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EXECUTIVE SUMMARY

This report presents the results of the FRA sponsored project “Demonstration of
High Speed Track Maintenance Using Objective Gage Strength Data”. This activity,
which is part of the FRA’s Next Generation High Speed Rail Program, is aimed at the
development of “maintenance” criteria for track strength and associated crosstie
replacement requirements for both conventional and high speed railroad track. These
criteria, in turn, are based on the use of objective track strength measurement data such as
taken from GRMS type inspection vehicles. As part of this maintenance criteria
development, an assessment of the “minimum” level of upgrade necessary to allow for
the operation of both conventional freight and high speed passenger trains on existing
tracks is also made. This activity included the definition of suitable track strength
maintenance criteria for existing wood tie track (to support both freight train operations
and high speed passenger operations) and the determination of the relationship between
these criteria and the rate of degradation (and maintenance) of the track strength.

The focus of this FRA sponsored project was on the development of maintenance
_ parameters for ties and fasteners, and corresponding tie replacement requirements, based
on objective track (gage) strength measurements. Such a maintenance approach would
allow for more cost effective maintenance for both conventional and high speed track.
The project made use of track strength data taken by CSX Transportation’s GRMS track
- inspection vehicle. The study examined the CSX Transportation line segment between
.Richmond, VA and Washington, DC. Track 3, between MP 4 and MP 109, was selected
for analysis because of data availability and history of recent tie installations. This line
segment sees regularly scheduled GRMS vehicle tests and supports a mix of freight
traffic to include coal, intermodal, and mixed traffics. The line segment is also a potential
site for increased speed passenger operations.

, The results of this activity indicate that Track Strength Quality Indices, TSQIs,
- can be developed which relate the GRMS output data to the general condition of the tie-
fastener system. Furthermore, these TSQIs can be correlated to the number of ties
installed, to develop a predictive relationship between improvements in TSQIs and ties
installed. The TSQI can also be used as part of the tie installation decision making
process with a potentially significant reduction of ties needed to be installed in order to
achieve an acceptable level of track strength' from both the safety and maintenance points
of view. '

' Note, this does not necessarily include ties needed for vertical support, which may not be identified by the
GRMS data. It further does not account for any additional factors of safety introduced by maintenance
officers in anticipation of non-uniform future maintenance (e.g. periods of potential deferred maintenance).
Thus there may be a “gap” between the theoretical minimum number of ties needed for maintaining the
track on an ongoing basis, and the number of ties that are installed in anticipation of future fluctuations in
budget and maintenance focus. )



The TSQI parameters that were found to be most meaningful in representing the
track condition were “mean” values, calculated over a mile length of track of the
following key GRMS outputs:

Loaded Gage

Projected Loaded Gage (PLG 24)

Delta Gage (Loaded Gage — Unloaded Gage)
Gage Widening Ratio (GWR)

In addition, meaningful correlations were also obtained by summing the number
of feet per mile (or number of ties per mile which was calculated by dividing length by tie
spacing) exceeding a defined PLG24 or GWR threshold.

Analysis of the CSX tie insertion data shows a good correlation between mean
PLG 24 (specifically mean PLG24 > 0.5%), mean GWR (GWR > 0.30) and actual tie
insertions performed by a production tie gang. Furthermore, analysis of the number of
feet of track, per mile, exceeding these thresholds, likewise shows a correlation with the
tie insertions, though the variation in this parameter is significantly greater than for the
mean value itself. This correlation supports the use of GRMS data as a maintenance
management tool. '

~ Analysis of the GRMS degradation data (between the 1996 and 1998 GRMS runs)
showed that in those zones where no ties were inserted, the mean loaded gage increased
in all cases, corresponding to a degradation of tie condition with time and traffic.
Furthermore, the zone with the greatest traffic density, MP 4 through MP 22, had the
largest increase in mean loaded gage, an increase of 80%. Overall, for all zones, the
loaded gage increased from 0.19 to 0.26, an increase of 37%. Based on an average
tonnage of 65 MGT over the two years, this corresponds to an increase in loaded gage of
0.0011 per MGT.

Analysis of the GRMS data for the zones where ties were inserted showed that in
these cases, the average loaded gage decreased, corresponding to the improvement in
track strength due to the new ties and fasteners. Using statistical regression techniques,
this data resulted in the development of a correlation between the Track Strength Quality-
Index parameters and the number of ties inserted. The resulting correlation equation is
presented in this report. A similar relationship was obtained for Loaded gage.

Examination of tangent and curve track data shows similar trends.

% As used here, the PLG24 value represents the value above nominal gage of 56 %4”. Thus a PLG24 value
of 0.5 would correspond to a value of 57 '



Based on the results of the measurements and data collected on this line, together
with earlier FRA and TSC test data for track strength values, a set of maintenance.
thresholds for the TSQI planning index were developed. These, per mile mean limit for
PLG24 (the maintenance PLG24) were set as follows:

“Maintenance” PL.G24

Low Speed Freight (Class 3) ' 0.625 57 1/8”
Moderate/High Speed Track (Class 4) 0.5 577

Passenger (Class 6) - 0.375 56 7/8”

It should be noted that the limit of 0.5 (57 corresponds to the measured average
of the mean PLG24 on the track that was actually timbered by CSX (thus determined by
the railroad inspectors as requiring ties).

These limits allow for the determination of the number of ties to be inserted per
mile, by calculating the difference between the “actual” (measured) mean PL.G24 for the
mile and the above defined limit. This difference is then divided by the “slope” of the
PLG 24 equation to calculate the number of ties to be inserted.

Finally, application of these limits to the study track showed that for current
operations (Moderate Class 4 track), the above defined mean PLG24 limits can be
reached with between 50% and 80% of the actual ties installed (based on obtaining an
equivalent mean average PLG24 comparable to what was actually achieved, which was of
the order of 0.47 or 56.97”). For high speed track, with the more restrictive PLG24 limit
noted above (375" corresponding to 56 7/8”), the predictive equation, developed in this .
study, -can be used to determine the number of ties neqessdry to bring the track to-the
higher strength standard associated with high speed operations. The results of such an
application is likewise presented for several specific mileposts, specifically the number of
ties that would have to be installed to reach the more restrictive PLG24 level required for
high speed passenger operations.:

Based on the results presented in this report, it appears that the GRMS data, when
developed in the form of TSQI values, on a mile by-mile or segment by segment’ basis,
can be used as part of the maintenance planning process as well as a predlctor of crosstie
replacement requirements. '

? The TSQI presented in this report can be applied on a segment by segment basis, such as either mile
length of track, curve vs. tangent lengths, or other lengths as appropriate.
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“Introduction and Data Collection

This report presents the results of the FRA sponsored project “Demonstration of
High Speed Track Maintenance Using Objective Gage Strength Data”. This activity,
which is part of the Next Generation High Speed rail program, is aimed at the
development of “maintenance” criteria for track strength and associated crosstie
replacement requirements for both conventional and high speed railroad track. These
criteria, in turn, are based on the use of objective track strength measurement data such
as taken from GRMS type inspection vehicles. As part of this maintenance criteria
development, an assessment of the “minimum” level of upgrade necessary to allow for
the operation of high speed passenger trains on existing tracks is also made. Specifically,
this activity will focus on the definition of suitable track strength maintenance criteria for
existing wood tie track (to support both freight train operations and high speed passenger
operations ) and to determine the relationship between these criteria and the rate of
degradation (and maintenance) of the track strength. Also of specific concern is the
optimization of the maintenance parameters, so as to allow for the operation of high
speed passenger trains on the track with a minimum of additional maintenance.

The focus of this analysis is the CSX Transportation line segment between
Richmond VA and Washington DC. Track 3, between MP 4 and MP 109, was selected
for analysis because of data availability and history of recent tie installations. This line -
segment sees regularly scheduled GRMS vehicle tests and currently supports a mix of
freight traffic to include coal, intermodal, and mixed traffics. Annual tonnage varies
between 16 and 56 MGT. The line segment is also a potential site for increased speed
passenger operations.

The following data was-requested and received from CSX for this line between
Richmond and Washington (the old RF&P line) between CFP MP4 and CFP MP109.

1. GRMS vehicle measurements
Date tested
Unloaded Gage
Loaded Gage
Delta Gage (Loaded Gage — Unloaded Gage)
Gage Widening Ratio (GWR)
Projected Loaded Gage (PLG 24)
2. Tie condition data (corresponding to GRMS test dates)
Bad Tie Count
Tie replacement history
1996
1997
1998



3. Annual traffic level (MGT)
' traffic mix (estimated distribution of traffic by traffic type) .
4. Rail replacement history

Data was received for this line segment corresponding to two GRMS inspections:

e The first performed on August 20, 1996 prior to the start of a recent series of
tie replacement activities.

e The second GRMS run taken in May 1998 after the conclusion of the Spring
1998 tie insertion program. '

. In addition to actual tie insertion records for the period fall 1996 through Spring
1998 (between the two GRMS runs), two on the ground inspections by ZETA-TECH
personnel using the Tielnspect recording system (see Appendix A) were performed
(March 1998 and November 1998).



Development of Track Strength Quality Indices

The initial focus of the analysis was on the development of a Track Strength
- Quality Index (TSQI) which represents a tie/fastener (track strength) maintenance
condition indicator representing the condition of an extended stretch of track. Because tie
data is often stored on a per mile basis (as illustrated in the tie timbering report presented
in Table 1), a one mile* unit of track was initially postulated as a baseline length’ for
calculating the TSQI. This index is envisioned as a parallel index to the Track Quality
Indices (TQIs) currently used to summarize and evaluate track geometry data from
conventional track-geometry recording cars. The intent is to use the multiple run GRMS
data to define such a TSQI and to correlate this set of summary data with bad tie count
data on that line.

'In addition, actual load and track strength (deflection) data can also be used to
help define appropriate limits for this TSQI. Note, this approach is not intended to
duplicate or address the track strength safety issue which has already been covered by
other FRA research programs. Rather, the focus of this study is on the definition of
maintenance requirements for the determination of an appropriate level of track strength
for both conventional and high speed train operations. Thus, these TSQI values will be in
addition toiariy discrete track strength safety standards (e.g. PLG, Loaded gage, etc.)

Initial focus was on the use of statistical based parameter such as:
mean (1)
standard deviation (o)
percentile value (p + 20, p + 30, etc.)

"This represents a “top down” analysis approach similar to that currently used for
track geometry Track Quality Indices (TQIs).

Follow up analysis also examined the data in a bottom up format, based on
. “threshold exceedances’.

#Since not all railroad miles are 5280 feet, the full length of the mile was used and normalized to 5280’.

* One mile was selected for the initial assessment since the railroad maintained all of its crosstie
replacement data in one mile increments. In addition, one mile has been a traditional railroad “length” for
use of track geometry indices (TQIs). Other lengths of track, e.g. corresponding to homogeneous segment
(to include curves, tangents, homogeneous maintenance zones, etc.) may also be postulated as being
meaningful from-a maintenance planning point of view.



Table 1

TIMBERING WORK - MP CFP O TO CFP 999
FRON 01/01/93 TQ 12/31/97

FROM 70  NILES NEU  CONC RELAY TOTAL

'RACK NAME PREF MNP NP TIMB. TIES TIES CLASS TIES TIES DATE GANG  JOB
! CFp 44.8  46.5 1.7 2,005 0 N 0 2,005 97/07/22 16XT3 B8A7TASPOO
? CFp 45,2 &47.3 4.3 2,577 0N 0 2,577 $7/08/05 16XT3 BA7TASPOO3
2 CFp 66,6 48.4 1.8 1,778 0N 0 . 1,778 97/07/23 16XT3 BA7TASPOO3
2 CFp 3.1 70.2 2.1 1,74 0N ¢ 1,741 97/07/24 16XT3  BA7TASPOO3
2 CFe 9.2 700 .8 431 0 i 0 441 97/08/06 18XT3 BA7TA3P003
2 CFP 6.8 70,0 .2 1,856 oM & 1,884 37703707 18XT3 BA7TASPO03
2 cFp 70.0 719 1.9 341 0 N ] 431 97708706 16XT3 BA7TASPOQ3
2 CFP 7210 72.0 1.0 441 0K ¢ 441 77708/04 18XT3  BAZTASPOQ3
2 CFp 71.9  74.2 2.3 1,936 0K 0 1,956 97/07/29 18XT3 BA7TASPQQ3
2 CFP 72.0 72,4 .4 441 0 ¢ 441 97/08/04 16XT3 BA7TASPOC3
2 CF 740 759 1.0 582 0 0 T 582 97/08/11 146XT3 BAZTASP003
2 ire 74.3 73.0 7 1,071 oM § - 1,071 §7708/13 18XT3 BAZTASPOQ3
2 CFpP 73.0 78,0 1.0 582 0 4 9 582 97705711 15XT3  BA7TASPGO3
2 CFP 72,8 76,9 1.0 1,071 0 ¢ 1,071 97/08/13 18XT3 BA7TASPO03
2 CFp 7.0 75.8 b 82 0 N 9 383 §7703/11 18XT3 GA7TASPOQI
2 - CFP 72560 770 1,0 1,072 0 M & 1,072 37703713 16473 BATTASPOO3
2 cFp 75,4 77 2.8 824 0 M ] 834 97708712 16XT3 BA7TASFO03
2 CrFp 7.6 739 1.0 824 0 2 324 97708712 186XT3 BATTASPOOI
2 CFe 77,9 79.1 2.1 2,147 0 K 0 2,147 97708714 18X73 3‘\7T \3P003
2 CFp 78,0 79 1.0 823 0N ] 23 7708712 18XT3  BAFTASROO3
+TOTAL TRACK 2

43.2 43,427 ¢ ¢ 5,427
3 Y 23.0 249 1.0 509 0 K Y 500 ®E/LiS1e 15T BASTASFOMG
3 CFP 240 259 1.9 895 0 M 0 377 74711714 13XT4  BASTASP040
3 CFpP 25.0  26.9 1.0 803 A | ) B03 96/11/14 155T4  BAATASPO40
3 CFP 26,0 27.0 1.0 371 0 M 0 571 96/11/18 15XT4 BASTASPO4)
3 CrP. 27,0 23.0 1.0 677 0 M 0 677 F5/11/18 15XT4 BASGTASP40
3 CFP 28.0 29.0 1.0 609 0 M ] 807 25/11/718 13XT4 BASTASPO4Q
3 CF? 29,0 2%9.7 7 Ny 0N 2 322 F4711/13 15XT4  BASTASPO4D
3, CFP 29.7  30.9 .3 139 (VI | 9 T159 94711719 15XT4  BAGTASPO4]
3 CF? 34.0 35,0 1.0 1,124 ¢ N 0] 1,124 23711/1% 15474 BA&TASP40
3 CF? 3.9 85.7 v 450 0 9 430 74711720 13XT4  B44TAsF059
3 CFp 83.7 84.0 .3 333 0 H 388 FA/LL/21 15XT4
3 CFP 34.9  83.0 1.0 984 0 ] 784 75711731 15XT4
3 cF? 85.0 34.0 1.0 1,009 0 M ] 1,003 95/14/21 13X74
3 CFe 86.0 84.3 5 425 0 o ] §25 98711721 15XT4
3 CF? 86.6 37.¢ 4 435 a0 g 435 96/11/22 13474 B43TASPGIY
3 CFp 37.9 3.9 1.0 1,013 VA | 7 1,003 75/11/722 13XT+ B&3TASPOS?
3 CFF 8.2 5%.3 1.0 247 0 i b 47 FAS14722 15X74 BA 337
3 oFP 87.0  %0.9 1.0 405 o i J 803 72711722 1554 57

14.7 12,332 0 : 12,332
$ TAL PieF CFe

74.4 67,308 0 +) 67.305 -

. e - 2 e o S = P e



Initial examination was made of the statistical mean of five GRMS output values:

Unloaded Gage

Loaded Gage

Delta Gage (Loaded Gage — Unloaded Gage)
Gage Widening Ratio (GWR)

Projected Loaded Gage (PLG 24)

Appendix B presents the mean of all five of these parameters for the segment CFP
- MP 5 to CFP MP 37. It should be noted that the Projected Loaded Gage (PLG 24)
corresponds closely to the loaded gage (see Appendix B), and combines both the tie
lateral (gage) strength and the gage itself. It is thus sensitive to both wide gage and
weakened track strength. The GWR corresponds closely to the Delta Gage (normalized
for applied load) and is sensitive primarily to the track strength itself (by design it is not
sensitive to wide gage).



Initial Data Analysis

During initial analysis of the August 1996 GRMS test data, there appeared to be
some inconsistencies between the PLG24 and GWR data results. Subsequent analysis of
the data used in the calculation of PLG24 and GWR (specifically loaded gauge and
unloaded gauge, both of which were recorded directly by the GRMS) showed that the
- mean unloaded gage for the 1996 GRMS run was erratic and inconsistent. This can be
seen clearly in Figure 1 which compares the 1998 run’s mean unloaded gage with the
1996 mean unloaded gage. (Note, mean unloaded gage is the statistical mean or average
of all the individual — one foot measurements taken on each mile. Thus Figure 1
corresponds to 105 miles, between MP 4 and MP 109,) As can be seen in this Figure, the
1998 data shows little variation in the mean unloaded gage for each of the 105 miles. This
is to be expected since the actual gage is not expected to vary dramatically from mile to -
mile, for track with comparable traffic, geometry, and maintenance practices. However,
the 1996 data shows significant variation in mean gage, with a maximum variation in
mean (average) unloaded gage of 0.6 inches. This is totally inconsistent with the 1998
data and brings into question accuracy of the 1996 unloaded gage measurement. (Such
behavior can be due to excessive noise in the data acquisition channel itself or in the
transducer.)

Figure 2 presents the mean loaded gage for the two consecutive GRMS runs. Note
how the two runs have very similar behavior. The difference in individual values is due to
* -the degradation of the track strength (tie/fastener condition) in the two year perlod
between measurement runs, or insertion of new ties.

Baséd on the above, the 1996 unloaded gage measurements should be used with
caution. Note that the equatlons for PLG24 and GWR (Gage Wldemng Ratio) are:

PLG24=UTG+ A *(LTG -UTG)

And
GWR = (LTG- UTG)/L * 16000 '
Where |
UTG is the unloaded gage
LTG is the loaded gage

A is a constant of the order of 1.6.for the GRMS vehicle

and L is the lateral load applied By the GRMS.

10
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Figure 2
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It can thus be seen that the Gage Widening Ratio is strongly dependent on the
unloaded gage and thus the 1996 GWR values must be used with caution. The PLG24
value is less dependent on the unloaded gage and so is less effected by any problems
associated with the unloaded gage measurements®. This explains the inconsistency in the
February 1998 interim report between the two parameters where there was a distinct
difference in sensitivity to the bad tie count for the same trackage.

_ Thus for the analysis presented here, the focus will be on the loaded gage directly
(which is completely unaffected by the unloaded gage) and the PLG24 which is not as
strongly effected by the observed problem with the data. GWR will not be a major focus
here because of the problem noted above. :

¢ A %" error in unloaded gage will result in a 2" error in GWR but only an approximate %4” error in
PLG24.
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Comparison of August 1996 GRMS Data with.CSX Tie Program

Initial evaluation of the TSQI data was performed using the August 1996 data in a
mode corresponding to that of a maintenance planning officer, i.e. to help utilize the data
for planning tie programs. As such this data is compared to the follow up CSX tie
programs. Figure 3 presents the mean value of the PLG24 output for the segment CFP’
MP 5 to CFP MP 37, with the locations of the November 1996 tie program
superimposed. Examination of this Figure indicates that the region between MP 23 and
MP 37 shows significant higher mean PLG value than does the region between MP 5 and
22. Noting that according to the CSX roadmaster, MP 30 through 37 is scheduled for tie
work in 1998, this data suggests an initial correlation between CSX timbering and GRMS
PLG 24 measurements. However questions remain as to why MP 27 and 28 received ties
while MP 31 did not. (Recent discussions with the CSX roadmaster indicated that based
on his recollection, the miles that were timbered had the highest number of bad ties at the
time and there was no other reason for the timbering on MP 27 and 28. )

Examination of the tie data for CFP MP 80 through 100 shows similar behavior.
Examination of the mean PL.G24 data (Figure 4) shows that the miles timbered had for
the most part the highest PLG24 values, significantly higher than the adjacent miles 90 —
97 which were not timbered. This again suggests a good correlation between PLG
measurements and actual tie counts (on which the timbering program was based).
However, MP 81-82, which were not timbered, showed equally high PL.G24 values to the
miles that were timbered. (Note, there was no timbered mile in this segment that had a -
very low PLG24 value, as occurred in MP 5-37.)

Examination of the standard deviations for all five parameters together with the
mean + standard deviation (mean + sigma) values show significantly less sensitivity to
.the actual tie program. This is clearly evident in Figure 5 which shows the standard
deviation for the PLG24 values for all 32 miles. Note, MP 23 through 29 (and MP 30 —
37) do not stand out as clearly as they did in Figure 1. Appendix C presents the standard
deviations for the different parameters together with the mean+standard deviation trends.
Again the correlation is not as well defined as for the mean values presented in Figure 3.

Appendix D presents similar data for MP 80 through 100. Again note that the
primary mean values appear to be the PLG24, and that the standard deviation of the
parameters do not appear to present any additional information (that corresponds to the
actual tie program performed).

14
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Figure 4
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Figure 5
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Use of Threshold 'Levels

As noted above, the use of summary statistics such as the mean values presented
here represents a “top down” analysis approach. In order to attempt to achieve a better
correlation with the actual CSX timbering program experience, a “bottom up” approach
was also attempted. This analysis focused on the segment between MP 22 and MP 37,
where the actual 1996 timbering program was carried out (and where the 1998 program is
scheduled). This bottom up approach is based on a threshold approach comparable to that
used for safety or immediate maintenance exceptions. However, while CSX current
" thresholds are 1.0” for PLG247 and 0.75” for the GWR®, the maintenance values to be
examined here will be at a reduced level.

Figure 6 presents the mean value of the PLG24 for this segment. Note, the miles
timbered in 1996 are displayed in gray. As was already observed in Figure 3, there is no
clear explanation for why MP 27 and 28 were included in this program. Figure 7 shows
the number of feet exceeding a threshold of 0.5” (note CSX’s on-board threshold is 1.0”).
This graph closely parallels the mean PLG24 graph (Figure 6) except that it further
accentuates the differences between the mileposts in question. Note, a threshold value of
0.75” was also examined however, it was too coarse and even further accentuated the
differences. Table 2 and 3 (normalized by the actual footage per mile) summarizes these
values in tabular form.

Figure 8 compares all five of these parameters in a normalized mode (see Table
3). In general, the mean values appear to show less differences than the bottom up
exceedance values. :

7 As used here, the PLG24 value represents the value above nominal gage of 56 '4”. Thus a PLG24 value

of 1.0. would correspond to a value of 57 '2”.
8 While GWR was not used as a primary analysis tool here, some level of analysis was performed in order
to determine the potential level of sensitivity of this parameter.
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Table 2

"Bottom Up Analysis ~ CSX RFP Track 3

Tie Gang feet PLG24 No. of feet ‘ GWR

MP 11/96 per mile Mean PLG24>0.5 PLG24>0.75 Mean.

22 - 5280 0.07 3

23 * 5200 0.51 1976

24 * 5375 - 0.52 3177 105

25" 5246 0.53 3629 131

26 * ' 5316 ' 0.5 2640

27 * 5275 0.37 1175

28 * 4725 0.26 187 1

29 * 5877 0.54 2966 '

30 5305 0.55 2988

31 5231 0.67 4923

32 , 5379 0.6 3931

33 4744 . 0.59 3928

34 5781 0.61 4265

35 5302 0.48 1748

36 : 5279 0.55 3209

37 3910 - 0.89 2544



0.22
0.35
0.33
0.31
10.29
0.31
0.26
0.27
03
0.31
0.31
0.39
0.32
0.31
0.31
0.32

No. of feet

GWR>0.3 GWR>0.35 GWR > 04

535
2848
3605
2956
2621
3170
1264
2369
2553

2943

2409
4291
3459
2558
- 3081
1983

100
2059
1976

1418

1275
1733

387

965
1335
1540
1219
3355
2095
1534
1686
1149

7
1212
. 831

534
492
587
100
318
599
704
592
2166
1145
838
856
604
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Initial Assessments

Examination of the 1996 GRMS data together with the follow on maintenance
history data indicated that Track 3 had a good correlation of data between GRMS
measurements and tie gang activity shortly after the GRMS inspection. This thus allowed
for a comparison of the GRMS output results with the actual CSX tie replacement
activities (based on a combination of factors to include local evaluation of tie condition,
etc.). Table 1 presents the Track 3 tie program for this line segment. Note, tie replacement
(timbering) was performed between CFP MP 23 and 35 during the period November 14-
19, 1996, and between CFP MP 83 and 89 during the period November 20-22, 1996.
Both tie replacement activities occurred approximately three months after the August 20,
1996 GRMS test run.

Initial comparison of the track strength data with the actual CSX timbering history
.shows a well defined correlation between high GRMS readings and miles actually
timbered or scheduled for timbering in 1998. This is particularly true for the PLG24 data,
but is also evident in the GWR data in spite of the data questions previously noted.
Noting that the timbering programs are based on a number of factors to include local tie
condition assessment, tie counts (and in recent years GRMS outputs as used within the
CSX Track Management Program [TMP]), this correlation supports the use of GRMS
data as a maintenance management - tool. However, as noted in the analysis, the
correlation is not completely “clean” with several miles that were timbered in 1996
showing lower (in some cases significantly lower) GRMS values than nearby miles that
were not timbered in 1996

At this point, it should be noted that the GRMS data examines the lateral gage
holding strength of the cross-ties. It does not directly address the vertical condition of the
ties, which is also a criterion for tie removal and replacement. This was seen in the
Tielnspect counts prepared by ZETA-TECH personnel, where the “bad” ties were
separated between gage related and vertical conditions. When these counts were
compared to the CSX bad tie counts, it was found that the total of the two matched the
CSX bad tie count numbers (which were not separated based on failure mode or failure
condition). Thus, while the correlation between GRMS data and tie counts (and tie
replacement) is quite good, there may be discrepancies associated with ties that are
deemed as “failed” because of their vertical support condition, which may not show up in
a gage strength related GRMS measurement.
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Analysis of 1998 and 1996 GRMS Data

The second stage in the analysis process was the evaluation of the 1998 GRMS
data which was taken after the 1996, 1997, and part of the 1998 tie programs on the study
line. '

As noted previously, the focus of this analysis was on the track strength condition
parameters, particularly:

e Mean Loaded Gage; the statistical mean (average) of all (every foot) loaded
gage measurements in the mile. Calculated on a mile by mile basis from the
GRMS loaded gage measurement.

e Mean PLG24; the statistical mean (average) of all (every foot) PLG24
measurements in the mile. Calculated on a mile by mile basis from the GRMS
PLG24 calculated values.

The GWR values were deemed to be questionable because of the 1996 unloaded
gage data and are not included in this analysis.

Table 4 and Appendix E present a mile by mile summary of the mean loaded gage
and mean PLG24 for both the 1996 and 1998 GRMS runs together with the location of tie
gang activity and the corresponding number of ties inserted between the two
measurement cycles. Figure 9 presents this data graphically for the mean loaded gage
showing both the areas of tie replacement and the areas where no tie replacement had
occurred. Figure 10 presents the difference between these two sets of values (1998 mean
loaded gage — 1996 mean loaded gage). Also presented in Figure 9 are the average mean
loaded gage values for segments of track where ties were inserted and for segments where
no ties were inserted. These values are as follows:

Zones where tie insertion occurred:

e For MP 23 through 37, the mean loaded gage for 1996 was 0.37. For 1998, the
mean loaded gage was 0.34

e For MP 48 through 57, the mean loaded gage for 1996 was 0.24. For 1998, the
mean loaded gage was 0.24

e For MP 83 through 89, the mean loaded gage for 1996 was 0.43. For 1998, the
mean loaded gage was 0.36

e For all miles where ties have been inserted; the mean loaded gage for 1996
was 0.34. For 1998, the mean loaded gage was 0.31
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Figure 9
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MiloPoat

Total Feet
821
65268
6263
6295
6293
5283

5281
6231
5308
4974
5662
6347
6222
5273
6312
6276
4093
6495
5201
6376
6247
6317
6276
4726
6878
6306
6232
6380
4745
6782
6303
6290
3811
6404
6530
6283
6297
6287
6196
6395
6149
5424
616
6289
5289
5193
5372
4788
5788
6270
6279
6288
3678
6840

96 test date

MPLG24
0.00
0.1
0.39
0.22
0.26
0.24

0.29
0.22
0.24
0.18
0.22
0.34
0.31
0.30
0.26

0.10
0.08
0.51
0.52
0.53
0.60
0.37
0.26
0.54
0.58
0.67
0.60
0.59
0.61
0.47
0.65
0.69
0.35
0.35
0.41
0.37
0.38
0.40
0.35
0.42
0.37
0.24
0.32

0.60
0.48
0.42
0.42

0.67
0.36

0.16

MLDG MULD MDLG

0.00
0.01
0.26
0.10
0.13
0.11

0.18
0.1
0.13
0.05
0.10
0.20
0.19
0.18
0.14
0.16
0.01
-0.02
0.34
0.37
0.38
0.35
0.22
0.14
0.40
0.40
0.61
0.48
0.40
0.46
0.32
0.40
0.43
0.22
o.21
0.25
0.23
0.23
0.25
0.21
0.28
0.24
0.11
0.19
0.26
0.38
0.35
0.21
0.31
0.29
0.44
0.22

0.068

-0.12
-0.29
-0.10
-0.26
-0.24
-0.26

-0.18
-0.23
-0.19
-0.28
-0.27
-0.17
-0.14
-0.15
-0.19
-0.17
-0.26
-0.29
-0.11%
-0.02

0.01

0.00
-0.18

0.08

-0.16

-0.11
-0.13
-0.14
-0.14
-0.18
-0.08
-0.11
-0.25
-0.16
-0.07
0.12
0.03
-0.10
0.00
-0.03
0.1
-0.09
-0.29
-0.21

0.00
0.30
0.36
0.38
0.37
0.36

0.33
0.33
0.35
0.36
0.36
0.44
0.38
0.38
0.37
0.38
0.36
0.37
0.36
0.36
0.38
0.39
0.36
0.36
0.35
0.36
0.36
0.33
0.29
0.31
0.32
0.29
0.32
0.3t
0.31
0.28
0.28

Table 4

Total Feet
5364
6225
9266
6330
6300
6274

5216
6281
6339
4958
6679
6414
6172
6302

98 Test Date

MPLG24

0.12
0.20
0.30
0.28
0.27

0.39
0.32
0.27
0.29
0.17
0.24
0.36
0.37
0.34
0.31
0.32
0.17
0.14

" 0.41

0.46
0.47
0.46
0.20
0.26
0.33
0.47
0.62
0.49
0.61
0.41
0.38
0.39
0.43
0.37

0.39
0.38
0.37
0.37
0.34
0.38
0.35
0.28
0.23
0.27
0.37
0.31
0.23
0.24
0.30
0.45
0.29
0.18
0.11

MLDG MULD MDLG

0.09
0.16
0.26
0.21
0.21
0.33

0.26
0.21
0.24
0.12
0.17
0.28
0.30
0.28
0.26
0.27
0.12
0.10
0.35
0.38
0.41
0.40
0.13
0.21
0.26
0.40
0.46
0.42
0.45
0.34
0.29
0.32
0.36
0.31
0.28
0.33
0.33
0.31
0.31
0.29
0.32

0.23
0.18
0.23
0.31
0.26
0.18
0.19
0.24
0.40
0.23
0.14
0.07

0.02
0.06
0.16
0.08
0.07
0.21

0.13
0.08
0.12
0.02
0.05
0.14
0.17
0.16
0.12
0.18
0.02
0.00
0.23
0.25
0.29
0.28
-0.01
0.09
0.14
0.28
0.36
0.30
0.35
0.22
0.16
0.19

-0.01

0.08
0.10
0.10
0.13
0.13
0.12

0.12
0.13
0.12
0.10
0.13
0.14
0.13
0.12
0.13
0.09
0.10
0.10
0.12
0.13
.11
0.12
0.14
0.1
0.13
0.12
0.10
0.12
0.10
0.12
0.13
0.13
0.14
0.12
0.11
0.10
0.10
0.11
0.12
0.11
0.10
0.10
0.10
0.10
0.09
0.10
0.09
0.08
0.09
0.11
0.09
0.10
0.08
0.08

Deita PLG24
0.12
0.09
-0.10
0.06
0.0%
0.18
0.39
0.03
0.06
0.06
0.01
0.01
0.02
0.06
0.04
0.05
0.02
0.07
0.07

-0.10
-0.08
-0.08
-0.04
-0.17
0.00 -
-0.21
-0.08
-0.18
-0.12
-0.08
-0.20
-0.11
-0.18
-0.168
0.01
-0.01
-0.02

-0.01
-0.02
0.00
-0.04
-0.02
0.05
-0.09
-0.13
-0.13
-0.17
-0.11
-0.19
-0.12
-0.12
-0.08
0.09
-0.06

Delta LdGege
0.08
0.14
0.00
0.1
0.08
0.22
0.00
0.09
0.10
0.11
0.07
0.08
0.08
0.11
0.09
0.1

‘0,11
0.11%
0.11
0.00
0.01
0.03
0.05
-0.09
0.06
-0.14
0.01
-0.05
-0.04
0.08
-0.12
-0.04
-0.08
-0.08
0.09
0.07
0.08
0.09
0.07
0.08
0.07
0.06
0.06
0.12
0.00
-0.04
-0.07
-0.09
-0.03
-0.12
-0.05
-0.04
0.01
0.14
0.00

88 Tie Gang
# of Ties

600
896
808
671
677

711

1124

927 Tie gang
# of Ties

884
260
918
1660
1001
800
601

88 Tie Gang
# of Ties

1012

1026
876

1069
1066
863

753
1120
1072
1126

1114
1120
1201
1040
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MilePost Total Feet

721
43569
6266
6328
6234
6329
6279
6294
6280
6282
6672
4882

. 5288

5286
6282
6301
5293
6287

10785

10516
5269
5298
5340
5234
6313
6209
6313
6263
5220
5293
6293
6270
5264
5284
6298
6210
6267
6313
4451

11414
10668
6338
5213
5291

3062

96 test date

MPLG24 MLDG MULD MOLG

0.00
0.43
0.67
0.36
- 0.62
0.40
'0.37
0.49
0.47
0.26
0.37

0.60

0.43

0.24
0.26

0.27
0.07
0.64
0.45

0.00

0.13

0.13
0.23
0.14
-0.01

0.32

0.30

-0.18

-0.19
-0.13
-0.18
-0.28

0.04

0.00
0.34
0.33
0.34
0.35
0.32
0.30
0.34
0.28
0.31
0.33
0.33
0.31
0.33
0.33
0.34
0.37
0.34

0.31

0.3
0.37
0.31
0.27

0.29

Table 4 (conti-nued)_

Total Feet
5291
6256
6208
6320

10449
5348
5167

98 Test Date

MPLG24

0.36
0.33
0.36
0.48

0.34

MLDG MULD MDLG

0.29
0.28
0.30
0.43

0.27
0.32
0.26
0.34
0.35
0.20
0.32
0.23
0.26
0.33
0.28

0.29

0.38
0.49
0.16
0.32
0.09
0.32

0.14
0.32
0.13

0.24
0.21

0.19
0.19
0.21
0.33

0.16
0.22
0.14
0.22
0.24
0.11
0.23
0.13
0.16
0.22

0.10

0.10
0.09
0.09
0.09

0.12
0.1
0.1
0.11
0.1
0.09
0.10
0.10
0.10
0.10
0.11
0.07
0.12
0.10
0.08
0.08
0.12
0.13
0.12
0.09
0.09
0.10
0.10
0.12
0.11
0.08
0.08
0.09
0.07
0.08
0.06
0.05

Deita PLG24
0.35
0.33
-0.08
-0.19
-0.36

- -0.18
-0.01
-0.06
-0.08
-0.06
-0.01
0.01
-0.01
-0.03
-0.05
-0.06
-0.16
-0.12
-0.18

-0.07
-0.06
-0.11
0.06
-0.37
-0.18

Delta LdGage
0.29
0.28
0.00
-0.10
-0.23
-0.11
0.08
-0.01
0.00
-0.01
0.05
0.08

0.01
-0.08
-0.05
-0.09

-0.25
0.09
0.07
0.07
0.06
0.09
0.19
0.26
0.01

0.09

0.11
0.24
-0.11

98 Tie Gang
# of Ties

838
284

1060
1018

6806

97 Tie gang
# of Ties
1411

98 Tie Gang

# of Ties



Zones where no tie insertion occurred:

¢ For MP 4 through 22, the mean loaded gage for 1996 was 0.11. For 1998, the
mean loaded gage was 0.20

e For MP 38 through 47, the mean loaded gage for 1996 was 0.22. For 1998 the
mean loaded gage was 0.30

e For MP 58 through 82, the mean loaded gage for 1996 was 0.26. For 1998, the
mean loaded gage was 0.29

¢ For MP 90 through 109, the mean loaded gage for 1996 was 0.18. For 1998,
the mean loaded gage was 0.25

e For all miles where no ties have been inserted; the mean loaded gage for 1996
was 0.19. For 1998, the mean loaded gage was 0.26

Analysis of this data showed that in those zones where no ties were inserted (4
zones), the mean loaded gage increased in all cases, corresponding to a degradation of tie
condition with time (2 years) and traffic (between 40 and 100+ MGT depending on MP,
see Table 3). Furthermore, the zone with the greatest traffic density, MP 4 through 22,
had the largest increase in mean loaded gage, an increase of 80%. Overall, for all zones,
the loaded gage increased from 0.19 to 0.26, an increase of 37%. (Based on an average
tonnage of 65 MGT over the two years, this corresponds to an increase in loaded gage of
0.0011 per MGT.)

Analysis of the zones where ties were inserted showed that in these cases, the
average loaded gage decreased, corresponding to the improvement in track strength due
to the new ties and fasteners. (The only exception to this was MP 48 through 57 where
the mean loaded gage remained at 0.24. However, in this zone, the value of the mean
loaded gage, which corresponded to the tie condition, was significantly lower than those
of the adjacent two zones, which were of the order of 0.34 to 0.43, significantly higher.)
Table 5 shows the correlation between the change in loaded gage (and PLG 24, which is
presented in Figure 11) and the number of ties inserted. This will be discussed further,
later in this report. »

Finally, it should be noted that in general, the mean loaded gage for the miles that
- had ties inserted was measurably higher than those for which no ties had been inserted
(with the exception of the track between MP 48 and 57). This is in agreement with the
railroad practice of installing ties only in those miles where the track strength is
inadequate and additional ties to upgrade the track strength is required. This was clearly
the case for the zones MP 23 through 37 and 83 through 8§9.

Figure 11 presents the PLG24 data in the same format. As can be seen in Figure
11 (and Figure 12 which is a magnification of MP 4 through 57), those miles where ties
were inserted had a measurable reduction in PLG24 with the average decreasing from
0.48 to 0.37. However, for the case of those miles where no ties were inserted, the data
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23
24
25
26
a7
28
29
34
83
84
85
86
87
88
89

30
31
32
33
35
36
37
48
49
50
51
52
53
54
55
56
57

Table 5

Delta PLG24

-0.10

-0.08

-0.06

-0.04

-0.17

0.00

-0.21

-0.20

-0.14

-0.20

-0.23

-0.21

-0.19

-0.18

-0.13

Delta PLG24

-0.08
-0.15
-0.12
-0.08
-0.11
-0.16
-0.16
-0.09
-0.13
-0.13
-0.17
-0.11
-0.19-
-0.12
-0.12
-0.06

96 tie gang
Delta LdGage
0.00
0.01
0.03
0.05
-0.09
0.06
-0.14
-0.12
-0.02
-0.09
-0.13
-0.10
-0.08
-0.05
-0.01
98 tie gang
Delta LdGage
0.01
-0.05
-0.04
0.05
-0.04
-0.08
-0.08
0.00
-0.04
-0.07
-0.09
-0.03
-0.12
-0.05
-0.04
0.01
0.14

0.09

31

# of Ties

# of Ties

500
895
808
571
677
609
711

1124
838
984

1005

1060

1018
947
605

1012
663
1026
875
1069
1055
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was more erratic. Figure 13 shows the difference between the 1998 and 1996 déta
directly. ‘

Develobment of Correlation Equations

Noting the correlation between the change in indices and the number of ties
installed presented in Table 5, it is possible to obtain a correlation between the Track
Strength Quality Index parameters and the number of ties inserted. This correlation was
obtained using statistical regression techniques.

Figure 14 and Table 6 present the results of the correlation between the change in
loaded gage (Delta LDGAGE) and the ties inserted. This was performed for the entire
data set. A separate analysis for each of the two insertion years was also performed to
separate out the two year time change and associated change in track strength. (see
Appendix F ). As can be seen in the Figure and Table, good statistical correlation is

obtained, with an R? of 0.36 obtained (the 1996 data had an R? of 0.38 and the more |

recent 1998 data an R? of 0.53). Furthermore, it should be noted that the slope of the
relationship, corresponding to the rate of change of loaded gage with number of ties
inserted, was virtually the same. :

Thus, the relationship for the impro._vement' in loaded gage with number of
inserted ties is given by: : -

LDGAGE (new) = LDGAGE (old) + a* TIES + b
Where:

LDGAGE (new) is the predicted mean (per mile) loaded gage after ties are
inserted

LDGAGE (old) is the measured mean (per mile) loaded gage prior to ties
insertion '

TIES is the number of ties inserted in the mile

“a is a constant (slope) equal to —0.0002
b is a constant (intercept) equal to the additional degradation that occurs between
the time of the first measurement (before) and the second measurement. Note, if

the constant value of 0.11 is used, then the relationship is valid only for insertions
greater than 600 ties per mile.

Figure 15 and Table 7 present the results of the correlation between the change in
PLG24 (Delta PLG24) and the ties inserted. As with the case of loaded gage, this was
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SUMMARY OUTPUT

Regression Statistics

Table 6

didgage24 = 0.11216 - .000167* # of ties {96&98 timbering)

Multiple R 0.600657629
R Square 0.3607898487
Adjusted R Square 0.339482449 '
Standard Error 0.060879988
Observations 32
ANOVA
df SS . MS F Significance F

Regression 1 0.04349148 0.04349148 16.93289371 0.000278148
Residual 30 0.077063836 0.002568461
Total 31 0.120646316

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0.112160 0.037423 2.997066 0.006430 0.036731 0.188688
# of Ties -0.000167 0.000041 -4.114960 0.000278 -0.000249 -0.000084
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Figure 15
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Table 7

SUMMARY OUTPUT dplg24 = 0.02487 - .000167* # of ties (96&98 timbering)
Regression Statistics -
Multiple R 0.554898337
R Square 0.307912165
Adjusted R Square 0.28484257
Standard Error 0.05732968
Observations 32
ANOVA
df SS MS F Significance F
Regression 1 0.043867806 0.04386781 13.3470991 0.000980284
Residual 30 0.098600765 0.00328669
Total 31 0.142468572
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0.024873 0.042334 0.587556 0.561227 -0.061583 0.111330
# of Ties -0.000167 0.000046 -3.653368 0.000980 -0.000261 -0.000074
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performed for the entire data set. (Appendix F again presents a corresponding regression
performed separately for each of the two insertion years, to separate out the two year time
change and associated change in track strength. ). As can be seen in the Figure and Table,

good statistical correlation is obtained, with an R? 0f 0.31 -obtained for the combined data

(the 1996 data had an R? of 0.30 and the 1998 data an R? of.0.51). It should likewise be
noted that the slope of the relationship, corresponding to the rate of change of loaded
gage with number of ties inserted, was again virtually the same.

Thus, the relationship for the improvement in PLG24 with number of inserted ties
is given by:

PLG24 (new) =PLG24 (old) + a’* TIES + b’

Where:

PLG24 (new) is the predicted mean (per mile) PLG24 after ties are inseﬂéd

PLG24 (old) is the measured r_neanw (per mile) PLG24 prior to ties insertion

TIES is the number of ties inserted in the mile

a’ is a constant (slope) equal to —0.0002

b’ is a constant (intercept) equal to the additionai degradation that occurs between

the time of the first measurement (before) and the second measurement. Note, if

the constant value of 0.025 is used, then the relationship is valid only for

insertions greater than 35 ties per mile.

Thus, it dppears that a relationship can be developed that relates changes in the
. TSQI with tie insertions. Also, a relationship can be obtained for the degradation of TSQI
with tonnage. This was observed previously, for the loaded gage TSQI to be of the order

of 0.0011 per MGT (corresponding to 0.11 per 100 MGT). Figure 16 presents the
relationship for PLG24 which is of the form PLG24new = PLG24o0ld +0.001*MGT.
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Figure 16
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Analysis of Tielnspect Data

In order to perform a “micro” correlation of the TSQI noted above and the actual
tie condition, a detailed map of the tie condition was obtained from selected miles of
Track 3 by ZETA-TECH personnel using the Tielnspect hand held data collection unit
(Appendix A). This unit allows for the recording of the condition of every tie, and the
follow up analysis of tie clusters. The generated detailed map of bad tie clusters can then
be correlated directly against the GRMS indices, particularly the GRMS threshold data
(i.e. the GRMS readings that exceed a preset threshold). Such a correlation is presented in
Attachments G and H for MP 30 and 32 respectively. This correlation is based on the
1996 GRMS data (note previous comments about the unloaded gage) and the March 1998
track inspection (which preceded both the 1998 tie gangs and the 1998 GRMS run). '

Examination of the data directly (after correction for MP location which can be
off by 25 or more feet in a moving inspection vehicle such as the GRMS), shows that a
. correlation does exist between the PL.G24 and tie clusters (of two or more bad ties). This
is further shown in Table 8 which indicates that there is a statistical correlation between
two tie clusters (from Tielnspect data) and the PLG24 data. The correlation is:less clear in
the GWR data (not surprising in light of the problem with the 1996 data). A similar
statistical correlation was found in the November 1998 T, ze]nspect track inspection (see
Table 9.)

Appendix I presents the correlation between the 1998 Tielnspect measurements
and GRMS threshold data: Noting that the 1998 Tielnspect measurements were taken-
~ after the completion of all of the tie programs, it can be seen that the overall tie condition
is excellent, with only a very small number of bad ties reported by either Tielnspect or
GRMS. In fact, the Tielnspect data showed virtually no clusters of bad ties greater than
two, again correlating to the low level of the GRMS values, to 1nclude both mean GRMS
values and exceedances beyond a defined threshold.
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Table 8

M.P. 32
Tie Bad+Marginal GWR >0.4
Ranges TIES >=2 Clst. TIES
301-800 n 20
601-900 65 18
801-1200 103 23
1201-1500 114 2
2101-2400 48 69
2401-2700 73 38
2701-3000 64 49
3001-3127 22 86
Total 560 303
M.P. 32
TIES >=2 GWR >0.4 PLG24>0.6
TIES >=2 Cist. 1.00
GWR >0.4 -0.88 1.00
PLG24>0.6 0.29 -0.54 1.00
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Table 9

M.P. 25 -98 GRMS DATA

CORELATION COEFF.

>=1 tie | >=2 tie | PLG24>0.6 | PLG24>0.7 | PLG24>0.75
>=1 tie 1.00
>=2 tie 0.44] 1.00
PLG24>0.6 -0.04] 013 1.00
PLG24>0.7 0.00f 0.16 0.76 1.00
PLG24>0.75| -0.07] 0.22 0.25 0.73] . 1.00







Analysis of Curve vs. Tangent Track Data

An additional set of analyses was performed to examine the effect of track
curvature on tie degradation and strength behavior. The analysis divided the track into
curved and non-curved segments. However, because CSX bad tie counts and tie inserted
counts are based on mile units and are not divided between curve and tangent, it was
necessary to do this analysis on a “per mile” basis (to avoid any pre-biased distribution of
ties between curves and tangents). In order to accomplish this correlation analysis, the
individual miles were designated as either a “curve” mile (which contains one or more
curves within the mile) or a tangent mile (which contains ne curves). Note, this is a
“straight” section of railroad and as such had many miles of tangent only track.

Figures 17 and 18 present the mean loaded gage values (1998 and 1996) for
“curve” and “tangent” miles respectively. In all cases, the mean loaded gage values
behave as expected (and in accordance with the previously presented summary data), i.e.
the track that had been timbered between GRMS runs showed a distinct reduction in
mean loaded gage while the track with no timbering showed a distinct increase in mean
loaded gage. Specifically: ‘

For track that had timbering (tié géng) performed between GRMS runs:

e The curved miles showed an overall (average) reduction in mean loaded gage
0f 0.04; i.e. from 0.34 in 1996 to 0.30 in 1998. ‘

e The tangent miles showed an overall (average) reduction in mean loaded gage
of 0.04; i.e. from 0.38 in 1996 to 0.34 in 1998.

For track that had no timbering (no tie gang) performed between GRMS runs:

e The curved miles showed an overall (average) increase in mean loaded gage
of 0.04; i.e. from 0.25 in 1996 to 0.29 in 1998. The corresponding rate of
degradation was 0.0006 per MGT.? '

e The tangent miles showed an overall (average) increase in mean loaded gage
of 0.08; i.e. from 0.14 in 1996 to 0.22 in 1998. The corresponding- rate of
degradation was 0.001 per MGT. '

e The overall strength level (loaded gage) of the tangent miles was noticeably
lower than the curve miles.

Examination of the PLLG24 data (Figures 19 and 20) showed, in general, similar behavior
with the exception of one zone in the curved mile set of data (a no timbering zone

° Based on a total average tonnage over the two year period of 65 MGT
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Figure 18
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Figure 19
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Figure 20
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between MP 58 and 82) which showed a reduction in PLG24 with tonnage (i.e. between
1996 and 1998).

Thus, based on the data presented here, there did not appear to be any apparent
differences in degradation behavior between the tangent and curved sections, except that
the average values (both loaded gage and PLG24) for the tangent miles (no timbering)
was significantly lower that that of the curved miles, suggesting a higher level of lateral
loading for the curved track, as expected. :

Figures 21 through 24 present a correlation analysis, for both tangent and curve
miles, of the change in loaded gage (Delta Loaded Gage) as a function of ties inserted. As
can be seen in these Figures, the two classes of track behave quite similarly (and similar
to the overall behavior reported previously). Both generate degradation relatlonsthS of
the form:

LDGAGE (new) = LDGAGE (old) + a* TIES + b

Where:
LDGAGE (new) is the predlcted mean ( per mlle) loaded gage after ties are -
inserted

LDGAGE (old) is the measured mean (per mile) loaded gage prior to ties
mser‘uon

Note; Delta LdGage = LDGAGE(new) - LDGAGE(old)
~ TIES is the number of ties inserted in the mile
aisa 'consta‘nt (slope) equal to —0.0002

b is a constant (intercept) equal to the additional degradation that occurs between

the time of the first measurement (before) and the second measurement.

Finally, analysis of the rate of degradation of the Loaded Gage, as a function of
MGT (with no intervening timbering programs), likewise shows a similar behavior to that
reported previously. Figure 25 shows the tangent miles rate of degradation (with a slope
of 0.001). Figure 26 shows the curve miles with a slope of 0.0007. [ Note, the slopes
correspond to the rate of degradation already noted above. | '

Again, the differences between the tangent and curved miles are not well defined
in this data set. However, this may be due to the fact that most of the curves in this line
segment are relatively shallow and, in general, the variation between traffic types and
speeds is limited. Other locations with more severe curvature and larger traffic variations
may show more pronounced differences. :
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Figure 21
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Figure 22

SUMMARY OUTPUT ' with curves '
dldgage = 0.115848 - .000174* # of ties (36438 timbering)
Hegression Stalistics . '
Multiple R 0.632436116
R Square 0.399975441
Adjusted R Square  0.373887416
Standard Error 0.052528712
Observations 25
ANOVA
ar 95 MS F Significance F
Regression 1 © 0.04230441  0.04230441 15.33176432 0.000683602
Residual 23 0.063463109 0.002759266 ‘
Total ) 24 0.10576752
Coefficients  Standard Error t Stat P-value Lower 95% Upper 95%  Lower85.0%
Intercept 0.1158478 0.039985675  2.88723255 0.008123805 0.033131241 0.19856436  0.033131241
# of Ties -0.000174032 4.4446E-05 -3.915579691 0.000693602 -0.000265975 -8.20884E-05 -0.000265975
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Figure 23
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Figure 24

SUMMARY QUTPUT without curves
didgage = 0.13551 - .000177* # of ties (96&98 timbering)
Hegression Statstics

Multiple R 0.432168284
R Square 0.186769425
Adjusted R Square  0.070593629 -
Standard Error 0.044591279
Observations 9
ANOVA

df S5 MS F Signiticance F
Regression 1 0.003196612 0.003186612 1.60764489 0.245365741
Residual 7 0.013918675 0.001988382
Total 8 0.017115288

Coefficrents  Standard Error ! Stat FPvalve Lower 952% Upper95%  Lower95.0%

Intercept 0.1355074 0.136310163 0.994110762 0.3532826 -0.186814687 0.457829488 -0.186814687

# of Ties -0.000176932 0.000139544 -1.267929371 0.245365741 -0.000506901 0.000153037 -0.000506901
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Figure 25
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Figure 26
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Correlation of Track Strength data with Anticipated Load
Environment

The final question that must be addressed is the definition of proper TSQI values
for the maintenance of track for the range of equipment under consideration. This
includes the freight traffic, for which the line is currently being maintained, and future
high speed passenger traffic.

Figure 27 presents previous TSC sponsored tests of track strength which indicates
that a GWR of 0.52 represents weak cut spike track, a value of 0.32 represents good wood
tie track, and a value of 0.15 represents good concrete tie track. While reliable GWR
values for poor track are not available (due to the problems with the unloaded gage in the
1996 GRMS run), the data presented in the February interim 1998 report'® indicated that
mean GWR values of 0.25 to 0.38 corresponded to track that CSX determined as needing
ties (Figure 28). Note, that the data in Figure 27 corresponds to a spot (local)
measurement while Figure 28 corresponds to a per mile mean. The latter is necessary in
order to utilize this information in a planning mode, rather than in a safety inspection
mode. ‘

~ Based on this data, it appears that a “first” cut estimate for a “per mile” mean
TSQI value is 50 to 75% of the “spot” TSQI value. '

In the case of PLG24, Figure 11 shows that the range of mean PLG24 for track
requiring timbering (based on CSX standards for freight traffic) is of the order of 0.35 to
0.70 with an average value of 0.48. The corresponding range of mean loaded gage for
track requiring timbering (based on CSX standards for freight traffic) is of the order of
0.24 to 0.50 with.an average value of 0.34.

The new FRA standards require the following gage widening restrictions:

Maximum Speed (mph)
Class of Track Freight - Passenger =~ Maximum Gage Widening'
Class 3 40 60 , 1.25”
Class 4 60 80 1.00”
Class 5 80 90 1.00”
Class6 - - N/A 110 0.757"

' “Demonstration of High Speed Track Maintenance Using Objective Gage Strength Data”, Interim Report
by ZETA-TECH Associates to the FRA, February 5, 1998.

! from nominal gage of 4’ 8 4"

> maximum change of 0.5” within 31 feet
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These are for “spot” inspection, as such they are too restrictive for a maintenance
planning index (TSQI). However, taking 50% of this spot value (the bottom of the range
noted above), a corresponding per mile mean limit for PLG24 (the “maintenance”
PL.G24) would now be as follows:

“Maintenance” PLG24

Low Speed Freight (Class 3) 0.625
Moderate/High Speed Track (Class 4) 0.5
Passenger (Class 6) 0.375

Note; the limit of 0.5 corresponds to the measured average of the mean PLG24 on
the track that was actually timbered by CSX (thus determined by the railroad 1nspectors
as requlrlng ties).

These limits allow for the determination of the number of ties to be inserted per
mile, by calculating the difference between the “actual” (measured) mean PLG24 for the
mile and the above defined limit. This difference is then divided by the “slope” of the
PLG24 degradation equation presented previously to calculate the number of ties to be
inserted, as follows:

PLG24 EXISTING — PLG24 THRESHOLD
|
Where: TIES’ = number or ties to be installed

PLG24gxistivg = the current measurement mean (per mile) PLG24
PLG247uresHorp = the railroad defined maintenance threshold for PLG24

TIES =

And '
|a’| = the absolute value of the slope of the PLG24 equation (equal to
0.0002 for the data presented on pager 16)

Finally, it should be noted that the most effective GRMS loading levels are a
combination of Lateral (L) and Vertical (V) loads such that the load severity of the
combined load is of sufficient magnitude as to cause a measurable displacement of the
rail head (Zone II of Figure 29). The GRMS load levels are L= 14 Kips and V = 21 Kips,
-which fall within this zone. This range of loading is well above average lateral load levels
(and load severity) as measured on both passenger and freight rail operations. These
levels however are representative of the low probability high magnitude loads that occur
infrequently (less than 1%), and which represent potential safety problems. Thus they are
appropriate for use as a spot or safety parameter and are “conservative” in their
application to the maintenance planning approach presented here-in (provided that the
maintenance limits are appropriately selected, as discussed previously.)
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Determination of “Minimum Number of Ties Required to
Maintain “Satisfactory” Track

Using the tools and analysis techniques presented in this report, it is possible to
examine the relationship between actual number of crossties installed by CSX on the
study route and the number of crossties required to maintain a satisfactory" level of
track condition (from a maintenance-as well as safety point of view).

Figure 30 shows the mean PLG24 (calculated from the 8/96 GRMS test run) for
- Mileposts 5 through 37, together with those miles where a tie gang was used in late 1996
(after the GRMS measurement run). Table 10 presents the calculated mean PLG24 values
for those miles, for which ties were inserted. The presented PLG24 values correspond to the
“before ties ” condition (1996 GRMS) and the “after tie installation” condition (1998
GRMS). The number of ties inserted is also presented (together with the equivalent number
of ties per mile). As can be seen, these range from between 500 and 1,124 ties installed in
late 1996.

Note that for all mileposts except 27 and 28, the before mean GRMS value is greater
than the required 0.5 value (corresponding to 57” for track with a nominal gage of 56 2”)
identified previously for this class of track. (Mileposts 27 and 28 show mean GRMS values
that are significantly lower and thus may not require additional ties at all, unless the ties are
for vertical support purposes which are not identified by the GRMS data). In all cases, the
“after” mean GRMS values are less than 0.50 with the maximum mean GRMS value being.
0.47.

Table 11 and Figure 31 present the number of ties, for each mile, that exceeds a
defined individual GRMS value. (Note, this is the “safety” standard which examines track

strength on an individual foot basis). As can be seen from this Table, there are very few ties -

that exceed a PLG24 of 0.8 (the railroad uses a value of 1.0 for a safety threshold), with
increasing numbers of ties to be replaced as the threshold is lowered. At the 0.50 level, most
of the mileposts (except 25 and 26) need fewer ties than were actually installed. For
example, for the milepost with the greatest number of ties installed, Milepost 34, only 65%

of the actual ties installed are needed at the PLG24 = 0.5 level (on a per tie basis). For all of
the mileposts, only 88% of the actual ties installed are needed at the PLG24 = 0.50 level.

Furthermore, the removal of all individual ties with PLG24 > 0.50 will result in a mean
PLG24 that is significantly less than 0.50 (because the measurement data indicates a
variation in individual tie strength, as measured by the PLG24, with many of the ties having
a significantly lower PLG24 value than this 0.50 threshold).

'3 It should be noted that this is based on lateral track strength , i.e. gdge strength, as measured by the
GRMS only. It further does not account for any additional factors of safety introduced by maintenance
officers in anticipation of non-uniform future maintenance (e.g. periods of potential deferred maintenance).
Thus there may be a “gap” between the theoretical minimum number of ties needed for maintaining the
track on an ongoing basis, and the number of ties that are installed in anticipation of future fluctuations in
budget and maintenance focus.
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MilePost
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96 GRMS
MEAN
PLG24
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Table 10

98 GRMS # of Ties
MEAN Total Installed
PLG24 Equ. Ties

0.41 3198 500
0.45 3192 895
0.47 3190 808
0.46 31562 571
0.20 3148 677
0.26 3176 ' 609
0.33 3211 711

0.41 3147 1124



Figure 31
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MilePost

23
24
25
26
27
28
29
34

" 96 GRMS 98 GRMS
MEAN Total
PLG24 Equ. Ties

MEAN

PLG24
0.51
0.52
0.53
0.50
0.37
0.26
0.54
0.61

0.41
0.45
0.47
0.46
0.20
0.26
0.33
0.41

Total

3198
3192
3190
3152
3148
3176
3211
3147

Total (w/o 27,28)

# of Ties
Installed

500
895
808
571
677
609
711
1124

5895

4609

Table 11

Total
% of actual installed
Total (w/o 27,28)
% of actual installed

GRMS Ties
PLG24>.3 PLG24>4 PLG24>.5 PLG24>6 PLG24>.7
2268 1452 467 218 123
3126 2290 564 76 14
2939 2355 1157 274 34
2661 1817 944 467 316
501 66 7 0 0
881 175 13 1 0
1759 629 186 44 15
2402 1458 739 292 79
16537 10242 4077 1372 581
281% 174% 69% 23% 10%
15155 10001 4057 1371 581
329% 217% 88% 30% 13%

PLG24>.8

37
0

7
233

0
0
7
15
299

5%
299

6%



Table 12 presents the number of ties, for each mile, necessary to achieve the
“maximum desired” mean (per mile) PLG24 level (based on a linear interpolation of the
mean GRMS values and the actual number of ties installed). Thus, for a mean PLG24
level of 0.47, corresponding to the highest “acceptable” level actually achieved by the
railroad tie installation program (at MP 25), only 66% of actual ties installed were really
needed. (Note, this is exclusive of MP 27 and 28 which were already well below this
PLG24 level even before the tie installations.) For a mean PLG24 level of 0.46, a higher
level of track strength corresponding to the next highest “acceptable” level actually
achieved by the railroad tie installation program (at MP 26), only 78% of actual ties
installed were really needed. Based on this analysis, the railroad in fact, could have
installed 1561 fewer ties at the PLG24 = 0.47 level and 1010 fewer ties at the PLG24 =
0.46 level.

Looking at this data from the point of view of improvement in mean PLG24, using
the regression equation presented previously, Tables 13'* and 14" present the projected
improved PL.G24, based on a tie insertion rate corresponding to the PLG24 levels presented
in Table 11. Thus, for example, if ties were installed that exceeded the individual PLG24 =
0.5 level only , then for MP 23, 24, 29 and 34 , significantly fewer ties were required to
achieve an acceptable level of mean PLG24 (e.g. for MP 34, 65% of the actual ties installed
project to a mean PLG24 level of 0.49, below the PLG24 = .50 threshold- see Table 13.) In
fact, Table 13 shows that for all of the mileposts that had initially high PL.G24 levels (
" greater than 0.5), a reduction to an acceptable level (i.e. below 0.49) can be achieved with
the installation of significantly fewer ties than were actually installed.

Using the results and methodology presented here-in, it is possible to extrapolate the
results forward to examine the potential for maintenance for high speed track. Noting that
the “Maintenance” PLG24 for high speed (Class 6) track was set at 0.375” (corresponding
to 56 7/8”), the previously defined equation can be used to determine the number of ties
necessary to bring the track to the higher strength standard associated with high speed
operations. The results of such an analysis is presented in Table 15 which shows, for the
selected mileposts, the number of ties that would have to be installed to reach the more
restrictive PLG24 level required for high speed track. (Note, these values are based on the
regression equation presented previously). Thus, for the case of MP 34, 1431 ties would
be required (as opposed to the 1124 ties actually inserted which brought the track to a
level of 0.41).

'* Based on the slope of the PLG24 vs. tie inserted equation presented previously (with the intercept set
equal to zero). .
' Based on the slope and intercept of the PLG24 vs. ties inserted equation presented previously.
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MilePost

23
24
25
26
27
28
29
34

96 GRMS

MEAN
PLG24

0.51
0.52
0.53
0.50
0.37
0.26

0.54

0.61

98 GRMS
MEAN .
PLG24
0.41
0.45

0.47-

0.46
0.20
0.26
. 033
0.41

Total
Equ. Ties
3198
- 3192
3190
3152
3148
3176
3211
3147

Total

Total (w/o 27,28)

# of Ties
Installed

500
895
808
571
677
609
7M1
1124

5895
4609

" Table 12

Threshold Mean PLG24=
Required
Change in PLG24
0.04
0.05
0.06
0.03
0.00
0.00
0.07
0.14

Total
Total (w/o 27,28) -



0.47

Ties Require % actual

189
606
781
440
0

‘0
237
795

3048
3048

38%

68%

97%
77%

0%
0%
33%

7%

52%

66%

Threshold Mean PLG24=

Required
Change in PLG24
0.05
0.06
0.07
0.04
0.00
0.00
0.08
0.15

- Total
Total (w/o 27,28)

0.46

238
724
915
602
0

-0
271
850

3599
3599

Ties Require % actual

48%
81%
113%
105%
0%
-0%
38%
76%

61%
78%
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MilePost

23
24
25
26
27
28
29
34

96 GRMS 98 GRMS

MEAN
PLG24
0.51
0.52
0.53
0.50
0.37
0.26
0.54
0.61

MEAN Total

PLG24 Equ. Ties

0.41
0.45
0.47
0.46
0.20
0.26
0.33
0.41

3198
3192
3190
3152
3148
3176
3211
3147



Table 13

Predicted PLG24 W/O Constatnt

PLG24>.3 PLG24>.4 PLG24>.5 PLG24>.6 PLG24>.7 PLG24>.8

0.13
0.00
0.04
0.05
0.28
0.1
0.25
0.21

0.27
0.14
0.13
0.19
0.36
0.23
0.44
0.37

0.43

0.43

0.33
0.34
0.37
0.26
0.51
0.49

0.47
0.51
0.48
0.42
0.37
0.26
0.53
0.57

0.49
0.52
0.52
0.44
0.37
0.26
0.54
0.60

0.50
0.52
0.53
0.46
0.37
0.26
0.54
0.61
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MilePost

23
24
25
26
27
28
29
34

96 GRMS 98 GRMS

MEAN
PLG24
0.51
0.52
0.53
0.50
0.37
0.26
0.54
0.61

MEAN Total

PLG24 Equ. Ties

0.41
0.45
0.47
0.46
0.20
0.26
0.33
0.41

3198
3192
3190
3152
3148
3176
3211
3147

Table 14

0.16
0.02
0.06
0.08
0.31
0.14
0.27
0.24

0.29
0.16
0.16
0.22
0.38
0.26
0.46
0.40

Predicted PLG24
PLG24>.3 PLG24>4 PLG24>.5 PLG24>.6 PLG24>.7 PLG24>.8 at# of ties

0.46
0.45
0.36
0.36
0.39
0.28
0.54
0.52

0.50
0.563
0.51
0.44
0.39
0.28
0.56
0.59

0.51
0.54

0.55 -

0.47
0.39
0.28
0.56
0.63

0.53
0.55
0.55
0.48
0.39
0.28
0.57
0.64

Predicted PLG24

Iinstalled

0.45
0.40
0.42
0.43
0.28
0.18
0.45
0.45
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MilePost

23
24
25
26
27
28
29
34

96 GRMS 98 GRMS

MEAN
PLG24
0.51
0.52
0.53
0.50
0.37
0.26
0.54
0.61

MEAN Total
PLG24 Equ.

0.41

0.45

0.47

0.46

0.20

0.26

0.33

0.41

Ties
3198
3192
3190
3152
3148
3176
3211
3147

Table

GRMS Ties

15

...................... # of Ties

PLG24>.4 PLG24>.5 PLG24>.6 PLG24>.7 PLG24>.8 Installed

1452
2290
2355
1817
66
175
629
1458

467.

564
1157
944
7

13
186
739

218
76
274
467
0

1
44
292

123 37 500
14 0 895
34 7 808 -

316 233 571

0 0 677
0 0 609
15 7 71
79 15 1124

Predicted PLG24 W/O Constatnt-

PLG24>.4 PLG24>.5 PLG24>.6 PLG24>.7 PLG24>.8 Mean PLG24 = .375

0.27
0.14
0.13
0.19
0.36
0.23
0.44
0.37

0.43
0.43
0.33
0.34
0.37
0.26

0.51-

0.49

0.47
0.51
0.48
0.42
0.37
0.26
0.53
0.57

0.49
0.52
0.52
0.44
0.37
0.26
0.54
0.60

# of Ties (Equation)
0.50 802
0.52 877
0.53 916
0.46 732
0.37 0
0.26 0
0.54 1000
0.61 1431



Noting the above results, it can be seen that all three of these analyses' indicate
that the number of ties that are required to achieve a defined level of track strength (as
defined by the PL.G24) can be determined using this methodology. This, in turn, supports
the approach of an analytical methodology to define “mean” track strength and
corresponding tie insertion requirements, based on that strength. Furthermore, the above
strongly indicates that the use of the GRMS data as part of the tie installation decision
making process can result in a significant reduction of ties needed to be installed in order
to achieve an acceptable level of track strengthl” from both the safety and maintenance
points of view.

'® The individual (tie by tie) PLG24 measurements (Table B), the linear interpolation of actual PLG24 data
(Tables C) and the results of the predictive equations, based on the regression of actual tie insertions vs. mean
PLG24 (Tables D and E). .

7 Note, this does not necessarily include ties needed for vertical support, which may not be identified by
the GRMS data.
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Results

The results of this activity indicates that Track Strength Quality Indices, TSQIs,
can be developed which relate the GRMS output data to the general condition of the tie-
fastener system. Furthermore, these TSQIs can be correlated to the number of ties
installed, to develop a predictive relationship between improvements in TSQIs and ties
installed. The TSQI can also be used as part of the tie installation decision making
process with a potentially significant reduction of ties needed to be installed in order to
achieve an acceptable level of track strength' from both the safety and maintenance
points of view.

The TSQI parameters that were found to be most meaningful in representing the
track condition were “mean” values, calculated over a mile length of track, of the
following key GRMS outputs:

Loaded Gage

Projected Loaded Gage (PLG 24)

Delta Gage (Loaded Gage — Unloaded Gage)"
Gage Widening Ratio (GWR)’

. In addztzon meaningful correlations were also obtained by summing the number
of feet per mile (or number of ties per mile which was calculated by dzvzdmg length by tie
,spacmg) exceedmg a defined PLG24 or GWR threshold.

Analy31s of the CSX tie insertion data shows a good correlation between mean
'PLG 24 (specifically mean PLG24 > 0.5) and mean GWR (GWR > 0.30) and actual tie
insertions performed by a production tie gang. Furthermore, analysis of the number of
feet of track, per mile, exceeding these thresholds, likewise shows a correlation with the
tie insertions, though the variation in this parameter is significantly greater than for the -
mean value itself. (This larger variation also appeared in the analysis of the individual
GRMS data, which suggests that the mean value acts as a smoothing function, which
would be of value in defining general behavior trends as well as for planning purposes.)
This correlation supports the use of GRMS data as a maintenance management tool.

'* Note, this does not nécessa_lrily include ties needed for vertical support, which may not be identified by
the GRMS data. It further does not account for any additional factors of safety introduced by maintenance
officers in anticipation of non-uniform future maintenance (e.g. periods of potential deferred maintenance).
Thus there may be a “gap” between the theoretical minimum number of ties needed for maintaining the
track on an ongoing basis, and the number of ties that are installed in anticipation of future fluctuations in
budget and maintenance focus. .

' Note; only limited results were obtained from these parameters due to an apparent data problem with the
unloaded gage measurements taken from the August 1996 GRMS run.
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Analysis of the GRMS degradation data (between the 1996 and 1998 GRMS runs)
showed that in those zones where no ties were inserted (4 zones), the mean loaded gage
increased in all cases, corresponding to a degradation of tie condition with time and
traffic. Furthermore, the zone with the greatest traffic density, MP 4 through 22, had the
largest increase in mean loaded gage, an increase of 80%. Overall, for all zones, the
loaded gage increased from 0.19 to 0.26, an increase of 37%. Based on an average
tonnage of 65 MGT over the two years, this corresponds to an increase in loaded gage of
0.0011 per MGT. The corresponding degradation relationship for PL.G24 is given by:

PLG24new = PLG24o0ld +0.001*MGT.

Analysis of the GRMS data for the zones where ties were inserted showed that in
these cases, the average loaded gage decreased, corresponding to the improvement in
track strength due to the new ties and fasteners. Using statistical regression techniques,
this-data resulted in the development of a correlation between the Track Strength Quality

Index parameters and the number of ties inserted.

The resulting relationship for the improvement in PLG24 as a function of the
number of inserted ties is given by:

PLG24 (new) = PLG24 (old) + A’* TIES + b’

Where:

PLG24 (new) is the predicted méan (' per mile PLG24 after ties are inserted)

PLG24 (old) is the measured mean (per mile -PLG2’4 prior to ties insertion)

TIES is the 'numbér of ties inserted in the mile

A’ is a constant (slope) équal to —0.0002

b’ is a constant (intercept) equal to 0.025 ( fof insertions gré:ater than 35 ties per

mile) '

A similar relationship was obtained .for Loaded Gage.

Based on the results of the mea;urements and data collected on this line, together - A
with earlier FRA and TSC test data for track strength values, a set of maintenance

thresholds for the TSQI planning index were developed. These per mile mean limit for
PLG24 (the “maintenance” PLG24) were set as follows: '
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, “Maintenance” PLG24
Low Speed Freight (Class 3) 0.625 57 1/8”
Moderate/High Speed Track (Class 4) 0.5 577
Passenger (Class 6) 0.375 56 7/8”

Note: the limit of 0.5 (57”) corresponds to the measured average of the mean
PLG24 on the track that was actually timbered by CSX (thus determined by the railroad
inspectors as requiring ties).

These limits allow for the determination of the number of ties to be inserted per
mile, by calculating the difference between the “actual” (measured) mean PL.G24 for the
mile and the above defined limit. This difference is then divided by the “slope” of the
PL.G24 degradation equation presented previously to calculate the number of ties to be
inserted.

Application of these limits to the study track showed that for current operations
(Moderate Class 4 track), the above defined mean PLG24 limits can be reached with
between 50% and 80% of the actual ties installed (based on obtaining an equivalent mean
average PLG24 comparable to what was actually achieved, which was of the order of
0.47). For high speed track, with the more restrictive PLG24 limit noted above (375"
corresponding to 56 7/87), the above defined equation can be used to determine the
number of ties necessary to bring the track to the higher strength standard associated
with high speed operations. The results of such an analysis is presented in Table 16

~which shows, for several specific mileposts, the number of ties that would have to be
installed to reach the more restrictive PLG24 level required for high speed track.

Thus, based on the presented results, it appears that the GRMS data, when
developed in the form of TSQI values, on a mile by mile or segment by segment® basis,
can be used as part of the maintenance planning process as well as a predictor of crosstie
replacement requirements.

 The TSQI presented in this report can be applied on a segment by segment basis, such as either mile
length of track, curve vs. tangent lengths, or other lengths as appropriate.
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Table 16: Example Tie Insertion Analysis

Mean PLG24 Actual Ties Inserted  Ties Required for PLG24*
Milepost 8/96 5/98 11/96 0.47% 0.375
23 0.51 0.41 | 500 233 802
29 0.54 0.33 711 431 1000
34 0.61 041 1124 862 1431

! Based on analysis
% Corresponding to values actually achieved by the tie gang
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Recommendations for Further Investigation

‘The results presented above, indicate that the GRMS data can be used to more
effectively plan tie maintenance activities by developing objective criteria for the
determination of the number of ties to be installed and a corresponding level of track
strength that must be achieved. This is different than the current “safety” based
application which uses a local strength limit to locate weak track spots.

While the results to date strongly support the TSQI approach, these results are
based on only one line segment at one traffic level. They do not represent the range of
conditions found in North America to include high curvature, high tonnage lines with
significantly greater rates of track strength degradation. Therefore, it is recommended that
the results of this analysis be extended to a broader range of track and traffic conditions to
determine if the relationships developed here-in remain the same, or if the shape of the
relationships or the relationship parameters (e.g. constants) change. In particular, a severe
curvature line should be investigated. Such an analysis would also further examine the
differences in track strength behavior between tangent and curved track segments.

In the longer horizon, it is necessary to determine and demonstrate whether such a
track strength based approach to tie replacement provides a more economical means, on a
life cycle basis, to upgrade and maintain track. This is to include conventional track and
track with mixed heavy freight and high speed operations. The objective of such an
activity is to determine if this track strength approach allows for the most cost effective
installation of ties, and to determine where to install the ties, on what schedule, and how
many to install. Note, this approach can also be used as part of an “upgrade” approach in
which track can be upgraded to a higher standard, e.g. to support high speed passenger
operations.

In order to validate these results, however, it is necessary to perform a comparison
of maintenance activities performed using this approach as compared to the conventional
“bad tie count” approach currently used. In order to perform this next step evaluation, the
* following activities are recommended:

e Conduct a “side by side” comparison of alternate tie maintenance techniques.

In this comparison, a selected segment of track, corresponding to approximately
10 to 20 miles, with homogeneous traffic, track, and topography, is divided into two to
three zones corresponding to the maintenance approach desired. The following

maintenance approaches have been suggested.

e GRMS based tie maintenance
e Qut of face upgrade and spot tie replacement (using GRMS to locate spot ties)
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e Conventional bad tie count planning and cyclic tie maintenance

Note, the 1* and 3™ represent a direct comparison of alternate maintenance
approaches (GRMS vs. conventional). The 2" approach is an option which can be
included if resources permit.

In this comparison, the GRMS maintenance based test zone would be upgraded,
using the criteria presented in this report, to a defined level of TSQI. The test zone would
then be maintained, using GRMS data, on an ongoing basis to keep a minimum TSQI
level.

The resulting number of ties inserted would be compared to that used in the
conventional approach.

Note, this approach can also be used for track upgrade, such as for the
introduction of high speed passenger operations on a freight only line.

In addition, in order to determine the economic viability of these approaches, it is
necessary to conduct a life cycle cost analysis comparing the alternate approaches:

e GRMS based tie maintenance
e Out of face upgrade and spot tie replacement (using GRMS to locate spot ties)
e Conventional bad tie count planning and cyclic tie maintenance

This economic Vanalysis can be conducted using an appropriate life cycle tie

maintenance tool such as the Railway Tie Association’s SelecTie model. Such an analysis
is recommended here as part of the next step assessment of tie maintenance practices.
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-TeCHZETA-TECH Associates, Inc.

. Tielnspect

ZETA-TECH’s Tielnspect
Tie Inspection And Planning System

Introduction

Tielnspect is a comprehensive computerized crosstie
inspection system designed to accurately and
efficiently collect tie condition data based on a tie
inspector’s  assessment of  condition.  This
revolutionary unit aids the tie inspector by providing
an easy to use mechanism that allows for the
complete collection and storage of valuable tie
condition data. Tie condition data can be stored for
each and every tie inspected, providing a complete
database of historical and current tie condition. In
addition, offline analysis software is provided for
viewing and analyzing the collected data.

The system is outfitted with a handgrip input device

which is connected to a palmtop computer via an RS-

232 interface. The palmtop computer is conveniently
held in a belt pouch, which also contains a
rechargeable battery good for hours of continued
inspection. All inspection data is stored on the
palmtop and can be downloaded to a desktop PC for
analysis and reporting. All acquisition and offline
analysis software is provided with the system.

General Features

The general features of the system provide the tie
inspector with an easy to use, digital tie inspection
and recording device. The inspection unit provides
the tie inspectoir with an ergonomic input device for
conveniently cataloging tie condition (good,
marginal, or bad), milepost changes (next milepost),
tie type (crosstie, turnout, bridge, or grade crossing),
tie material (wood, concrete, steel, or other),” and
curvature (tangent, mild, moderate, or severe).

The palmtop computer records the tie inspectors
inputs from the handgrip. In addition, the inspector
has the ability to fill in certain fields within the
software on the palmtop including, division,
subdivision, inspection direction, fasteners, comment,
and others. The inspector can quickly evaluate how
many good, marginal, bad, and total ties were
counted for any given milepost while in the field. A
complete record of all inputs is kept on the palmtop
until downloaded to the host software.

The system provides two primary modes of
inspection capability, a detailed identification of the
condition of every tie, and a bad tie only count by
milepost. The inspector can choose which

configuration to use based on their individual
requirements.

The Tielnspect host software provides the user with
the ability to upload the inspection information and
creates a historical database of the inspection data.
This data can then be viewed for several mileposts in
-both a summary and detailed format, showing the
analyst the distribution and counts of good, marginal,
and bad ties. In addition, bad tie clusters and FRA
defects (optional) are listed by location to aid in
maintenance planning.

Inspection Process

The inspection process utilizes the input device and
the palmtop computer along with the data collection
~software for cataloging the complete distribution of
tie condition data. The data collection software on the
-palmtop computer allows the tie inspector to specify
the initial parameters of the inspection including the

following:
- Division - Fastener Type
- Subdivision - FRA Class
- Track - Inspector
- Starting Milepost - Weather
- Ending Milepost - Tie Spacing

- Inspection Direction - Inspection Mode
- Comments - RS-232 Port Settings

Copyright © 1998, Zeta-Tech Associates, Inc.
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Once the initial parameters are set they can be
changed at any time during the inspection and will
hold constant until changed again. The palmtop
computer can be placed in the belt-pouch and
inspection can commence. ‘

For the detailed tie inspection, every tie is graded as
good, marginal or bad. The handgrip provides input
buttons for each of these conditions. Pressing the
good tie button will store a good tie in the system.
Each tie is graded and the appropriate button clicked.
Note that each time the bad tie button is pressed, a
beep will sound from the palmtop providing the user
with positive feedback that the bad tie button was
clicked.

There is a backup button on the handgrip, which
allows the user to backup one tie at a time, should it
be necessary.

When the tie material, tie type or curvature changes,
one of three toggle switches can be used to change
the appropriate tie characteristics. Pushing the toggle
up sets the characteristics to its default, while pushing
it down cycles it through the three alternative
choices. These features can be changed at will, and
every tie inspected after a change is made will have
the characteristics defined by the setting.

In addition to the handgrip input device, the inspector
can open the palmtop at any time and make changes
to any of the inputs. This includes comments. Should
the user wish to enter a comment, it will be stored at

the appropriate
milepost and  tie
location in the data
file. These comments
can later be viewed
along with the data
using the offline
software.

A summary review is
provided such that the
user can view the total
number of ties, as well
as the number of
good, marginal, and
bad tie for any
milepost inspected on
any given day for
which the data resides
on the palmtop
computer.

The inspector can end
a session and start a
session at any time

For the bad ties only inspection mode, the bad tie
button is clicked for each bad tie encountered. In
addition, whenever a tie cluster is located (as defined
by the inspector), the tie cluster button is clicked
(same as good tie button in every tie maode).

A milepost input button is provided for inputting the
milepost marker when it is encountered. The milepost
will increment or decrement based on inspection
direction as initially defined.

during the working
day. The data is stored
in a file for each day of inspection, which continually
appends the days work. It is these daily files that are
downloaded to the host analysis software.

The daily inspection files are downloaded to a
desktop PC using a RS-232 interface and
communication software provided by the palmtop
manufacturer. Once the files have been uploaded by
the desktop PC, they can be imported into the host
analysis software.

Copyright ® 1998, Zeta-Tech Associates, Inc.
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The host analysis software allows the user to specify
any track location within the database (a contiguous
range) and view the summary inspection results
(good, marginal, bad, and total tie counts), as well as
the detailed distribution of ties for any given mile for
a historically defined time frame. The detailed
distribution is analyzed to provide the user with
number of tie clusters, defined as continuous counts
of 2 to 10 (or more) bad ties in a row. This provides

the analyst with the ability to estimate how many ties

are required to breakup tie clusters and insure safety.

In addition, the host software has an optional FRA
analysis package, which provides the user with a
graphical and tabular representation of FRA defects
as defined by track class. A moving window analysis
allows the user to define the number of ties required
to eliminate FRA defined defects.

Hardware

The hardware for the Tielnspect system consists of
the handgrip input device, palmtop computer and
manufacturer supplied accessories, belt-pouch, lead-
acid batteries, and communications and power
harness.

Handgrip

The handgrip is an ergonomically designed hard
plastic grip designed for right-handed use. The grip
is used as the primary data entry device while the
user is inspecting and rating ties. The grip has a
green LED to indicate battery power and five push
button switches and three thumb actuators used for
data entry:

The grip is constructed of black impact-resistant
plastic for durability and is sealed against moisture
and water to protect against rain, snow and other
precipitation. The grip is not protected against
immersion.

The grip is powered by a six-volt sealed lead-acid
battery that is carried in the pouch at all times.

The grip communicates with the palm-top computer
via an RS-232 communications cable.

Palmtop Computer and Manufacturer-Supplied

- Accessories

Note that due to the rapid changes in the marketplace,
the palm-top computer is subject to change based on
the availability from the manufacturer. The computer
described here is one model provided with
Tielnspect. It may not be the model provided with
every order.

red push button
“Bad” tie
green push button
“Good” tie
yellow push button
“Marginal” tie
orange push button
Milepost
black push button
Backup
e toggle, upper center
Tie Type
toggle, upper right
Tie Material
toggle, lower right
Curvature

e HP 360 LX Palmtop with Windows CE
2.0 and 8 MB RAM

Rechargeable NiMH batteries

Battery Charger

Docking station

Synchronizing cable

Software applications provided by the
Manufacturer (Operating System)

Belt Pouch for Palmtop Computer and Battery

The belt pouch includes a hook to carry the grip

while the user is entering data to the palm-top via the
keyboard or while the user is walking to the site to be
inspected.

Copyright © 1998, Zeta-Tech Associates, Inc.
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Two Sealed Lead-Acid 6.0 volt
Batteries and Charger

1.2 amp-hour

Each battery will provide up to 14 hours of testing on
a single charge and can be used to provide power to
the grip and/or the palm-top computer. The external
battery will supplement the batteries internal to the
palm-top. Each battery will fully recharge in 6-8
hours with the charger provided.

Communications and Power Cable Harness

This harness is used to connect the palm-top
computer, the grip and the battery while data is
gathered. This hamess includes the synchronization
cable provided by the computer manufacturer,

Palmtop Software

The palmtop software is the control system that
allows the user to input, collect, and store tie
condition data in an easy and intuitive manner. The
palmtop computer uses the Windows CE operating
system and is compatible with Windows 95.

The software allows the user to input information
using intuitive controls such.as drop-down list boxes,
radio buttons, and input text boxes.

The main access screen provides the user with
feedback of the current state of the primary input
variables. These wvariables can be changed as

necessary during inspection by removing the palmtop
from the case and initiating changes. In addition, the
current tie status (wood, crosstie, curvature) and tie
counts (good, marginal, bad) for the milepost being
inspected are available to the user when viewing the
palmtop screen. It is this screen that is used when the
inspector wishes to enter a comment at any time
during the inspection.

Less used parameters can be edited by pressing the
parameters button and editing those parameters on
the form that pops up. These include the inspector,
weather, and RS-232 connection parameters.

Paiamelers [ ]
: i . !

It is here that the inspector can change the mode of
inspection between every tie and bad. ties only. In

" addition, the inspector has the ability to define

whether they are inspecting the entire milepost or are
only inspecting a representative portion, for which
the information collected can be applied to a longer
stretch of track.

ZT Tielnspect I ‘

~ Test Data : T
Division IID|u|5mn . Fasmer T}'p Lut 5pike :j Review -
; Data

Sub Div lSubdwusmn FHA Class | :J : » "B‘gclslub‘ :
Track > - —] StartMP o ~MF’ Duechon*} Parare ter
M.“E'p‘?ﬂ'_ |12 Up . l DOWFII End MP 15 | Increag‘mg =
Cnmment Mudspot at milepost 12.2
r'“Tle Matenal—n TieT pE~= “Curvature S

- Wood . || # Cross Tie - e Tangent'.-__r‘ e

RO Concrete 1€ Tuinout” || @ Mid KR

€° Steel | | Bridge " B Margmalj; {7

. Other f‘“ Cmssmg I (" Severe
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The inspector has access to summary information for
any given milepost that they can retrieve by pressing
the Review Data button. Doing this will prompt the
user for the file to review (files saved by date). The
review screen will then allow the user to select any
inspected milepost and view the tie counts
accordingly.

Rewew
li urmahon

MiePost [12 Y]

Offline Analysis Software
The offline analysis sofiware allows the user to
upload the inspection data into a comprehensive

database for later retrieval, viewing and analysis. -

Utilities are provided for uploading the Tielnspeét

field collected data files. These utilities parse the

1 Tielnspect Anolysis and Ropnlling Softwae

fis Seffngs Analysis Hefo

incoming data and create a database (Microsoft
Access Compatible) for use with the analysis and
reporting features.

The user can select the boundaries of a segment of
track and a bar chart will show the summary data for
each milepost in that segment for each date an
inspection occurred. The summary data includes the
tie count and percentage of ties in each condition
category.

By clicking on a milepost, a detailed graphical

representation of the tie inspection data will appear

for each date of inspection. This intuitively identifies

“to the user the location of bad tie clusters, as well as

all of the other information collected during
inspection.

The locations of curvature, track class, and tie type
and material are shown as well as the general
inspection parameters entered by the user. In
addition, any comments entered appear as “balloons”
at the milepost where they were entered. The actual

-comment can be viewed by moving the mouse .over

top of the icon.

Lists of clusters and FRA defects (optional) can be
reviewed and printed. Also, the summary data can be
printed for a defined section of track.

LocumDm~-~ o < ﬁ.._“__u.._,..;.w.. g e e s

S MPsm g

Material

" 1996
1997
EW 1938

] Haterial
0

A Tie Tyoe

Tie Type

Curvature

Curvature
Fastener

FRA Class

Fastenar

JFRA Class

InspectionInspector: Jnavstisnic  UWeatheriunoatlzbis Tie Spaoings » P Directiont [scc2azing  HllePosts s Inspection

[Cument database: Tisinspect Mdb

ZETA-TECH Associates, Inc 900 ngs Htghway Narth, Smte 208 Cherry HtlI New .lersey 08034
(609) 779-7795; fax (609) 779-7436; email: Tielnspect@zetatech.com
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Total Fost

821
5268
6263
65295
6293
5283

5281
5231
5305
4974
5662
5347
5222
5273
5312
5275
4093
6495
5201
5376
5247
5317
5278
4726
5878
5306
5232
5380
4745
5782
5303
5290
3911

5530
5283
- 5297
5287
5196
5395
5149
5424
515
5289
5289
5193
6372
4788
5788
5270
5279

MEAN
LD GAGE
0.00
0.01
0.25
0.10
0.13
0.11

0.18
0.1
0.13
0.05
0.10
0.20
0.19
0.18
0.14
0.16
0.01
-0.02
0.34
0.37
0.38
0.35
0.22
0.14
0.40
0.40
0.51
0.46
0.40
0.46
0.32
0.40
- 0.43
0.22
0.21
0.25
0.23
0.23
0.25
0.21
0.28
0.24
0.11
0.18
0.26
0.38
0.35
0.21
0.31
0.29

TEST DATE 8/20/96
MEAN
GWR
0.00
0.23
0.29
0.28
0.30
0.29

0.27
0.27
0.25
0.26
0.29
0.31
0.27
0.26
0.27
0.27
0.21
0.22
0.35
0.33
0.31
0.29
0.31
0.26
0.27
0.30
0.31
0.30
0.39
0.32
0.31
0.31
0.32
0.30
0.30
0.31
0.30
0.31
.0.33
0.30
0.30
0.28
0.29
0.29
0.27
0.23
0.26
0.25
0.22
0.25
0.25

MEAN
PLG24
0.00
0.11
0.39
0.22
0.26
0.24

0.29
0.22
0.24
0.16
0.22
0.34
0.31
0.30
0.26
0.30
0.10
0.08
0.51
0.52
0.53
0.50
0.37
0.26
0.54
0.55
0.67
0.60
0.59
0.61
0.47
0.55
0.59
0.35
0.35
0.41
0.37
0.38
0.40
0.35
0.42
0.37
0.24
0.32
0.40
0.50
0.48
0.34
0.42
0.42
0.57

#. OF TIES
GWR>0.4
o]

23
178
43
118
105

Result

#. OF TIES
PLG24>.6

o]

1
6968
1
36
268

15
3
18
2
6
98
1M
m
1
369
0
2
606
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TEST DATE 5/7/98 .

dePost Total Feet MEAN MEAN MEAN  #.OF TES #. OF TES
LD GAGE GWR PLG24 GWR>0.4 PLG24 > .8
4 5364 0.09 - 0.08 0.12 0 o
5 6225 0.15 0.11 0.20 0 15
6 9285 0.25 0.12 0.30 [ 70
7 5330 0.21 0.15 0.28 [ 2
8 5300 0.21 0.15 0.27 1 8
5274 0.33 0.14 0.40 1 36
10 1 0.11 0.39 [ ]
" 5216 0.25 0.14 0.32 0 14
12 5281 0.21 0.14 0.27 2 9
13 5339 0.24 0.13 0.29 0 13
14 4956 0.12 0.12 0.17 0 2
15 5679 - 0.17 0.14 0.24 0 0
16 5414 0.28 0.16 0.36 12 116
17 5172 0.30 0.15 0.37 2 165
18 6302 0.28 0.14 0.34 3 94
19 5353 0.25 0.15 0.31 1 4
20 5261 0.27 0.10 0.32 (3} 110
21 5298 0.12 o.11 0.17 0 0
22 5410 0.10 0.1 0.14 [ [o]
23 5331 0.35 0.14 0.41 0 222
24 5321 0.38 0.15 0.45 0 78
25 . 5318 0.41 0.13 0.47 [+) 286
26 5255 0.40 0.14 0.46 0 480
27 5248 0.13 0.16 0.20 1 o]
28 5295 0.21 0.13 0.26 0 1
29 5353 0.26 0.15 0.33 2 48
30 5342 0.40 0.14 0.47 0 650
31 5264 0.46 0.1 0.52 0 564
32 5400 0.42 0.14 0.49 ] 355
33 5264 0.45 0.12 0.51 ] 1014
34 5247 0.34 0.14 0.41 2 295
35 4738 0.29 0.16 0.38 0 19
36 6389 0.32 0.15 0.39 2 108
37 5875 0.35 0.16 ' 0.43 1 295
38 5267 0.31 0.13 0.37 0 108
39 5330 0.28 0.13 0.34 5 55
40 5290 0.33 0.12 0.38 [ 218
41 5327 0.33 0.1 0.38 [} 123
42 5320 0.31 0.13 0.37 0 10
43 ' 5330 0.31 0.14 0.37 2 46
44 5318 0.29 0.13 0.34 0 18
45 5345 . 0.32 0.12 ’ 0.38 0 87
46 5320 0.30 . 0.2 0.35 0 36
47 5324 0.23 0.12 0.28 0 8
48 5308 0.18 0.11 0.23 0 o
49 5259 0.23 0.10 0.27 0 119
50 5339 0.31 0.1 0.37 0 446
51 5316 0.26 0.11 0.31 1 108
52 5316 0.18 0.10 - 0.23 0 3
53 5298 0.19 0.10 0.24 [¢] 4]
54 5299 0.24 0.13 0.30 1 246
55 5301 0.40 0.11 0.45 0 807



Total Fest

5288
3678
6840

721
4359
5256
5328
5234
6329
5279
5294
5280
5282
5672
4882
5288
6286
5282
5301
5293
5287

10785

10516
5269
6298
5340
5234
6313
5209
56313
5263
6220
62393
5293
5270
5264
5284
5298
5210
6267
5313
4451

11414

10558
5338
5213
5291
2339

MEAN
LD GAGE
0.22
0.00
0.06

0.00
0.30
0.52
0.23
0.38
0.27
0.26
0.34
0.36
0.14
0.25
0.18
0.22
0.30
0.25
0.35
0.37
0.46

0.28

0.44
0.43
0.39
0.38
0.40
0.46
0.47
0.44
0.43
0.3
0.16
0.20
0.27
0.29
0.12
0.25
-0.29
0.42
0.08
0.27

0.13

0.13
0.23
0.14
-0.01

MEAN
GWR
0.25
0.21
0.21

0.00
0.27
0.27
0.27
0.28
0.26
0.24
0.29
0.22
0.24
0.26
0.26
0.25
0.27
0.26
0.28
0.30
0.29

0.31
0.35
0.34
0.33
0.31
0.33
0.34
0.35
0.32
0.27
0.25
0.27
0.28
0.28
0.23
0.23
0.27
0.34
0.23
0.32

0.25
0.33
0.25
0.19
0.35

MEAN
PLG24
0.35
0.09
0.16

0.00
0.43
0.67
0.36
0.52
0.40
0.37
0.49
0.47
0.26
0.37
0.30
0.34
0.44
0.38
0.50
0.52
0.60

0.43

0.61
0.61
0.56
0.54
0.66
0.63
0.64
0.64
0.60
0.45
0.27
0.32
0.41
0.43
0.23
0.36
0.42
0.60
0.20
0.44

0.24

0.25
0.40
0.27
0.07
0.64

#. OF TIES
GWR>0.4
151
9
50

[o]
158
241
224
287
101
11
267
114

68
100
109

95
225
m
206
562
305

842

913
805
635
583
382
704
641
823
338
226
92
167
283
298
46
25
292
1022
171
722

337
17
401
244

362

#. OF TIES MilePost
PLG24>.6

750 56
9 57
305 58
59
0 60
543 81
1972 82
782 83
1519 64
190 65
657 66
890 67
1407 68
410 69
197 70
20 n
272 72
695 73
495 74
969 75
817 76
1741 77
. 78
1072 79
80
3329 81
1447 82
1312 83
1207 84
1192 85
2005 86
1951 87
2047 88
879 89
1122 90
92 a
444 92
458 93
506 94
23 95
23 96
1009 97
1935 98
393 99
1208 100
101
242 102
103
234 104
288 105
892 106
0 107
686 108

Result

Page 2

Total Feet

5249
5307
5289
5291
5256
5208
5320

10449
5348
5167
5226
5248
5273
5667
4953
5334
6317
5334
5321
5381
5402
5346
5452
5209
5138
51561
5337
5256
5294
5130
5277
6334
5236
4376
5058
5240
5244
5138
5200

10307
5283
5357
5307
5022
5640
6336
5311
5371
5160
5491
5563

MEAN
LD GAGE
0.23
0.14
0.07
0.29
0.28
0.30
0.43

0.27
0.32
0.25
0.34
0.35
0.20
0.32
0.23
0.26
0.33
0.26
0.29
0.32
0.36
0.24
0.32
0.44
0.45
0.40
0.37
0.29
0.28
0.36
0.39
0.39
0.42
0.35
0.23
0.27
0.36
0.34
0.29

0.38
0.49
0.16
0.32
0.09
0.32
0.25
0.14
0.32
0.13
0.09
0.24

MEAN
GWR
0.12
0.09
0.10
0.12
0.1
0.11
0.11

0.13
0.12
0.13
0.13
0.13
0.10
0.12
0.12
0.12
0.12
0.13
0.09
0.15
0.12
0.10
0.10
0.14
0.15
0.15
0.1
0.11
0.1
0.12
0.13
0.12
0.10
0.09
o.10
0.09
0.10
0.08
0.07

0.10
0.1
0.09
0.12
0.07
0.09
0.08
0.09
0.08
0.06
0.08
0.07

MEAN
PLG24
0.29
0.18
0.1
0.35
0.33
0.35
0.48

0.34
0.38
0.32
0.40
0.41
0.25
0.38
0.29
0.31
0.39
0.32
0.34
0.40
0.42
0.29
0.37
0.52
0.54
0.48
0.42
0.34
0.33
0.42
0.45
0.48
0.47
0.39
0.28
0.31
0.40
0.38
0.32

0.43
0.54
0.20
0.38
0.12
0.36
0.29
0.18
0.36
0.16
0.12
0.27

#. OF TIES
GWR>0.4

OOOO—'NUIOOOOOOQUI;QOO—'OO—‘N-‘NOOOOOO 0000000

OCoO0—-wooOgoOOR

#. OF TIES
PLG24> .6
460
109

510
670
185
628

850
82

180
849
161
82
10
25
244

39
144
381

478
926
1032
638
708
49
17

" 208
n

70
280
578

342

274

265
83

1012
1400
47
1028

188

130
22

338

489
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Total Fest

30682

MEAN
LD GAGE
0.32

MEAN

0.24

MEAN
PLG24
0.45

#. OF TIES
GWR>0.4
40

Resuit

#. OF TIES
PLG24> .6
656

Pege

MilePost

109

3

Total Feet

5342

MEAN
LD GAGE
0.21

MEAN

0.12

MEAN #. OF TES
PLG24 GWR>0.4
0.27 3

#. OF TES
PLG24 > .6
172



MilsPost

Tota! Feet
s
5268
5263
5295
5293
5263

5201
5231
5305
4974
5682
5347
5222
5273
5312
5275

4745
5782
5303
§290
3911

5530
5283
5297
5287
5196
5395
5149
5424

§15
5269
5289
5193
5372
4788
5788
5270
52179
5268
3678
6840

il
4359
5256
5328
5234
5329
5279
5294

986 test date

MPLG24
0.00
o1
0.39
0.22
0.26
0.24

0.29
0.22
0.24
0.18
0.22
0.34
031

030
0.28
0.30
0.10
0.08
0.51

0.52
0.53
0.50
037
0.26
0.54
0.55
0.67
0.60
0.59
0.61

047
0.55
0.59
0.35
0.35
0.41

037
0.38
0.40
0.35
0.42
0.37
0.24
032
0.40
0.50
0.48
0.34
042
0.42
0.57
035
0.09
0.18

0.00
0.43
0.67
0.368
0.52
0.40
0.37
049

MLDG
0.00
0.01
0.25
0.10
0.13
0.11

0.18
o.11
0.13
0.05
0.10
0.20
0.19
0.18
0.14
0.16
0.01
-0.02
0.34
0.37
0.38
0.3%
0.22
0.14
0.40
0.40
0.51
0.46
0.40
048
0.32
0.40
0.43
0.22
0.21
0.25
0.23
0.23
0.25
0.21
0.28
0.24
on
0.19
0.26
0.38

0.3% °

0.21
0.31
0.29
0.44
0.22
0.00
0.08

0.00
0.30
0.52
0.23
0.38
0.27
0.26
0.34

MULD
032
-0.29
-0.10
-0.28
-0.24
-0.28

-0.18
-0.23
-0.19
-0.28
-0.27
012
0.14
-0.15
-0.19
0.7
-0.25
-0.29
-0.11
-0.02
0.00
0.00
-0.18
-0.19
0.08
0.04
0.5
0.10
-0.04
0.08
-0.08
0.03
0.03
-0.15
-0.18
-0.11
0.3
-0.14
-0.14
-0.15
-0.08
-0.11
-0.25
-0.186
-0.07
0.12
0.03
-0.10
0.00
-0.03
0.1
-0.09
-0.29
-0.21

0.30
0.04
0.19
0.1
0.03
-0.05
-0.04
-0.01

MDLG
0.00
0.30
0.3%
0.36
037
0.36

0.34
034
0.32
0.33
£ 0.36
0.37
0.34
034
033
0.33
0.29
030
0.41
0.38
037
035
037
0.33
033,
0.35
036
0.38
044
0.38
038
037
0.38
036

NGWR
(4]
465
1970
1841
2355
2054

1324
1149

783
1094
221
2580
1204
1359
1502
1846

306

439
2741
3373

2383
2952
1068
2117
2339
2719
2217
4193
3251
2399
2870
1859
2840
2664
2568
2390
2827
3057
2457
2468
1655

217
2050
1692

942
1719
1319

779
1325
1410
125

333

[+]
1432
1865
1592
21
1421
1006
2049

MiloPost

Total Foot
5364
6225
92685
$330
5300
5274

5218
5281
§339
4958
5679
5414
5172
5302
5353
5261
5296
5410
5331
5321
5318
5255
5248
5295
5353
5342
5264
5400
5264
5247
4738
5389
5875
6257
5330
5290
5327
§320
5330
5318
5345
§320
5324
5308
5259
5339
s318
5316
5298
5299
5301
5249
5307
5289
5291
5256
5208
5320

10449
5348
51687
52268

98 Test Date

MPLG24 MLDG
0.12 0.09
0.20 0.15
0.30 0.25
0.28 0.21
0.27 0.2%
0.40 0.33
0.39
0.32 0.25
0.27 0.21
0.29 0.24
0.7 0.12
0.24 017
0.36 0.28
0.37 0.30
0.34 0.28
0.31 0.25
0.32 0.27

. 0a7 012
0.14 0.10
0.41 0.35
0.45 0.38
0.47 0.41
0.48 0.40
0.20 013
0.26 0.21
0.33 0.26
0.47 0.40
0.52 0.48
0.49 0.42
0.51 0.45
0.41 0.34
0.36 0.29
0.39 0.32
0.43 0.35
0.37 0.31
0.34 0.28
0.39 0.33
0.38 0.33
0.37 0.31
0.37 0.31
0.34 0.29
0.38 0.32
0.35 0.30
0.28 0.23
0.23 0.8
0.27 0.23
037 ° 031
0.31 0.26

023 0,18
0.24 019
0.30 0.24
0.45 0.40
0.29 0.23
0.18 0.4
0.1 0.07
0.35 0.29
0.33 0.28
0.35 0.30
0.48 0.43
0.34 0.27
0.38 0.32
0.32 0.25
0.40 034

bt

MULD
0.02
0.05
0.15
0.08
0.07
0.21

0.13
0.08
0.12
0.02
0.05
0.14
0.17
0.6
0.12
0.18
0.02
0.00
0.23
0.25
0.29
0.28
-0.01
0.09
014
0.28
0.38
0.30
0.35
0.22
0.186
0.19
0.21
0.19
0.17
0.23
0.23
0.19
0.19
0.18
0.22
0.20
0.13
0.08
0.14
0.22
0.17
0.10
0.10
0.3
0.30
013
0.08
-0.01
0.19
0.19
0.21
0.33

0.16
0.22
0.14
0.22

MDLG

0.08
0.10
0.10
0.13
0.13
0.12

0.12
0.3
0.12
0.10
0.13
0.14
0.13
0.12
0.13
0.09
0.10
010
0.12
0.13
011

0.12
0.14
o1

013
012
0.10
0.12
0.10
0.12
013
0.13
0.14
012
0.11

0.10
0.10
0.1

0.12
0.11

0.10
0.10
0.10
0.10
0.09
0.10
0.09
0.08
0.09
0.1

0.09
0.10
0.08
0.08
0.10
0.09
0.09
0.09

0.12
o1
o111
011

96 Tie Qang
8 of Thee

$00
895
808
sn
677

71

1124

97 Tie gang
# of Ties

684
950
918
1550
1001
800
501

141

88 Tie Gang

1012

1026
875

1069
1055
953

753
1120
1072
1128

114
1320
1201
1040

250
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Appendix F



, Delta LdGage

# of Ties Line Fit Plot Delta LDGAGE
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SUMMARY OUTPUT didgage = 0.15248 - .000191* # of ties (98 timbering)

Regression Statistics

Multiple R 0.732551534
R Square 0.53663175
Adjusted R Square 0.505740533
Standard Error 0.042226012
Observations 17
" ANOVA
df SS MS F Significance F
Regression 1 0.030974298 0.030974298 17.37166117 0.000824654
Residual . 15 0.026745541 0.001783036
Total 16 0.057719839
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.152484 0.045168 3.375903 0.004158 0.056210
# of Ties -0.000191 0.000046 -4.167932 0.000825 -0.000288




SUMMARY OUTPUT

Regression Statistics

didgage = 0.12256 - .00026' # of ties (96 timbering)

Muitiple R 0.613786754
R Square 0.376734179
Adjusted R Square 0.328790655
Standard Error 0.054211888
Observations 15
ANOVA
df SS MS F Significance F

Regression 1 0.023093732 0.023093732 7.857874068 0.014938226
Residual 13 0.038206074 0.002938929
Total 14 0.061299807 .

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.122536662 0.061282413 1.999540419 0.066895384 -0.009855917
# of Ties -0.000203099 7.24528E-05 -2.803189981 0.014938226 -0.000359623




Delta PLG24
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SUMMARY QUTPUT dplg24 = 0.074526 - .000193* # of ties (98 timbering)
Regression Statistics
Multiple R 0.71316698
R Square 0.508607142
Adjusted R Square 0.475847618
Standard Error 0.045117065
Observations 17
ANOVA
dof Y MS F Significance F
Regression 1 0.031602873 0.031602873 15.52547415 0.001309299
Residual 15 0.030633244 0.00203555
Total 16 0.062136117
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.074526 0.048261 1.644224 0.143367 -0.028340
# of Ties -0.000193 0.000049 -3.940238 0.001309 -0.000297




SUMMARY OUTPUT

Regression Statistics

dplg24 = 0.02075-.000191 * # of ties (96 timbering)

Muitiple R 0.543422792
R Square 0.295308331
Adjusted R Square 0.24110128
Standard Error 0.061085715
Observations 15
ANOVA )
dof SS MS F Significance F

Regression 1 0.020328215 0.020328215 5.44778443 0.036288395
Residual 13 0.04850904 0.003731465
Total 14 0.068837255

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.020756 0.069053 0.300582 0.768486 -0.128423
# of Ties -0.000191 0.000082 -2.334049 0.036288 -0.000367




Delta PLG24

# of Ties Line Fit Plot DELTA PLG24
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SUMMARY OUTPUT dipig24 = -.00014125* # of ties (96&98 timbering)

Regression Stalistics
Muttiple R 0.54767511
R Square 0.299948026
Adjusted R Square 0.267689961
Standard Error 0.056720994
Observations 32
ANOVA . .
ar SS MS F Significance F
Regression 1 0.042733167 0.042733167 13.28242636 0.001003908
Residual 31 0.098735405 0.003217271
Total 32 0.142468572
Coefficrents  Standard Error t Stat P-valuve Lower95%
Intercept 0 #N/A #N/A #N/A #N/A
# of Ties -0.00014125 . 1.08521E-05 -13.0159108 4.19848E-14 -0.000163383
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Delta LdGage
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SUMMARY OUTPUT didgage = - .000049* # of ties (96&98 timbering)

Regression Statistics

Multiple R 0.411585463
R Square 0.169402593
Adjusted R Square 0.137144529
Standard Error 0.056831564
Observations 32
ANOVA .
df SS MS F Significance F

Regression 1 0.020420689 0.020420689 6.322534047 0.017515805
Residual 31 0.100124627 0.003229827
Total 32 0.120545316

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.000000 #N/A #N/A #N/A #N/A
# of Ties -0.000049 0.000011 -4.488832  0.000092 -0.000071

10
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-0.000176

0.000017

SUMMARY OUTPUT dplg24 = - :000176' # of ties {96 timbering)
Regression Statistics
Muittiple R 0.63310055
R Square 0.400816306
Adjusted R Square 0.329387735
Standard Error 0.055739626
Observations 15
ANOVA
of SS MS F Significance F
Regression 1 0.0290965562 0.029096552 9.365121816 0.009118369
Residual 14° 0.043496683 0.003106906
Total 15 0.072593235
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.000000 #N/A #N/A #N/A #N/A
# of Ties -10.320072 0.000000 -0.000212

12



SUMMARY QUTPUT

Regression Statistics
Muiltiple R 0.656115756
R Square 0.430487885

Adjusted R Square

Standard Error

0.367987885
0.047028762

dplg24 = -.000119* # of ties (98 timbering}

Observations 17
ANOVA
dof SS MS F Significance F

Regression 1 0.026748845 0.026748845 12.09422236 0.003374643
Residual 16 0.035387271 0.002211704
Total 17 0.062136117

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0 #N/A #N/A #N/A “#N/A
# of Ties -0.000119029 1.156472E-05 -10.30800189 1.79812E-08 -0.000143508

13
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Delta LdGage
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SUMMARY QUTPUT didgage = -.000062* # of ties {96 timbering)

Regression Statistics

Multiple R 0.430172298
R Square 0.185048206
Adjusted R Square 0.113619635
Standard Error 0.059735361
Observations 15
ANOVA
df SS MS F Significance F
Regression 1 0.011343419 0.011343419 3.17893022 0.097946193
Residual 14 0.049956388 0.003568313
Total 15 0.061299807
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.000000 #N/A #N/A #N/A #N/A
" # of Ties -0.000062 0.000018 -3.403148 0.004286 -0.000101

15



SUMMARY OUTPUT

Regression Statistics

Multiple R
R Square

Adjusted R Square

Standard Error

0.429619754
0.184573133
0.122073133
0.0564236927

didgage = -.000040°* # of ties (98 timbering)

Observations 17
ANOVA
df SS MS F Significance F

Regression 1 0.010653531 0.010653531 3.621624753 0.076404805
Residual 16 0.047066307 0.002941644
Total 17 0.057719839

Coefficients __ Standard Error t Stat Pvalue Lower 95%
Intercept 0.000000 #N/A #N/A #N/A ~#N/A
# of Ties -0.000040 0.000013 -3.021496 0.008107 -0.000068

16
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GWR (M.P. 30)
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ZETA-TECH
Associates, Inc.

900 Kings Highway N.
P.O. Box 8407

Cherry Hill, NJ

08002

(609) 779-7795

FAX: (609) 779-7436

ZI

ZETATECH

February 16, 1999

Mr. Robert J. McCown, P.E.
Director, Technology Development
High Speed Rail

Federal Railroad Administration
400 Seventh St. SW

Washington DC 20590

Dear Bob:

Attached is the revised final report for ZETA-TECH Associates, Inc.’s activity
“Demonstration of High Speed Track Maintenance Using Objective Gage Strength Data™.

As we discussed, I have added the supplemental analysis and have tried to gear
the report more in the direction you indicated.

If you have any questions, please give me a call.

Sincerely, P
ski Ph.D., P.E.

Allan M.
President

CC. Mr. Steven Sill (FRA)
Mr. John Choros (VNTSC)
Mr. Mike Coltman (VNTSC)
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