sets for the two failrdadé are _.
: cbmparéd:ianig; 5.7. The statistiéal data averagé is generélly 80 1b (356
N) less at 0.0787 in; (i mm) and 170 1lb (757 N).less at 0.157 in. (4 mm)
displacement than the‘#representative" average valpes. Since—the'statis-.

tical data encomﬁasses a larger set of tié resistance Values, only this
dété will be utilized for the Southefn test nuhbef 1, and fop Boston and
Maiﬁe railroad;

Two additional points.6F ENSCO's initiél test series for the five‘
participating railroads néed tb be elaborated upoﬁ._ Fifst, ENSCO computed
~the average latéral tie resistance values fof the tamped-oniy and tamped-
' compacfed conditions at 0.0787 in. (2 mm) displacement and zero applied
traffic condition. Each average value was obtained by combining all the
'ofiginal test results from thg.tangent and-curved track tgst secﬁions for
ali five railroads. These average‘véiues, which should be the same as
statistical averéges, wefe slightiy lower thén the avefage computedw ”
from the-"represehtati?e" test values. It was previously indicated that
the Southern test number 1 and the.Boston and Maine "representative"
averages were slightly higher than their respective statistical averages.
However, the difference.in the "representative'" and statistiéal averages

for these two data sets is greater than the difference for all the five
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Figure 5.7. Comparison of Statistical and Representative Average LTPT Results on U.S.
Tangent Track for Different Track Conditioms



railroads combined. This implies that the "representative" average values
for the three remaining railroads are probably much closer to their respec-
tive statistical averages than the Southern test number 1 and the Boston
and Maine data. Thus, the Penn Central, St. Louis and Southwestern, and
Missouri Pacific "representative" average values are probably realistic
estimates of each of these railroad's average lateral tie resistances at
0.0787 in. (2 mm) displacement and zero MGT traffic condition. The "rep-
resentative" average values at 0.157 in. (4 mm) displacement and other
trafficked conditions on tangent and curved track data will have'to be
assumed as realistic averages.

The second point to be considered is tie age, which is only a subjec-
tive interpretation of the tie condition. ENSCO states that the LTPT
statistical data on Southern number 1 was for new ties only in new ballast.
These values were low compared to the other results. However, with the
exception of Penn Central, and Boston and Maine, all LTPT's apparently
were performed on new ties, i.e., 1 to 1-1/2 year age in service, and
yielded comparable values. Also, ENSCO does not quantitatively differen-
tiate between the old and new tie lateral resistances. _Thus, for the
initial test series, all data will bé considered without distinguishing
initial tie age.

The lateral tie resistances at 0.157 in. (4 mm) displacement will be
presented, since Panuccio and Dorwart (Ref. 20) have shown the values at
0.0787 in. (2 mm) exhibit similar trends.

The changes in lateral tie resistance at 0.157 in. (4 mm) displacement
from a tamped and uncompacted state are illustrated in Fig. 5.8a for tangent
track and in Fig. 5.8b for curved track. In general, tie resistance

increases with applied traffic for both types of track. However, large
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differences in values are evident for the similar track structures. Penn
Central tests were noted to have been performed on a mixture oF-old and new
ties in a’crusﬁed limestone trackbed. These results are comparable fo those
of the other four railroads with new ties and a crushed granite ballasﬁ.
Also; the efféct of a reported>wet ballast condition existing on the sites
at l.7'MGT for Penn Central and_2 MGT for Missouri Pacific and St. Louis

and Southwestern does not appear to appreciably change the tie resistance

- trend with traffic.

’:A cohparison of lgtefal»tie résistanéeAvalues iﬁmediately after tamping
.demonstrates neariyvidentical resulfs for tangent and curved track.. Note
that ENSCO did not stipulate the direction in thch the ties were displaced
on the curves. The lateralvresistance trends with traffic on curved track
fall within the same ranges as those on tangent track.. The only significant
difference occurred on the curved track for-fhe Missoni PacificlRailroaq
which yielded some of thglhiéhest reported .values. The reported 5 in.
(0.127 m) superelevation on the Southern number 1 traékAwas_the greatest.
These results did not indicate that lateral‘resistance was higher on éufved.
track than on tangent track. Thus, considering the pfeseﬁt quantity 6f»_
data; it is inconclusive to state that curved track would yield higher
. lateral tie resistaﬁce than tangent track aftér.tamping and after applied
‘ train traffic. | | | ‘
The effect on lateral tie resistance of crib and shoulder compaction
.ifollowing the tamping operation is illﬁstféted iniFig. 5.9a for tangenf |
track and Fig. 5.9b for curved track.. In general, lateral resistanqe
increases up to approximately 1 MGT>6F traffic and then appears to level
off with increasing traffic loading. The observations stated for the

tamped-uncompacted condition are also present and consistent for the
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tamped-compacted, condition. The application of crib and shoulder compaction
to a tamped-only track initially increased the lateral resistance by 400 to
500 1b (1780 to 2225 N). This trend is consistent for both types of track.
The lateral resistances are generally the same order of magnitude for the
tamped-uncompacted and for the tamped-compacted conditions on both the
tangent and on curved track as 2 MGT traffic is approached. An éxception
is the Missouri Pacific data on curved track.
~>Southern Railway (Ref. 32) cdnductéd a,followub series of lateral tie:

pﬁsh>test3 to further verify the effects of crib énd shouldef compactioﬁ°
As previously mentioned, the apparatus and instrumentation package weré
more sophisticated than those utilized in fheAinitial test series. The
seéondlSouthern tests were performed on two sites with crushed granite
ballast. Lateral reistance was investigated for £angent track only.
However, the results with track maintenance operations and subsequent train
traffic were analyzed.separately for old and new ties.

| The increase in lateral tie resisténce at 0.157 in. (4 mm) displacement
with traffic is evident for both the tamped-uncompacted condition (Fig.5.10a)
and the tamped-compacted condition (Fig. 5.10b). Both track coﬁditions did
not héve tie resistance values exactly at zero MGT traffic, but were
reported for 0.032 and 0.065 MGT. Since these vaiues were close to zero
MGf, tﬁe initial vaiues for the tamped-uncompacted and tamped-compacted
conditions could reasonably be estimated by a linear extrapolation.,

Figure 5.10 clearly illustrates that old ties have a higher lateral
resistance than new ties. The result of the initial test series, that crib
and shoulder compaction following tamping increased lateral tie resistance,
was aiso obtained by Southern number 2. At approximafely 0.7 MGT of traffic,

Southern reported a high amount of rainfall on the two test sites. Thus,
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any influence of lubricating the ballast particles and subsequently reducing
the lateral resistance should haQe an apparent and most pronounced effect

at 0.7 MGT for both track conditions. However, this influence appears
relatively small since these test results follow the establishing trends.

Southern also performed 34 tests on an undisturbed track in order to
obtain a "stable" lateral tie resistance. This value is significantly
gieater than all the other reported results. A 20 MGT traffic condition
was assumed as a reasonable estimate of "applied train loading although the '
track classification wés not reﬁorted for this track. This is baséd upon a
yearly traffic of 10 to 20 MGT and one to two years from the previous
tamping operation. The'20 MGT value of lateral resistance in Fig. 5.10 is
an average for both TU and TC track conditions since, as will be shown
later in this report, the éffect-qf crib and shoulder compaction is not
Aexpected to remain after the amount of traffic.

A comparison of the Southern number 2 data with the general trends
obtained from ENSCO's initial test series reveals an exceptionally signifi-
cant finding. That is, the apparatus used on the Southern number 2 tests
. produced muéh lower lateral tie resistancé values. Since the track struc-
tures were similar for all the tests, the differences in results can
- most reasonably be accounted Forvby the difference in test apparatus and
method of recording the field data.

Non U.S. Railroads. Other railroads, especially European, have been

" concerned with the problém of lateral track stability as long as U.S.
railroads. European employing of the single lateral tie push teétlas a
means of evaluating the relative degree of track stability precedes usage
on U.S. railroads. This test apparently originated at‘the time that

ballast crib and shoulder compaction machines were introduced onto
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the European market. The tie push test was utilized in an attempt to 4uan-
tify the benefits obtained from ballast compactors, as a part of normal
track maintenanqe program. These benefits were inténded primarily as a)
the festoriﬁg of a portibn of the lateral track stability iost due to
ballast disturbance dﬁring the tamping, lining and leveling operation, and
'b) increasing the time between major track maiﬁtenance cycles. The only
advantage, which has been sébstantiated with experimental studies, is that
the.qpib‘énd shbuldef compactor used immediately after tamping prdducés a
highef lateral résistance of individual ties (Ref,lB&, 35, 36 and 3?).
However, only limited European dafa are available on the changes in tamped-
compacted and tamped-uncompacted conditions with train traffié.

The Austrian Wesel station tésts, which‘afe}repo;ted'by theﬁélasser
and’ Theurer testing division (Ref. 34) and also by Reissbergér {Ref. 35 and
36), provided the only usable Eﬁrdpean»information compatable with the
- objectives-of this study. However, the Wesel tests contain éeveralvparame;
- ters which were not investigated in the United States tests. The important
Factofs include: a) type B-58 concrete ties, b) heaped shoulder ballast,
-andAc) a gravel ballast which did nat have a specified shape or mineralogi-.
cal type. The amount of Frack raise during.tamping was not reported and it
is uncertain if. the cribé werezfuil of_ballast-fot-the tests. Also, the
baliast shoulder dimensions and tie spacing were not repdrted.

Although the tie pusﬁ»ﬁest apparatus used (Fig. 5.11) was similar to
o that used by ENSCO in the inifial U. S. test series (fig. 5.5), the test
did contain two distinctly different features. :The first was that the test

was load-controlled and not displacement-controlled. The second was

mounting the defofmation‘rECOrding system on the test tie and using the
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rail as a stable reference location. This rail is subject to unaccountable

movements from the rest of the track structure during testing. In this
test program, the same ties were not retested with traffic. An undisturbed

lateral tie resistance was reported. However, the amount of trafficAcould
not reasonably be estimatéd. The evaluation and comparison of the Wesel
teét results to all other reported values will be treated in general terms,
since the influence of the previously mentioned factors is uncertain.

The ave:age lateral.tie resistance values oﬁ'tangeﬁt track forjfhe-

: tamped;ungdmﬁactedﬁcondition.and tampedfcomﬁaéied‘CQhaition are iliustrated
in Fig. 5.12. The compaction was done with é Plasser-Théurer model VDM 800 U
ballast compactor. Two trends which exist for this data as with the U. s.
data are: a) - crib and shoulder compadtion initially increases lateral tie

2resistance, and b) lateral tie resistance increases with,;pplied tgaffic
from the physical states establishea by both_ihitial £rack conditions. - The

. second " trend is not as prdnounced as in the U.S. déta sincé the-lateral
resistance at 1.3 MGT is only slightly higher than the iﬁitial values or
after a slight amount of traffic, i.e., 0.09 MGT. Thg~reasonsvfor such a
trend have not clearly been.defined. Note that the lateralvresistances at
1.3 MGT are equal for both track,conditidns,

_ ‘The only other source of:éygilable foreign data wés provided by Traék
(Ref. 33) of the Canadian_Nationél Railwayv(tNR). The test appérafds_(Fig.
5.5) and procedufe were similar to those used by ENSCO. A crushed rock
ballast was tested on a tangent section of'track; The test'ties were.
wood and primarily 8 in. by 6 in. by 93 in.. (0.2 m'byA0.15 m by 2.36 m),
which was Smailer than ties tested by ENSCO. The ballast compactof used
was a.Plasser and Theurer model CPM 800-R. The amount of track raise, tie

spacing, and shoulder dimensions were not reported.
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The lateral tie resiétance was obtained by averéging twenty ties for
each traffic level and for each track condition. Different ties were tested
within each group for each traffic loading conditidn; The CNR results are
presented in Fig.'5;12 along with the Austrian Wesel station results. The
general trepds of ihcreasing lateral tie resistance with traffic and with
crib and shoulder compaction is also demonstrated by the CNR data. As with
the Wesel tests, the CNR‘results at i.2 MGT are the same for the tamped-
uncompacted and thevtamped-comhactéd conditions. - -

_The 1atérél tie ;eSistance‘Véiues fromvthéseiforeig; testsAwili>bé
compared to the United States data in the following section.

Summary . fhe lateral tie push (pull) test resultS'froﬁ available
~ American énd foreign literature were compiled and presented in the preceding
sections. The fesults from SUNYAB’S testing programs on the ICG and FAST
sitesﬁwere dispussed in Section 5.1 and are illustrated_in Fig. 5.13 in a
form‘compatable with the other_réported test values.

-The average lateral tie resistance trends at 0;157 in. (4 mm) displace-
‘ment fof the United Stétes, foreign and SUNYAB‘data are shown in Fig. 5.14a
For'the‘tamped—uncompacted condifion and in Fig. 5.14b for the tamped-
compacted condition. The track structures were similar in all caseé except
for the Austrian Wesél tests. Note that the trgndé qu_SUNYAB‘have been
 estimated with the available data. A | | |

. In general, lateral tie resistance rapidly increases with the appli;
cation of a limited ambunt of traffic after traék maintenance operations
and then, at approximately 0.5 to 1.0 MGT of traffic, the rate of incfease,
is significantly reduced. Crib and shoulder compaction initially increases
the tie resistance of a tamped-only track. Howe&er, the.Soufhern number.2

data and the intial test series for the U.S. ENSCO data indicate that
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this initial increase in tie resistance due to compaction is almost entirely
retained by the ties for up to 2 MGT of traffic. The CNR and Austrian data
demonstréte that the laterai resistance approaches the same value for both
track.cpnditions after the application of a limited amount of traffict
Aithough the Austrian tests were not performéd in conditions similar to

U.S. tests, the CNR tests were in fact very much the same. AlthoUgh the

CNR trends are gréater than the average U.S. data above 0.5 MGT on tangent
traék, the véers.are qomparable to the trends established on thé individual ]
railroadé, i.é., Southern numbefll and Penn Cehtral'(Fig. 5;8§ and S.Qa)}
'Thus, it is difficult t§ determine at'which.amount of traffic that crib and
shoulder compaction no longer have an effeét upon latéral resistance. The
possibility af facfors_influencing‘the test reéults will be investigated
next.

The effect of rain upon lubricating the ballast particles and subsé— )
'_quentiy'reducingitie resistance has béen considered in the evaluation of
the ENSCO and Southern number 2 tests. This factor was determinéd_to have
‘"a~smail.effect on the tie resistance, since the general trends did not
appear to be affected. )

The differences in test apparatué and test procedures were considered
‘next. The lateral tie resistances immediately after track maintenance
operatioﬁs, i.e., zero MGT, in Fig;.S.la are nearly the séme for the ENSCO,‘
CNR and Austrian tests, which utilized similar equipment, while the "Southern
number 2 and.SUNYAB<£esté‘yield much lerr results using different apparatus.

SUNYAB's load apparatus, which is ibcated at the centroidal axis of
thé tie end, is close to the line of action of the ballast résisfing forces
acting upon the tie. This would provide the closest‘measure of the-actual

lateral tie resistance and thus can be used as a reference point. SUNYAB's
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data also indicates that for the tamped-only condition, the lateral resist-
ance is nearly the same for three different ballast types tested (Fig. 5.13).
The effect of the location of the load anplying and measuring system
on lateral tie resistance at zero MGT traffic is more clearly illustrated
in Fig. 5.15 Fbr all the U.S. data having similar track structures. As
the”location of the applied load moves upward from the centroidal axis of
the tie end to the web of the rail, the lateral resistance increases. The
Southern #2 data for the tamped-only condition is comparable to SUNYAB's
déta; however, -ENSCO's values are nearly twice as great;A This daté does
indicate that the measured laterél tie resistance is highly denendent upon
the type of apparatus used, let.alOne the methods of recording data,
‘testing procedure, or the sophistication of the instrumentation used.
Field test data can be mofe-easily evaluated if stnndard test apparatué
are utilized, i.e.; similar -to SUNYAB's. This at }east would reduce the
amount of data scatter for given site cdnditibns and provide a meané for
comparison between different sites such thét the factars influencing the

test results. might more easily be identified.

5.3 DATA INTERPRETATION APPROACH -

The large differences in reported lateral»tie resistance values
betweén data sources complicates the.problem nf utilizing fhe lateral tie
push test.results on different sites as a means of identifying the changes
in. the physical state of the ballasf. With the limited quantity of nvail—
able data, tne presentbétudy cannpt isolate the effect of'differenceé in
anount 6F track raise or ballast fype, let alone the differences in types,
of crib and shoulder compaction equipment. The latter would encompass the

effect of such factors as vibration frequency, cycle time, and static and
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dynamic forces. Thus clearly, the seleciton of the most suitable ballast
type or ballast compactor is not possible.

With the quality.and quantity of available LTPT data, an attempt to.
put the data from yarious sources in comparable Form in order to correlate

the results should be undertaken in order to establish the general trends.

J
tie resistance of an individual tie:

Such a correlation would focus upon the following three basic questions for
( » - v
- 1. What amount of train traffic_on a tampéd;only ffack is crib ;nd
'sﬁouider compaction after the tamping opetation equiValentnto?
2. What émount'of traffic is required such that the effect of crib
'and shoulder compaction can no longer be differentiéted from a
tamped-only track?
3. What amount of traffic'is required in order-to achieve a stable
track condition? |
Two normalization techniques were developed which, ‘to the-best extent’
possible, would eliﬁinate errars due ta:
1) different types of compaction equipment,
2) different loading rates between testing procedurés,
3) inherent inst;ument errors in the different sets of testing
appafatua,and | |
4) different bailaét moisture conditioﬁs.
These techniques were not expected to totally eliminate effects from teéts
on different ballast types or bed geometry.
The first normalization technique employed utilizes the average load
at a given displécément level for tests conducted in the tamped and uncom-

pacted condition. This test essentially becomes a reference condition as
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established by SUNYAB's data for all other tests conducted at a given site,
providing that the ballast type remains the same. The dimensionless ra£i0
used to express these results has been termed the load ratio (LR) and is
defined as: |

LR = L/Lg , | ' (5.2)
in which. L = tie resistance at a given displacement level for a specific
"track condition, andA_L0 = tie resistance at the same displacement level
. as L, but for the tamped-uhcompacted.cohdition with zero applied tfaffic;
The L value may be éithéf a tamped—ohly condition witﬁlapplied traffic or 
a tamped-compacted condition with or without applied traffic. In the
-formér case at zero MGT, L =1Ly and LR=1. This normalizatioﬁ
technique is expebfed to answer the first question.

The sééond normalization technique utilized will attembt to answer the -
second question. It involves a dimeﬁsionléss ratio, termed thg compactibh
‘ ratid (CR), defined as:

| CR=CMU, o (5.3)
in which . C = tie resistance at a given displacement.level and at a certain
amount of traffic for the tamped~compacted condition, and U = tie resis~ |
tance at the same displacement level and amount of épplied traffic as C,
but for the famped;uncompacted condition;'

The precedihg ratioé have been computed with respect to the taﬁped;'
uncompacted condition rather than an undistﬁrbed or highly trafficked |
condition. This is based upon Ehe fact that SUNYAB's data for the tamped-
uncompacted condition at zero MGT produces nearly identiéal lateral tie
resistances for different ballast types. pAlso, the applied traffic

required to achieve a stable track condition or a stable lateral resistance
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for an individual tie has not been clearly established. This basically
sets the format for finding a solution to the third question.

The trends in Fig. 5.14 for lateral tie resistance with applied
traffic are generally hyperbolic in shape;. Since the load ratio (LR) is
computed with a constant value, i;e., Lg » in the denominator, then the
shape of the LR curves will also be hyperbolic. Thus, a.transformed
hyperbolic fitfing'technique for the LR - MGf curves can be utilized in
_order to estimate a stabie valﬁe for a load rafiohand the associated amount
of tréffic.loading,' This technique has sﬁccessfully been used in linear-
izing hyperbolic shaped stréss-straiﬁ curves Fdr cohesive soils (Ref. 38)
and for granular soils (Ref. 39). The linear form of the hyperbolic
equation is: | | | |

=a+b (MGT), - (5.4)

in which ‘a and b are constants. The staﬁle or ultimate value for a
load rétio is: |
LRyt = 1/b . | o ' (5.5)

The three approaches previously described appear to be the most
suitable in achieving the three statedjObjectivés. The United States
(ENSCO), Southern number 2 and SUNYAB’s‘data will be the most cfitically
evaluated due to the similarity in traék strhctures-and train ldading‘
conditions. The data from tNR and'Auétfia Wesel station wiil.be compared

to the results obtained from all the U.$. data.

A5.4 TAMPED-UNCOMPACTED CONDITION

The individual load ratio values computed for each railroad are

contained in Ref. 20. The results, to be presented hépein,vwere more
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easily computed from the summary curves %or the tamped-uncompacted condition
(see Fig. 5.1l4a).

The Southern number 2 data will be considered first since it is the
.only data sét which clearly differentiates between old and new ties. The
LR trend with traffic shown in Fig. 5.16a for the tamped-uncompacted
cohd%}ion.réveals the imporfant finding that tie agiﬁdoes not influence the
: LR’tfend for tests conducted on the same sectioﬁ of track. For each test
.site, pld and new ties produced essentially the éame.LR values withlﬁraffic.

THis imblies'that results From‘ENSCO's initial tesf series wbuldb
produce the same trend if lateral resistance were separated for old and newr
- ties. Thus, the individual or combined LR results would be similar. -

The differences. in LR values between sites, shown in Fig. 5.163,
presently cannot be explained.v Because'LR does not appear t6 be affected
by tie age, the four data sets for Southern number 2 will thus be combined E
to present the genéral trend. | |

The LR trends for all data are summarized in Fig. 5.17a. This‘normai-

ization techﬁique proves to be worthwhile because all the United States
. déta are confiﬁed to a narrow range. Panuccio and Dorwart (Ref. 20) have
shown tHat 0.0787 and 0.157 in.. (2 and 4 mm) displacemen£s also yield
.neérly identical trends. A comparison with Fig.'S;iﬁé shows tﬁat cofréla-
tion with the LR‘method is at ieast partially effective in reducing the
amount of data scatter betweeﬁ'test appératus and procedures used in the
different test programs; |

The“foreign LR trends are similar to the U.S. data in the range from

zero to 0.25 MGT, but deviate from the U.S. trends after 0.25 MGT. The
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Austrian data is explainable due to the vastly different test conditions.
queVer, the CNR data ﬁay be influenced by other factors such as ballast
type. |

Also shown in Fig. -5.17a are the SUNYAB and Southern nuhber 2 LR values
at the higher traffic loadingsf These values are significantly larger than
the LR values at 2.0 MGT and indicate that the lateral tie resistance
continually increases with traffic loading although the :ate may be
diminished, ‘ ‘

The fransformed hyperbolic fitting eqdétions of the LR-MGT trends f0r~”
each data set in Fig. 5.17a are presented’in Table 5.3 The coefficient of
determination,ARz, fanged from 0.93 to 1.0 for ail the equations. This“
:indicates a very good fit beéween the original data points-ana_the linear
regréssion equations.l The number ﬁf data points used for an individual
data set was the lowest for CNR and Austria at 4 , while 10 to 21 points
‘were used for an individual U.S. data‘sef. By cohbining all the U.S. data,
37 to 46 data points were usédAfor d.157 in. (4 mm) displécement.

The ultimate load ratiolwaé also computed for each data set in Table
- 5.3. Ref, 20-indicates that values for each particular data set show goaod )
agreement for both 0.0787 and 0.157 in. (2 and'a’mm) displacement levels.
The average ulfimate LR véiue For’all u.s. data is the same aS'tﬁat for
SUNYAB's data. This is expected since SUNYAB'S daté contains the higheét
MGT values, which would strongiy influencg the fit for thé.linear regres-
sion equation. The Southern number 2 value at 20 MGT.is the only other
data point greater than 2.0 MGT;V Note, that when the 20 MGT value is

extracted from the Southern ﬁumber 2 data, the equation is almost exactly -
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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)

Railroad
‘United States
(ENSCO)

a) Tangent

b) Curved

Southern #2

SUNYAB

‘All U.S.
Tangent

CNR

Austrian
(Wesel)

Maximm Tamped-Uncompacted Tamped—Compactedz
MGT a b R /N LR a b. R° /N LR
- —-= ule Y Tule
. =) .
2.0 0.008 0.638 0.983 1.57 0. 0005 0. 561 Qigg 1.78
~ 15
2.0 0.0z  o.498 4 2.0 0.0z 0.4z %3 a3
. 0.965 0.931
1.7 0.011 0.624 TR 1.60  0.022 0.464 ST 2.16
. 0.911
10 0.16 0.315 5 3.17  0.09 0.300 5386 3.
' ; : . 0.991
20 0.172 0.303 °;§’4 3.3 0.102 0.304 31— 329
" 9
50 0.175  0.303 = 2396 33 0.104 0.3  E22 32
0.989
135 - 0.249 0.272 i5 3.68 - - - -
5 0.068 0.509 0.951 1.96 - - - -
) %> _
20 0.199 0.323 8.935 3.10 0.14 0.309 0.971 -3 5
&4 37
: - . 0.99 9
135 0.257 0.272 s 3.68 . 0.179 9.272 3% 368
' 0.96
1.2 0.029 . 0.419 0.97 2.39 0.035 0.418 2.39
' 1 ) 1
1.3 0.0 0.826 . 1.21 0.002 0.828 % 1.21

N

Number of Data Points

= Coefficient of Determinatiou
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the same as that of ENSCO's tangent track at 0.157 in. (4 mm) displace-
ment (seeiTable 5.3).

The Austrian and CNR equations produce exactly the same trends with
respect to the U.S. data in Table 5.3 as they did in Fig. 5.17a. Thus,
this data will not be further elaborated upon.

The key question is the selection of a reaéonable Qalue of traffic
which is respresentative of_a stablé frackrcéndition for the lateral
resistance of a singlé;tie.> The lack of sufficient quantities of data
above é.b MGT of traffic makes the determination of a specific value |
difficult, and so at best is only approximated. From Table 5.3, the
Sqﬁtﬁern number 2 data indicates that 20 MGT yiélas anVLR value comparable
‘to that of SUNYAB's at 135 MGT. Note, however, that this 20 MGT traffic
value was no£ a repbrted vaiue,'bdtfwas estimated~%or the uhdisturbed
'condition;. The ‘hyperbolic Fittingvtechnique'was iterafed‘severai times
-with assumed.values AF.tréffic for the undisturbed cohdition.’.The resulf
was that the slopes of the regression lines and subsequgntly>the ultimate
- LR values were nearly equal for assumed traffic loads in the range of 10 to
50 MGT (see Table 5.3). Thus, 20 MGT and LR = 3.3 appear to be a reason-
able estimates of a stable traffic condition for an individual tie at 0.157

in. (4 mm) displacement.
5.5 TAMPED-COMPACTED CONDITION

The load ratio values for the tamped-compacted condition were computed
from the summary curves in Fig. 5.14b for each data set. The individual

values.FQr each railroad arevtabulated in Ref. 20.
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As previously stated in the tamped-uncompacted section, the Southern
number 2 load ratio trends are essentially the same for old and new ties at
a given site. This is also confirmed for the tamped-compacted condition at
site number 2, (Fig. 5.16b). The site number 1 curves are reasonably close
from zero.to 0.26 MGT, however, the curves’deviaﬁe at the larger traffic
loadings. This may partially be explained by the initially low lateral
resistance for the tamped-uncompacted condition ét site'numben l. In arder
to-establish:the general.trend, all the tamped-compactédldata will be
combined. | | -

The LR trends for all the data are summarized in Fig. 5.17b. The

resulting .trends and 0bservations4for the tamped-compacted condition are

similar to those for the tamped-uncompacted condition, except that the
magnifudes of the LR values ére slightly greater. Note that points at
zero and 135 MGT are shown in Fig. 5.17b for SUNYAB data since intermediate
values were nﬁt obtained. |

“Using Figa 5.17 or also Fig. 5.14, an estimate of the amount ofl
traffic on a tamped-only track equivalent to the effect of crib and shoul-
der compagtion can.bg obtained. This is easily'accomplished by first |

obtaining the load ratioc (Fig. 5.17b) or lateral tie resistance (Fig.

'5.14b) for the tamped-compacted condition immediately after tamping,

i.e.,‘zefo MGT, and then finding the'equivaleﬁt traffic from.the taméed-
uncompaéted trends (Figs. 5f17aAand 5.14a) for the same corresponding‘
Qalues. This is based upon thé average values and does not statistically
consider the amount of data scatter.

The results listed in Table 5.4 indicate that 0.0787 and 0.157 in. (2

and -4 mm) displacement levels produced comparable MGT estimates for each
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Table 5.4.

Equivalent Traffic Estimates for Crib and
Shoulder Compaction from a Tamped Only Track

Eqﬁivalent Traffic

(MGT) > Annual Equivalent #*
. Displacement Traffic No. Days
Railroad 0.079 in.  0.157 in. (MGT) Traffic
- (2 mm) (bam) -

U. S. (ENSCO) _
*Tangent - 0.30 0.25 _

28.6 3+ 4
*Curved 0.23 0.27
“Southern #2 ° - 0.35 220 6 7
(01d & New Ties)
SUNYAB 0.06 0.08 _
-ICG - : - 23 12
*FAST - - 135 <1
Austria 0.08 0.06 8 34
(Wesel)
CNR 0.18 0.10 14 2 > 4
Average - 0.17 0.19 - 34
Average
without Wesel -~ 0.19 0.21 - 34
* Based Updn 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 - -
+01d Ties - 0.43 —_ —

(see Fig.
5.19)
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particular data set. ENSCO's initial test series on tangent and curved
track were similar with an average equivalent traFFic of approximately 0.26
MGT. Considering that the average annual traffic for these five railroads
is 28.6 MGT, then crib and shoulder consolidation would essentially produce '
the same results as 3 or 4 days of train traffic. This assumes an equal
amount of train traffic each day.

The Southern number 2 data ylelded the hlghest equivalent traffic at
0 35 MGT and SUNYAB's data was the lowest with Q. 07 MGT as an average.
SUNYAB's data indicates that_approx1mately 1 day of train trafflc on a
tamped-only traek is equivalent to.the effect of crib and shoulder
compaction. |

The test data from CNﬁ and.Aastria yield equivalent traffic values
'comparable to. SUNYAB's. Although the AuStriaﬁ Wesel station tests used
concrete ties, the results were approximately equai to SUNYAB's.

In general as 1mp11ed ty the 31ngle lateral tie push test, the average
equ1valent train loading achleved by crib and shaulder compaction after the
tamping operation is approximately 0.17 to 0.19 MGT for all railroads.

This amounts to 3 to 4 days traffic on a tamped-only track.

The transformed'hyperbolic fitting technique was also performed on the
' tampedqcompacted condition (Table 5.3). The computed ultimate load ratio
values are slightly higher than the tamped—uncombacted values only for the’
u.S. ENSCU data. The CNR, Austrian, Southern nUmber 2 and overall average
ForAall U.S. data yield the same.ultimate LR values for both track condi-
tions. The 20 MGT traffic and LR of 3.3 also appear to represent a stable
track condition for the tamped—compacted results.

The second normalization technique used for the tamped-compacted

condition is the compaction ration (CR). This ratio will attempt to define
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the amount of traffic at which the long tefm effect of crib and shoulder
compaétion‘no longer exists when compared to tamped-only.track_with traffic.
This point will be defined as the point at which the tampedfcompacted
values of lateral resistance are within 5 percent of the tamped4uncomﬁacted
values.‘ The 5 percent was arbitrarily selected but appears reasonable
since this is approximately equal to the sténdard deviation ﬁf £he two
t:ack qonditions for tg; statistical analysis performed on the Southern
numberll and Bdston;and Maiﬁe data sets (see Appendik B of Ref. 20). The
. CR approach wés'detérmined to bé~a simpief method 5F aﬁalyzing the data
than by using the lateral tie resistance curves for the two track conditions
(Fig; 5.14).
The CR trends for all_UQS° data.on,tangeﬁt track are shown in Fig..

5.18a. The Southern number 2 set supplied more data at 0.157 in. (4 mm)
disﬁlacement; however, the geheral trend changed considerably at‘l.65 MGT.
By including‘this data, it is implied that the initial increase in lateral
tie resistance at zero MGT due to crib and shoulder compaction is approxi-
mately éoﬁstant.and retained up to at leaét 2.0 MGT. The Southern #2 data
indicates that the effect of train traffic on a tamped-oﬁly_condition can
be superimposed'upon the initial tamped-compacted condition, i.e, the |
effect iS'additive. In actuality, crib_énd shoulder compaction inifially
defines a different ballast physical state than the tamped-only condition,”
and the respective.rgsponseé with tréfFic for both should . approach the same
steady state condition. With the excepfion of the 1.65 MGT data, the
Southern number 2 data does follow the expected trends.

From-Fig. 5.18a, 2.0 MGT of traffic appears to be a reasonable estimate
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at which the effects of crib and shoulder combaction can no longer be

differentiated from a tamped-only condition on téngent track. Any effect

of bailast wetness during the time of tésting should be accounted for by

the compaction ratio, since the amount of data scatter in Fig. 5.18a is not

different for the wet and dry cases. The CR trends for U.S. curved track
(Fig. 5.18b) produce the same results as U.S. tangent track.

’The compaction ratio tfends for foreign data on a tangent track (Fig.'
5.18c)'showed?a termination of the effects of crib .and shouldef cbmpactiop
at less than 0.25 MGT. This is significantly less than the 2.0 MGT of
traffic indicated by the U.S. data, which presently cannot be explained.

‘ TheVORE (Ref. 37) results from eight European railway administrations for |
the past 15 years indicate that the effecfs of crib and sh&hlder compaction
are concluded after a traffic loading of 1.5 to 2.5 MGT. This result ie-

compatable with the findings of U.S. data in this study, even though the

track structures are different.

5.6 ASSESSMENT

| The‘individuai lateral.tie push test reéults for the tamped-uncompacted
and tamped-compécted conditions with applied train tréffic have been
discussed and evaluated for éll,availébié United States, SUNYAB and foreign
data. The track étrUctureS'were similar for all therraiiroédé_exéept the
Austrian Wesel station tests.

- The greatest'variation:in results between sites was obtained from
ENSCD's iﬁitial_teét‘series dn five participating railroads with each site
having similar test cond}tions. The principal ballast type was granite.
These lateral tie reSistances were significantly greater than the results

obtained from a second test series performed by Southern Railways and
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SUNYAB. The ballasts tested by SUNYAB were limestone, traprock, and a

limestone and steel slag mixture, which showed very good agreement in

[%

. lateral resistance for the tamped-uncompacted condition at zero MGT. The
granite should produce lateral resistances comparable to the limestone and
traprock, which represent extremg.différences of index properties for
common ballast types. However, the iarge difference in thé lateral tie
r931stances aobtained by ENSCO and SUNYAB can primarily be attrlbuted to the
' locatlons of the load applying and measurlng systems.

In add1t10n to the 11m1ted quantlt;es of data and the associated data
scatter, the analysis is further complicated when the results obtained by
utilizing different apparatus significéntly influeﬁbe the LTPT yalues:
This presents an additional difficulty in assessing and'isolating_the
differences in thermofe important factors which are of brime'concern;
-Thesé factorslinclude differences in height of track raise, in béllasf .
type, in ballast moisture conditions, and in vibration time or other ’ .
characteristics of ballast crib and shoulder ébmpactors; For the present
study,; these factors were considered not to be statlstlcally important
enough to 1nfluence the tie resistance trends. Thus, if further studies
are'to be conducted on the lateral tie resistance of individual ties, a
stgndapd LTPT apparatus and test procgdure-should be utilized.

In generél, lateral tie resistance increased with the appliCation»of
train traffic. The tamped-compacted condition initially demonstratéd_a-33
ﬁercént greater tie resistance'than the tamped-uncompacted condition for
all U.S. railrdads. The results of SUNYAB's tests on ICG produced almost
the same percent increase., This result was coﬁsistent_for both 0.0787 and

0.157 in. ( 2 and 4 mm) displacement levels on tangent and curved track
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(Ref. 20). As traffic was applied to the two different track conditions,
the difference in tie resistance steadily decreased and approached the same
value. Wet ballast conditions wefe noted during certain intervals of
testihg, but this did not noticeably change the geﬁeral trends. VThe tie
resistance trends were similar for the foreign data. |

»Thé lateral tie resistances at high MGT traffic conditions, i.e.; 20

MGT for Southern number 2 and 135 MGT for FAST, were significantly greater

‘than the values at low amount of tfaf?ic. At FAST, the ballast bed under-

neath the tie was observed to have a smooth appearance and appeared to
cause only slight indentations on the base of the tie. The ballast shoul-

der appeared to be in a loose condition. The base and shoulder resistance

‘was probabiy é small portion of the total lateral resistance per tie.

Thds, the crib ballast is apparently the principal component of tie lateral

resistance. Since the crib ballast is initiélly in a loose state after tie

tamping, Ehe tie moveﬁents resulting from train loadings‘apparéhtly produce
a high degree of interlocking of the crib>ballast between the tieé. This .
is the most plausable.explanation of the changes in lateral tie resistance
from inifial track maintenance with traffic other than environmental
influences or highly fouled ballast. A similar reasoning was deduced by
the engiﬁeérs for the ZUIMGT 60nditidn:0n the‘SOUtHérn frack.

In.considering the previously étated féctors, certain approaches were
devised in order to correlate the lateral tie resistance values for eaéh
railrdad. Two data normalization techniques used to correlate the results
were the load ratio (LR) and the compaction fatioA(CR), These ratios

appeared effective in negating the differences in test apparatus, and test
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procedures and tie age, and in properly establishing the trends due to
applied traffic and to crib and shoulder compaction.

The LR approach provided a :easonable method of relating the tie
R resistance values in a form such that the data were more directly comparable.
The LR trends with traffic were similar for both displacement levels and
for both tangent and cdpved track for all U.S. data. Using a trans—
formed hyperbolic fitting technique to the LR-MGT relationships, 20 MGT_oF
traffic was determined'to be»a reasonable‘estimate of a "stable" or undis;
turbed track céndition. |

The CR approach appeared to be an adeduate means of determining the
amounf of traffic required sdch that the effect of crib and shoulder
compactidn can no 10nges be distinguished from a tamped-only track. A
value of é MGT appeared io be a reasonable.estimaterfor all U.S. data and
is consistent with ORE findings for Eufopean raiiroads. This result was
similar Forkboth displacement levels. and for both tangent and curved track.
| Aiso, the CR appfoach is.apparently not affected by ballast moisture
eonditions at the time of testing. Note that a statistical analysis
performed by ENSCO (Ref; 3} on Southern number 1 and Boston and Maine data
indicated a lower value of 0.5 and 1 to Z MGT of traffic, resnectively,'on
tangent track as having relativel&<no'effect from,ballastlcompaction.
fhe‘2.0 MGT estimate may be a conservative estimate in eomparison to the
Southern number 1 and Boston and Maine values. These values are considered
reliable since "representative" average:values were available for analysis
and not all the original test data.

The final factor to be determined was the equivalent amount of traffic

on a tamped-only track for which crib and shoulder compaction immediately
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‘after tamping was effective. The 0.0787 and 0.157 (2 and 4 mm) displacement

levels yielded consistent values for each railroad and resulted in an
average value of 0.17 to 0.19 MGT of traffic for all railroads. For the
reported annual MGT's of traffic, 3 td 4 days of traiﬁ traffic on a taﬁped—
on;y track apparently produces the same effect as ballast compactoré.

The equivalent traffic estimates are lower than the values reported by
ENSCO (Ref. 3) and Southern number 2 (Ref. 32) for their respective average
trends. This discrépancy_is lapggiy due to»the methqdfof interpreting the
trends. ENSCO and Southefn number 2 assumed that a linear'relationship
exists betwéen lateral tie resistance values aﬁd amounts of traffic, whereas.
this study used a best-fitting curve through the data points, which is a -
more reasonable approach. |

ENSCO reported the average values of equivalent traffic for tangent

and curved track of 0.40 and 0.44 MGT at 0.0787 and 0.157 in. (2 and 4 mm)

displacements, respebtively. These values were obtained by the linear -

interpolation technique as shown in Fig. 5.19a, along with SUNYAB's inter-

- pretation of ENSCO's data.'.By fitting a reasonable curve through each set’

of data point;,‘the~re9ulting average equivalent traffic values are 0.24

and O°28 MGT for 0.0787 and 0.157 in (2 and 4 mmj displacement, respectively.
These values are nearly one-half of ENSCO's estimaté-and are_c10se to the
eétimates obtained in thié studyvusihg ENSCO's data (fable 5.4).

Southern number 2 reported an equivélent traffic value of 0.45 MGT for

new ties only at 0.157 in (4 mm) displacement. A value of 0.33 MGT is

obtained from using a best-fitting curve to Southern number 2 data (Fig.

5.19b). For old ties, this value is 0.36 MGT. The old and new tie average

'is reasonably‘close'to the 0.35 MGT value listed in Table 5.4. Actually,
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the Southern number 2 estimate would have been closer to 0.35 MGT if the
tamped-compacted trends were extrapolated to zero MGT and that value was
used instead of the one at 0.032 MGT.
Southern number 2 does present an interesting apprﬁaeh, Sased upon

statistics, toward the determination of the equivalent amount of traffic -
~ that crib and shoulder compaction dffers. This has been termed the minimum
advantage (Ref. 32). Instead of usi#g-the average tamped-only 1atéra1
tie;pesistgnce trend tb determiﬁé the equivalent aﬁount of traffic,
fhe trend is genefally defined as the average plus the second standard
" deviation. ‘Also, the tamped-compacted value of lateral tie resistance at
zero MGT is generally defined as the average minus the second standard
deviation. However, using this method, the equivalent traffic estimate
will be significantly lower. |

lyAn qverallievaluation of the lateral tie_push\test résultstindipates a
definite deficiency of field data‘suitable for a'comprehensive.evaluation
of the factors affecting the ballast physical state. SUNYAB's data is |
considered highly reliable, but lack$ the tie resistance values at inter-
mediate levels of traffic to clearly define the trends for tamped-only and
tamped-compacted conditions.. Additionél data would establish, as implied
by the tie puéh test, whether ﬁhe ballast crib and shoulder compactor is Qorth~

while as an integral part of a normal track maintenance program.
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6. SUMMARY AND RECOMMENDATIONS

The objective of this project was to evaluate the changes in the
ballast physical state for both a tamped-only (TU) track and a tamped-
compacted (TC) track with applied train traffic by utilizing the lateral

tie push (pull) test (LTPT) on a single tie, the in-situ ballast density

test (BDT), and the plate load test (PLT). These tests are good indicators

A
of the changes in ballast physical state. The test results were reliable

and reproduoible; In a relativo.sense, the BDT, LTPT,‘and PLT éach produced
consistent results for linestone, traprock,.and nixtures of limestone

and steel slag ballasts for the:TU state at zero MGT traffic and with
applied traffic. This same consistency was demonstrated for the TC state

at zero MGT traffic in the limestone and steel slag ballast mixture. Test
data were compiled andtevaluated from availabie United States and foreign

sources and ‘compared With SUNYAB data. The main conclusions . for this °

study, as impiied from the BDT, PLT,Zand LTPT, are as .follows.

~ Ballast Density Test. The newly developed ballast density measuring

method has successfully demonstrated its potential as a useful tool for
determining the in-situ ballast physical state. The techniques, which
“evolved out of vatious improvementé, have proven suitable for railroad
application, énd.the measurements are considered roliable with an adeouate
" accuracy. |

The test results presented in this report provide very important and
badly needed information on the in-situ ballast pnysical states under
various track conditions. They constitute a significant enhancement of
knowledge toward a better understanding of track response and its relation-

ship to track performance;
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Effects of various important parameters influencing the ballast

physical states and subsequent track performance have been assessed, and

the fallowing importaht findings are concluded:

1)

2)

3

4)

)

o

In-situ ballast physical state, as determined in terms of ballast-
density; is significantly affected by track history, including

traffic, track maintenance procedures, and track conditions
%

.existing prior to maintenance.

Tamp1ng may densify or may loosen the ballast layer dependlng on

the type and nature of tamplng operatlon, track condltlons, and

1ocat10n of the ballast layer. Typlcally, tamplng during 1n1tlal

constructlon may increase ballast density under tie in the rall

,area,'but the same tamplng performed durlng track malntenance

after trafflc will 1nev1tably dlsturb and loosen the ballast

layer that has been . compacted over a perlod of trafflc.

Ballast density increase. from crib and shoulder ballast compaction
is quite evident in the crib in the rail area, but the effect of

crib compaction on the ballast layer under the tie is very limited.

The long-term effect of ballast compaction is not conclusive at -

this moment, mainly because of insufficient data.

Traffic appears to be the biggest source of ballast compaction.

With accumolation of traffic, density throughout the ballast

.layer will increase with gradual rearrangement of ballast par-

ticles to a relatively dense and stable structure.
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6) Ballast type-does not appear to be a significant factor influenc- K

ing in-situ ballast physical state and its changes with traffic ' : 3
history. InStead,anrticle properties such as toughness, hardness,
particle gradation and texture seem to play more important roles

than type of ballast.
?

Plate Load Test. The follawing cpnclusidns'were drawn from the plate

load test results:

1 A comparison of the CNR and SUNYAB bearing_inde& B values,
located iﬁ the crib and under the tie near the fail, showed good
agreement for £hevtamped-only condition at zero4MGT and the
‘undisturbed track condition.

- 2. fest.results for the tampedgcompactéd conditioﬁ ét zero MGT were

~ - different between the CNR'énd SUNYAB data, which discrepancy has

®©

not been,expléihéd;"1* ' . ,
3. The ballast bearing iﬁdé§'B—Véluéjtrénds witﬁ Méf_of traffic'could
" not be established. However, SUNYAB data indicates that the
amount of traffic equivalent to the benefits of crib and shoulder

compaction is similar to that estimated from the LTPT correlation.

Lateral Tie Push Téét. The following are the concluSions from the

lateral tie push tests:
1. The two normalization techniques used to establish the laterél tie
resistgnce trends with traffic provided a useful means of comparing
the test data from several different test programs which utilize _  $

different test apparatus, and can be used for immediate evaluation
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of field test results following the tamping operation.

2. A reasonable estimate of train loading after disturbance te reach

‘ a "stable" ballast condition is 20 MGT of traffic.
3. An estimate of the amount of traffic to produce the same benefits
as crib and shoulder compaction used immediately after tamping
is 0.17 to»U.l9 MGT, or.3 to 4.days of average daily traffic;
4. The effects of ecrib and shoulder compaction cannot be distin-
. guished from the-tamped;only track condition. after approximately .
2.0 MGT of traffic. |
" The lack of sufflclent quant1t1es of avallable PLT and LTPT data 1n
the 2 to 20 MGT range pr0h1b1ts the establlshment of clearly deflned trends
for the TU and TC condltlons w1th applied trafflc. Also, effects.of f;,l”
. differences such as in ballast type, amount of track ralse, characterlstlcs
of ballast crib and snoulder compactors, and track structures, cannot be ';
. thoroughly evaluated. Further study 1s strongly recommended w1th due
consideration glven to the preced1ng factors, as well as_ tak1ng the follow-
" ing factors into account:
1. Maintaining,vto the best‘extent possible; controlled test.
wconditions on‘several different sites. - |
2. ‘Pr0vidingradequate documentation of the track structures,atrain
trafFic loading history, track maintenance history, and environ-.
mental conditions. -
3. Using standardized BDT, PLT, and LTPT apparatus and test proce-
R dures, i.e., similar to SUNYAB. |
£
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APPENDIX A

REPORT. OF NEW TECHNOLOGY

The work performed under this contract has provided important new in-
sights irtp 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 balléét around the tie, and that traffic provides:the greatest

amount of compaction of ény of the mechanical processes found in the field.
These findings were achieved through field investigations using the ballast
density test, plate load test and'iateral tie push test methods developed

under this contract.
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