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ACRONYMS AND ABBREVIATIONS

Acronyms

CCF Common-Cause Failure

DBE Design Basis Event

ESF Exploratory Studies Facility
FRA Federal Railroad Administration
FTA Fault Tree Analysis

MGR Monitored Geologic Repository (replaces the term MGDS)
SR Site Recommendation

TBD To Be Determined

TBM Tunnel Boring Machine

TBV To Be Verified

T.E.P Test and Evaluation Program
WHB Waste Handling Building

WP Waste Package

Abbreviations

CG. Center of Gravity

DC Direct _Currém_

ft Feet

g Acceleration due to gravity

hr Hour

in Inches

KE Kinetic Energy

km- Kilometers

Ib/lbs Pound/Pounds

Ibs Pounds force
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ACRONYMS AND ABBREVIATIONS (CONTINUED)

m Meters
mm Millimeters
~mph Miles per Hour
MT Metric Ton (1,000 kg)
N Newton
PE Potential Energy ,
psi " Pound per Square inch (ib/in®) .
§ Second o
Sta. Station
yr Year
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1. PURPOSE

The purpose of this document, as stated in the development plan Subsurface Transporter Safety
Systems Analysis (CRWMS M&O 2000a), is to revisit and revise the initial issue of this analysis,
which investigated a Waste Package (WP) Transporter runaway condition and the results of such
a condition. The main reason to revise the initial document is due to the major changes of the
WP Transporter design, dimensions, and gross weight. These changes are in response to recently
issued Enhanced Design Alternatives requirements affecting the WP Transporter and the
emplacement of WPs.

The objective of this activity includes a review of the previously established runaway scenario, a
discussion and description of new runaway scenarios, and a re-cvaluation of the maximum
attainable transporter speed under three primary conditions: frictionless, standard rolling
resistance, and with standard and/or dynamic braking systems. The intended use of this analysis
is to provide safety-related and design information as inputs to associated System Description
Documents and the Site Recommendation (SR) Consideration Report - Volume 1, Section 2.

Under the presented runaway conditions, transporter derailment and/or tip-over is identified and
analyzed. The use and effectiveness of impact limiters and other energy absorbing systems are
also discussed. A fault-tree analysis is developed, based on previous fault-tree analyses, to
determine the probability of a runaway-t0-WP breach scenario. The determination of such an
event as credible or incredible is presented. Different methods and concepts of uncontroiled
descent mitigation are introduced as a means of mitigating and/or preventing a runaway scenario.

The conclusion of this analysis provides a description of potential runaway scenarios and their
related effects, i.e., derailment, tip-over, impact, etc., and an estimate of the frequency (annual
probability of occurrence) of such scenarios. The use of this analysis will support justification’
for or against the elimination of Runaway Train design basis events (DBE).

ANL-WER-ME-000001 REV 01 11 0f 126 July 2000
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2. QUALITY ASSURANCE

The quality assurance classification of repository structures, systems, and components has been
performed in accordance with QAP-2-3, Classification of Permanent ltems. The WP
emplacement equipment has been classified as quality affecting Classification of the MGR
Waste Emplacement System (CRWMS M&O 1999a). The Classification of the MGR Waste
Emplacement System (CRWMS M&O 1999a) lists the Waste Retrieval System, the Waste
Package Transporter, and the Jocomotives with a designation of QL-1, high safety or waste
isolation significance.

This design activity has been developed in accordance with AP-3.10Q, Analysis and Models, and
has been evaluated in accordance with QAP-2-0, Conduct of Activities. The activity evaluation
(CRWMS M&O 1999c) addressing the Quality Assurance classification has determined that this
design activity is quality-affecting and subject to the requirements of the Quality Assurance
Regquirements and Description document (DOE 2000).

Attachment III of this analysis includes electronic media (CD-ROM) containing the actual
Microsoft Excel 97 SR-2 spreadsheet data file entitled SSTSSA Calculation Rev 01.xls. This data
file has been managed in accordance with AP-SV.1Q, Control of the Electronic Management of
Data.

In order to ensure accuracy and completeness of the information generated in this document,
access to the information on the personal computer was controlled with password protection. As
an attachment to the document, the properties inherent to the CD-ROM media, i.e., read-only,
provide adequate controls to protect the data file, and provide controls to ensure that the data are
readily retrievable. In addition, the data file was archived on the network "H" drive, which was
backed up daily by the Enterprise Server Team Department per project policy. When the work
was complete, the data file, as a CD-ROM attachment to this document, was hand carried to
Engineering Document Control for transfer to the Records Processing Center.

The formal to-be-verified (TBV) and to-be-determined (TBD) tracking system described in
AP-3.15Q, Managing Technical Product Inputs, is applicable to this analysis.

ANL-WER-ME-000001 REV 01 " 130f126 July 2000
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3. COMPUTER SOFTWARE AND MODEL USAGE

Microsoft Excel 97 SR-2 was used to develop seven figures (Figure 11 through Figure 16, and
Figure 19). This software was appropriate to the application. The calculations used to create
these figures are described in Sections 6.3 and 6.4. Hand calculations for each figure were made
and the results compared with the data in the figures. The data were found to be without
significant error. These checks are presented in Attachment Il. Therefore, the routines used
within Microsoft Excel 97 SR-2 are “simple and easily understood” and comply with Section 5.1
of AP-S1L1Q, Software Management.

MicroStation Version 05.07.01.14 for Windows x86, a computer aided design (CAD) software
package, was used to create Figure 21, and the dimensions shown have been hand verified within
Section 6.5. It has been shown that the preliminary CAD dimensions in Figure 21 were within a
Ievel of accuracy deemed adequate for the conceptual design.

The Project-standard suite of office automation software for word processing has been used in
the preparation of this analysis. The remaining figures have been drawn using various CAD
software programs and are used solely for visual display of equipment designs. These are
commercially available software programs that are approved for thc Project and, therefore, no
qualifications are needed.

ANL-WER-ME-000001 REV 01 15 0f 126 July 2000
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4. INPUTS

4.1 DATA AND PARAMETERS

The data and parameters used in this analysis are given in the following sections and have been
determined to be appropriate for use in this analysis. The qualification status of the input is
indicated, as well as the documentation of TBV or TBD parameters, in accordance with
AP-3.15Q, Managing Technical Product Inputs.

4.1.1

4.1.2

4.1.3

The physical dimensions and general arrangement of the WP Transporter used in this
analysis are ‘shown in Figure 1 through Figure 3 (used throughout) (CRWMS M&O
2000b, Section 6.2.1.3 and 6.4.5.1). X

The physical Jayout of the Exploratory Studies Facility (ESF), including the North Ramp
and North Ramp Curve, is shown in Figure 4 and is based on the ESF Layout Calculation
(CRWMS M&O 1996, Section 7.4.2) as used in the Site Recommendation Subsurface
Layout analysis (CRWMS M&O 2000d, Section 4.1.5.1). As stated in Assumption 5.14,
this analysis does not investigate the use of the South Ramp. The ESF layout is used in
Assumption 5.1 and Table 3. (TBV-4208)

The system shall transport and emplace WPs with the characteristics defined in Table 1.
These values are used throughout this analysis (CRWMS M&O 1999b). (TBV-246)

Table 1. Waste Package Characteristics

Characteristic Value
Length 3.48 m 10 5.96 m (11.4 ft to 19.5 #1) (TBV-246)
Diameter 1.32mt0 2.11 m {4.33 it to 6.92 1) (TBV-246)
Weight 72,100 kg maximum ( 79.5 tons) (TBV-248)

ANL-WER-ME-000001 REV 01 17 of 126 : July 2000
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4. 1.4 The center of gravny from top-of-rall for !he WP, bed plate, pa]let s}ueldmg, and WP

Transponer are given in Table 2 (uscd throughout).

Table 2. Waste Package Transporter Physical Characteristics

- ; Waste )
Transporter | Transporter : { Packsge ) T )
' Rall Car Shielding | BedPlate {TBV-246) Pallel Total
Welght 136 MT 153.4MT . | 100MT | *85.0MT SMT | ®3sz.amT
(14981 | (169.09 | (11.023 (93.696 - | (3.3110ns) |  (427.04
, o tons) - .lons) - tons}. tons) - -] - tons)
Centerof Gravity | go7mm - | 2,875mm | 1,588 mm | 2,907mm | 1,928 mm NA
(From Top of Rall) . . - ~ .
: (32.6in) - | (113.21n) (625in) | (1145in) | (75.9in)

: (Source: CRWMS M&0O 2000b, Secuon €.4.6.1 and Section 6.4.8)

: NOTES ‘Assumptxon 5.4 states |hat the maximum WP weight, for this analysis only. is assumed es 85 000kg
{93.696 tons) and is used asa bound‘ ng welght for the WP in subsequent calculatnons .

"Assumplxon 5. 18 states that & 400 MT (441 lons) boundmg weight for the loaded lransponer s used ln
subsequenl calculahons. except as noted in Secnon €. 4 3forusein tlp—over calculations,

415 The subsurface repository layout for SR is prcsented in Tablc 3 and Figure 5. The detmls
of the subsurface layout, including lengths and grades, are presented in Table 3. The
information in Table 3 was extracted from Site Recommendation Subsurface Layout
(CRWMS M&O 2000d, Attachment II) and ESF Layout Calculation (CRWMS M&O
1996, Section 7.4.2). This information is used to determine runaway speeds and braking

~ distances, as discussed in Section 6 3, and to deterrmnc Up-ovcr andlor derailment speeds,
as discussed in Section 6.4. , : Cos (TBV-4208)

For waste emplacement and retrieval, two Transport Lbcomotives are - currently
envisioned to haul the WP Transpoﬂcr Each locomotive is a 50-ton, 4-axle, 8-wheel unit
with two direct-current electric motors rated at 170 hp each. The Jocomotive is powered
by a single 650-volt overbead conductor- (catenary wire) through a pamograph mounted
on the locomotive (CRWMS M&O 1998b, Section 7.3.1). These input parameters are
used in the Jocomotive description (Section 6.12) and in the calculation of rolling
res:stance (Attachment Im, Table I¥-1). ' :

4.1.6
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Table 3. SR Site Layout Location Data

n zZr 4 o2 ev
3 g ) Sg é‘ 23 § - % s —.g
i Description 3 Description 23 335 ps EX] - '_3:5 c |38 = ER)
o 5 s 333! 33 a3 | g3 &
3 = 233) 29| 3% ]
North Portal ‘A | Top of North Ramp | N/A 0.0 162.50 N/A N/A N/A
Entrance
‘A | Top of Noith ‘8 | Top of Northem -2.148 162.50 2,024.93 | 2,024.48 | 4350 | N/A
Ramp Curve of ESF Loop fz
(Sta. 01462.50) (Sta. 21+86.96)
‘B | Top of Northem C | Top of North Ramp | -2.05 2,187.43 | 2700 269.9 558 | N/A
Curve of ESF Extension Curve
Loop
(Sta. 21+86.96)
C | Top of North D | End of North Ramp | -2.08 2,4574 | 3409 340.8 7.02 | 305
Ramp Extension Extension Curve
Curve
D | End of North E | Pointonthe North | -2.08 2,798.3 999.1 998.9 20.58 | N/A
Ramp Extension Ramp Extension
Curve
E | PointontheNorth | F | Intersection of the -2.06 3,797.4 71.8 71.8 1.48 N/A
Ramp Extension North Ramp
Extension and the
Test and
Evaluation Program
(T.E.P.)
Observation Drift
#2
F | Intersectionofthe | G | Grade brieakinthe | -2.06 3,869.2 273.00 273.0 5.82 N/A
Nerth Ramp North Ramp
Extension and the Extension
T.E.P.
Observation Drift
#2
G | Grade breakinthe | H | Intersection of the -1.38 4,142.2 1734 1733 2.39 305
North Ramp East Main North
Extension Extension and the
North Ramp
Extension
H | Intersectionofthe |1 Intersection of the -1.35 4,315.6 359.8 359.5 4.85 N/A
East Main North centerline of the
Extension and the east tumout of
North Ramp Postclosure Test
Extension Drit #1 and the
East Main North
Extension
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S | TITLE: ESF Layout Calculation | PAGE: 22 of 27
® o BABEAD000-01717-0200-00003 REV 04

TABLE 2
VERTICAL CURVE DATA SHEET

WM@W

CURVE TYPE: EQUAL-TANGENT PARABOLIC
CURVE LENGTH: 35.000 m

VPC 00+90.750 m 1122.025 m 1125.835 m
VFI 01+08.250 m 1121.763 m 1125573 m

VPT 01+25.750 m 1121.763 m 1125573 m

@ RUCALCURVEQSTATION MM
CURVE TYPE: EQUAL-TANGENT PARABOLIC
CURVE LENGTH: 50.000 m ,

CONTROL PT  STATION ELEV. @ EXC.INV  ELEV. @ SPRINGLINE
VPC 01437.500 m 1121763 m 1125573 m
VPI 01+62.500 m 1121763 m 1125.573 m
VPT 01+87.500 m 1121220 m 1125.030 m

Note: Parabolic type curves are designed to provide smooth transitions into and out of
vertical curves.

! Curve data, except for elevation @ excavated invert, from Table 1, Section 4.1. Calculated
elevation @ excavated invert based on a 7.62 m diameter tunnel (See Ref. 5.13 and Design
| Criterion 4.2.4) .
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{ TITLE: . ESF Layout Calculation PAGE: 23 of 27
| DI: BABEAD000-01717-0200-00003 REV 04

TABLE 3 :
VERTICAL CURVE DATA SHEET

oara

CURVE TYPE: EQUAL-TANGENT PARABOLIC
CURVE LENGTH: 30.000 m

VPC 27+89.323 m 106532m 1069.132 m A
VFI 28+04.323 m -1065.000 m (see note 1) 1068.810 m (sce note 3)
VPT 28+19.323 m 1065.202 m 1069.012 m
YERTICAL CURVE @ STATION 56+54.323

CURVE TYPE: EQUAL-TANGENT PARABOLIC
CURVE LENGTH: 30.000 m

VPC - - - 5639323 m-. 1103272 m 1107.082 m ‘
VPI 56+54.323 m 1103.475 m (see note 2) 1107.285 m (see note 3)

VPT 56+69.323 m 1103.368 m 1107.678 m

Note: Parabolic type curves are designed to provide smooth transitions into and out of
vertical curves.

! From Table 1, Section 4.1

2 From Section 7.2
3 Calculated elevation @ springline based on & 7.62 m diameter tunnel (See Ref. 5.13 and

Design Criterion 4.2.4)
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TITLE: ESF Layout Calculation PAGE: 24 of 27

DI: BABEAD000-01717-0200-00003 REV 04
TABLE 4
VERTICAL CURVE DATA SHEET
YERTICAL CURVE @ STATION 78+42.037

CURVE TYPE: EQUAL-TANGENT PARABOLIC
CURVE LENGTH: 30.000 m

VPC 78+27.037 m 1160376 1164.186 m o
VPI 78+42.037 m 1160.769 m (see note 1) 1164.579 m (see note 2)

VPT 78+57.037 m 1160.469 m 1164.279 m

Note: Parabolic type curves are designed to provide smooth transitions into and out of*
vertical curves.

1 VPI invert elevation = Portal elevation + (0.02)(20 m+ 30/2m)=1160.069 m + 0.7 m =

1160.769 m - ‘
2 Calculated elevation @ springline based on a 7.62 m diameter tunnel (See Ref. 5.13 and

Design Criterion 4.2.4)
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@ | TITLE: ESF Layout Calculation PAGE: 25 of 27
. | DI: BABEAD000-01717-0200-00003 REV 04

| 74.3 STATION CALCULATIONS

North Portal
Station (See Section 4.1) = 00+00.000
YPI - North Ramp .

* Station (See Section 4.1) ; = 01+08.250
Station (See Section 4.1) . = (01+08.750
Station (See Section 4.1) 7 = 01+62.500
Station = 2566.073 - 487.863+108.750 ' : = 21+86.960
North Ramp PT/VPI

A Station = 2186.960+617.363 = 28+04.323
Station =2804.323+2850.000 (Sec Section 4.1) = 56+54.323
South Ramp PC
| Station = 2804.323+(c,-487.863)+(c,-315.837) = §9+35.467
| Station = 5935.467+489.739 - ‘ = 64+25.206
| YPI. South Ramp
| Station = 6425.206+(b,-315.837)-20-15 = 78+42.037
| Station = 6425.206+(b;,-315.837) = 78+77.037



| TITLE: ESF Layout Calculation PAGE: 26 of 27
' - | DIt BABEADO000-01717-0200-00003 REV 04 :

- 7.44 SLOPE CALCULATIONS (EXCAVATED INVERT)

TUNNEIL SEGMENT STA (m) ELEV (m) SLOPE
North Portal 00+00.000 1122.560
to o , 0.0000 %
Launch Chamber Face 00+60.000 1122.560 :
to , 0.432 m step
Start of Bored Tunnel - 00+60.000 1122992
.t - Varies!
VPl 01+08.250 1121.763 _
to . 0.0000 %
VPI _ 01+62.500 1121.763
to : - 2.1486 %
VPl 28+04.323 . 1065.000
to - + 1.3500 %
VPI 56+54.323 1103.475
| to ' . + 2.6189 %
.' | VPI 78+42.037 1160.769 -
| to - 2.0000 %
| South Portal 78+77.037 1160.069

! Actual (existing) slope varies in this tunnel segment (See Reference 5.15)

80 - CONCLUSIONS

The geometric parameters which define the "TS Loop” portion of the ESF have been
defined in Section 7 of this calculation. Pertinent coordinate geometry data from the
| preceding calculations is shown on Figure 3. Also included on Figure 3, for reference
| only, are borehole locations (See Reference 5.16 and Design Criterion 4.2.3), fault
trace locations (See Reference 5.8), and the North and South Ramp Extension drifts.

| As discussed in Section 7.3, it is fecommended that an independent survey be
{ performed to tie in control used at the North Portal to that to be used for construction
|
|

of the South Portal box cut and to confirm the as-built position of the TBM and last
tangent baseline in the South Ramp approximately 1000 m prior to hole-out.

90 ATTACHMENTS
' o Attachment I: Stormwater Calculations at South Portal Pages I-1 to I-3



*Vertical distance is found by the following relationship:
Vertical distance = slope length x ssn(el

where: 0 = tan

1 %GCrade
100

®Horizontal distance is lound by the following relationship
Horizontal distance = slope length x cos{0) - -

“Site Layout information involving the ESF is extracted from CRWMS M&O 1896, Section7.4.2
YESF Control Point infomation extracted from F'lgure 4 (CRWMS M0 2000d, Figure 1)

“*The tota! slope length is considered Ihe tota! distance from the North Pona! entrance (Sta. 00+00.00) to the begmnlng
of the particular layout section (i.e. “From Point"). . -
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5 3% =5 =5 5

I | Intersectionolthe }J | Grade brake in -1.35 4,675.1 40.0 40.9 055 | 305
centerline of the North Main :
east tumout of
Postclosure Test
Diift #1 and the
East Main North
Extension

J | Grade brakein K | Intersectionofthe | -2.07 4,716.0 3814 3814 7.89 | 305
North Main North Main and the :

Exhaust Main . ,

K | intersectionofthe | L | Grade Brake inthe | +0.99 5,0974 798.4 798.4 7.90 | NA
North Main and Nonth Main - ‘
the Exhaust Main R . =

‘8 | Topof Northem | “M | End of North Ramp | ~2.14862 | 2,187.43 | 617.50 617.36 46.95 ) 305
Curve of ESF Curve R : - Co
Loop _ (Sta. 28+04.323). L 1-/32 7
(Sta. 21+86.960) : : _ )

‘M | End of Noith °N | Control Point on +1.350 2,604.93 | 1,398.44 | 1,398.31 | 18.88 | N/A
Ramp Curve (Sta. ESF Loop ' : : :
28+04.323)

- NOTES:



N NORTH RAMP
T.E.P. NORTH RAMP
OBSERVATION NORTH RAMP ™ EXTENS 10N
DRIFTS EXTENSION
CURVE
(j) H ) F) (£ 0)i(c)(®
ECRB
M
EAST
MAIN
/
X
NORTH
MAIN

L . :
-/ \  Jem rues mouan
EAST MAIN WEST MAIN
£

NORTH EXTENSION
XHAUST MAIN

NOTES: 1. Balloon callout lecations are approximate.
2. Exact balloon information is presented in Table 3.

Figure 5. SR Partial Site Layout
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4.2 CRITERIA
The criteria used in this analysls are glven below.

4.2 1 The system shall operate, where practma! on’ the track prov;ded by the Subsurface
Emplaccment Transportation System, which has a track gauge of 1 44 m (56.5 in) (used
in Section 6.4) (CRWMS M&O 2000c Para 1 2.4. 5) , (TBV-274)

4.2.2 The system shall operate wnhm the Subsurface Emplacement Transponauon System
- curvatures, which bave a 305m (I, OOOft) mmlmum radius curve (used throughout)
(CRWMS M&O 2000c, Para. 1.2 4. 6) : ) - (TBV-253)

4.2.3 The system speed shall be ]nmted to 8 kmlhr when lransporung a WP (used throughout)
(CRWMS M&O 2000c, Para 1 22 l 2)

4.24 The portions of the system supporting emplacemcm shall operate over a maximum grade
of 2.5 percent outside the emplacement drifts and a maximum grade of +1 percent
within the emplacement drifts (see Assumpuon 5.14) (used throughout Section 6.3)
(CRWMS M&O 2000c, Para. 1.2.4.3). '

~ 4.2.5 The portions of the system suppoﬁihgl‘xetﬁeval, recovery, and restoration shall operate
‘over a maximum grade of 2.7 percent outside the emplacement drifts and a maximum
grade of +1 percent within the emplacement drifts (see Assumpuon 5. 14) (used
throughout Section 6.3) (CRWMS M&O 2000c, Para. 1 2. 4 4). R

4.2.6 The systcm shall lift the WP no }ugher than the 1 maxunum lift heights specxf' ed Table 4

(used in Section 6.6) (CRWMS M&O 2000c, Para. 1.2.2.1.3) (TBV-245)
" Table 4. Max»mum wP Liﬂ Helghts 7 o 7 »
WP Lift ‘ — Maximum LIft Height
WP in a Vertical Orientation 2m(e6t)
WP in a Horizontal Orientation : 24m(7.91t)

4.2.7 The portions of the system supporting retrieval, recovery, and restoration shall have an
operational life of 160 years after initiation of waste emplacement (used in
Assumption 5.13) (CRWMS M&O 2000c, Para. 1.2.1.2).

4.28 The portions of the system supporting emplacement shall have an operational life of 40
years following the start of emplacement (used in Assumption 5.13) (CRWMS M&O
2000c, Para. 1.2.1.1).

429 The system shall be designed to retrieve all emplaced WPs within 34 years after the

initiation of retrieval operations (used in Section 5.7) (CRWMS M&O 2000c,
Para. 1.2.1.5).

ANL-WER-ME-000001 REV 01 28 of 126 . July 2000

——



4.2.10 The portions of the system supporting retrieval, recovery, and restoration shall include
provisions that support a deferral of closure for up to 300 years after initiation of waste
emplacement (used in Section 5.13) (CRWMS M&O 2000c, Para. 1.2.1.3).

4.2.11 The system shall be designed to recover a minimum of (TBD-330) WPs (used in
Assumption 5.7) (CRWMS M&O 2000c, Para. 1.2.1.7).

4.2.12 The system shall be designed to emplace and retrieve a minimum of 11,000 WPs (used in
Section 5.6) (CRWMS M&O 2000c, Para. 1.2.1.6).

4.2.13 The system shall ensure that an uncontrolled descent down the North or South Ramp by
system equipment carrying a WP is limited to less than 1.0x10°8 events per year (used in
Section 6.8.1) (CRWMS M&O 2000c, Para. 1.2.2.1.1).

4.2.14 The system shall be capable of transporting and emplacing WPs at an annual throughput
of (TBD-3936) (CRWMS M&O 2000¢, Para. 1.2.1.4).

4.3 CODES AND STANDARDS
4.3.1 Association of American Railroads

S-401-99 Freight Car Brake Design Requirements. Manual of Standards and
Recommended Practices: Section E-Brakes and Brake Equipment
(AAR 1999).

M-926-99 Brake Shoes — High Friction Composition Type. Manual of Standards
and Recommended Practices: Section E-Brakes and Brake Equipment
(AAR 1999).

4.3.2 Department of Labor — Mine Safety and Health Administration
30CFR 75 Mandatory Safety Standards — Underground Coal Mines (1998).
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5. ASSUMPTIONS

The assumptions used in this analysis are listed below. The basis for the assumption is included
as part of the assumption statement.

5.1

Assumption: Slope calculations for the North Ramp will use -2.14862 percent grade from
Station 01462.50 to the start of the North Ramp Curve, Station 21+86.960.

Basis: A minor deviation of line and grade occurred in the ESF as a result of a problem
with the Tunnel Boring Machine (TBM) guidance. This occurred in the North Ramp
between Station 00+60 and Station 01+08. The TBM trajectory was corrected to
-2.14862 percent grade at approximately Station 01462.500 (CRWMS M&O 1997a,
P- 43 and CRWMS M&O 1996, Section 7.4.4).

Slope from Station 00 te Station 21+86.960:

Slope = Elevation Change <100 = 1,122.560-1,078.265

- x100=2.02541 percent ’/
Distance 2,186.960

(Eq. 1)

Slope from Station 01+62.50 to Station 21+86.960:

_ ElevationChange o) 1121763 ~1078265 o0 o 1 hecr oo e

Slope -
Distance 2,186.960-162.50
(Eq.2)
Relative Error of two slopes:
Error = Actual Slope - Estimated Slope 100
Actual Slope
2.14862 - 2.02541 ‘ o /

= x100=5.7343 t

2.14862 8 percen
(Eq. 3)

This deviation over the length of the North Ramp (2,186.960 m) will not be assumed to
be negligible. Therefore, slope calculations for the North Ramp will use -2.14862
percent grade from Station 01+62.50 to the start of the North Ramp Curve, Station
21+86.960 (see Section 4.1.2). This assumption will not be considered TBV since the
slope of the ESF is constant and, therefore, further confirmation is not required.

Used In: This assumption is used in the velocity calculations in Section 6.3.
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52 Assumption: The gravnanona] constant of 9. 80665 mls (32 1740 fus?) wﬂl be used
throughout and rounded to the appropnate number of significant digits.

Basis: The acceleration of gravity is not constant. Gravity (g) varies with }autude and
altitude. The standard acceleration of gravity is 9.80665 m/s* (32.1740 fus®) for mean
sea Jevel at 45°N latitude. Even though the approximate latitude and elevation of the
North Ramp entrance differs from 45°N latitude and sea Jevel, the resulting deviation in
the gravitational constant will be assumed negligible (Avallone and Baumeister 1987,
p. 1-26). This assumption will not be considered TBV since slight variations in
gravitational constant do not significantly impact the results of this analysis and
therefore, further confirmation is not required. -

Used In: This assumption is used in the veloc:ty and stoppmg distance calculations in
Section 6.3. ‘ '

53  Assumption: For this ana]ysns. the welght of each WP is assumed ‘uniformly dxstn'buted
" throughout the volume of theWP R (TBV-308)

Basis: Radioactive waste material will be ;'pla,ced in syxmheuically oriented basket
assemblies, which will result in a uniform distribution of weight and a center of gravity
located near the center of the WP (CRWMS M&O 1998a, Section 4. 3) N "

Used In: This assumption is used in lhe detenmnaUOn “of tip-over and derailment i in
Section 6.4. : , w"("da¢

54 Assumpnon The maxxmum WP wc)ght for this ana]ysxs only, is assumed as 85 000kg - .- -

Basis: This bounding condmon allows for increases in the 72,100-kg WP weight
(Section 4.1.3) without affecting the analysxs results. This assumption will not be
considered TBV since slight variations in WP weight will be within the bounded weight
and does not significantly - impact the results of this analysis. Thcrefore, furthcr
confirmation is not required. o ;

Used In: This assumption is used tAh'roinghout' the éha]ysis.

55 Assumption: The calculations for a WP Transpoﬁer Up-o§er assume that the entire
transporter is a rigid body and the center of gravity is Jocated at a fixed point above the
centerline of the rails. .

Basis: The WP Transporter design may utilize springs within the suspension of the
railcar trucks (see Figure 6) that, under normal operating conditions, would allow the WP
Transporter to sway back and forth shifting the center of gravity from the center of the
rails. It is also assumed that there will be no tip-over of the WP within the WP
Transporter. This assumption will not be considered TBV since this provides a simplified -
representation of the WP Transporter and, therefore, further confirmation is not required.

Used In: This assumption is used for the tip-over calculations in Section 6.4.3.
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5.6

‘5.7

, ArSumpnon The mass moment of inertia of the WP Transponer is assumed negligible.

Basis: ‘The initial determination of the WP Transponer np-over speed neglects the mass
moment of inertia so that a bounding limit for tip-over velocity can be established. In
dynamic motion calculations, the mass moment of inertia increases the energy required to
tip the WP transporter, thereby increasing the speed in the curve necessary to tip. The
calculation presented herein establishes the minimum required speed, or bounding lJimit,
for WP Transporter tip-over. This assumption will not be considered TBV since this
provides a simplified representation of the WP Transponer and therefore, further
confirmation is not required. . :

Used In: This assumption is used for the tip-over calculations in Section 6.4.3.

Assumption: The fault-tree model developed in Application of Logic Diagrams and
Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b) is assumed to
be 'represematwe of the braking, control, and communication systems of the transporter
train and is an appropriate baseline for the- present analysis of potential design
alternatives. The present analysrs incorporates by reference the assumpnons that were
developed  and justified in thc crted documcm, as summanzed in bullets below
(TBV-3133). : - : : :

Basis: - The fault-tree model was developed in accordance with Civilian Radjoactive

‘Waste Management System-Management and Operations (CRWMS M&O) procedures

for qualified analyses. Further, the basic desrgn and operauona.l concepts represented in

-that model] have not changed.

Assumptions from Application of Logrc Dlagrams and Common-Cause Failures 1o,
Design Basis Events (CRWMS M&O 1997b, Sections 4.3.2 through 4.3.16) are carried
forward to this analysis as descnbed in Secuon 6.8.3. The following summarizes those
assumptions: :

¢ Transporter-train consists of a primary locomouve. a shielded WP transporter,
and a secondary locomotrve

K Brakmg systems . mclude dynaxmc brakes on- both ]ocomotrves, a fail-safe
air-release servrce brake with wheel shoes on all three vehrcles, and a manually

¢ The mr—release service. brakc deslgn is represemed by those provrded by 2
typxca] mine-locomotive vendor; operators in the central control room can
_ intervene at any time to take control of operatmg and brakmg the train.

. Pubhshed human enpri rates for eITors of comrmssron, omission, checkmg
errors, and failure to recover from mma.l human errors are apphcable

o Initial error by train driver that could lead to a runaway is represented by an
crror of commission using controls that are in a “well-arranged functional

group.”
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¢ Time spent on the North Ramp per descent is based on 4 km/hr (1.11 m/s or
2.5 mph) and 2,187 m (7,175 ft), giving a residence time of 0.55 hr per descent.

» Inspection intervals of component unavailability used in the calculations are
based on 720 hours.

® Generic failure rate data for components are assumed to be applicable to the
Monitored Geologic Repository (MGR).

» The failure probability of a system can be estimated from the failure probability
of a principal component.

» Redundant components are subject to common-cause failures (CCF) and can be
quantified using the “beta-factor” method.

» Controls of the two locomotives are interconnected via a radio-link rather than
hardwired.

e Two locomotives have identical airbrake systems consisting of a single air
reservoir and a single operating contro] valve.

. Transp e brakerdiz supply~ and~ controls Targr HaraWwireduigi“ the. primagy
Aipted locomotwe but have no direct connection to the secondary locomotive.

* Successful application of brakes to any one of the three vehicles is sufficient to
stop a loaded transporter train.

e A rate of 456 trips per year for a Joaded transporter is used within this analysis.
A rate of 524 trips per year is compared to 456 trips per year in Assumption 5.8,
and Sections 6.8.3.2.1 and 6.8.3.2.3

Criterion 4.2.14 defines the waste emplacement rate so that the overall MGR rates can be
met (CRWMS M&O 2000c, Para. 1.2.1.4) (TBD-3936). Since the goal of the fault tree
analysis (FTA) is to explore whether or not the runaway frequency can be reduced by
several orders of magnitude, i.c., by a factor of about 1.7x10° (see Section 6.8.2.1),
variations in emplacement rate are viewed as insignificant. Moreover, the fault-tree
modeling is based on incomplete physical designs and the data used for fault-tree
quantification are estimates, so any variations in assumed emplacement rate is
unimportant at this stage of the design evolution.

It is also noted that Criterion 4.2.11 requires the ability to recover WPs; i.e., to transport
the WPs back to the surface. The number of recoveries is expected to be very small
(TBD-330).- The frequency of transporting WPs up the North Ramp and during potential
recovery operations leads to a small increase in the potential number of exposures. This
undefined, but expected to be small, fractional increase is assumed to be negligible and is
not addressed in this analysis.
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5.8

It is further noted that Criteria 4.2.12 and 4.2.9 require that the system be able to retrieve
11,000 WPs within a 34-year period, respectively. -This represents an average rate of
about 324 trips per year. Even if the retrieval period were, for cxamp]e, 24 years, the
average annual rate would be 458 trips per year. Thus, the retrieval rate is expected to be

" less than the emplacement rate assumcd in thc basclme fault-tree analysis in Section 6.8.

Used in: The fault-tree’ model that is used as the basehnc for the new analyses is

) presented in Section 6 8.3

" Assumption: Thc fault-tree : model dcvc]oped in Appl:canon of Logtc Diagrams and
- Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b) is assumed to
- be representative of the braking, control, and communication systems of the Transporter
~ train that are subject to CCFs and human error (TBV-3133 and TBV-3138). The system
_design is -exclusive of those potentral desrgn features thax -are postulated per

o Assumption 5.9.

Basis: A key characteristic of the service bralte System iS the fail-safe or “dead-man”
actuation. - The brakes are applied to the wheels by spring force. The train operator
releases the brakes by putting force on a‘valve control lever or pedal that increases the

- pressure in the brake airline. Should the driver release the Jever or pedal, or should an air
- Jeak occur, the reduced system pressurc would allow the ‘spring-actuated brake shoes to

be applied to the wheels of the primary lJocomotive and the transporter. This concept of
operation Jed to assumpnons made in constructmg the basc]me fault tree as Jjsted in the
bulléts below S o 4 o

These assumptions mvolve the assumed desrgn of the brake system and were derived in
Application of Logic Diagrams and Common-Cause Failures to Deslgn Basis Events
(CRWMS M&O 1997b). These assumptions are as follows: -

e The “runaway initiated” fault-tree event was modeled in a fault ree (CRWMS
M&O 1997b, Section 7.2.1) to include three causes: human eror, failure in the

- electrical drive system, and failure in the control or communications link to the
main contro]l room. A detailed design of the locomotive control panels is not
available, so reference was made to control design concepts having primary

~ control by on-board drivers, with the capability of intervention and override by
- the main control room operators. The rate of initiation of this event by human

6_,”' error was estimated to be 5%10 per trip. Assuming 456 trips per year gives a

é/ é / frequency of 2.28x10°! per year. It should be noted that if the emplacement rate
/4 L

is changcd to 524 trips per ycar. the mmatron frequency is increased to
2.62x10™ per year) (TBV-3133) :

e The “failure to slow or stop... . event was developed ina fault tree (CRWMS
- -M&O 1997b, Section 7.2.2) through an OR gate to the two events “human
operators fail to slow or stop train” or “hardware failure prevents ability to stop

or slow.” The “fail-safe” feature was assumed to be defeated by. operator
“actions. The probability that humans fail to respond to the initiation of a
runaway took credit for both on-board drivers and control-room operators via an
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AND gate with a net probability of 2.5x10? per demand (or execution of the
event) (TBV-3133).

o The sub-tree for the hardware failure contributions, event HARDWR in

Application of Logic Diagrams and Common-Cause Failures to Design Basis

- Events, (CRWMS M&O 1997b, Section 7.2.2.3), includes failure of the

control/actuation circuitry and the mechanical components of the brakes. The

sub-tree included the dynamic brake system and the emergency brake system as

diverse and redundant to the service brakes as means of stopping the train. In

the quantification of the probabilities, however, no credit was taken for either of

4 the alternative brake systems. 1t was noted that dynamic brakes are not intended

/ for stopping in an emergency and the emergency brake design concept was not

\daily_%ﬁned. The probability of hardware contribution was estimated to be

8.09%10¥ per year; the value of NOSTOPHW.CAF in Application of Logic

Diagrams and Common-Cause Failures 1o Design Ba.m' Events (CRWMS
M&O 1997b, Att. V) (TBV-3133). '

» Potentia] CCFs of the brakes of all three vehicles were modeled in the fault tree;
see event CCFALL in Application of Logic Diagrams and Common-Cause
Failures to Design Basis Events (CRWMS M&O 1997b, Section 7.2.2.2). The
analysis used the beta-factor method for quantifying the probabilities of CCFs
(CRWMS M&O 1997b, Section 3.2.1, p. 12). The various CCFs may be
attributed to errors in manufacturing, installation, maintenance, or testing. The
beta-factor assumes that a certain fraction of documented failure rates for
individual components or systems are attributed to CCFs (TBV-3133 and TBV-
3138).

The hierarchy of CCFs was identified as:

* “intra-vehicle” - defined as CCFs of components or systems that are located in
one locomotive, or in the transporter, such as the concurrent failure of two
brake-release air cylinders, or concurrent fajlure of two channels of an
electronic contro} system

o “like-vehicle” - defined as CCFs of components or systems that are located in
different locomotives (e.g., concurrent failures of all brake cylinders in both
locomotives)

o “all-vehicle” - defined as concurrent failures of all brake cylinders in the two
locomotives and in the transporter as documented in Application of Logic
Diagrams and Common-Cause Failures to Design Basis Events (CRWMS
M&O 1997b, Section 3.2.2 p. 15). Three beta-factor values of 0.1, 0.01, and
0.001 were assumed to represent the respective intra-, like-, and all-vehicle
CCFs, respectively (TBV-3133).

Used in: The assumption is used in the baseline fault-tree analysis presented in
Section 6.8.2.2.2.
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59  Assumption: Several representative design alternatives are assumed as potential means of
reducing the frequency of potential transporter runaway events. The representative
design alternauves are listed in the bullets below

Basis: The baseline ana]yses presented in Appltcation of Logic Diagrams and Common-
Cause Failures 10 Design Basis Events (CRWMS M&O 1997b) indicate that design
enhancements are required to drive the estimated frequency of runaway below 1 0x10°
per year. This assumption will not be considered TBV since these are postu]ated design
assumptions and, therefore, further conﬁrmatron is not requxred

The design alternatives assumed in the eva]uatmn are the followmg

. Enhanced on-board systems:

Electronic interlock (or permissive) to ensure that dynamic brakes are engaged or
that service brakes are set-in a drag mode before an operator can start the train
down the North Ramp. It is further assumed that the mterloek system has a single
electronic channel. :

- Alarm to alert operator when train speed exceeds normal operating range, or that
the train is accelerating.- It is further assumed that the alarm system has a single

electronic channel and is mdependent of other electromc systems

Automatic application of service bra.kes to control the speed of a normal descent,
with human drivers and operators providing backup actuation. It is further
assumed that the avtomatic ‘brake application control - system has a single

relectromc channel and is mdependent of other electromc systems

: Automatrc actuation of emergency brakes by speed sensors, thh human drivers

and operators providing manual backup. It is further assumed that the automatic
actuation system has two-channe] redundaney .

Redundant and diverse hydrauhcally actuated disk brake calrper systems on
Jocomotives (m addition to dynamic brakmg system) (see Sectmn 6.12.1).

,Redundam and drverse brake systems on transporter car, A hydraulrc—operated
, disk brake system provides backup to the air-release:brakes on the Jocomotives

and transporter car. The basis for this alternative is presented in Waste Package

‘Transporter Design (CRWMS M&O 1998a, Section 7.3.9) (TBV-3130).

A series of speed-retarder units mounted as an outboard system on the rails of the
North Ramp to maintain the speed of .an unbraked train at a predeterrmned

- maximum (well below the critical derailment and tip-over speed) before the train

enters the North Ramp Curve or North Ramp Extensxon Curve. Thrs altematrve is
descnbed in Section 6 7.2 SR , :
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Used in: The assumption is used in the fault-tree analysis of design altenatives
presented in Section 6.3.3. '

5.10 The bounding failure rate for rail-mounted hydraulic speed control units is assumed to be
0.2 per year. A more representative value of 0.29 failures per million hours is also used.
Tt is further assumed that CCFs of such units may be calculated using a beta factor model
with 8=0.1.

Basis: The bounding failure rate of 0.2 per year is based on the failure of all units at the
end of a 5-year scheduled replacement period. The value of 0.29 per million hours is
based on the failure rate for the hydraulic actuator, i.e., a mean value of 0.29 and a
60 percent confidence range of 0.057 to 0.88 per million hours (Amo 1981, p. 24). The
beta factor of 0.1 is representative for CCFs as documented in Application of Logic
Diagrams and Common-Cause Failures to Design Basis Events (CRWMS M&O 19970,
Section 3.2.2) (TBV-3138 and TBV-3142).

‘Used in: This assumption is used in Section 6.8.3.4.

5.11 Assumption: In the evaluation of a postulated design alternative that includes an
automatic speed detection and brake actuation system on board the transporter
locomotives, it is assumed that the automatic system has two-channel redundancy and is
subject to both independent and CCF of the two channels. The probability of the event
AUTODET (‘“Failure of Automatic Speed & Brake Actuation System to Apply Service
Brakes™) is assumed to be 1.82x10” per demand.

Basis: The probability of the event AUTODET is adopted from the probability of failure
of a similar system, namely, the failure of a two-channel actuation system represented by
event CONTLOCI “Failure of Service Brake Control for Loco-1 & Transporter.” The
event CONTLOC] is evaluated 1o be 1.82x107 per demand, which is the sum of the
events under the OR gate: 1.65x107 + 1.65x10® (CRWMS M&O 1997b, Att. I, p. 1I-9)
(TBV-3133). " l}R

Used in: This assumption is used in Section 6.3.3.1.

5.12 Assumption: The evaluation of a postulated design alternative includes a hydraulically
actuated disk brake as a redundant and diverse backup to the air-actuated brakes. In the
fault tree model, it is assumed that the probability of failure of the mechanical portions of
the hydraulic system, which is denoted by event HARDHYD (“Failure of Hydraulic Disk
Brake on Transporter™), is similar to the probability of failure of counterpart components
in the air;brake system. It is further assumed that the probability of event HARDHYD is
5.19x107.

Basis: The failures of those components are represented by the event SBTRANSP
“Failure to Apply Service Brake Transporter” (CRWMS M&O 19970, Att. 1, p. 1I-3).
The dominant contributor to the failure of the air-brake system was shown to be the
failure of the air control valve on the primary locomotive with a probability of 5.19x10'3;
see event BKVALV1 (CRWMS M&O 1997b, Att. I11, p. I1I-2) (TBV-3133).
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5.13

514

Used in: This assumphon is used in Sectxon 6 8.3 2 2

Assumpnon The preclosure penod from begmmng of reposnory operations to
pennanem closure, is assumed to be 100 years (TBV 690)

Baszs Thls assnmphon is based on the perfon'nance reqmremem for retneval Tecovery,
and restoration in Criteria 4.2.7,4.2.8, 4.2.9, and 4.2.10. A preclosure operational period
of 100 years is considered conservative since the MGR waste handling and emplacement
activities are expected to span less than 40 years and the system shall have an operation
life of 160 years. The criteria require that the repository maintain the option to retrieve
waste for up to 300 years, which means that subsurface events (e.g., rock fall, earthquake,
early failure of a WP, etc.) may need to be evaluated for a 300-year preclosure period,
rather than 100 years. However, & factor of three increase in the preclosure period is not
expected to change the event frequency category for these events (e.g., from a "Beyond

Design Basis Event” to a Category 2 event) (Dyer 1999)." The present analysis is

concerned with the time duration when emplacement is occurring, which is expected to
be less than 40 years, regardless of the ume-penod that the. reposnory remains open for
retnevabxhty purposes. L

‘Used In: This assumption is used !hroughout Secnon 6. 8

Assumption:” The runaway scenarios and probability analysxs will only mvesugate the
North Ramp, North Ramp Curve, North Ramp Extension, and the northern poruon of the
East Main North Extension (see Figure 5). -

Basis: During emplacement operations, the waste emplacementlretrieva] system operates
on the surface between the waste handling building (WHB) and the North Portal, and in
the subsurface in the North Ramp, access mains, and emplacement drifts, During
retrieval or abnormal conditions, the operations area may also extend to a surface
retrieval storage site and South Portal on the surface, and the South Ramp in the
subsurface (CRWMS M&O 2000c, p. 6).

As seen in Figure 4, the downward grade of the South Ramp is approximately 0.5 percent
steeper than the North Ramp. However, the overall length of the South Ramp is
appreciably shorter, 1416.8 m (Sta. 78+42.037 - Sta. 644+25.206 = 1416.831 m), as
compared to the North Ramp, 2024.5 m (Sta. 21486.960 - Sta. 014+62.500 =2024.46 m)
(see Figure 4). Because of the longer distance of the North Ramp compared to the South
Ramp, a runaway scenario for the North Ramp is considered a worst case scenario.
Therefore, the runaway scenario for the North Ramp (Scenario 1 as discussed in Section
6.3.2.3) will be assumed indicative to both the North and South Ramp.

This assumption will not be considered TBV since direction of travel or the use of either
the North or South Ramp does not significantly impact the results of this analysis and,
therefore, further confirmation is not required.
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5.18

5.16

Assumption: Rolling resistance due to ram-effect will be assumed negligible.

Basis: Ram-effect is the tendency for a train within a tunnel to push the air in front of the
train and pull the air behind the train. However, the cross-sectional area of the train,
11.94 m? (see Section 6.3.2.1), is mgmﬁcanlly smaller than the effective cross-sectional
area, 36.17 m’, of the 7.62-m diameter mains (CRWMS M&O 20004, Section 4.1.7. 1).
Therefore, it is assumed that the air will pass around the WP transporter and not increase
rolling resistance due 10 an increase in aerodynamic drag. This assumption will not be
considered TBYV since an increase in rolling resistance due to ram effect provides a lower
bounding limit on rolling resistance and, therefore, further confirmation is not required.

Used In: This assumption is used in Section 6.3.2.
Assumption: WP Transporier weight is assumed to be 400 MT (441 tons).

Basis: Section 4.1.4 states that the WP Transporter weight is 387.4 MT. An upper
bounding limit of 400 MT will be used throughout this analysis, except for Section 6.4.3,
where the tip-over calculations use the weight and center of gravity parameters presented
in Section 4.1.4. This assumption will not be considered TBYV since slight variations in
WP Transporter weight will be within the bounded weight and do not significantly
impact the results of this analysis. Therefore, further confirmation is not required.

Used In: This assumption is used throughout.
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6. ANALYSIS/MODEL

6.1 DESCRIPTION OF SUBSURFACE RAIL EQUIPMENT

Section 6.1 describes the functions of the subsurface rail equipment directly involved with the
emplacement or retrieval of WPs. This equipment includes the WP Transporter (or transporter)
as described in Section 6.1.1 and the transport locomotive as described in Section 6.1.2. The
brake systems for the transporter and locomotive -are described in detail within their respective
sections. The subsurface rail system, also known as the Subsurface Emplacement Transportation
System, includes all rail and rail-related equipment used for emplacement and retrieval
operations, as described in Section 6.2.

6.1.1 Waste Package Transporter

The primary function of the WP Transporter is to safely transport WPs to and from the WHB and
the emplacement drift transfer docks for both emplacement and retrieval operations. The
transporter is a radiation-shielded railcar with the outline dimensions and pertinent features
depicted in Figure 1 through Figure 3. The WPs are loaded on pallets within the WHB. A single
WP pallet assembly is placed onto the extended bedplate—a thick steel plate that transfers the
load of the WP pallet assembly to the deck of the transporter. Attached to the underside of the
bedplate are rollers that allow smooth movement of the WP pallet assembly and the bedplate
between the transfer deck and the shielded portion of the transporter. The bedplate is then
retracted by a rigid chain mechanism into the shielded portion of the transporter. The transporter
design contains the necessary flexibility to transport WPs of varying sizes and weights up to and
including a WP that is 2.11-m in diameter, 5.96-m long (4.1.3), and weighs 85 MT (Assumptions
5.4).

Major components of the WP Transporter include radiological shielding, undercarriage (frame)
including the transfer deck, couplers and connectors, brake systems, doors and door operators,
bed plate and guides, rigid chain mechanisms, wiring, interlocks, and instrumentation and control
systems.

6.1.14 Transportel"v'Brake System

The transporter brake system is composed of primary (or service) and redundant brake systems
that operate in conjunction with the transport locomotive (see Section 6.1.2.1). The primary
brake system is envisioned to be similar to the brake systems used in the railroad and/or mining
industry (CRWMS M&O 1998a, Section 7.3.9).

On commercial railcar air brake systems that are Federal Railroad Administration (FRA)
certified for interchange service, compressed air is used to power one or more pneumatic
cylinders that are mounted on the underside of the car body or within the railcar trucks. Railcars
approved for interchange service are capable of traveling from one privately owned railroad to
another, such as Norfolk and Southern to Union Pacific. These railcars conform to AAR
Standard S-401-99 (Section 4.3.1), where each railcar has one or more brake cylinder pistons, a
reservoir (air storage tank), associated air piping, and a control valve. Through a series of rods,
Jevers, or other mechanical linkages, the brake cylinder force is transmitted to the brake shoes,
which are then pressed against the tread of each wheel. The application of a brake shoe against
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~ the wheel tread is called tread brakrng Compressed air is supphed by an air compressor located
on the locomotive and stored in the main reservou' of the rmlcar (Kratv:lle 1997 Sectron 8 and
NTSB 1998, p. 7 and Appendrx C). ; :

The control valve responds to signa]s sent by the locomotive operator. ’I'hcse Signals are in the

form of changes in air pressure within the main air line, or trainline. The trainline is the physical

air connection from the Jocomotive to each railcar air brake system. Air is passed through the

trainline by metal pipes within the railcar and through connectrng ﬂexrble air hoses between rail
~cars (NTSB 1998, p. 7 and Appendlx C)

* When the air pressure within the tramlme (also known as brake pipe pressure) is-reduced, the
~ control valve mechanically senses the pressure drop and delivers compressed air from the railcar
reservoir to the brake cylinder(s). The amount of air sent to the brakes is proportional to the drop
m brake pipe pressure (Kratville 1997, PP- 839—855 and NTSB 1998 P 7 and Appendlx O).

- It is important t0 clarify the deﬁmnon and use of emergency brakmg on commercra] rarlcar air
brake systems. Emergency braking is actuated by a rapid decrease in brake pipe pressure. The’
control valve senses the rapid drop in pressure and applies air at full pressure from the reservoir
to the brake cylinders thereby creatmg maximum- brakmg force (Alr Brake Association 1998,
~p-10D). . ,

To provide safe control, even when grades are steep, the WP Transponer wm use two types of
braking systems: Tread and Disk. The locomotive will use four types of braking systems: Tread,
Disk, Parking, and Dynanuc (see Sectron 6 1.2 l) ,

, The WP Transporter primary brake system, as described in Wasre Package Transporzer Des:gn

" (CRWMS M&O 19983, Section 7.3.9), will be an automatic (fail-safe) tread-brake system that is
activated by a decrease in air pressure. Unlike the standard-commercial- AAR brake systems
described above, a spring actlnglalr return cylinder provides the stopping force. Powerful and
appropriately sized compression springs within the brake cylinder apply the required brake shoe
force against the wheel, rather than using air pressure from a reservoir. With this system,
compressed air is used to collapse the -springs, thereby- releasmg the brake shoe from the
transporter wheels. As air pressure is decreased, brake shoe force is proportionally apphed by
the springs. This eliminates the need for the WP Transporter to have a compressed air reservoir
to apply brake pressure as compressed air is supplied by the locomotive ‘compressor and
reservoir. 'Iyplca.l air pressures stored in the Jocomotive air brake system reservoir are
approximately 6. 2 bar (90 psi) (CRWMS M&O 1998a, Sectlon 739). - '

The secondary, or redundant brake system for the transporter is env:sxoned to bea hydrau]rcal]y
applied disk brake system (see Assumption 5.9) (CRWMS M&O 1998a, Section 7.3.9). This
* braking system comprises a disk and a caliper mounted on each axle of the transporter trucks
(see Figure 6). The cal:pers are hydraulically applied and spring released, which is not a fail-safe
configuration. Pressure is applied to the brake calipers through a hydrauhc connection to the
locomotive hydrauhc system (CRWMS M&O l998a, Sectxon 7.3 9). :

Provxdmg that slippage does not occur between the wheel and the rail, the WP Transponer

primary braking (tread-braking) effectiveness is a function of wheel speed, brake shoe force, and
the coefficient of friction between the brake shoe and the wheel tread. The friction between the
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“brake shoe and the wheel tread creates heat proportional to the shoe force and the wheel speed. .
The wheel, and partially the brake shoe, act as heat sinks and dissipate the heat generated.
However, the temperature is at its greatest at the sliding surface of the brake shoe and the wheel.
At some point during braking, sufficient heat may build in the shoe material and wheel to change
both the wheel and the brake shoe surface characteristics. This molecular-level change in
surface characteristics degrades the coefficient of friction and reduces the braking ability (NTSB
1998, p. 7).

The reduced braking ability from heat build-up is known as “heat fade” and is typically
insignificant at low speeds. At low speeds, temperature will increase until the heat buildup is
dissipated by the wheels and brake shoes at a rate equal to the amount generated, known as
thermal equilibrium. Thermal equilibrium results in a constant coefficient of friction and braking
ability. However, heat fade becomes significant as speeds and brake forces increase. There is a
point where the heat generated surpasses the heat dissipated through wheels and brake shoes. At
severely elevated temperatures, ‘the brake shoe and/or wheel materials nay deteriorate. In

- extreme conditions, enough heat may be generated to cause melting in both the brake shoe and
the wheel.

With this in mind, tread braking is most effective soon after initial application of the brakes.
Braking actually improves as the brake shoe and wheel tread surfaces warm up, but degrades as
temperature drastically rises and heat fade becomes significant (NTSB 1998, p. 7).

6.1.2 Transport Locomotive

The primary function of the Jocomotive is to move the WP transporter containing the loaded WP
pallet assembly from the WHB to the emplacement drift. The electric-powered Jocomotives will
also be used to move the empty transporter and other rail equipment to and from the WHB or
other surface facilities and the subsurface repository. Two transport locomotives will be used to
move the WP Transporter through the North Ramp and the mains, one fore and one aft of the
transporter (CRWMS M&O 2000c, p. 6).

The locomotives are suppl:ed with electrical power throu‘,h an overhead catenary (xrolley
wire)/pantograph system. The catenary system is a series of wires mounted to the crown of the
drifts that carry a high-voltage direct current (DC). The rails act as the ground to complete the
electrical circuit. The pantograph is positioned atop a tower, which is mounted above the rear
truck of the each locomotive (see Figure7). This pantograph configuration minimizes the
horizontal travel of the pantograph on the overhead catenary wires when the locomotive travels
through curves. As they are the primary source of power for the locomotives, the overhead
catenary wires will be installed in all drift locations that are envisioned for locomotive travel
(CRWMS M&O 1998b, Section 7.3.3.3).

6.1.2.1 Locomotive Brake System

The locomotive braking system consists of four brake systems: tread, disk, parking, and dynamic
brakes. The tread (also known as service brakes) and disk brakes each would be capable of
stopping the train independently, while the parking brakes hold the train in position once
stopped. The dynamic braking systems would be used to assist in controlling the train speed as jt
descends the North Ramp and North Ramp Extension, but would not be used for a complete stop.
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The Department of Labor Mine Safety and Heath Administration regulation states
(30 CFR 75.1404-1):

*A Jocomotive equipped with a dual braking system will be deemed to satisfy the
requirements of 30 CFR 75.1404 for a train comprised of such locomotive and
haulage cars, provided the Jocomotive is operated within the limits of its design
capabiljties and at speeds consistent with the condition of the haulage road. A
trailing locomotive or equivalent devices should be used on trains that are
operated on ascending grades.”

In addition, the Department of Labor Mine Safety and Heath Administration regulation states
(30 CFR 75.1404):

“Each Jocomotive and haulage car used in an underground coal mine shall be
equipped with automatic brakes, where space permits. Where space does not
permit automatic brakes, Jocomotives and haulage cars shall be subject to speed

- reduction gear, or other similar devices approved by the Secretary, which are
designed to stop the locomotives and haulage cars with the proper margin of
safety.”

Like the transporter tread brakes, the locomotive tread brakes are automatic (fail-safe) air brakes
that are activated by a decrease in air pressure. The stopping force is provided by powerful
compression springs that, through a series of rods, levers, and linkages, push the brake shoes
against the wheels. Air pressure is used to collapse the springs, thereby releasing the brake shoes
from the locomotive wheels (CRWMS M&QO 1998b, Section 7.3.3.7).

The disk brakes are the back-up, redundant, brake system that is installed within the
transmission(s) of the locomotive. Each locomotive has two DC drive motors, one on each
truck, which drives a transmission connected to the drive axle. The disk brake calipers are
hydraulic-applied and spring released, which is not a fail-safe configuration. Pressure is applied
to the brake calipers through a hydraulic connection to the locomotive .hydraulic system and

“" controlled by a foot-operated master cylinder (CRWMS M&O 1998a, Section 7.3.9 and

CRWMS M&O 1998b, Section 7.3.3.7). The locomotive parking brake is a spring-applied
manval-release disc brake. The brake consists of an independent caliper mounted to operate on
the disc common to the redundant brake system.

Dynamic braking, also known as regenerative braking, employs the use of the locomotive DC
drive motors to control train speed on steep grades. The locomotive wheels are allowed to back-
drive, or transfer mechanical power opposite to the normal direction, the transmission and drive
motors. The de-energized motor armatures (rotor) are turned, creating an electric generator. The
stator, or the non-rotating portion of the motor, is supplied with a current that generates a
magnetic field. Eddy currents are induced in the rotors as they pass through this field, generating
electrical power and resulting in a braking torque whose magnitude is a function of the excitation
voltage of the stator coils (Air Brake Association 1975, Section II, pp. 19-22).

The power generated in dynamic braking is consumed in air-cooled resistor banks as heat.
Extended-range dynamic braking may be included on the locomotive, allowing it to be used at_
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speeds as low as 4.8 km/hr (3 mph). Dynarmc braking is ideal for holding speed constant whrlc

the locomotive descends the North Ramp and North Ramp Extension with the loaded transporter,

but is not used to stop the train. The primary brake system should be used when attemptmg to
slow down 10 a stop (CRWMS M&O 1998b, Section 7.3.3.7.4)

6.1.3 Sequence of Operatlons

- As outlined in Waste Emplacement/Remeval System Description Document (CRWMS M&O
2000c, p. 6) and Waste Package Transport and Transfer Alternatives (CRWMS M&O 2000b,
Section 6.1.1), the process of WP emplacement follows a predefined sequence. Within the
WHB, the WP is loaded in a horizontal position onto a WP pallet, which is designed to support
the WP during transport and during the Jong-term emplacement. ‘The WP pallet assembly is then
loaded onto the transporter bedplate. The WP Transporter loading/unloading mechanism (rigid
chain) draws the WP pallet assembly and bedplate into the shielded portion of the transporter and
the transporter doors are closed. A single remotely controlled transport Jocomotive hauls the WP
Transporter out of the WHB, where operators board the locomotive for manual operation. * A
second transport Jocomotive is attached to the opposite end of the. WP Transponer from the
original locomotwe ' o .

. " ‘This dual-locomotive conf guranon ensures that there will be a locomotive at either end of the
_ WP Transporter at all times during the North Ramp and North Ramp Extension descent. The
second Jocomotive provides addmonallredundant power and braking capacrty, thereby provrdmg

a more relrable mnﬂguranon : : ,

The two locomotwes move the transporter from the WHB down the North Ramp or North Ramp
Extension, and into either the East or West Main to the vicinity of the pre-designated
emplacement drift. Near the emplacement drift entrance, one locomotive is uncoupled and
parked nearby. This allows the unobstructed WP Transporter to be pushed into the emplacement
drift turnout. The Jocomotive operators Jeave the lJocomotive(s). An operator located on the
surface performs the remaining emplacement functions vra remote control - :

The transporter is moved partway into the emplacement drift furnout, and the transporter doors . =

and the drift isolation doors are opened remotely. As shown in Figure 8, the emplacement drift
transfer dock is desngned so that the emplacement gantry rails straddle the WP Transponer as the
transporter is pushed into the dock. . This design feature allows the spring suspension within the
transport trucks to decompress as the WP Joad is removed from the transporter deck. This design
eliminates any requirements to maintain a constant height between the WP Transporter transfer
deck and the emplacement drift transfer dock.’ ‘

Once the transponer is docked the transporter loadrng/unloadmg mechamsm pushes the WP
pallet assembly, which is being supported by the bedplate, out of the shielded portion of the
transporter and onto the transfer deck. By straddling the WP Transporter, the emplacement X
gantry moves into posmon over the WP Pallet assembly with the gantry lifling Jugs in the
Jowered position, engages the pallet lifting points, and raises the WP pallet assembly off the
bedplate. The gantry carries the WP pallet assembly into the emplacement drift and stops at a
pre-determined emplacement. position. The WP pallet assembly is then lowered onto the
emplacement drift transverse beams or other support system. The gantry disengages from the
pallet and moves back to a waiting position at the emplacement drift transfer dock.
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The remote operator retracts the bedplate into the transporter. The transporter is partly pulled
away from the drift entrance doors by the locomotive. The transporter and drift isolation doors
are then closed. The transporter is pulled completely out of the emplacement drift turnout where
the operators re-board and.the second locomotive is re-coupled to the back of the transporter.
The empty train is manually driven back to the WHB for another transport and emplacement
operation (CRWMS M&O 2000b, Section 6.2.4; CRWMS M&O 2000c, p. 6; DOE 1998,
Volume 2, Section 4.2.3.3).

6.2 DESCRIPTION OF SUBSURFACE RAIL SYSTEM

The subsurface rail system, also known as Subsurface Emplacement Transportation System,
provides vehicle guidance from the WHB to the emplacement drifts by use of standard 115-Ib
AREA (American Railway Engineering Association) steel rail (DOE 1998, Volume 2, p. 4-60).
As a Viability Assessment design, this rail size is valid for the SR Design. The system supports
waste emplacement, waste retrieval, performance confirmation, closure, and maintenance
operations. The rail system will also provide the electrical ground for DC overhead (catenary)
power system in the main tunnels.

The existing ESF loop, encompassing the North Ramp, East Main Drift, and South Ramp, is
located such that it may become an integral part of the potential repository. The ESF loop will be
incorporated in the potential repository facility and used for repository access if determined
appropriate. The gradients of the North Ramp -2.1486 percent, South Ramp ~2.619 percent,
Main Drift +1.3500 percent, and the Jarge diameter of the ramps and mains makes them suitable
for repository use (see Figure 4). The ESF drifts were excavated by a 7.62-m diameter TBM.
Points along the ESF loop are called-out using Station numbers. The Station numbers represent
the distance in meters along the ESF loop starting at the North Portal entrance (Sta. 00+00).

A deviation in line and grade occurred in the ESF as a result of a problem with TBM guidance.
This occurred in the North Ramp between Station 00+60 and Station 01+08. The TBM
trajectory was corrected to the —2.14862 percent grade at approximately Station 014+62.500 (see
Figure 4). This deviation over the length of the North Ramp (2186.960 m) will not be assumed to
be negligible. Therefore, slope calculations for the North Ramp will use —2.1486 percent grade
from Station 01462.50 to the start of the North Ramp Curve (Point B, Sta. 21+86.960)
(Assumption 5.1).

The mains connect with the ramps and provide access throughout the potential repository at the
emplacement level. The mains include the East Main, the East Main North Extension, the North
Main, the West Main, and the Exhaust Main. The ramps and mains provide routes for travel
within the subsurface area. The North Ramp Extension serves two purposes: (1) facilitates
emplacement operation in the East Main North Extension during concurrent emplacement and
development operations, and (2) as a by-pass route to the West Main to avoid interference with
operations in the East Main or East Main North Extension. The North Ramp, East Main, and
South Ramp are referred to as the ESF Loop when addressed collectively, and the ESF loop has
been constructed. The South Ramp Extension, West Main, North Main, and East Main North
Extension are referred to as the Perimeter Construction Loop when addressed collectively, and
will be constructed as part of the potential repository (CRWMS M&O 1997a, Section 7.2.1).
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; be]ow the north section of the reposnory block.

“During the initial stages of repository operation, conslmcnon efforts and emp]accment opcranons
‘will overlap. During this period, the repository will be divided into separated deyvelopment and
‘emplacement sides. On the development side, the South ramp will be the route for construction

personnel, materials, equipment, and the muck handling system. On the emplacement side, the
North Ramp will be the route for the locomotives and WP Transporter from the surface facilities
to the repository. Personnel, materials, and other miscellaneous emplacement operations

-equipment will also use the North Ramp for access into the reposnory (CRWMS M&O 1997a,

Secuon 7.2.1.1.2).

As shown in Figure 5, pcrformance confirmation dnﬁs wﬂl be mslal]ed above and below the
reposnory block as part of the T.E.P.. The first performance confirmation drift originates just
prior to Point B from the North Ramp and is known as the Enhanced Characterization of the
Repository Block. Two T.E.P. Observation dnfts ongmate at Pomt F and travel above and

6.3 MAXIMUM SPEED DETERMINATION

The maximum runaway speed of the ‘WP Transportcr and the locomotxves ‘within the North
Ramp is determined under three ; pnmary conditions: frictionless, standard rolling resistance, and
standard braking. The braking is discussed in Section 6.3.3. Determining the maximum
runaway speed for a worst-case runaway scenario initiating in the North Ramp and continuing
down the North Ramp Extension Curve, through the North Ramp Extension, and down the North
Main Curve is considered unrealistic. As will be shown in Section 6.4.3, a ranaway transporter
will tip-over in the 305-m radius curves before reaching the end of the downward grade.
Therefore, speed calculations are performed for four runaway scenarios (refer to anurc S for
location call outs): :

Scenario 1. A runaway wrthm the ESF loop xnmanng at Point A (Sta. 01+62.500) and
proceeding through the North Ramp Extension Curve to Point D. Section 6.4.3 shows
that tip-over at Point D is highly probable.

Scenario 2. A runaway initiating at an arbitrary point prior to entering the North Ramp
- Extension Curve (Point B) so that the speed exiting the North Ramp Extension Curve is
10 percent less than the calculated tip-over.speed of 31.85 m/s (71.25 mph), which is
approxrmately 28.67 m/s (64.1 mph). The transporter and locomotives proceed down the
North Ramp Extension to the estimated transporter tip-over location, as described in
“Section 6.4.3. This location is where, through a 305-m radius S-curve, the North Ramp

_ Extension curves intersect the East Main North Extension (between Points G and I).

Scenario 3. A runaway with an initial velo¢ity of 8 km!hr (2.222 m/s, 4,97 mph) initiating at
the start of the North Ramp Extension Curve (Point C) and continuing to the intersection
between the North Main and the Exhaust Main (Point K).

Scenario 4. A runaway within the ESF Joop initiating at Point A with an initial velocity of
8 km/hr (2.222 m/s, 4.97 mph). The runaway continues to Point B (see Figure 9) and
proceeds through the North Ramp Curve to Point M. Section 6.4.3 shows that tip-over
- between Point B and M is highly probable. Figurc 9 provides the reader with a visual
reference of the 305-m radius North Ramp Curve at Point B.
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3

Figure 9. North Ramp Curve - Point B (Sta. 21+86.960)

6.3.1 Frictionless Conditions

The calculation of runaway speeds for the frictionless condition is a conservative approach and
develops an upper bounding limit for runaway speed. For the frictionless condition, the
transporter final speed determination is not a function of train mass, but is purely a function of
slope and distance. Figure 10, which is based on the data in Table 3, presents the grade, lengths,
elevation changes, and other pertinent data used in runaway Scenario 1.
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— EL: 1258 m
- Point B

EL:7.02m
Point C

, Source: Table 3
Figure 10. North Ramp Grade for Scenario 1 o ’
From the fundamental equation of motion for 2 body under constant acceleration (gravity), a
velocity equation can be derived for the frictionless condition (Avallone and Baumeister 1987,
p- 3-12):

x=x =vg+lar®

(Eq. 4)
where:
" x = Final position
xo = Initial position
vo = Initial velocity )
t = Time - '
a = Acceleration (Gravity)
| Differentiating Equation 4 with respect to time gives:
) drx d : I
v=-&7=-&;(xo+vot+-}m’?évo+at ,
7 (Eq.5)
Substituting for the value 7 into Equation 5: |
LT AT
V-V, v -,
L x—xy=d(vg+v 2 |= 2 - A
s i
: , (Eq. 6)

t
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and rearranging Equation 6, gives:

vi.=v) +2a(x-x,)
(Eq.7)

Using the velocity equation (Equation 7) shown above to solve for the frictionless condition, we
can rewrite the equation for the transporter case as:

2 __ .2
vy =vg, +2a(x; — x5,)

(Eq. 8)
where (see Figure 10):
vr Velocity of the transporter
V1o = - Initial velocity of the transporter

Xr
XTo

Position along x-axis relative transporier coordinate system
Initial Position along x-axis relative transporter coordinate system

Substituting for the change in position of the transporter (Axy), Equation 8 can be expressed as:

vi =v} +2a(Ax,)

(Eq.9)
The total position change of the transporter can be rewritten in world coordinates:
vi=vi + 201/ yi +x3
| (Eq. 10) ‘
where (see Figure 10):
x, = Position along x-axis in the absolute world coordinate system

y» = Position along y-axis in the absolute world coordinate system

- The total acceleration (a) applied to the transporter in the relative x direction is found by taking

the sinusoid of the slope (&):
vi=v2 +2gsin Ga,/y:, +x2

(Eq. 11)
where (see Figure 10):

€ = Slope of incline (grade) in degrees, where
8= tan™ Vertical Change in Elevation
Horizontal Change in Distance
a = Acceleration due to gravity (g = 9.80665 m/s?)

Rearranging Equation 11 provides the velocity equation for the frictionless condition:
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vy =[v;,+2gsin8-\fy:,‘+x,’,F : o

T | (Eq. 12)
For Scenario 1, the maximum speed calculated under frictionless conditions occurs at the end of
the North Ramp Extension Curve (Point D), as seen in Figure 5, and any decelerations from the

‘curve are ignored. If the train is stopped at Point A (Sta. 01+62.500), the maximum frictionless
velocity up to Point B (Sta. 21+86.960) can be fpund using Equation 12 as:

=| (09)* +2(9.80665 ) sinf 1an™ —2=- 50‘“, (@3.50m)” +(2.02493x10°m)? |
" 200293%10° m ' 6072

vy =2921% (6533mph) v

n

mii€

 (Eq.13)

Because of the slope change from —2.14862 to -2.06 percem at Point B, Equauon 12 must be
calculated for the distance between Point B and Point D. From Table 3, the elevation change and
plan distance is 610.779 m and 12. 58 m, respccnvcly Thc initial vcloc:ty used in Equauon 14 is
calculated in Equatwn 13 above : .

2 .] 12.58m : 2 2 2
[(2921-;/) +2(9806657/,)sm[ S Ton )Jaz 58m) +(610719:p) ]

vy =33.17 % (74. 19 mph) M S

C ‘ ' (Eq. 14)
From the same initiation point (Point A), a train traveling at a maximum normal operating speed
of 8 km/hr (Criteria 4.2.3) versus a train that is stopped at Point A (0 km/hr), the frictionless

velocities for Scenario 1 are very similar. The frictionless velocity at Point D for an 8 km/hr L
(2.222 t/s) initial speed is be found using EquaUOn 12, as:

| | 4350m Y —— 2
=|(2.222 %/)? + 2(9.80665 in| t 43.50 m)? +(2.02493%10°m)?
vy [( )" +2( %,)sm( an™ 303493 x10° }]( m)* +( 93x10°m) ]

» =29.295/ (65.52 mph) ;/\//

~ (Eq. 15)

Apgain, because of the slope change from ~2.14862 10 —2.06 percent at Point B Equation 12 must
be calculated for the distance between Point B and Pomt D. The initial veloc1ty used in
Equation 16 is calculated in Equanon 15 above ,

. - : L 1
[(2929 -y)’ +2(9.80665 %/, )sm(lan" -6-:%%92-}1(1258 m)’ +(610. 719 m)? ]’

_3334y(7434mpb) e -
I Eg. 16)
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It is important to reiterate that the final velocity of the WP Transporter is not sensitive to the
initial velocity, as shown above. Initial velocities of 0 kmvhr and 8 kmv/hr (2.222 m/s) result in
similar final velocities, 33.17 m/s and 33.24 m/s, respectively.

6.3.2 Standard Rolling Resistance Conditions

During the descent of a loaded transporter down the North Ramp and the North Ramp Extension,
frictionless conditions are unrealistic anid only provide an upper bounding limit as a worst case
scenario. Frictional losses are present in many forms. The most prevalent sources of frictional
losses are due to rolling resistance, acrodynamic drag, and, to a lesser extent, curve resistance. -
At Jow speeds, rolling resistance is dominant. As speeds increase, acrodynamic drag becomes
the predominate source of frictional loss. Interestingly, curve resistance is a function of the
curve radius and not velocity, as described in Section 6.3.2.2. As mentioned in Assumption 5.15,
any increase in rolling resistance due to ram effect is assumed negligible.

6.3.2.1 Rolling Resistance .

To reduce overall transportation cost (i.e., reduce train resistance), the railroad industry has
performed numerous rail efficiency studies. From these studies, empirical rail-resistance data
have been collected and resistance equations have been fitted to the data to describe rolling
resistance mathematically. With known conditions of speed and railcar parameters, resistance on
straight track can be predicted with reasonable accuracy. The most widely accepted formula for
rolling resistance was developed by W.J. Davis (Air Brake Association 1998. pp. 235-239).
According to Marks’ Standard Handbook for Mechanical Engineers (Avallone and Baumeister
1987), the following equation, based on the Davis formula, has been used extensively for
calculating freight-train resistances on straight track at speeds up to 17.88 m/s (40 mph).
(Avallone and Baumeister 1987, Equation 11.2.11, p. 11-42)

R =1.3W.+ 291 + 0.045Wv + 0.0005Av?

(Eq.17)
where: :
R = Trainresistance (Ib/car)
W = Weight per car (tons)
v = Train speed (mph)
n = Number of axles
A = Train cross-sectional area (ft%)

The expression 1.3W + 29n represents bearing resistance, 0.045Wv represents wheel-flange
resistance, and 0.0005Av’ represents aerodynamic drag (Air Brake Association 1998,
pp. 235-239).

As speeds exceed 17.88 m/s (40 mph), Marks’ Standard Handbook for Mechanical Engineers
(Avallone and Baumecister 1987, p. 11-42) states that actual resistance values for interchange
service fall below the calculations based on the above formula. Meodifications to Equation 17
have been made for these increased speeds. The two equations shown below compensate for the
increased speed, known as the Tuthill (Avallone and Baumeister 1987, Equation 11.2.12,
p.- 11-42) and Canadian National Railway (CNR) (Avallone and Baumeister 1987,
Equation 11.2.13, p. 11-42) modifications, respectively.
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R=1.3W +29n+0.045Wy +0.045v>  Te7HIkL
SR (Eq. 18)

R=0.6W + 20&; 001+ 001 CHR
SW-+20n+001Wy +007v" . & (Eq19)

For comparison, the three resistance equauons (Equanons 17, 18, and 19) apphed to the WP

Transporter are shown in Figure 11 for speeds up to 35 76 m/s (80 mph), 2 weight of 400 MT

(441 tons), and a cross-sectional area of 11.941 m? (128.5 fi?). The cross-sectional area is

estimated using Figure 2. The area of the body is estimated by using the height from top-of-rail

1o the bottom of the crown and the ‘width of !hc transporler, not mcludmg the door hinges, or
2.907 m x 2.940 m = 8.547 m®. The arca of the crown is determined by:

2 2

w1 29_91"_‘"_)-_3 394m’ |

4 2 8 . o

i (Eq. 20)

Adding the two areas results in a total cross-sectional area of 11.941 m?(1285f%) oK

Rolling hgsisjance

3500

3000 — >
1'5\ N - EQ 17 - .
_\: 2500 ~o—EQ: 18701
-‘;" 2000 ——EQ: 19y,
Q Lz
c
8
h
®
Q
(1l

0 Y T T L — T Y T ]77‘ l. | EENA IR I T T 7 T T
0 20 . - 4Q , 60 80
Velocity (mph)

_ Source: Attachment lli - Resistance
Figure 11. Rolling Resistance ' '
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Goodman Equipment Corporation (Goodman) developed a general “rule-of-thumb” rolling
resistance value for use in sizing Jocomotives. Goodman suggests using 30 Ibs of resistance for
every ton of gross railcar weight if the rail car utilizes bronze bearings, or 20 Jbs/ton for roller
bearings (Goodman Equipment Corporation 1971a, p. 1). This method, however, does not
account for the aerodynamic drag associated with faster train speeds. The frictional force used
by Goodman is much Jarger in magnitude than the previous methods (Equations 17 through 19)
and, therefore, results in slower calculated train velocities.

6.3.2.2 Curve Resistance

Additional rolling resistance results from curves in the rail, such as the North. Ramp Curve. The
wheels on standard railroad trucks are fixed to their axles, meaning both wheels must rotate at
the same speed. In rounding a curve, the outer wheel must travel a slightly longer distance than
the inner wheel. This is due to the inner rail having a slightly smaller radius than the outer rail.
Because the outer wheel must travel] a farther distance then the inner wheel, there is a tendency
for one of the two wheels to skid, thereby creating additional rolling resistance in the curve. The
sharper the curve, the greater this resistance becomes.

Curve resistance (R.) and the effect of varying degrees of curvature on train resistance has been
determined by tests. It has been found that one degree of curvature offers the same resistance to
train movement as a 0.05 percent grade (Air Brake Association 1998, p. 239).

Grade resistance (R,) is approximately 20 Iby resistance for each ton of weight for each percent
grade. For example, on a 1 percent grade, a 2000 Ib (1 ton) railcar will have a grade resistance
determined by:

R, = Railcar Weight X sin(8)
=1 ton X 2000 Ib/ton X sin(0.5729) = 19.991b=201b
(Eq. 21)

where @is the slope of the incline (grade) in degrees:

1%
8 =tan”| —
(15}

As stated above, resistance per degree of curvature is (R/8.) (Air Brake Association 1998,
p- 239):

(R‘IGC) = 0.05 X 20 ]bf /.lon = ’: .‘":',,-‘la-‘ % '-:‘:f’:i.‘_ FEEE T A T e,

Therefore, with each degree of curvature (&), there is one pound of rolling resistance for every
ton of railcar weight. A degree of curvature is defined as (Air Brake Association 1998, p. 239):

_ 5,730ft
" CurveRadius (ft)

(Eq. 22)
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The degree of curvature (oc) appllcablc to thc SR Sxte Layout (305 m) is:

6.= 3,730 ﬂ = 5_.7262 degrees l/
305 mx3.2808-l;
| (Eq 23)
Converting resistance per degree of curvature j\si(RJec) to metric:
" N
4.448 —
R =12 b ;:’I'T = 49033 / |
" osomMT MI..
f‘é" g o
= Qplt L AS - 1 : . 24)
81,0”)‘ °I = 92283/,;,7 (Eq _
Therefore, the rolling resistance (R.) due to the 305-m curve is: '
N N
Re= ec x RJec = 5.7262° % 4. 9033m- = 28076 v
(Eq.25)

"57262 2228 = 22, 4é27m7’

Goodman Eqmpmem Corporatmn also deve]opcd a “rule of thumb” for rolhng resistance within
a curve that is used in locomotive snzmg The wheel base is found in Figure 3. The curve
resistance, according to Goodman, is found usmg Equation 26 (Goodman Eqmpmcnt
Corporation 19714, p. 1), where: : : :

_ 400x wheelbase (ft) _ 400x6ft = 23982 _ 11958 N 7
ton MT

radiusof curve (ft) 305, 32805 0
. z » m )

(Eq. 26)

The curve resistance using Equation 26 (Goodman) is less than that calculated using Equation 25
(Air Brake Association). The Goodman curve resistance is intended to be combined with the
Goodman Eqmpmcnt s rolling resistance of 20 Jbs/ton. The rolling resistance Goodman suggests
is much larger in magnitude and, as dcscnbed in Section 6.3.2.3, is discarded as an accurate
means of determining rolling resistance. Therefore, the curve resistance found in Equation 24
will be used in subsequent calculations. ‘

6.3.2.3 Velocity Determination

The frictional force equation (Equatlon l’l) from Marks’ Standard Handbook for Mechanical
Engineers (Avallone and Baumeister 1987, Equation 11.2.11, p. 11-42) combined with the curve
resistance (Equation 24), as applicable, is herein considered as ?‘standard rolling resistance.’
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The velocity determination using standard rolling resistance is derived from the physical laws of
conservation of work and energy. The net work (W,,,) must equal the change in energy, whether
it is potential energy (PE) or kinetic energy (KE).

W, = AKE + APE

(Eq. 27)
where potential and kinetic energy are described as:
APE =mgh
(Eq. 28)
where:
m = Mass
g = Gravitational acceleration (9.80665 m/s?)
h = Elevation change (height)
and,
AKE=%m(v,’ —v3)
(Eq. 29)
where:
m = Mass
v; = Initial train velocity
v2 = Final train velocity

Substituting the formula for potential and kinetic energy (Equations 28 and 29, respectively) into
Equation 27 gives:
1
W, =-2-m(v, -v)+mgh
~ T (Eq.30)

Then, the net work (W,.,), which is determined by the resistance force (F) over a distance (A4s), is
substituted into Equation 30, which gives:

FAs = %m.(v,z -v)+mgh
(Eq. 31)

Rearranging Equation 31 to solve for the final velocity (v;) results in:

v, =J-;2FAS+ 2gh+v}
(Eq. 32)
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. Figure 12 shows the velocity for runaway Scenario 1 as a function of position for a train starting
from 8 km/hr (2.222 m/s 4.97 mph) for frictionless, standard, and Goodman friction conditions.
Scenario 1, as described in Section 6.3, is a runaway ‘initiated at Point A (Sta. 01+62.500) and
traveling through the North Ramp Extensmn Curve, and ending at Point D.

Train Veloc:ty - Scenario 1 |
Initial Velocity - 2.22 m/s (4.97 mph) .
 80.0 —. S . - 350
-, : Fiictonless H -
70.0 — : . 30.0
0 Standard Friction
60. a .
— i Goodman Friction - 25j0 »
< 500 : -1 )
E - 20-0 g—
- 400 - b
o -+ 150 2
& 30.0 : o
200 100
100 + 50
0.0 0.0
00.00 500 00 1 000 00 1 500 00 2 000 00 2, 500 00 3,000.00
Position (Meters) ‘

Source: Attachment lll - Scenario 1
Figure 12. Velocity vs. Position for Runaway Scenario 1

Train velocities are calculated ﬁ'om the startmg posmon of Statlon 01+62 500 (Assumphon 5 1)
for starting speeds of 0 m/s and 8 km/hr (2.222 m/s) under frictionless, standard rolling
resistance, and Goodman’s “rule-of-thumb” resxstance method, and are presented in Table .

Table 5. Calculated Train Velocuty for Scenano 1

Standard Resistance - | - Goodman Resistance T Frictionleés
Initial . ~ Initial - | Initlal | Initial - | . Initial Initial
Speed: | Speed: | - —,Spe_ed: -1 Speed: : - Speed: Speed:
0 km/hr 8kmhr | Okm/hr -8kmfr | "0kmi/hr 8 km/hr
(222mils) |- | (@22mls) | . {2.22 m/s)
Point B 2753 mis | 2761mis | 21.35mis 2147mis | 2921més 29.29 mfs
(61.58 mph) | (61.76 mph) (47.77 mph) (48.02 mph) (65.34 mph) (65.52 mph)
™ Point C 29.13 mis 20.21 mis 22.62 mls 2273 mils 31.00 mvs 31.08 m/s
(65.16 mph) (65.34 mph) (50.58 mph) (50.83 mph) | (69.35 mph) (69.52 mph)
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Point D 30.75 m/s 30.82 m/s 24.15m/s 24.25 mis 3347 m's 33.25 /s
(68.78 mph) | (6894 mph) | (54.02mph) | (54.25mph) | (7420mph) | (74.37 mph)

Source: Attachment lll - Table 111-3

As shown in Table 5, rolling resistance, aerodynamic drag, and curve resistance will reduce the
overall train velocity by 6.4 percent at Point C and by 7.9 percent at Point D compared to the
frictionless condition.

A]though the fncuona] runaway speeds for Scenario 1 do not exceed the np—over velocity found
in Section 6.4.3, they are within 3.2 percent of each other. Therefore, it is assumed that the
transporter will tip at Point D. Also, due to the inflated estimate for frictional force, Goodman’s
resistance speeds are comparably slower. Like the frictionless case, these speeds are disputable
and should not be used to make an accurate estimation of train velocity. Therefore, the standard
resistance values will be used in this analysis.

Scenario 2 starts with a runaway initiation at an arbitrary point within the North Ramp. Contrary
to Scenario 1, this scenario assumes that the runaway will negotiate the North Ramp Extension
Curve without tip-over. The exact runaway initiation Jocation is not critical. However, the exit
velocity (v,) of the WP Transporter from the North Ramp Extension Curve is assumed to be less
than the tip-over velocity determined in Section 6.4.3. If it can be anticipated that the WP
Transporter does not tip-over at a velocity 10 percent less than the estimated tip-over speed (vro),
then the exit velocity (v.) at Point D would be 28.67 m/s, which is determined by:

v, (Point D) = vy X 90%
(Eg. 33)

where: vro = 31.85 m/s (Section 6.4.3)

v = 31.85 m/s X 90% = 28.67 m/s (64.1 mph)
(Eq. 34)

- Using Equation 32, the velocmcs for Scenario 2 are shown in Table 6.and Figure 13. The
- velogcity entering the 305-m radius S-curve at Point G is above the estimated tip-over speed.
Therefore, tip-over between Points G and H is likely for this scenario.

Table 6. Calculated Train Velocity for Scenario 2

Location Velocity
Point D 28.67 m/s (64.1 mph)
Point E 33.99 m/s (76.0 mph)
Point F 34.34 m/s (76.8 mph)
Poimt G 35.61 m/s (79.6 mph)

Source: Attachment 1ll - Table ill-4
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Train Velocity - Scenario 2

Initial Velocity - 28.67 m/s (64.1 mph) o
825 | : — 37.0
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Source: Atachment il - Scenano2

Figure 13. Velocnty vs. Posmon for Runaway Scenario 2

Runaway Scenario 3 initiates at the top of the North Ramp Extension Curve (Pomt C) 'I‘he
runaway continues down the North Ramp Extension, through the S-curves (Points G and H) and
intersection with the North Main. The runaway continues around the North Main curve to the .
low pomt at the intersection of the North Main and the Exhaust Main (Point K). The velocity of
the train when the runaway starts is set at 8 km/hr (2.222 m/s, 4.97 mph). Using Equation 32, -
Table 7 and Figure 14 show the calculated transporter velocity at the starting point (Point C) and
various other key points throughout the potenhal repository.

Table 7. Calculated Train Velocity for Scenario 3 -

Location ~ - “Veloclty
JPointC - . |222m/s (4.97 mph)
PointD .~ . | 10.63m/s (23.8 mph)
PontF =~ |2233mfs (50.0 mph)
Point G 2437 mfs (54.5mph)
Point H 24.92 mfs (55.7 mph)
PointJ 2647 mis (592 mph)
Point K 28.47 m/s (63.7 mph)

Source: Attachment 1l - Table lI-5
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From Section 6.4.3, the tip-over velocity is estimated at 31.85 m/s (71.25 mph), which is '
approximately 11 percent greater than the maximum velocity at Point K for this runaway

scenario. Therefore, it is estimated that the WP Transporter will not tip-over for this runaway

scenario.

Train Velocity - Scenario 3
Initial Velocity - 2.22 m/s (4.97 mph)
— : —— s — 300
50.0 _ ‘Pointc /
: : : P : ¢ 1250
: : Point D . — T
500 | 1 / : f =
L ? PointF __~ R
: : -L 20.0
=400 - )
aQ
_E. Point G _/ E
: / 4 150 o
B L L : .Z @
@ 30.0 s : o
a : : / : a2
N . Point H . ’ 10.0
20.0 : : 2 |
§ / Point J /
: : : : | 50
10.0 : : : :
[ Pointk 1
Y PR SN SN S0 AU AU 0 Y
2,250 2,750 3250 - 3,750 4,250 4,750 . 5,250
Position (Msters)

Source: Attachment 11} - Scenario 3
Figure 14. Velocity vs. Position for Runaway Scenario 3

Runaway Scenario 4 initiates at the top of the North Ramp (Point A) with a starting speed of 8
kmv/hr (2.222 m/s). The runaway continues down the North Ramp to Point B, which is the
beginning of the North Ramp Curve, see Figure 9. The runaway continues around the North
Ramp Curve to the intersection of the North Ramp Curve and the East Main (Point M). Using
Equation 32, Table 8 and Figure 15 show the calculated transporter velocity at the starting point ',
(Point A) and various other key points throughout the potential repository.
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Table 8. Calculated Train Velocity for Scenario4

_Location ] - Velocitly-
1 PointA | 222 mls (4.97 mph) -
|PointB | 27.61mis (61.8mph)
{Pointm - | 30.67 mis (68.6 mph)

~Source: Afiachment Wil - Table m-s

From Section 6.4.3, the tip-over ve]oc:ty 1s esumated at 31.85 m/s (71. 25 mph), whrch is
approxrmately 3.7 percent greater than the maximum velocity at Point M for this runaway
scenario. As stated for Scenario 2, it can be estimate that the WP Transporter - will tip-over at &
velocities ‘within 10 percent of the_ estimated tip-over. speed .(vro). . Therefore, the exit
velocity (v,) at Pomt M shows that the WP Transporter will tlp-over B

~ Train 'Véloéiiyi-i-usc‘énério 4
hitial Velocity - 2.22 m/s (4.97 mph)

8
o]
3

3
8

|- 30
_ @ _ 25 -
|z 128
E % -
£ — 1oz
2 : / : PointB / 'I v
> 301 » : e

N / Point M g i xw

00+00.000 ‘°"°°°°° R 2o+ooooo .. - 130+00.000
o Posiﬂon(Meters) R I

. Source: Attachment il ~ Scenario 4
- Figure 15. Velocity vs. Posmon for Runaway Scenario 4

6.33 Standard and Dynamic Braking Condmons .
The desired effect of the entire brake system is to produce a retarding effect to control the WP

Transporter and locomotive speeds. This speed control is especially necessary on the
-2.14862 percent grade of the North Ramp. Retardation is simply the negative acceleration of
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the train and is expressed in North America as miles per hour per second (mph/s). An equwa]cnt
metric unit is kilometer per hour per second (km/hi/s) or meters per second per second (mv/s?).

Calculation of lhe braking distance is based on many unknowns and variables that affect the
overall braking efficiency and performance. Braking distance is a function of rolling,
mechanical, curvature, and grade resistances, aerodynamic drag, the number of brake cylinders
and their pressure and diameter, mechanical ratio of the brake levers and connections (brake
rigging), brake rigging efficiency, coefficient of friction for the brake shoes/pads, and the gross
weight of the Joaded or unloaded railcar. Because of the complexity in determining actual
braking distances, the Association of American Railroads (AAR) utilizes computer models to
estimate the braking distance for a particular railcar.

For a commercial railcar brake system design to be approved for interchange service, the AAR
and FRA mandate that the railcar meet all requirements of Standard S-401-99 of the AAR
Manual of Standards and Recommended Practices: Section E-Brakes and Brake Equipment
(AAR 1999). One such requirement is the testing and determination of the braking ratio (AAR
Standard S-401-99, Section 4.0). Braking ratio (Rp) is the total net brake shoe force applied at
the wheel tread to the rated gross weight of the railcar.

_ Net Brake Force
Gross Weight

(Eq. 35)

AAR Standard S-401-99, Section 4.0, states that the net braking ratio for a 30-psi brake pipe
reduction from an original 90-psi brake pipe pressure must be between 8.5 percent and
13 percent for high-friction composition brake shoes. It should be noted that a 30—ps1 brake pipe
reduction is not a full application of the brakes.

It is important to clarify the definition and use of emergency braking on commercial railcar air
brake systems. Emergency braking is actuated by a rapid decrease in brake pipe pressure. The
control valve senses the rapid drop in pressure and applies air at full pressure from the reservoir
10 the brake cylinders thereby creating maximum braking force.

According to Engineering and Design of Railway Brake Systems (Air Brake Association 1975,
p. I-13):

“Freight equipment has emergency brake cylinder pressures and retardations
about 20 percent higher than in service and encounters occasional emergency
applications with 75-76 psi brake cylinder pressure and 60-62 percent gross or
theoretical braking ratio when using 90 psi brake pipe pressure.”

By using the braking ratio and the coefficient of friction for a high-friction composition brake
shoe, one can determine a braking distance for the 13 percent and 60 percent braking ratios from
the brake ratio equation (Equation 35).
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* The coefficient of friction (1) for brake shoes/pads is required to be 0.38, the average of several
static conditions tests (Section 4.3.1, AAR Specification M-926-99,Part 10.3). Marks’ Standard
Handbook for Mechanical Engineers (Avallone and Baumeister 1987, p. 11-35) provides a
coefficient of friction of 0.30 as a conservative value for the dynamic coefficient of friction for
high-friction composition brake shoes on steel wheels. As illustrated in Engineering and Design
of Railway Brake Systems (Air. Brake Association 1975, Figure. II-4), the coefficient of friction
is a function of speed. The values for y are approximately 0.5 near zero velocity and decay to
0.30 near 22.3 m/s (50 mph). The conservative value of 0.30 will be used as a lower bounding
limit for this analysis. '

‘Rearranging the brake ratio equation (Equation 35) and multiplying it by the coefficient of
friction, one obtains the maximum and minimum brake retardmg force in Newtons (N) (Fpmax

and Fpmi,) for the WP Transporter gross weight (W)  oR Bdec ""e"J
lae &S
= HR,W = pRymg = 0.30%0.60x 400 MTx9.80665 7/, = 706,079 N (/ "’r
(Eq. 36) pefr(
F&r el €
Fypin = MR,W = pR;mg = 0.30x0.130%400 MT x9.8066 5% = 152,984 N v_ o T 220ks
(Eq. 37)

There is a concem that the brakes will “Jock-up” the WP Transporler wheels. For this to happen,
the maximum brake retarding force (Fgma,) must be larger than the adhesion force (F,) between
the WP Transporter wheels and the rail. Marks’ Standard Handbook for Mechanical Engineers
provides a value 0.78 for the static coefficient of friction for dry, hard. steel on hard steel
(Avallone and Baumeister 1987, p. 3-26) o

Fy=pW = pmg -078x400MTx9 80665 7/: = 3,059,675 N - v |
(Eq.38)
This value for the adhesion force is significantly larger than the maximum brakc retarding force.

However, should the rail become greasy (spindle oil), the static coefficient of friction drops to
0.23 (Avallone and Baumeister 1987, p. 3-26).. '

F, = uW = pmg = 0.23x400 MTx9.80665 %= 902,212N " |
SN BRI (Eq 39)

This value for the adhesion force: for grcasy rails is a]so greater than the maxxmum brake

retarding force, therefore wheel “Jock-up” should not occur. o

It should also be clarified that these adhesion and brake retarding forces are for tread brakmg
only. The use of the redundant disk brakes in combination with the tread brakes may cause
wheel lockup. Further investigation is needed to determine the functions and conditions that
each brake system (primary tread brake and redundant disk brake) will be employed.

For the determination of the distance required to stop the WP Transporter and locomotive train,
only the tread brakes are used to show an upper bound on the stopping distance. The applied
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brake retarding force multiplied by the distance traveled during the tread-brake application gives
the total work done by the brakes. Using the conservation of work and energy equations
(Equations 27 through 30), total distance traveled during braking can be determined for the entire
train, i.e., the WP Transporter and both Locomotives:

To.slowdown or stop a railcar, kinetic energy must be dissipated as heat. Recall from
Section 6.3.2, the net work (W,,,) must equal the change in energy, whether it is potential energy
(PE) or kinetic energy (XE), or

W, = AKE + APE .
(Eq. 27)

Substituting the formulas for kinetic and potential energy into Equation 27 gives:
"W, =%m(v,2—v:)+mgh _
(Eq. 30)

where:

m = Mass

v = Train speed (Velocity)

g = Gravitational acceleration (9.80665 m/s?)

h = Elevation change (height)

The average total of all retarding forces times the distance covered during the stop or slowdown
equals the change in kinetic and potential energy. Therefore, the net work (W,,,) is determined by
multiplying the total resistance force (LF) over a distance (As). The rolling resistance and the
tread brake retardation force comprise the total resistance force. To provide an upper bounding
limit, any curve resistance and the retardation force from the redundant brakes are, for this
analysis, ignored, i.e.,

ZFAs=—;-rﬁ(vf ~v3 )+mgh

(Eq. 40)

The elevation change (h) during brake application is found by taking the sinusoid of the grade in
degrees multiplied by the distance traveled. The final velocity (v;) is assumed to be zero. The
initial velocity (v;) and the grade depend on the Jocation where the brakes are first applied. For
bounding purposes, assume a constant grade of -2.1486 percent through all stopping

calculations. _
. tan_,[ %fg;de )___ m_,( 2.1486 )= 1.2300° /

100 .
(Eq. 41)
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 h=Asxsin(6) o
| I , (Eq. 42)
Rearrangmg the work equahon (Equanon 40) and subsntutmg for ‘the elevation change
(Equation 42) gives:

m(? =v2)

ZIZFfm'g sin(1.2309))

As=
(Eg. 43)

Usmg Equat:on 43 the stoppmg dlstance is calculated for all velocmes up to 35 m/s, as shown in
Figure 16. x

- Stopping Distance
13% and 60% Braking Raﬁo o

o Velocity (mph) 7 o B
© 5 1 15 20 25 30 35 40 45 50 55 60 e 7 715
3500 ; N S —_— . . .
EY0 Y I TN SAER TR 4 10000
i 2. 13%Brake _
= 2500 frienieniesiicjrnienans ¢ RO N d soo0
g - -3
‘E” 2000 J...... o
& 1 8000 ‘o
2 i
§ 1500 | 8
- 1a 2
3 100 ' " a
Q T T 60% Brake '
3 , .. .. Ratio .
0—-—4‘/-.—— : : : : /]
0 .5 10 5 20 25 30 35
Velocity(mls)

: Source: Atachment 3l - Stopplng Distance
NOTES: 1. The values represented in lms figure usea —2 1486 percent grade as an upper bounding l'mlt for sloppmg
" distances throughout the potential repository.’
2.The stopping distances shown represent on!y tread braking by the two locomotives and the WP
Transporter. )

Figure 16 _ Stopping Distance

From an initial velocny of 8 km/hr (2.22 m/s or 4.97 mph), the WP transporler and two
locomotives will take 13.5 m to stop at 30-psi brake : pipe reduction (13 percent brake ratio) and
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1.58 m at a full emergency brake application (60 percent brake ratio). At the estimated tip-over
speed of 31.85 m/s (71.25 mph), the transporter will take 2,518 m (8,261 ft) and 321 m (1,054 ft)
to stop under the 13 and 60 percent brake ratios, respectively (see Attachment III, Table 11-9).

6.4 DERAILMENT AND TIP-OVER DETERMINATION
6.4.1 Description of Derailment Modes

The integrity of the rail and its related components have a significant effect on derailment. Any
number of defects, wear patterns, or failures in the rail or its components (tie plates, fasteners,
cross ties, ballast, and subgrade) could produce conditions favorable for a derailment. For
example, Section 6.4.1.3 describes how worn railcar wheels and rails have a direct effect on the
possibility for wheel-climb derailment. Other maintenance-related factors include track twist, rail
shift, rail roll, track panel shift, etc.

Tie plates fixed to the cross tie restrain the rail lTaterally and distribute the vehicle loads onto the
cross tie. Tie plates cant the rail inwards toward the gauge side for optimum locomotive,
transporter, and/or rail car performance. The cant is set from 1:14 to 1:40, depending on the
loads, vehicle speed, and service conditions (Avallone and Baumeister 1987, p. 11-41).

Fasteners fix the rail and tie plates to the cross ties. For the potential subsurface repository
design application, typical fasteners could be screw-type or clip-type fasteners. Screw-type
fasteners provide resistance to applied vertical forces while maintaining lateral support. Clip-
type fasteners are used on concrete cross ties 10 provide a uniform resilient attachment and
longitudinal restraint (Avallone and Baumeister 1987, p. 11-41). Cross ties distribute the load to
the ballast under the ties and retain the rail gauge. Although ballast typically consists of
limestone, granite, or slag, the SR subsurface repository design does not currently utilize
conventional ballast or cross ties. The current SR Main Drift design uses concrete inverts that
would provide the needed Joad distribution and the vertical and lateral restraint typical of ballast.

6.4.1.1 Rail Integrity and Profile

The integrity of the rails and the condition of the track (also known as track surface geometry)
used in the emplacement system have a direct effect on the probability for derailment. Rail
profile, track profile, and cross-level describe the track surface geometry and are each described
below. The structural and physical condition of the track describes the rail integrity.

Rail profile is the elevation of the top-of-rail relative to a fixed reference line, typically top of
ballast or top of subgrade. Track profile is the average elevation of the left and right rails, while
track cross-level is the difference in elevation between the left and right rails. Track alignment,
which is the direction or “route” of the track, and gauge, which is the distance between the two
rails, are required to completely describe the track geometry. Track surface and alignment
characteristics vary with distance along the track. Because of the nature of the track
construction, track geometry variations can be repetitive or can be isolated, single events.

Improved rail inspections for defects have reduced the number of rail-integrity derailments in the

commercial arena. In 1991-1992, derailments involving hazardous material spills caused by rail
failure prompted the FRA to conduct an in-depth audit of existing rail inspection programs and
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practices (DOT 1998, p. 21). Typical rail integrity failures are caused by the growth of internal
defects within the rail, buildup of residual stresses, and crack initiation and growth. Internal
defects are inclusions or imperfections within the rail typically caused by improper cooling or
heat treating at manufacture. With repetitive loading, these small inclusions or imperfections can
cause thc initiation and propagauon of cracks that resu]t in the eventual failure of the rail.

A smg]e large-amplitude track profi lc perturbauon has less effect on dera.ﬂmem than a low
amplitude repeated perturbation. Such repeated perturbauons are associated with staggered rail,
where sections of rail that are joined together in a staggered Jpattern along the length of the
railroad rather than rail joints side-by-side. Half-staggered rail is assembled so that the sections
of rail are joined opposite to the midpoint of the alternate section of rail. Although half
staggered rail has better overall performance than non-slaggered rail, half-staggered rail is
known to initiate harmonics within the railcar suspension or structural frame. - These harmonics
may cause the railcar to roll, twist, or sway about its longltudmal axis,-or cause the trucks to
oscillate left and right along the railroad centerline, which is called hunting. These oscillatory
conditions can result in the derailment of the railcar at relatively Jow speeds.

The FRA studied raxlcar harmonics and focused on the harmonic roll assocxated with railcars
having a high center of gravity operating on half-staggered bolt-jointed rail of 11.9 m (39 ft)
Jengths. This scenario is characterized by a low speed 4.5-8.9 m/s (10-20 mph) derailment of a
car having a truck-center spacing of less than 13.7 m (45 ft) (DOT 1998, p. 38). The
construction method of the subsurface emplacement rail system, whether continuous-welded,
bolt-jointed, or half-staggered bolt-jointed, has yet to be determined. Therefore, it is
recommended that the transporter, with its short truck-center spacing (11.778 m or 38.6 ft) and
relanve]y high center of gravity (2.123 m or 7.0 ft) (sec Figure 2 and Fxgure 3), avoid operatlons
in this 4.5-8.9 mls (10-20 mph) regime on half-staggered rail.

6 4.1.2 Track Stabihty

The stability of the rail track has a d:rcct effecl on derailment. Rail shift, rail roll, and track

panel shift all present possibilities for derailment. ' A gauge-widening derailment occurs when a

rail shift or rail roll occurs as shown in Figure 17. -Between 1993 and.1998, the number one

cause of track-related derailments in interchange service in the United States was failuré of track
to mamtam gauge due to n‘ussmg or defectnre ucs and faslencrs (DOT 1998 P 25)

Rail Shlfl can be caused by large rail deflection and/or rail separatxon from thc tie plate or cross
tie. As the shift becomes large, the rail wheel is able to drop between the rails (Blader 1990,

Section 1.2). This scenario can be envisioned with runaway Scenario 2 within the North Ramp
Extension Curve. As large lateral Joads are applied to the rail during a "modcratc-speed’i
runaway, where speeds are high but txp-over is not imminent, the possibility of rail shift and rail
roll derailment exists. Further investigation would be needed to predict such an event. '

Rail roll occurs when the overturning moment created by large lateral forces between the rail
wheel and the rail become large enough to roll the rail. Forces needed to roll are difficult to
predict. A theoretical overturning moment calculation can be performed if rail fasteners are
ignored. If “pull-out” forces of fasteners and rail twist forces can be predicted, a more accurate
rail roll calculation can be performed. :
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Rail Roll

Rail Shift

Figure 17. Gauge Widening Derailments .
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Track panel shxft is the lateral deﬂecuon of thc track mcludmg the rails, tie plates, and ties, over
the ballast. Although directional control of a railcar is not initially compromised, as speeds
" increase any shift of noticeable magnitude, on the order of an inch, is regarded as an mc:pjent
‘derailment (Blader 1990, Section 1.2). For the ramps and mains, the SR subsurface repository
design is envisioned to utilize precast concrete inverts and 300-mm thick cast-in-place concrete
lining (DOE 1998, Section 4.2.2.2). This w:]l serve as both rail ties and ballast, thereby reducing
the possibility for track panel shxfl D

6.4.1.3 Wheel Climb Derailment

Wheel climb derailment is the combined Jateral and vertical departure of the rail wheel up onto
the head of the rail, preventing the normal control of the wheel at the rail interface. This type of
derailment occurs when the forward motion of a rotating wheel is combined with large lateral
forces and often reduced vertical (weight) forces. The reduction of vertical forces is called wheel
unloading and is usually induced by dynamic motions of the rail car. - Such dynamic motions
could be induced from harmonic roll- or pseudo-statxca]ly in spiral or curve negotiation
(Blader 1990, Section 1.2). . ,

Large lateral forces can be caused by dynamic motions of the railcar during truck hunting,
sudden and large braking apphcatmns, and by the effects of large forces at the coupler from
pushing or pulling of the railcar while in a curve. Large lateral forces cansed by braking within a
curve are called buff forces and typically cause wheel climb on the outside rail. Large lateral
forces caused by the pulling of a railcar through the curve are called draft forces and typically
cause the wheel to climb the inside rail (DOT 1998, p. 45). Lubrication of the track reduces the
possibility of a wheel climb derailment by rcducmg the cocefficient of friction between the flange
and the rail. However, lubrication of the rail also increases the chances of “wheel-lock” during
heavy or emergency braking, as described in Section 6.3.3. The ratios of the lateral force to the
vemca] force (L/V ratios) are used in the creation of criteria mdlcauve of inap:cm dermhncnt

6.4.2 Derailment Calcunlations

Due to the complexities at the wheel/rail interface, accurate derailment calculations cannot made
at this time. The mathematical determination of an incipient derailment is extremely
complicated and is a function of many variables and vnknowns. However, a very conservative
method is available for determining incipient wheel climb derailment conditions based on the
vertical and Jateral Joads on any particular wheel. The ratio of lateral to vertical forces is known
as the Nadal criterion (Blader 1990, pp. 44-46) and has been used throughout the railroad test
community. The Nadal criterion is based on the assumption that a 51mp]e equilibrium of forces
exists between the wheel and the rail at a single point of contact just prior to derailment (see
Figure 18). This extremely simplified mathematical model of the wheel/rail interface is

considered very conservative within the railroad community (Blader 1990, p. 44). The.

conservative nature of the Nadal criterion has prompted research activities to better describe and
predict the wheel/rail interface just prior to derailment. -

The AAR has performed numerous studies on derailment and derailment modes. The

development of a test rail vehicle capable of creating controlled derailments of a single axle has
provided the AAR with research into derailments. Known as the Track Loading Vehicle (TLV),
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this test vehicle allows for fundamental research and investigation capabilities into some of the
causes of derailment, as well as providing a means of checking and improving the derailment
criteria currently in use, such as the Nadal criterion. Also, a software program called NUCARS
(New and Untried Car Analytic Regime Simulation) has been developed to model and simulate
rail and railcar dynamics. This software program has been used to model wheel/climb
derailments (Blader 1990, pp. II-IV). '

P ol i

- C e — .

/ v ) -

Figure 18. Wheel/Rail Forces at Incipient Derailment

From the curvature at the wheel flange and the rounding of the rail, an equivalent contact angle
(0) between the wheel/rail interface is presumed. The Nadal criterion is based on this
presumption and that only a single point of contact exists between the wheel and rail at incipient
derailment. As the wheel rotates, the Jateral forces (L) push the wheel flange against the side of
the rail causing friction at the rail/flange interface. Wheel climb derailment occurs when the
lateral forces create enough friction to overcome the downward force (V), and the wheel is able
to climb the rail. '

The equilibrium equations for the vertical (V) and lateral (L) forces are:

L= Rsin(Jd) ~ F cos(d)
(Eq. 44)

V = Rcos(d) + F sin(d)
(Eq. 45)

The resistance force (F) is a function of the resultant force (R) and the coefficient of friction (1)
at the wheel/rail interface.

F=uR
(Eq. 46)
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The Nada) criterion is the rano of the lateral to vertical forces. Substituting the resistance force
back into the Nadal equation, the rwuhant force drops out of the equanon

L _Rsind- FcosJ sm&—pcosé‘
V Rcos&-i—Fst cos5+psm5

 (Eq.47)

The Nadal criterion is a function of equi;/a]ent flange angle (9) and the coefficient of friction () |
between the wheel flange and rail. Figure 19 shows the Nadal Criterion for various flange angles
and friction values. Based on Exhibit ¢ and the statement “Exhibit 9 shows the solution of this

‘expression for a range of values, appropriate to normal railroad operations” from A4 Review of

Literature and Methodologies in the Study of Derailments Caused by Excessive Forces at the

- Wheel/Rail Interface (Blader 1990, p. 46), flange angles are typically 70-80 degrees for new rails
‘and wheels. The flange angle (J) decreases as the rail and wheels wear, with 55 degrees showing

severe wear. Characteristically, dynamic coefficients of friction () for hard steel sliding on hard
steel are approximately 0.42 (Aval]one and Baummster 1987, p 3-26)

Nadal Criterion
o Coefficient of Friction

01 02 03 04 05 06
1.75 — -

15 .

LIV Ratio

0 10 20 30 ‘, 40 50 60 70 80 90
| - Flange Angle

Source: Attachment lll - Nadal Criterion

Figure 19. Nadal Criterion
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The estimation of the L/V ratio for the WP Transporter would help determine if a derailment
condition exists. The L/V ratio for the calculated speeds of Scenario 1 (Section 6.3.2.3) within
the North Ramp Extension Curve is found by deriving the vertical and lateral forces induced as
the transporter travels through the curve. The lateral force is based on the centrifugal force due
to the velocity and curvature of the 305-m radjus curve. The vertical force is simply the weight
of the transporter, i.e.,

L=
T
(Eq. 48)
V=mg
(Eq. 49)
Y
2 2 2
L oml 1 ¥V__ GO82% 535 V
1 r mg rg (305m)(9.80665 %)
(Eq. 50)
where:
m = Mass
v = WP Transporter velocity (see Table 5)
g = Gravitational Acceleration (9.80665 m/s?)
r = Radius of Curve (305 m)

Table 9 summarizes the L/V ratio for the transporter ranaway scenarios at key points throughout
the subsurface repository. The derailment conclusions are derived from Figure 19 for the
coefficient of friction (4) equal to 0.42 and rail/wheel flange angle (J) at 55 degrees. The
conclusion is for derailment only. Transporter tip-over is addressed in Section 6.4.3.

The L/V ratios for the transporter are low. As shown in Figure 19, the WP Transporter would
_derail only under a full runaway condition with extremely worn rails/wheels and very-high -
wheel/rail cocfficients of friction. It should also be noted that the Nadal criterion determination
does not include dynamic effects such as hunting, sway, wheel unloading, or other dynamic
phenomenon, such as seismic activity, that may increase the L/V ratio. This increased L/V ratio

may increase the likelihood of a derailment.
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Table 8. - Anticipated L/V Ratio and Resulls

' Veloclly with Standard
- Runaway Rolling Resistance 1 WV Ratio Results
Scenario Locatlon {Initlal Veloclly =8 km/hr) {Eq. §0) {p=0.42 § =155
Runaway PointC -2 29.21mfs ' - 0285 No derailment
Scenario 1 1 _(6s34mph)y | .
Point D 30.82 m/s 0318 No derailment
(68.84 mph) - .
Runaway Point D - 28.67 mfs 0.275 No deraiment
Scenario 2 . " {64.1 mph) ST
Point G © -85.61mis ] 0424 - - |'..-"No derailment
"~ {79.6 mph) e T Y I R
Runaway Point G 243Tmfis - - - 0,182 - | - No derailment
 Scenario 8 (545mph), - : . R B ,
PointJ 26.47 m/s 0.234 _ No deraiiment
(59.2 mph)
Point K .2847Tmls -} - 0271 No deraliment
(63.7 mph)
Runaway Point B 2761 ms 0.255 No derallment
Scenario 4 ’ -{61.8 mph)
Point M - '30,67 m/s 0.314 No derailment
{68.6 mph)

6.4.3 Tip-Over Calculations

The determination -of -tip-over will help establish’ safe -operating speeds: for the loaded WP
Transporter. This will also provide maximum tip-over speed that can be used with the frictional
runaway scenarios to detcrmme if tip-over is posmble

For these calculations, the WP transporter is assumed tobea rigid body, i.e., there is no sway
_-caused by compression-of the springs within the iransporter truck suspension and there is no tip- .
over of the WP, pallet, or bedplate within the WP transporter (Assumption 5.5)

The initial determination of tip-speed neglects the WP Transporter mass-moment of inertia so
that an upper bounding limit for tip velocity can be established. In dynamic motion calculations,
the mass moment of inertia increases the energy fequired to tip the WP transporter, thereby
increasing the speed in the curve’ necessary for tip-over (Assumption 5. 6)

The summation of the tip-over moments (Mzo) in the curve is used to determine the overtumning
speed. Determining the magnitude of the centrifugal force applied to the center of gravity of all
the major components (i.e., WP transporter railcar, bedplate, pallet, and WP) will provide a
method for dctenmmng thc up-over spced (vm), A

zu '_o 'f? a o T
o © . (Eq.51)
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Y M, = Weight x Moment Arm
— Centripital Acceleration X 3 massX Moment Arm

(Eq. 52)
v!
zMro =0=mgL, —-—:O—ZMLI
: (Eq. 53)
where:
m = Mass '
g = Gravitational Acceleration (9.80665 m/s?)
vro= Tip-Over Train Velocity
~ L; = Horizontal distance from C.G. to rail
L, = Vertical distance from C.G. to top-of-rail
r = Radius of curve
Rearranging the equation to solve for tip-over velocity:
Vg = ,ﬂs_l«_'
2L,
(Eq. 54)
Substituting the values from Table 2 and Fi gure 2 into Equation 54:
Y mL, = 1360MTx0.827m (Transporter Rail Car)
. 10 MT % 1.588 m (Bed plate/rollers)
3MTx1929m (Pallet)
85 MT x2.907 m (WP)
o +_1534MT x2.875m (Shielding)
. = 822259 MT-m
o = |(387.4MT)(9.80665 %:)(0.720 m)(305 m)
™y 822.259 MT -m
NOTE: The aclual total weight of 387.4 MT is used, rather
Ihan)the bounded 400 MT (see Criteria 4.1.4 and Assumption
5.18
vro = 31.85 m/s (71.25 mph) \/
(Eq. 55)

For Scenario 1, the frictional speed entering the North Ramp Curve at Point B is a maximum of
27.61 m/s as shown in Section 6.3.2.3. This is less than the tip-over speed of 31.85 m/s.
However, as the transporter travels down the North Ramp Extension Curve, transporter speed
will increase to a velocity (30.82 m/s) near the tip-over speed. Although the frictional runaway
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~ speeds for Scenario 1 do not exceed the iiﬁbver vﬂocity, they are within 3.2 percent of each
other. Therefore, it is assumed that the WP Transporter will tip at Point D.

Of the runaway scenarios selected for establishing the maximum runaway transporter speeds in
~ Section 6.3.2.3, Scenario 2 achieves the highest speed, 35.60 m/s (79.6 mph). This speed was
~calculated at Point G, which is where the runaway encounters curves towards the intersection
- between the North Ramp Extension and the North Main. This speed exceeds the calculated
tip-over speed of 31.85 m/s. Therefore, it is likely that the loaded transporter will tip-over dnnng
the defined runaway scenario.

6.5 IMPACT LIMITER EFFECTIVENESS AND JUSTIFICATION

Impact limiters are devices attached to the WP Transporler that would help absosb impact energy
_in the event of a collision. Currently employed on railroad and truck transportation packaging
(casks) used during tra.nsportahon of commercial spent nuclear- fuel, impact limiters prevent
damage or a breach of the cask in certain crash scenarios. Impact limiters are designed to crush
“upon impact and absorb a large pomon of the impact energy. An impact limiter consists of an
assembly made up of a shell covering energy-absorbing material. The shell primarily provides
structural support, containment for the energy absorbing material, and protection against
inadvertent crushing. The crushable material typically consists of plastic foam, metal
. honeycomb, wood, or any other crushab]c encrgy—absorbmg material (McConnell et al. 1996,
Section 5.2.1). o

The use of impact limiters on the ends of the emplacemcnt equipment may not provide the same
level of protection from front or rear end collisions. The worst case event is assumed to begin
while the transporter is traveling down the North Ramp into the repository, and impacts a
repository wall resulting in a breached WP

Section 6.4.3 showed that the WP Transponer is likely to tip-over in a worst case runaway
condition. As illustrated in Figure 20, the WP Transporter will not completely rotate onto its
side within a 305-m radius curve. The WP Transporter side and top will impact the wall, not the
front or rear. Theréfore; -impact hrmtcrs on thc end., of the WP Transporter will provide
neghglb]c impact protection. :

If a derailment occurred, and assuming the WP Transponer traveled straight after the derailment,
the WP Transporter would strike the North Ramp Curve wall at a very shallow angle,
approximately 6 degrees, as shown in Figure21. Because of the shallow, oblique angle of
contact with the drift, impact limiters on the ends of the WP Transporter would provide
negligible impact protection in a derailment scenario.
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Figure 20. WP Transporter Tip-Over Scenario
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Figure 21. WP Transporter Derail Scenario
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It should be noted that the dimensions presented in Figure 21 are preliminary, and are verified
below in accordance with AP-S1.1Q, Section 5.1.1. The computer aided design software
provides a level of accuracy deemed adequate for this analysis. The 6.15-degree angle of impact
can be hand verified by calculating the distance traveled during a derailment, both horizontally
and longitudinally.

30647 m

Dermine the hypotenuse of the triangle : —————=308.24 m
co0s(6.15°)

Horizontal travel: 30824 m-305m=324m

Longitudinal travel: 308.24 m x 5in(6.15°) =33.0m

The WP Transporter design. (CRWMS M&O 2000b, Section 6.4.3.1) includes radiological
shielding that consists of a stainless steel, carbon steel, and borated polyethylene composite.
Incorporation of a crushable, energy-absorbing material, such as honeycomb metal, into the
radiological shield composite design could reduce the effect of a collision or impact on the WP.
As the innermost layer of the radiological shield, this impact limiter material would provide
protection to the WP in all crash, derailment, and/or tip-over scenarios by protecting the WP
within the WP Transporter. Although the incorporation of an energy-absorbing layer into the
radiological shield would increase the overall size of the shielding, this concept would provide
the WP with considerable impact protection, whereas a conventional impact limiter could
provide only negligible protection, except in isolated instances such as alcove comers or rock
columns at the divergence of drifts.

6.6 TRANSPORTER NORMAL OPERATING SPEED DETERMINATION

The determination of the maximum normal-operating transporter speed is based on industry
practices, and, to a lesser extent, on the calculations made within this analysis. Based on mining
- Jocomotive manufacturer equipment, standard mine-industry practices utilize 16 km/hr (4.5 m/s
or 9.9 mph) as a maximum $tandard-operating” speed’ for locomotive travel within a mine
environment. Balco Inc., a manufacturer of trolley locomotives for the mining industry,
manufactures a 60-ton Trolley/Battery Locomotive with a maximum speed range of 8 to 12.8
km/hr (5 to 8 mph) (Balco 1998, p. 1). Goodman Equipment Corporation, also a manufacturer of
mining locomotives, lists standard operating speeds for mining locomotives above 15 tons at
16 km/hr (10 mph) (Goodman Equipment Corporation 1971b, p. 1).

Table 5 showed that the difference in initial velocity of a runaway had little effect on the
maximum speed. The difference between a runaway initiated at 0 km/hr to one initiated at
8 knmvhr (2.222 m/s or 4.97 mph) resulted in similar final velocities. Section 6.8 develops a FTA
that showed that the probability of such a runaway is very low. The speeds at which the
transporter will tip-over and the speed at which a wheel-climb derailment would occur are shown
to be very high (Sections 6.4.2 and 6.4.3).

An area of concemn is at low- 10 moderate-speed derailments caused by track defects as described
in Section 6.4.1. It can be envisioned that a WP Transporter could derail at Jow speed and
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impact with an immovable object or, a similar s;fustlon, where the lead locomotive dera:ls and
the WP Transporter impacts the Jocomotive. The WP shall be desxgned to wnhstand a 2.0-m
drop onto the ends, or 2. 4-m drop onto lts side (Cntena 4.2. 6)

Using the velocity equation denved in Secuon 6. 3 l ‘the speed of a fallmg WP can be found for
2-m and 2.4-m drop heights,

v? =v§ +2a(x~x,)

(Eq.7)

Subst:tutmg the change in position (x - xo) wnh the change in hexght (Ah) and the accelerauon (a)

R thh grav:ty (g) nges

v ?‘§§+2g(Ah)- o
s (Eq 56)

‘In addmon, rearranging Equanon 56 to solve for the final velocxty (v) wnh the initial veloc:ty

(vo) equal to zero. The acceleration (a) in Equanon 7 is the acceleration. of gravity (g) used in
Equanon56 o S

v=2g@nP* =12)0.80665 (2m)]’4 = 62635, ,/ |
v=[2g(Ah)]}4 =(i2)(9;8066%(2;4 m)’ = 6.861'}{‘ v
- - o (Be.58)

Criteria 4.2.3 states that the WP Transponer speed shall be limited to '8 km/hr (2.22m/s or

4.97 mph). Although the system description document from which this criteria is referenced
does not provide any basis for this speed, based on the above calculanons 8 km/hr is 2. 82 times
'slower than an equlvalent 2-m deSJgn baSm WP‘drop‘henght ' ,

The lmua] revision of this analysis' (CRWMS M&O 2000e Sectlon 6 6) resolved 'I'BV-252 at
8 kan/hr. - This revision is consistent with the previous, in that the maxxmum transponer speed of
8 km/hr (2.222 m/s or 4.97 mph) is adequate based on: -

,0 2-m WP drop hexght Safety Factor of 2 82 |

. Mlmng-lndustry standard of 16 kmlhr or less for rmmng locomonves

. Relauvely hlgh speeds needed for th-ovcr and wheel-chmb dera:lments 7

. Recommendatwn that the WP Transponer, thh Jts short truck-centcr spacmg (11.778 m

or 38.6 ft) and relatively high center of gravity (2.122 m or 6.96 ft), avoid operations in
the 4.5-8.9 m/s (10-20 mph) regime, as described in 6.4.1.1.
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6.7 UNCONTROLLED DESCENT MITIGATION

Although the WP transporter and the Jocomotives all have redundant fail-safe brake systems that
provide retarding force by using different braking methods, which prevents CCFs, there are still
concens with runaway conditions caused by probabilistically low brake failure(s). Two
additional alternative methods are presented for the mitigation of a WP Transporter runaway.

6.7.1 Magnetic Track Brakes

Magnetic track brakes are a brake system that provides an additional braking force independent
of the disk or wheel brakes. Typlca]ly installed on the railcar trucks, the track brakes can only be
used in an all-or-nothing scenario. These brake systems are often deployed for providing
emergency brake effort or for supplemental braking when there is poor wheel-to-rail adhesion
conditions. Magnehc track brakes are capable of providing railcar deceleration rates on the order
of 2.46 m/s? 10 3.58 m/s? (5.5 10 8.0 mph/s) (Air Brake Assoc:ahon 1975, p. V-22).

When magnetic track brakes are applied, spring-activated/pneumatic-return cylinders lower two
rows of permanent or electromagnetic magnets onto each rail. The magnetic attraction between
the magnet and the railhead creates a frictional force in the opposite direction of movement. The
amount of magnetic attraction between the railhead and the magnet dictates the amount of
friction generated. Electromagnetic track brakes have the advantage of being able to adjust the
amount of attraction between the railhead and the magnet. The adjustment is made by varying
the amount of current supplied to the electromagnets. The friction created provides significant
retardation force transmitted to the railcar truck and is capable of stopping the railcar. Upon
completion of the emergency or supplemental braking, air is supplied to the pneumatic cylinders
that pull the magnets off the railhead and retract the system to its stowed position.

This configuration provides braking force immediately after air is released from the supply line.
Whether air pressure is released purposely or by a brake-line failure, this system would provide
fail-safe emergency braking.

6.7.2 Car Retarders B SENTPS I

Railcar retarders are commonly used in modern commercial rail yards, especially large
classification hump yards. Retarders are incorporated into the rail system rather than the railcar
itself (see Figure 22). The retarders provide retarding force to the wheels of railcars to slow
them as they pass through the retarder. A classification hump yard is a large rail yard used for
separating trains into groups and sorting the groups for reassembling train sets. Railcars are
pushed up a hill (hump) by a locomotive, uncoupled, and then rolled downhill into remotely
controlled sorting tracks. .

The commercial railcar to be sorted is “bled off,” allowing the air contained within the railcars’
reservoirs, brake cylinders, control valves, and train line to escape into the atmosphere, thereby
releasing the brakes. As described in Section 6.1.1.1, commercial railcars utilize compressed air
from a reservoir to apply the brakes.
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The "bled-off” commercial railcar, as it is pushed over the hump by the locomotive, can now be
considered a runaway. The runaway railcar’s speed is controlled by a series of retarders. These
retarders are located at key track locations throughout the classification yard. The master
retarder, Jocated at the yard’s hump, provides the initial retarding force to the wheels of the cars
as they Jeave the high point of the hump. The retarders in each section of track again retard the
cars so that they run into a predetermined classification track at a predetermined rate of speed.

Two major types of retarders are currently in usc: wheel clamp and hydraulic piston-type
retarders. Wheel clamp retarders are part of the track system and produce friction by clamping
10 both sides of each rail wheel. As the railcar wheels travel through the retarder, the force
applied to the sides of the wheel in conjunction with the coefficient of friction create a retarding
force used to reduce railcar speed. These retarders are an active system where electronically
controlled pneumatic cylinders apply the required amount of force to the wheel clamps to slow
the railcar smoothly and accurately. However, these retarders are often very noisy and require
clearance for the pneumatic cylinders underneath and on either side of the track — which may not
be compatible with the concrete invert design.

The hydraulic piston-type retarders ‘are passive energy-absorption systems similar in function to
a shock absorber. A series of retarder pistons are installed vertically to the insides of the both
rails so that the rail wheel flange depresses the hydraulic piston (see Figure 22). Each piston
contains precision control valves, hydravlic fluid, and nitrogen gas at pressure. The precision
control valves are calibrated during manufacture for speed control in the range of 0 m/s to 5 m/s
(0 mph to 11 mph). For railcars travelling above the control speed, kinetic energy is extracted as
each wheel depresses the piston. For railcars traveling below the control speed, negligible
energy is extracted. The absorbed kinetic energy is dissipated as heat by the retarder piston
(Attachment I and Ultra Dynamics 1997).

As a common piece of rail equipment, either or both types of retarders could be installed at key
positions throughout the North Ramp and the Mains. A series hydraulic piston-type retarders
equally spaced at a determined distance would provide an additional method for slowing the
- . Jocomotives and WP transporter and maintain speeds at or below the maximum-normal operating.
speed. Correctly sized and spaced retarders have the capability of stopping a WP Transporter
without braking capability, thereby effectively and reliably preventing a runaway condition. .
Further investigation into the possible use of retarders should include a failure-effects analysis,
such as, but not limited to, the effects of a jammed hydraulic-piston retarder.

6.8 ESTIMATES OF FREQUENCY OF RUNAWAY USING ACTUARIAL DATA AND
FAULT TREE ANALYSIS

6.8.1 Objective

The definition of a Category 2 DBE is a sequence of events that leads to a significant release of
radioactivity to the environment with a probability greater than one in ten thousand in the time
period - before permanent closure. For a preclosure period of nominally 100 years
(Assumption 5.13), the average annual probability of occurrence (frequency) of such an event
sequence must exceed 1.0x10® per year to be considered a credible DBE (4.2.13). If the
frequency is less than 1.0x10°® per year, then the event sequence is considered “beyond design
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basis.” One goal of the MGR is to eliminate all credible scenarios with the potential for
sxgmﬁcant release of radioactivity. The present analysis examines potential design features that
will ensure that a transporler runaway is beyond deSJgn basns

Severa] _prior studies have becn performed wnh the objecuve of screemng out a transporter .

runaway as a potential DBE. Those studies (summarized in Section 6.8.2) were based on
(1) adaptations of actuarial data on accidents from commercial railway and mining accidents, or
(2) based on FTAs. None of the prior studies were able to show with high confidence that the
runaway could be dismissed as beyond design basis. The present analysis builds on the prior
analyses of actuarial data and fault tree models to examine the possibility of incorporating
potential design alternatives to reduce the frequency of a transporier runaway to below the
threshold of 1 0x10" per year.

The presem ana]ysxs presems two approaches (1) a re—ana]y51s of probabilities derived from
actuarial data with application; and (2) modification of the fault tree models for both the
initiation frequency and the conditional probabxhty of lhe failure to stop. '

6.8.2 Background Results of Prior Analyses o

The process for ldenufymg the list of DBEs for a facxhty like the MGR isa systematxc search
and screening process to ensure completeness and conservatism. A preliminary hazards analysis
(CRWMS M&O 1997c, Section 7.2.3.1.2, p. 70) identified an uncontrolled descent of a
transporter train as a potential DBE since runaways have occurred in railway and mining
operations. Several follow-on analyses investigated the frequencies of ‘such events and
concluded that the runaway event could not be.screened out as beyond design basis. The
following subsections summarize the approaches and results of those studxes

6.8. 2 1 Appl)cation ol' Actuarial Dala

Summary of Results of Prior Studles—When avaxlab]e and relevam, actuanal data on acc:dems
provxde a good basis for screening potennal accident frequencies. . Since the MGR design and

~ operations are first-of-2-kind, there is no existing event database that is specific to, or directly

applicable to, the MGR. Therefore, mferences are made from other industries that use railcars
and locomotives to haul heavy loads. - DBE/Scenario Analysis for Preclosure Repository
Subsurface Facilities (CRWMS M&O l997c) dcscnbes four such ana]yses conducted for the
MGR.

One prior study examined data for mine hauling aec1&enis and NRC rbad and rail transponatmn
accidents. From this data, the frequency of a MGR runaway was estimate to be in the range of
3. 84x10“ per year to 3.00x10” per year (CRWMS M&O 1997c, Section 7.2.5.3, p. 99).

A second prior study reponed in DBE/Scenario Analyszs Jor Preclasure Reposxtory Subsuﬂ‘ace
Facilities (CRWMS M&O 1997c, Section 7.2.5.3, ,-p- 98) examined accident data for commercial
railways for events involving speeds greater than 16.1 km/hr (10 mph). The accident rate per

_ mile traveled was screened to include only events that involve loss of speed control related to

human or mechanical failures and judged to represent the MGR operations. That study estimated
the frequency of runaways on the North Ramp to be '5.4x10°° events per year. This frequency
was viewed as being “borderline incredible” noung that the MGR train will incorporate
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safeguards on operations that should reduce the frequency by .one or two orders of magnitude
(CRWMS M&O 1997¢, Section 7.2.5.3, p. 98).

DBE/Scenario Analysis for Preclosure Repository Subsurface Facilities (CRWMS M&O 1997c,
Section 7.2.5.3 p. 102) performed new analyses of accident data for commercial trains from the
Department of Transportation-FRA for the period 1995 through 1996. The data presented the
contributions from various causal factors and accident rates per mile. The event occurrence rates
were adjusted for the MGR to reduce the contributions of certain causal factors that do not apply
to the MGR because of the different environments, operational restraints, inspection, and
maintenance of tracks and vehicles. The results give a range of 7.75x10” to 9.95x10°® per year
as the frequency for runaway on the North Ramp.

DBE/Scenario Analysis for Preclosure Repository Subsurface Facilities (CRWMS M&O 1997c,
Section 7.2.5.3 p. 103) also-analyzed accident data for mining locomotives as reported by the
British Health and Safety Executive for the period 1986 through 1988. The data presented the
contributions to the total accident rate from various types of accidents, such as derailment at
switches (21%), derailment on track (36%), collisions (36%), and runaway (21%). The raw data
were adjusted for applicability to the MGR to reduce the contributions of certain causal factors
and accident types based on assumed environments, operational restraints, inspection, and
maintenance of tracks and vehicles for the MGR. The result gives 3.24x10™ per year as the
frequency for runaway.

The summary of four estimates from actuarial data gives a probability for runaway in the range
of 7.75x10°® to 4.71x10° per year (CRWMS M&O 1997c, Section 7.2.5.3, p. 104). The median
value is given as 6.04x10™ per year and is greater than the threshold value of 1.0x10° per year.

Insights Derived from Prior Studies-The actuarial data for railway and mining locomotive
accidents show that a runaway is a very unlikely event for manually controlled systems, but is
not sufficiently unlikely to be regarded a beyond design basis for the MGR. An examination of
the actuarial data (CRWMS M&O 1997c, Attachment I, Tables I-5 and 1-7) indicate that the
accident data represents a composite of human- and hardware-cavsed runaways. The data cited
exclude environmentally caused events that were screenéd ouf from the source data as being
inapplicable to the MGR operating conditions (CRWMS M&O 1997c, Section 7.2.5.3,
pp. 101-103). Depending on which data set is used, it is observed that a reduction in the
injtiation frequency by factors ranging from about 50 to approximately 600 would lower the
runaway frequency to 1.0x10°. The median frequency of 6.04x10™* per year, derived from the
prior evaluations, requires a factor of 1.70x10™ to lower the runaway frequency to 1.0x10°6,

A breakdown of the causal factors of railway runaway in the commercial railway data (CRWMS
M&O 1997b, Attachment 1, Table I-5) shows that about 48 percent are human-caused, 49
percent are hardware caused, and the remainder due to locomotive fires. Similar breakdowns of
runaway causes in the mining locomotive data that are potentially applicable to the MGR
(CRWMS M&O 1997b, Attachment I, Table 1-7) indicate a split of about 68 percent human-
caused and 32 percent hardware-caused.

Given the high reliability that is achievable with electronic controls and/or interlock systems, it
can be postulated that design features could be provided in the instrumentation and controls for
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the WP Transporter and locomotives. Such control systems would virtvally eliminate
- human-initiated runaways. Further, incorporating redundant and diverse design e]ements in the
" hardware portions of the brake system(s) could - sxgmﬁcamly reduce the likelihood  of
hardware-xmuated runaways The potentxal effects of such desngn features are dxscussed below.

Demonstrauon of Runaway Frequency Reduction Using Actuarial Data-A med:an value of
- 6.04x10°* per year for transporier runaway was derived from actuarial data. As indicated above,
about half of the runways may be attributed to human-caused events and half to hardware-caused
events, i.c., about 3.02x10™ per year for either event. This section will demonstrate how
potential design features might achieve thc target frequency of Jess than 1.0x1 0‘° per year.

It is proposed (Assumption 5.9) that des:gn features would reduce the lxkehhood of driver error.

Such design features could include electronic interlocks that prevent the train operator from

descending the North Ramp unless service and/or dynamic brakes are . actuated. Another

proposed design feature could be an alarm that alerts the operalor if the trains speed reaches the
’ maxunum normal operaung speed ' , . .

For such electronically controlled design features, a smgle channel sohd-state loglc module was
estimated to have a failure probability of 1 65><]0“s per demand (e.g., CRWMS M&O 1997b,
Attachment Ill, Item 10). With such a design, the human contribution to runaway frequency
could be reduced from about 3 02x10" per year to about 4.98x10™ 10 per year (i.e., 3.02x10* x

1 65x]0‘°) That is, a runaway would require a human error in combination with the failure of at
least one highly reliable electronic device. . Adding . these -types of demgn features could
essenually ehmmate the human contnbunon to the runaway probablhty

The residual runaway frequency would be atmbuted 10 hardware fanlures thh a frequency of
about 3.02x10™ per year. "It is evident that additional design features, such as component or
subsystem redundancy within the hardware design, could likewise drive the residual frequency to
below 1.0x10° per year. The FTA described in the following sections explores ways to reduce
the hardware and the buman contnbuuons to nmaway frequency B :

-6 8.2‘2 Summary and Results from Previous Fault Tree Analyss e e

Two FTAs have been performed (CRWMS M&O l997c and CRWMS M&O 1997b) to esnmate
the frequency of transporter runaway.: These analyses are summarized below and are used asa
basis for the present analysis. : S : : :

6.8.2.2.1 Fault Tree Analysis for DBE Screening Analysis

In DBE/Scenano Ana!y.m j'or Preclosure Reposnory Subsurface Facxknes (CRWMS M&O
1997¢c, Section 7.2.5.3 p. 104), an FTA was developed to (1) provide an estimate that was
independent of the actuarial data, and. (2) provide a structure to examine how design and
operational features might provide defense-in-depth that can prevent or mitigate a ranaway. The
fault tree quamiﬁcation used generic failure rate data for components and human error rates to
provide a “bottom up” synthesis of the frequency of runaway. The model included potential
human errors and potential mechamcal electromc. and software systerns fallures :
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The top event of the fault tree “Runaway occurs on North Ramp” was developed through an
AND gate having input events “Runaway Initiated” and “Fail to Slow or Stop Before Derail or
Collision.” The frequency of the runaway (top event) is calculated as the product of the
frequency of the event “runaway initiated” and the condijtional probability of “fail to stop or
slow...” given a runaway is initiated. The fault tree model was developed to a level of system
decomposition that was appropriate for the level of design detail that was available. The failure
to slow or stop was estimated to range from 2.5x10™ to 5.0x102 per demand (CRWMS M&O
1997c, Section 7.2.5.3, p. 108), and was shown to be dominated by the human error contribution.

The frequency of runaway was quantified for three cases:
“ » Brake control and actuation system having redundant channels (5.7x10™ per year)

_ & Brake control and actuation system having non-redundam channels (8.2><10" per year)

. Acmahon system that can be operated only by the on-board drivers; i.e., having no

capability for intervention by control-room operators (1.1x10? per year) (CRWMS M&O
1997¢, Attachment XVI, p. XVI-1).

Based on the analysis of the first two cases, it was concluded that the model could provide results
that agree reasonably well with the estimates based on actuarial data, and that the runaway could
not be screened out of the DBE list. It was noted, however, that the case without control room
intervention (which is similar to commercial rail and mining operations represented by the
actuarial data) predicted a runaway frequency that is two orders of magnitude greater than the
actuarial data. This suggests that the fault tree model, wherein the probability of a runaway is

dominated by human error, is conservative, a7
y M/MU o conaemitioe 7
6.8.2.2.2 Fault Tree Analysis for Logic Model Demonstration

Application of Logic Diagrams and Common-Cause Failures to Design Basis Events (CRWMS

M&O 1997b) presents another FTA of the transporter train runaway that is somewhat more

" »~detailed than that presented in DBE/Scenario Analysis for Preclosure Repository Subsmface

Facilities (CRWMS M&O 1997c). That analysis was developed to illustrate the application of
fault-tree methods. The basic fault tree model is similar to that described in Section 6.8.2.2.1 and
Assumption 5.7. The approach is described in some detail because this fault-tree model is used
as the baseline for the new analyses described in Section 6.8.3.

A key feature of Application of Logic Diagrams and Common-Cause Failures to Design Basis
Events (CRWMS M&O 1997b) was to illustrate how potential CCFs can be included in fault tree
models. The analysis used the “beta-factor” method for quantifying the probabilities of CCFs
(CRWMS M&O 1997b, Section 3.2.1 p. 12). The fault tree model indicates potential CCFs
within and between the three vehicles of a transporter train. The hierarchy of CCFs was
identified as:

» “Intra-vehicle” - defined as CCFs of components/systems that are located in one

locomotive, or in the transporter, such as the concurrent failure of two brake-release air
cylinders, or concurrent failure of two channels of an electronic control system
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o “Like-vehicle” — defined as CCFs of components/systems that are located in different
Jocomotives (e.g., concurrent failures of all brake cylinders in both locomotives)

e “All-vehicle” - defined as concurrent fm]ures of all. brake cy]mders in the two
~ locomotives and the transporter.

The various CCFs may be attributed to errors in manufacturing, installation, maintenance or
- testing. The beta-factor assumes that a certain fraction of documented failure rates for individual

components/systems are attributed 1o CCFs. As documented in Application of Logic Diagrams

“and Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b, Section 3.2.2

p- 15), three values of beta-factors, 0.1, 0.01, and 0.001, were assumed to represent the respective
intra-, like-, and all-vehicle CCFs. The beta factors are applied to the total failure rate for one
component or tram of a redundant system. , .

The top-level fault tree model in Apphcanorr qf Logxc Diagrams and Common-Cause Failures to .
) Des:gn Basis Events (CRWMS M&O 1997b) is used as the starung point in the present study
~and is termed the baseline. The top event is “Runaway Occurs on the North Ramp” which is
‘developed through an AND gate having i mput events “Runaway lnmated” and *Failure to Apply

Brakes After Runaway Inmanon "

At the time of that ana]ysrs, no delar]s were avaxlable on the contro) system design for dnvmg or
braking the locomotive, nor-for the on-board or central control room. -Available information
consisted of analyses of concepts of operations for transporting and emplacing WPs that debated
the advantages and disadvantages of manual versus automatic control, and concepts for
providing communication links between the central control room and the Jocomotives while
underground. Further, there were no details regarding the mechanical or electrical design of the
braking systems for the Jocomotives or transport car. - Available information was limited to
principles of operation such as having a “fail-safe” brake and applrcatron of proven brakmg
technology typical of mining and/or commercial rail locomotives. Asa consequence, the FTA
had to make numerous assumptmns, generally biased toward conservatism, to explore whether or
not a potential ranaway event is credrble and 1f so, 10 rdentlfy potenual vulnerabxlmes m the
conceptua] design or operauons S

The results of the previous FTA indicate that the esumated frequency of runaway is very low,‘

but not less than 1.0x10° per year. Further, the previous FTA indicated that the likelihood of a

runaway was dominated by human errors. The present analysrs re-visits these FTAs to explore
potential desrgn solutions that can ehm.mate runaway asa credrb]e accident for the MGR.

Fault Tree for Initiation of Runaway-—The quantification of the frequency of “Runaway
Initiated” (top event INIT_RA, CRWMS M&O 1997b, Att.) implicidy includes the
maJopcrahon of the dynamic brakes. The failure to actuate the dynamic brakes on the Jocomotive
is treated as part of the initiation (i.c., the driver inadvertently disables the dynanuc brakes).
Dynamic brakes are not modeled in the “fail to apply brakes after runaway initiation” since the
dynamic brakes are not mtended for emergency stops. - ’

The frequency of the mma] operator error is calculated as the product of the frequency of the
initial error at 4.56x10™ per year times the probability of failure to recover (0.5 per opportunity),
. . ' . 4:

g" f?CM:'ﬁe

. 4 j’ FA s
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giving 2.28x107" per year (CRWMS M&O 1997b, p. 43). The sub-tree for “Runaway Initiation”
includes contributions from failures of electrical system (2.51x10* per year), control system
(7.52x10°° per year), and communications system (7.52x10° per year). CCFs of the assumed
redundant channels of the control and communications systems are included in the estimate of
event frequencies. The sum of the contribution from the hardware failures is 4.01x10™ per year.

The initiating event frequency is assessed to be 2.28x10™ per year, and is dominated by human
€ITor.

In Section 6.8.3.1, the effects of incorporating one or more electronic systems to prevent or
reduce the likelihood of human initiation of runaway are examined by modifying the fault tree
model.

; ~—= Faull Tree for Failure to Stop a Runaway-The fault tree for the event “Failure to Apply Brake
’ After Runaway Initiation...” (lop event NOSTOP, CRWMS M&O 1997h, Att, II) is developed
et through an OR gate -to the events (1) “Human Operators Fail to Apply Service Brakes”; (2)
" “Failure of Service Brake Hardware — All Three Vehicles” (i.c., due to independent failures and
combinations of “intra-vehicle” and “like-vehicle” CCFs); and (3) “CCF of Service Brakes in All
Three Vehicles” (i.e., representing the “all-vehicle” CCFs). The probability of human error is
the joint probability that the on-board drivers and control room operators fail to act. The
probability of event NOSTOP is assessed to be 2.58x10° per demand (value of NOSTOP.CAF,

CRWMS M&O 1997b, Att. Y). In that model, the failure to apply brakes is dominated by the
human error probability.

The probability of hardware failures that contribute to the probability of event NOSTOP was
calculated to be 8.10x10° per demand (value of the top event named NOSTOPHW.CAF,
CRWMS M&O 1997b, Att. V). The probability of NOSTOPHW.CAF is dominated by two
causes: the independent failure of the air-brake control valves in both locomotives (2.69x10°° per
demand) and the CCF of the two valves at 5.19x10° per demand.

Section 6.8.3.2 discusses the effects of incorporating one or more electronic systems to reduce
the probability of the, failure of human operators to stop the runway and incorporation of other
potential design concepts to reduce the probability of hardware failures. ‘/

32

v Z28x2.5B £-
‘\\ ———> Fault Tree for Runaway Event-The frequency}6f the top event “Runaway Occurs on the North
P

;o Ramp” was calculated to be 5.88x10™* per year (the product of events INIT_RA and NOSTOP).
This va]ue is very similar to that reported in Section 6.8.2.2.1 and is more than two orders of
magnitude above the threshold for credible DBEs. To achieve a frequency of 1.0x10™ per year
or less, a reduction factor of at least 1.70x10? is required (1.0x105 per year divided by
5.88x10%).

The FTA (CRWMS M&O 1997b) also provides sensitivity analyses for some altemative models
of the failure to apply brakes, as summarized below.

1. Reduced redundancy of intra-vehicle brake components.  This modification
insignificantly increased the probability of hardware failure, from 8.09x107 to 8.16x10°°

per demand and did not affect the frequency of runaway that was dominated by human
esror probability. °
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2. Usmg a single locomotive. This resulted in a significant change to 5. 28x10° per demand
in the hardware contribution, dominated by the failure of the single brake control valve.
This change brought the hardware contribution to the same order of magnnude as the
human error contnbutron and doublcd the frcqucncy of runaway.

3. Addmg a redundant brake comrol va]ve to one locomotive in a one-locomotive train.

- Including CCF effects, the probability of hardware failure dropped to 5 46x10™ per
~demand. This resulted in 2 small increase in runaway frequency relative to the baseline
case. ' ' R o R '

4. . Adding redundant brake control valves to a two-locomotive train. Including CCF_effects
of intra- and inter-locomotive, the probebﬂlty of hardware failure is 5.22x10° per
demand, which is a small improvement over the baseline case with vrrtual]y no effect on
the runaway frequency that was dormnated by buman ermror probability.

Based on prior FTAs and sensmvrty studres, it was concluded that the transporler runaway could
not be screened ona frequency basis. :

6 8.3 Fault Tree Analysis of Runaway Frequency Using Allernatrve Designs

As noted in Section 6.8.2.2.1, the results of the prevrous fault-tree analysis predicted a runaway
frequency of 5.88x10™ per year. Thrs suggests that some design altemative must be provided to
bring the frequency to 1.0010° per year or lower. The ana.lysrs considers several design
alternatives that cither reduce the hkehhood of mmatmg a runaway or reduce the probabllrty of
farhng to stop a runaway. : ,

The present analysis builds on the models and insights gained from the prior studies
(Assumption 5.7) to provide a prehmmary eva]uatron of the followmg design alternatives
(Assumption 5. 9) : g

e Enhanced on-board systems.

- Electromc interlock (or penmssrve) 10 ensure “that dynamic brakes are engaged or
 service brakes are set in a drag mode before an operator can start lhe train down the
North Ramp

- Alam to alert operalor when lra.m speed exceeds norrnal operatrng range or the train
is acceleratmg ' :

— Automatic actuation of service brakes 10 control normal descent, with human drivers
and opcrators providing backup actuauon

- Automatm actuation of emergency brakcs, thh human dnvers and operators
provrdlng backup actuation.

- Rednndant and dwerse brake systems on transponer car: A hydraulrc-operated disk

brake system provides backup to the air-release brakes on the locomotives and
transporter car.
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~ Redundant and diverse hydraulically actuated disk brake caliper systems on
locomotives (in addition to dynamic braking system).

o Out-board system: A track-mounted speed retarder system that maintain the speed of an
unbraked train to a predetermined maximum (well below the critical derailing speed)
before the train enters a curve.

The evaluation of the effect of each altemnative (or combination of alternatives) was based on a - -
quantification of new fault trees that represent, respectively, the event “Runaway Injtiated” (top
event labeled “INIT_ALT” in Figure 23 and “Failure to Apply Brakes After Runaway Initiation”

(top event labeled “NOSTOP” in Figure 24 or “NOSTOP_X” in Figure 25 through Figure 27,
where k represents a design alternative). Each of the new fault trees is based on the prior
analysis presented in Application of Logic Diagrams and Common-Cause Failures to Design
Basis Events (CRWMS M&O 1997b, Att. 1 and I, respectively)

6.8.3.1 Evaluation of Design Alternative to Reduce the Frequency of Initiation

Figure 23 dlsplays a fault tree model for the initiation of-a runaway. The top event is Jabeled
"INIT_ALT" and is 2 modificatic of he fault ree for iop event “INIT_RA" (CRWMS M&Q
1997b, Att. I). The-top event is resolved through an OR gate so that the top event occurs when
either one or both of two input events occur. One input event is “Runaway Initiated by Human
Emror” (BUM_ALT) and the other input event is “Runaway Initiated by Hardware Failures and
Fajlure of Automatic Speed Controller” (INIT_HWC). The fault tree for INIT_ALT
incorporates three potential electronic features that could be incorporated into the design. The
first is an interlock (or permissive) that requires that dynamic or drag brakes be engaged before
the human operator is allowed to initiate the train’s descent. The g’e_cﬂm_c_l_is'y_l_g_a;mthat alerts
the on-board and control-room operators if the train speed exceeds the maximum permissible
operational limit, or is accelerating while on the down grade. Finally, the third is an automati
peed controller or brake actuation system that applies service brakes when the speed approaches

e maximum speed for normal descent. The Jatter is assumed (Assumption 5 11) to be
independent of the alarm to the operators in this fault tree model.

Sub-tree HUM__ ALT—Thc event HU.M ALT has three inputs- via an AND gate. All three
events must occur before a runaway is initiated by a human operator. One input event in
“Runaway Condition Created-Initial Human Error” (INITIALHE) that was defined in the
original fault tree as a composite of several potential ways to initiate a runaway in a manually
controlled system for driving the train and for applying brakes. This composite operator error
was included the failure to engage the dynamic brake. The event INITIALHE was estimated to.
have a frequency of 0.456 per year (CRWMS M&O 1997b, Att. III) and was the dominant
contributor to the frequenc Lfrungway in the prior analysis.

Another input event to HUM_ALT is the .event “Failure of Interlock-No Descent Without
Dynamic¢ Brake” (INTERLOCK). This event represents the addition of a postulated design
feature that assumes (Assumption 5.9) that the descent will be controlled, with gravity being the
primary motive force. If a dynamic or regenerative brake is incorporated in the design, the
proposed interJock will ensure that that brake system is actuated. (If dynamic brakes are not
incorporated, then operating procedures are expected to require that the service brake be set to

[%]
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. provide some prescribed amount of drag during the descent, pulsed if necessary to prevent
heat-up and brake fade.) This interlock will ensure that the human cannot drive the train down
~ the ramp in an uncontrolled or hazardous manner. The probability of failure was estimated to be
the same as other single-channel solid-state Jogic modules applied in the prior FTA, wuh a va]uc
cof 65x10'° per demand (see Table 10) (CRWMS M&O 1997b, Att. ﬁi ltem 10)
- The second postulaled desngn feature assumes that an alaxm will be provided 10 alert the onboard
and control-room operators if the train speed exceeds the normal opcratmg limit, or the train is
© accelerating (Assumption 5.9). The influence of this design feature is represented in the third
input to the AND gate to event INIT_ALT as the event “Initial Human Error Not Recovered in
~ Time to Prevent-Runaway” (RECOV_ALT). This event replaces the event RECOVER in the
" original INIT_RA fault tree that represented a non-alarmed situation (CRWMS M&O 1997b,
Att.T). The event RECOV_ALT is resolved via an OR gate 10 represent the two possible failure .
' situations: (1) event OP_ALARM which represents the failure of the operators to respond to the
~ alarm and take-correct and timely actions to stop the ninaway, and (2) the event OP_ALFIL
which represents the situation where the a]arm system fails AND the operators fail to diagnose
- the situation in time to take action to stop the runaway. A probability of 1. 0x10™ is assigned to
event OP_ALARM based on estimates -of human error probabilities (HEPs) in response to a
single alarm (Swain and Guttmann 1983, Table 20-23). The event ALARM, “Alarm System
- Fails,” is assigned a value of 5.5x10°" (1 0x10'°lhr X 0.55 hr) exposure duration during descent. &— x ¢St
! Alarm failure rates are per Generic Component-Failuré DatabaseEideand Calley 1993). Given f"“‘r)'
~ that the alarm has failed, & conditional probability of operator failure to recover of 0.5 is assigned
~ to event OP_NOALARM and is the same value assigned to event RECOVER in the ongmal
- fault tree (CRWMS M&O 1997b, Att.I). The probability of event RECOV_ALT is
- approximately 1 OXIO" H the alarm feature is not. provnded the valuc of RECOV__ALT would
- be approximately 0.5. ,

Teble 10. Defmmon. Piobabilﬁies, and Baseé ’161' Baﬁic Events Shown in Faun Trees

EveniNeme | Typeof Probablllty - “ - Description o " Basls
‘ v . _ Event - : o . ST
P v AUTODET Basic 1 szxw" * 7| Failuré of Automatic Speed & | Assumption5.1% ~ - e
( ‘“ o d) . . . | Brake Actuation System to A s :
AL _| Apply Service Brakes

| BKVALV1 Basic 5.19x1n",f " | Control Valve Falls to Release CRWMS M&01997b Att. I,
U [ .-+ | Air Pressure in Brake Line of p.2 )
Locomotive 1 and Transporier

CCBCYLAL | Basic - 1.04x107 .. | CCF of Brake CylindersonAll CRWMS M&O 1897b, An m,
: C - -+ | Vehicles : . - " 1p.2 -
: -{Alr Brake System)
CCFALL Undeveloped .| 3.60x10® - - | CCF Brake Mechanisms Al - Summaryofsub—ltee n
o s | Vehicles - , CRWMS M&0O 1997b, Att. I,
' ',(Alr Brake System) .| p-2; probability based on
e T dominant basic event
) : (CCSPRGALL)
COM_CRLOCO | Undeveloped (/*0.00_’ # . { Fallure of Communicstions. : | Shown as undevelcped event '
N R S Link:MainCR1oTraln = © | in CRWMS M&O 1997, 1l
i T o LT "Aft. 1, p. 8. Not quantified; -
d ' E ) S shown for completeness

(w9
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Event Name Type of Probability Description Basls
Event .
CR_OPFAIL Basic 5.00x102 Control Room Cperator Fails CRWMS MO 1997b, Att. liI,
to Detect, Diagnose, & Apply | p.3
Service Brake
HARDWR Undeveloped | 8.09x10® Failure of Service Brake Summary of tree in CRWMS
Hardware — All Thiee Vehicles | MO 1997b, Att. 1, p. 3;
Air Brake System Quantified from
(Air Brake System) NOSTPHW.CAF in CRWMS
' M&O 1997b, Table V-1
HARDHYD Basic 5.19x10° Failure of Hydraulic Disk Assumption 5.12
Brakes on Transportes
OB_DRIVER Basic 5.00x10* On-Board Driver Fails to Apply | CRWMS M&0O 1997b, Alt. I,
i B Service Brakes » p.4 -
NOSTOP_R Undeveloped. | 2.58x10° Failure to Apply Brakes After | Summary of top event
Runaway Initiation NOSTOP per CRWMS M3O
1997b, A, p. 1
RETARD Basic 1 Goal of Failure of Hydraulic Retarders | See text, Section 6.8.3.4 1
1.70x10°, 1o Slow Train -
INIT_RA Top 2.28x10yr | Runaway Initiated CRWMS M20 1997b, Alt. |
INIT_ALT Top 7.38x10 " | Runaway Initiated Proposed design altematives
incorporated into fault tree,
Assumption 5.9
HUM_ALT Sub-tres 7.52x10""yr | Runaway Initiated by Human | Includes credit for interlock
Error and alanms; Assumption 5.9
INITIALHE Undeveloped | 0.4468/r Runaway Condition Created~ | Based on baseline model in
fossib i€ Initial Human Emor logic study CRWMS MAO
eyeot 1997b
RECOV_ALT Sub-tree 1.00x10™ Initial Human Error Not Includes credit for alarm to
Recovered in Time to Prevent | alent operator; Assumption
Initiation 5.9
OP_ALARM Basic 1.00x10* Opetrator Fails to Respond to Human error probability,
Alarm Swain and Guttmann 1983,
Table 20-23
ALARM Basic 5.5x107 Alarm System Fails Section 6.8.3.1
OP_NOALARM | Basic 05 - - |- Operator Fails to Diagnose Section §.8.2.2.2
: s and Respond in Time
INIT_HWC Sub-tree 6.62x10""%yr | Runaway Initiated by Assumption 5.8
Hardware Failure and Failure
of Automatic Speed Controller
AUTSPD1 Basic 1.65x10° Failure of Automatic Speed Assumption 5.8 and auto
Controller or Service Brake speed; based on a single-
Actuator channel system.
INIT_HDW Sub-tree 4.01x10%yr | Runaway Initiated by Based on baseline model In
Hardware Failure logic study
INICONTR Undeveloped /7f2x10:51yt ) Maifunction in Computerized Based on baseline model in
Control System logic study
INITCOMM Undeveloped | 7.52x10'® Runaway Initiated by Based on baseline model in
' Malfunction in Communication | logic study
N\ System
INELECT Undeveloped 2.51x10"l§r Runaway Initiation ~ Based on baseline model in
_.* Malfunction in Electric System | logic study
INTERLOCK Basic 1.65x10®° | Failure of Intedock: No Assumption 5.8 and auto

speed; based on a single-
channel system.

N KX
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The calcula’ted/éequency of the event HUM_ALT with all three design features is evaluated to
be 7.52x10™ per year. Although-such a low frequency estimate may be viewed with suspicion
since the model is based on preliminary and incomplete design data, it nevertheless illustrates
that the likelihood of the human initiation of a runaway can be reduced substanlrally below the
conservahve value presented in the original analysns Alternatively, _

s If the operator alarm feature is not provrded the frequency of HUM ALT would increase
to about 3 76x10’7 per year; or :

. lf the mterlock feature is not prov:ded the frequency of HUM_ ALT would increase to
about 4.36x10° per year.

'(4 (Jo~ T\ Y\
Both results are significantly less probable than the value of 0.228 per year that was used in

original analysis (CRWMS M&O 1997b, Att. n.

Sub-tree INIT_ HWC—-'l'he event “Runaway Imualed by Hardware Farlure and leure of
Automatic Speed Controller” (INIT_HWC) is developed as an AND gate having two 1nputs
The input INIT_HDW represents, through an OR gate, three ways by which malfunctions in
electrical, manually actuated electronic control, or control-room-to-Jocomotive communications
system could initiate 2 runaway independent of operator actions. As illustrated in Figure 23, the
frequency of event INIT_HDW is estimated to be 4.01x10™ per year In the prior FTA
(CRWMS M&O 1997b, Att. I), these three potential initiators were input directly to the event
INIT_RA through an OR gate. They were evaluated to be less likely initiators than the human
caused runaway in that analysis. Given the low value that appears achievable for the frequency
of HUM_ALT, as described above, the hardware contnbuuon to runaway initiation would now
be the dominant contributor. :

If an mdependent automatic speed comrol 'system were incorporated into the desxgn, the
hardware contribution could be reduced. The event AUTSPD] represents this design feature as
the second input to the AND gate of event INIT_HWC. - A failure probabllrty of 1.65x10°° per
demand is ass:gned 1o the event AUTSPDI. This s the value used in the prior fault tree moa—k
_ ‘and elsewhere in the present analysis as a representaUVe value for a single-channel solid-state
logic module (see Table 10),

The ca.lculated frequency of the event lNlT HWC is6 62x10 10, per year. Although such a low
frequency estimate may be viewed with suspicion since the model is based on _preliminary and
incomplete desrgn data, it nevertheless -illustrates that the likelihood of runaway due to
malfunctions in electronic: or electrical systems can be reduced substanually below the
conservatxve value presented n the pnor studxes :

Top-event INIT_ ALT-—The frequency for the event “Runaway Initiated” (INIT ALT) is the
sum of the frequencies of the events HUM_ALT and INIT_HWC. ‘The frequency is 7.38x10",
with the major contribution bemg from the hardware failures. As noted above, such Jow values
must be used with caution since they are based on incomplete design mformauon, but they do
support the posmon that both human- and hardware-caused initiators can be made very unlrkely
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The sensitivity of results to the postulated design features are summarized in Table 11. It is
noted that the effect of using none or only one of the potential design altematives is the
following: V4

* If none of the alternatives are provided,g(e frequency of HUM_ALT would be about
0.228 per year, as would the event(UINIT_HUM,) and would dominate the top event
INIT_ALT frequency of about 0.228 pm is the baseline case.

o If only the operator alarm is provided, the frequency of HUM_ALT would be about
4.56x10°° per year and hardware failures would dominate the top event INIT_ALT
frequency of about 4.47x10™ per year;

o If only the interlock is provided, the frequency of HUM_ALT would be about 7.52x10™
per year and hardware failures would dominate the top event INIT_ALT frequency of
about 4.02x10™* per year; SO .

* If only the automatic speed controller is provided, the frequency of INT_HWC would be
about 4.01x10™ per year, but event HUM_ALT would be about 0.228 per year and would
dominate the top event INIT_ALT frequency of about 0.228 per year.

It is observed that the most effective way to reduce the frequency of initiation is to reduce the
probability of human error.

Table 11. Results of Fault Tree Analysis for Frequency of Initiation

— Hum- ALT
Design Feature for Alding (INIT_HUM )} 2~ | INIT_ALT, No Speed | INIT_ALT, With Speed
Operator (events per year) Controller Controller
(events per year) {events pbr year)
Manual Control {Baseline) 0.228 0.228 0.228
Alarm, No Interlock as5610° 4. %47 . | aarac® @ 456x10° @
Interlock, No Atarm 7.57x107 4.02x10* @ 753107 D ..
Interlock + Alarm 7.57x10™M 4.01x10"* "'@ - T 78100 0

6.8.3.2 Evaluation of Design Alternative to Reduce the Probability of Failure to Stop

As a baseline for the evaluation of design alternatives, a simplified version of the fault tree for
the top event “NOSTOP” was derived from the detailed fault tree presented in Application of
Logic Diagrams and Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b,
Att. II). The failure Jogic for the top event, as established in Application of Logic Diagrams and
Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b, Att. II), is that the
brakes on all three vehicles (both locomotives and the WP Transporter) have to fail concurrently
during the time that the train is descending the North Ramp.

The simplified fault tree is shown in Figure 24. The details of the original tree, which has
multiple levels of logic gates and runs for 19 pages, have been suppressed below the first or
second level of logic gates, and the diagram now fits on one page. The legend shown in
Figure 27 explains the symbols used in all of the fault trees presented in this section.
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The definitions of the events reprcsented by the basic, undcvclopcd and intermediate events
(represented by logic gates) are shown in the text boxes in Figure 24. The values and bases for
the basic events and undeveloped events are shown in Table 10. For the present analysis, the
probabilities of the basic events and CCFs (CRWMS M&O 1997b, Att. II) are shown in the
fault tree figures. The probabilities were propagated up through the various gates by hand
calculations (i.c., adding inputs to OR gates and multiplying inputs to AND gates). The values
for the baseline evaluation are shown in the gate Jabels in Figure 24.

The quantification of the top event NOSTOP is shown to be 2.58x10°3, and is the value presented
for NOSTOP.CAF in Application of Logic Diagrams and Common-Cause Failures to Design
Basis Events (CRWMS M&O 1997b, Att. V, p. V-1). The evaluations of the design altematives,
dcscnbcd in later sections, are based on modlf canons of the baschnc fault tree.

6 8.3.2.1 Fault Tree Analysis of Aulomalic Emergency Brake Applicznon
€ repets”

The probability of the top event NOSTOP is shown to be 2.58x10" e (NOSTOP.CAF, CRWMS
M&O 1997b, Att. V, p. V-1). Inspection of the cut sets listed in Application of Logic Diagrams
and Common-Cause Failures to Design Basis Events (CRWMS M&O 1997b, Att. V, p. V-2)
shows that the probability of NOSTOP is dominated by the failure of both the on-board drivers
and control room operators to react to the runaway and apply the service brakes. The probability
of that event HUM_BRK, *“Human Operator Fails to Apply Service Brakes,” was estimated to be
2.5%10 per demand in the original FTA. When the human error contribution was suppressed in
a sensitivity study, the contribution from hardware failures only was shown to be 8.09x10
(NOSTOPHW.CAF, CRWMS M&O 1997b, Att. V, p. V-1).

Rather than rely on human response to detect and react to an excess speed condition, an
alternative design would add instrumentation and control Jogic to the Jocomotive systems to
sense runaway and to apply emergency braking using the service brake system and/or a
dedicated emergency brake system (Assumption 5.11). The drivers and operators would provide
dwerse backup to the automatic detection and actuation.

To model the modified system, a new fault tree is developed (top event named “NOSTQOP_A") in
Figure 25. In the new fault tree, the F_ACTU (“Failure to Actuate Service Brakes™) is an AND
gate that has the event HUM_BRK (“Human Operators Fail to Apply Service Brakes™) as one -
input and a new event labeled AUTODET (“Failure of Automatic Speed and Brake Actuation
System to Apply Service Brakes™). Event HUM_BRK represents the failure of human operators
to provide backup actuation should the automatic system fail. Event AUTODET represents the
effects of failure of the proposed design alternative. The event AUTODET includes only the
detection and Jogic hardware that ovtputs a signal to the brake control system. It is assumed
(Assumption 5.11) that the automatic detection system has two-channel redundancy and is
subject to both independent and CCF of the two channels. Since the electronic systems and
components of the speed-detection/actuation system are expected to be similar to the control
system in the baseline system, the value 1.82x107 per demand is used as an estimate of the
probability of event AUTODET (see Assumption 5.11).
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The probabnhty of F_ACTU in F' igure 25 is !he produc( of probabﬂxues of AUTODET and
HUM_BRK, which gives about 4.54x10™ (1.82x107 x 2.5x10%). The gate HARDWR is
assigned the probability of 8.09x10° per demand based on the value of NOSTOPHW.CAF

- (CRWMS M&O 1997b, Att. V), which represents the hardware contribution. From Figure 25, it
~can be seen that the probability of the top event (Jabeled NOSTOP_A) is about 8.10x] 0% with

the dominant contributors being hardware failures (event HARDWR plus a small contribution of
1 40><10" from the CCF event CCFALLVE “CCF of Serv:ce Brakes in All 3 Vehxcles")

The frequency of runaway is re-evaluated 1o be l 84x10 s -per year as the product of the ongmal
initiation frequency INIT_RA (2.28x10°Y/yr) and the probability of NOSTOP_A (8 09x10%). It
should be noted that if the waste package emplacement rate is changed from 456 to 524 per year,
the frequency of runaway becomes 2. 11x10® (1.84x10” per year x 524/456). This evaluation
indicates that it may not be possible.10 drive the event frequency 19 below_the 1. 0x107 per year

..threshold for DBEs by the addition of an avtomatic emergency brake actuation system alone,

since in this evaluation of a single design a.hemanve the frequency of i mmauon due 1o human
error remains hlgh ‘ :

6.8.3.2, 2 Fault Tree Analysis of Redundant and Dzverse Brakes on Transporter Car

'l'lns potenua] design modification was suggested in Waste Package Transporter Design
(CRWMS M&O 19982, Section 7.3.9). ' The redundant system is 2 hydraulically actuated disk
brake system, with disks mounted on two axles of the transporter (see Assumption 5.9). Brakes
are applied by the positive motion of hydraulic cylinders. The hydraulic master cylinder and
control are located on the primary and secondary locomotives. Because the system works on 8
different principle than the air-release primary service brake and uses fluid lines and controls that
are separate from the primary brake system, it is diverse and essentially redundant 1o the primary
system.

To evaluate the effect of ‘the proposed design shernenve, 2 new fault tree was deirelepéd for the
top event “NOSTOP_D,” as shown in Figure 26. The fault tree was structured to evaluate the

-effect of using dxsk brakes on the lra.nsponer The fault tree shown in Figure 26 featurcs the

following:
¢ Event HARDW_NU ("Faalure of Bra.ke Systems) is mput 1o the top event NOSTOP D

¢ HARDW_ NU is an AND gate with the mputs
- A new event HARDHYD “Failure of Hydraulic Disk Brakes on Transporter.
- AnewOR gate HARDA]R "Fai]ure of An Brakes on All Thtee Vehxcles »

¢ The mputs lo HARDAIR are the ongma] events HARDWR (8 09x10 %) and CCFALLVE
(1.40x107); which represents the CCF of the air brake systems and does not include any
failures of the hydrauhc dzsk brake system. .

To evaluate the effect of usmg the hydrauhc systern, the probabnhty of event - HARDHYD is
estimated 10 be about 5.19x10™ per demand, the same as the event SBTRANSP (“Failure to
Apply Service Brake Transporier”) of the original NOSTOP fault tree (see Figure 24). Since
there are no design details, it is assumed in Assumption 5.12 that the failure modes and
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probabilities of the two kinds of mechanical systems are similar, but independent. The failure of
the single airline control valve was the dominant independent failure at 5.19x10 per demand
(see Table 10 and Assumption 5.12). It is assumed (Assumption 5.12) that a control valve in a
hydraulic brake system will have a similar failure probability as its counterpart valve in the air
brake system.

The event HARDW_NU is evaluated 10 be about 4.20x10”7 per demand (8.10x10” x 5.19x10%),
In actuality, it is unlikely that a failure probability lower than 1.0x10® per demand can be
achieved even with a diverse and redundant brake system because some other failure mode,
previously negligible and not modeled, may become important and dominant. The fault tree of
Figure 26 does not model any CCFs that are common to both the hydraulic and air systems. This
ignores a small contribution to the expected failure probability for the hardware, but this effect is
not important, as noted below. .

. The effect of adding a diverse, redundant, hydraulic brake system to the two Jocomotives, as well
as to the transporter car, would show a similar reduction in the probability of failure of the
mechanical portions. Further, if the hydraulic brake of the primary locomotive is interconnected
to and actuates that of the transporier car, the effect is one of having two diverse and fully
redundant service brake systems: air and hydraulic. The hydraulic brake system is subject to
intra-system CCFs, similar to those modeled for the air brakes in Figure 25. As noted above, the
probability of failure of the air brake hardware was estimated to be 8.1x10™ per demand.” The

>  probability of concurrent failure of the two systems, including their respective intra-system
9 CCFs, but no inter-system CCFs, is estimated to be the product of the respective probabilities as
\6‘ < 7.2x107 per demand, i.e., (8.lx10'5)2. It is possible that some inter-system CCF mode may be
\¢' identified that would cavse concurrent failure of both the air and the hydraulic brake systems,
and would increase the probability above the 7.2x10°. However, the net probability should

remain sufficiently Jow.

Evaluation of the top event NOSTOP_D gives a probability of 2.58x10™ and is dominated by the

event HUM_BRK, the failure of the humans to actuate the brakes. Therefore, reducing the
probability of hardware failures alone will not be effective in reducing the probability of =
NOSTOP_D and the frequency of a runaway is not reduced. Therefore, there appears to be no ST T
advantage of using the diverse brake system, by itself, unless the contribution from human emor

is significantly reduced.

6.3.3.2.3 Fault Tree Analysis of Combined Alternatives: Automatic Actuation and Diverse
Brake System ,0-5

Table 12 summarizes the probabilities for the baseline NOSTOP and the ﬁmaﬁvcs
NOSTOP_A and NOSTOP_D. The value for NOSTOP_A is the Jeast (8.10x107), but is too
high to reduce the frequency of runaway 10 less than 1.0x10° per year. Therefore, the FTA was
extended to evaluate the effect of combining the effects of the automatic actuation and using
diverse brakes on the transporter. In this case, the probability of NOSTOP would be evaluated as
the sum of two very small probabilities, F_ ACTU (4.55x10"%) from Figure25. and
HARDW_NU (4.20x10"7) from Figure 26. As shown in Table 12, the sum is about 4.20x107 per
demand, which is dominated by hardware failures. The estimated frequency of runaway
becomes 9.59x10® per year; i.e., the product of the initiation frequency INIT_RA (2.3x10" /yr)

T 6x10"8
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and the probarlny of ‘failing to stop of 4 20x107 per demand B should be noted that if the
emplacement/tate is changed from 456 10' 524 per year, the frequency of runaway becomes
1.10x107 @ 10 /yr x 524/456). This frequency is well below the cutoff of 1 0x10° per year
for credible cvents. 1f a redundant and diverse disk brake system is added to both Jocomotives,
the probabrhty of HARDW_NU would be even less. Although other failure modes, which are
not included in the present analysis, may be discovered in’ analyses of actual system desrgns, it
appears feasible to incorporate design features into the design of the transporter train brake,
control, and communications systems. These design features will ensure that the frequency of a
runaway (uncontrolled descent) is Jess than 1 .0x10° per year, even whcn the frequency of
initiation remains at 2. SXIOf per year; le wnhout desrgn alternauves to reducc the human
errors in initiation. - : , : :

Table 12 Hesuhs of Fautt Tree Analyses for FaIIure to App!y Emergency Brakes

C e ta - e

Deslign Fesature for - - Top Event Name - "TopEvent | - Comment
Applying Emergency : Probablllty per )
Brakes - - o : SRR § demand " o : =

Manua! Actuation, Air - NOSTOP TR ,258x1o*‘ Dominated by human error
Brake Only (Baseline) i S - S
Automatic Actuetion, Air - | NOSTOP_A -~ . - . |- ‘310x1o" o Dommatedbyhardware
Brake Only o L e T faflures o .
Manua! Actuation, Air NOSTOP.D = - = - I .. |- 2.50x1o* " .| Dominated by human error
Brake + Hydraulic Disc S
Brake ) —_— S . o o
Automatic Actuat«on. Alr No fault tiee, sum of F AC‘RH . 4.20x107 Dominated by hardware .
Brake + Hydraulic Disc HARDW_NU - R : . failures - . .
Brake . T :

6.8.3.3 Effects of Combimng Design Ahernaﬁvm to Reduce Imhahon and Automatic.
Actuation of Brakes SES S , : ‘

The prior sections have examined the effects on runaway frequency that _may be achreved by ‘
reducing the frequency of ‘initiation or -on seducing the probability of failure to stop, i.e., the .
failure to actuate emergency brakes in a timely fashion.- This section evaluates (he effects of
combining one or more design alternatives as summanzed in Table 13.. o

The first row of Table 13 is the baselme ‘case that. features manual “control of the descent,
including the operation of dynamic brakes or modulated service brakes, and manual aetuabon of
emergency brakes. The frequency of runaway is shown to be 5. 88x10" per year '

Thc second row of Table 13 illustrates the effect of adding just an alarm to alert the operators to

excess speed or acceleration, but maintaining the manual contro]l and manual emergency brake - -
actuation. The frequency of runaway is reduced to 1. 18x107 per year. and i is much lcss than the
threshold of credibility of 1.0x10°® per year. - ’

The third row of Table 13 rllustrates thc effect of addmg Just an mler]ock that prevents the-
operators from descending the ramp unless dynamic brakes are engaged (or service brakes set to
a pre-determined drag resistance). . Otherwise, control remains manual and emergency brake
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actuation is manual. - The frequency of runaway is reduced to 1.95x107 per year and is
significantly Jess than the threshold of credibility of 1.0x10° per year.

The fourth row of Table 13 illustrates the effect of adding both an alarm to alert the operators to
excess speed or acceleration but maintaining manual control, and an automatic emergency brake
actuation. The frequency of runaway is reduced to 3.69x10” per year and is significantly less
than the threshold of credibility of 1.0x10°® per year.

The fifth row of Table 13 illustrates the effect of adding both an interlock to the dynamic brakes,
and an automatic emergency brake actuation. The frequency of runaway is shown to be the
exceedingly low value of 6.13x10™" per year. With such a low value, it is possible that some
other mechanism for initiating and/or enabling a runaway will be revealed as being more likely.

The evaluations of Table 13 do not include the effects of redundant and diverse hydraulic disk =~~~

brakes on reducing the probability. of failure to stop. A7 e, fer ta. T Row (7).

Throughout the present analysis, it is reiterated that reducing the probability of human error can

be an effective way to eliminate the transporter runaway event as a credible accident for the

MGR. This analysis has demonstrated several potential design alternatives that appear capable
- of achieving this objective. As the designs of the transporter train and its control and safety
systems evolve, fault-tree analysis or other techniques need to be applied to ensure that the
frequency of an uncontrolled descent remains less than 1 0><10'6 per year.

-

Table 13. Estimates of Runaway Frequency for Several Alternative Design Features

6.8.3.4 Fault Tree Analysis of Rail-Mounted Speed Control System

An alternative to improving the reliability of the on-board systems and/or the human operators is
to use some external means to slow or stop a train. Among the possible concepts is the hydraulic
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Design Features Initiation Frequency | Probability of Failure Frequency of
per year 1o Stop per demand runaway per year
Manval control and manual emesgency 0.228 2.58x10% 5.88x10*
brake application (Baseline)
Alarm on'speed, no interlock, manual | 4.56x10® 2.58x10” 1.18x107 oK
emergency brake application,
Interlock on dynamic brake, manual __ | 757107 2.58x10° | 1.95x10? oK
emergency brake application. =~ ¢ ¢ ¢ ’
Alarm on speed, no interlock, 4.56x10°% 8.10x10® 3.69x10"
automatic emergency brake oK
application.
Interlock on dynamic brake, automatic 7.57107 8.10x10°* 6.13x10™" oK
emergency brake application _ .
Manual control and automatic 0.228 “8.10x10* 1.85x10% ,q’
.| emergency brake application (air- 9
brake only) \
Manual control and automatic 0.228 4.20x107 9.50x10BE—12 o\ F
emergency brake application S
{redundant 2ir-8& hydraulic brakes) e




speed retarder system described in -Section 6.7.2. A series of hydraulic devices are ‘mounted
along critical portions (or all) of the rails -of the North Ramp. - The hydraulic devices are
designed, manufactured, and calibrated 'such that 2 train rolling over each device at a speed
below the pre-set speed feels virtually no retardation. A train having a speed above a pre-set
speed, however, must expend kinetic energy- to pass over cach of the hydraulic units. Every
whee] on the entire train on both rails receives some retardation. With a sufficient number of
retarders per unit Jength of rail, a train on the grade of the North Ramp can be made 1o roll with &
constant spced without application of any on-board brakes. The total number of retarders and
their spacing have to be determined for the specific weights of the transporter train, the number
of wheels, and the speed desired. This section addresses the effect on preventing the transporier
runaway evem or makmg it suff c1cnt]y unhke]y to be consrdcred beyond des:gn basis.

As described, thc hydraulic retarder units are ‘essentially passive devices that do not require

aciualion by operator or electionic control” systems*?unher‘the“unns do not require-any active— —-—- —

support sysiems such as.electrical power. Each unit is self-contained and has active components
and fluids inside (e.g., hydraulic capsule, precision control valves, oil, and nitrogen gas) that can
fail and result in loss of function.. The units have to be adjusted or calibrated to achieve a
specified design speed. As for any mechamcal device, each retarder units is subject to both
independent and CCFs of the mechanisms. The vendor recommends a periodic maintenance
schedule based on utilization or time; this schedule appears to be aimed at avoiding wear-out
failures. No information is available from the vendor regarding the random failure rate
experienced in the field.

A fault tree representation that includes the effect of the external system is shown in Figure 27.
The top event NOSTOP_X is represented as an AND gate having the inputs NOSTOP_R (which
is shown as an undeveloped event to represent an evaluation of the top event NOSTOP in
Figure 27) and a new event RETARD (i.e., “Failure of Hydraulic Retarders to Slow Train™). The
probability of NOSTOP from the original analysis is 2. 58x10 and was shown to be dominated
by human emor. The probab:hty of RETARD requlres a new calculation and several
assumptions not used in the previous analyses. As noted in, the pcrfonnancc goal for RETARD

is a feilure probability Jess than 1 70x10"‘ Jperdemand. - ‘ 7 : . = Bised

In the design specification for the retarder track segment(s), jit will be- required to have some
number N of retarder units to ensure that the train will maintain some desired desxgn speed of Vp,
say 8 km/hr (2.22 /s or 4.97 mph) However, the critical speed for tip-over in the North Ramp
Extension Curve, Vc, is shown in Secbon 6.4.3 to be 31.85 m/s (71.25 mph) and is much grea!er

than Vp. This means that only a certain number (K whcre K < N), of the units have to be

functional to prov1dc the safety function; i.e., limit the speed to V¢ at the entrance to the curve.

Between inspections and repair, several units of the total N may fail to function from both -

rhnig wq

( qse/,ae)

independent and common-cause events. The number K is termed the “success criterion” for the

array of retarder units as this is the minimum number of functioning units required to ensure the
spced does not exceed V. Once K is specified on the basis of slowing requirements, the
minimoum numbcr ‘of installed retaxder units, Nuin, is determined from the probability
requirements; i.e., that the probabxlxty of faﬂure ‘be 0.0017 per demand. It should be noted that
the number of mstalled retarder umls may be greater than Ny in order to achicve the design
speed Vo
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The fundamental model for computing the value of RETARD is to calculate the probability of
failure of a system in which X out of N must function for success. The fundamental model
computes the cumulative probability of having (N-X) or more failures in a binomial failure
model where g is the probability that any retarder vnit is unavailable (failed) when needed.
When N is large (i.e.,, > 10), the cumulative binomial distribution can be approximated by -a
_normal distribution having a mean and standard deviation. For a given g and a given X, the
problem becomes that of determining N such than the probability of having more failures than
(N-X) is 0.0017. This probability model addresses independent failures only. CCFs can be added
to the model as discussed at the end of this section.

The function NORMDIST built into Microsoft Excel gives the cumulative probability versus the
number of standard deviations beyond the mean number of failures. Therefore, the problem
becomes that of finding Nmin such that the comulative probability of (Nuin-X) is less than 0.9983

~-(i.es; the complement of 0.0017). It is noted that theé cumulative distribufion reaches 0.9983at ~

2.930 beyond the mean and 0.9987 at.3.00.. For.convenience, the 3.00 criterion will be applied
in the analysis.

The relationship between the parameters becomes:

N-K)=pu+300= qu+3.0\/N><q
(Eq. 59)
where: .
J/] Statistical mean (4= Nxgq)

o = Statistical standard deviation (o = .\/N xq)

]

The problem is to find N for a given X and g. The sclution is by trial-and-error. For illustration, -

two values of X are used: 100 and 200.
Three values of g are used in the sensitivity study: 0.5, 0.1, and 0.006.
» The values of 0.5 and 0.1 are selected on the following basis: - - -~

1. The manufacturers recommended replacement interval as the lessor of 5 years or
1.5-2 million cycles. The utilization rate for each retarder unit during MGR operations in
which about 500 emplacement trips per year are made during the peak years indicates
that the refurbishment will be time-limited; i.e., replaced after 5 years. It is assumed
(Section 5.12) that the effective failure rate, Ag, is 0.2 per year (100 percent fail in §
years) although the random failure rate, Az, for such units is expected to be significandy
less (see the next bullet).

2. The average unavailability of the device is calculated as gu,=){A,7, where T is the
inspection/repair interval. I no inspections or refurbishments are made within the
recommended period, the average probability of a unit being unavailable is 0.5; i.e.,
[¥4x0.2x5). This would not be an acceptable situation, but is evaluated to determine its
cffect on performance. If inspection and repair are made every year, on the other hand,
the average unavailability of each unit is approximately gu.g = 0.1, i.e., %x0.2x1.
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e - The value of 0.006 is selected on thc following basis::

1. Itis noted that manufacmrers recommendations for replacemcnt prov:de a margm to the
time or condition when wear-out failures (end of useful life) are expected to begin. -Prior
{0 reachmg the point of incipient wear-out condmons, the unit failure rate Zg, due to

' random faﬂurc, is usual]y small =

2. Failure rate data for- hydrauhc actuators gives a mean of 0.29 per mﬂhon hours and a 60
percent-confidence range of 0.057 to 0.88 per million hours (Amo 1981, p. 24). For a
mission time of 5 years, the unava.ilabi]ity [qA-,‘-'- J3 Ag7 ] of any retarder unit ranges from
0.0012 to 0.0192, with 2 mean of 0.006. In the sensitivity ana]ys:s, it is assumed
(Assumpt:on 5.10) that the random failure rate for a retarder unit is similar to that of the

summarizes the results of lhe sensmvny study.

——pme e

Table 14. Number ol Total Retarder Umts Required to Meet Probability Goal

generic_hydraulic_actuator to_contrast_the sesults to the baseline FTA. Table 14

X, Minimumn Number of . Average Unavallability Factor gay for Each Retarder Unlt
Functioning Retarder Units 0.6 01 0.006
700 270 | 123 108

200 485 239 205

200 714 354 306

The first column lists the number of retarder units required to ensure the speed does not exceed
Ve. The entries in each row indicate the minimum number of installed retarder units to achieve a
failure probability < 1 %107 per demand as a function of the unit unavailability factor, gavg.
The results demonstrate that it is feasible to use an array of retarder units to achieve the
probability goal, even for relatively high unavailability of individual units. For example, in the
case of gavg; Of 0.5 (undesirable), the array must have more than twice the number of units
required to ensure the critical speed Vg is not exceeded; i.e., N2 270 for K= 100, N 2495 for
K=200, and N2 714 for K=300. For the case of gav;=0.1, N must exceed X by about 20

percent to achieve the probability goal. For the case of qA,g = 0.006, N must exceed K by about 3

percent.

CCFs can be included in the model to give more conservative requirements for the number of
installed units and for unit unavailability. If a simple beta-factor model is applied, the unit

unavailability factor is the only parameter to be controlled, since in the beta-factor model] all of

- the installed units are unavailable on demand. This is a useful CCF scoping model for systems

having & few redundant units (c.g., 2 to 4), but is viewed as too conservative (and even
unrealistic) for a system having 10 or more redundant vnits. Since the retarder array is expected
to have hundreds of units, the beta-factor method is not ‘appropriate except as a conservative

basis for a scoping analysis.

In the beta-factor model (CRWMS M&O 1997b, Section 3.2.1), the failure rate for CCFs is
assumed to be a fraction of the total failure rate for one unit. For the scoping analysis of the
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hydraulic retarders, § is assumed to be 0.1 (Assumption 5.10) so that 4, = 0.11, and
Qcer = Y5 Accr X T, Which is applied to 1he entire system of N units, irrespective of the value of N.

The performance goal for gecr is 1.7x10? per demand. Using the value g = 0.29 per million
hours gives Accr = 0.029. Assuming an inspection time 7 = 5 years (43,800 hours) gives
gécr= 6.4x10 per demand which is better than the goal of 1.7x10° per demand. This analysis
indicates that the system failure probability of a retarder system should be acceptable if the unit
failure rate is at least as Jow as for typical hydraulic units, even under the assumption of CCF of
the entire array.

Inasmuch as the analyses have shown that the frequency of runaway can be brought to less than

* 1.0x10® per year using reliable electronic interlocks, alarms, and/or automatic brake actuation

systems, the track-mounted speed retarder system is unlikely to be necessary, but could provide

 defense-in-depth. —~ " 7

B T e e 4
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7. CONCLUSIONS

The maximum speed determined for a ronaway WP Transporter and two locomotives under
fricionless and standard rolling resistance conditions was high. From Scenario 1, an
uncontrolled descent that initiates near the top of the North Ramp (Point A) would likely resuilt in
the WP Transporter tipping over within the North Ramp Extension Curve. The maximum
runaway speeds of 33.25 m/s and 30.82 m/s for frictionless and standard rolling resistance
conditions are within 10 percent of the tip-over speed of 31.85 m/s (71.25 mph) and, therefore, it
can be estimated that the WP Transporter will tip-over within the North Ramp Extensjon Curve.

For Scenarios 2, 3, and 4, only standard rolling resistances were used to determine the maximum
runaway speed. Scenario 2 initiates at an arbitrary point along the North Ramp. From this point,
the WP _Transporter is able to negotiatc the North Ramp Extension Curve, and. exits. the curve
(Point D) at a speed below the tip-over speed. The transporter continues down the North Ramp
‘Extension, a —2.06 percent downward grade, and tips over in the 305-m radius S-curve (Point G)
at a speed of 35.61 m/s.

Scenario 3 initiates from Point C with an initial velocity of 8 km/hr. The WP Transporter is
below the tip-over speed as it travels through the 305-m radjus S-curve located between Point G
and Point 1. The transporter remains below the tip-over speed as it travels down the North Main
Curve to Point K. At this point, the downward grade transitions to a positive grade. The
transporter reaches a maximum velocity of 28.47 m/s, which is below the tip-over speed.

Scenario 4 initiates from Point A with an initial velocity of 8 km/hr. The WP Transporter is
below the tip-over speed as it travels through Point B, just prior to entering the 305-m radius
North Ramp Curve. The transporter remains below the tip-over speed at 30.67 m/s (68.6 mph) as
it travels down the North Ramp Curve to Point M. However, the runaway speed and the tip-over
speed (31.85 m/s)- are within 10 percent and, therefore, it can be-estimated that the WP
Transporter will tip-over within the North Ramp Curve.

Therefore, Scenarios 1, 2, and 4 involve speeds fast enough for tip-aver. It was found, that

" +# tip-over would occur in the 305-m radius curves at slower speeds than derailment. Section 6.4.2

introduced the Nadal criterion as a-simplified method for determining derailment speeds. For all
four runaway scenarios, derailment would only occur when the rails are severely worn and there
is a high coefficient of friction between the wheel flange and the head of the rail.

Although the findings of this analysis are accurate for the inputs and the assumptions made, for
subsequent use, further refinements of this analysis are needed as the baseline design evolves to
reduce uncertainties related to the emplacement system. The design of the WP Transporter,
Subsurface Layout (TBV-4208), and the WP (TBV-246), all have a direct effect on the
maximum attainable speed, tip-over calculations, and derailment determination.

It is also recommended that a higher fidelity model of the WP Transporter design be developed
to provide a more accurate representation of the dynamic effects of the WP Transporter.
Runaway, derailment, and tip-over speed calculations should incorporate the mass moment of
inertia and the changes in center of gravity location during railcar tilting, rocking, and swaying
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s about the suspension system. This would provxde a more accuratc dynamic analysis of the WP
Transporter. :

The effects of the !ocomotxvcs at either end of thc WP Transporter have not bcen investigated in
“the derailment, tip over, and collision scenarios and, therefore, should be included in future
investigations as well. In addition, because of .the complexities at the wheel/rail interface,
accurate derailment calculations were not made However, a general and conservative estimate
was made using the Nadal criterion for maxlmum spceds in the 305-m radius curves for mc:p:ent

derallmcm.

Due to the large radius of the 305-m radius curves within the subsurface, conventional impact
limiters on the ends of the WP Transporter would have negligible energy-absorbing effectiveness
should a derailment or tip-over occur (see 6.4.2 and 6.4.3). From this, it is recommended that -
—————further-investigation—is-needed--into—the-use- of energy-absorbing ~materials~within the WP-—"~——
‘Transporter radrologlcal shielding. This type of i lmpact limiter could provide WP protection in
mulnple crash and/or impact scenarios. - , v

Lot

The utilization of non-fa:lsafc disc brakes for the WP Transponer and the locomotives prescnted
in Sections 6.1.1.1 and 6.1.2.1 needs further investigation. The justification for or against the use
of fail safe or non-fa:lsafe disc brakes for- sccondary or redundant brake systems has yet to be -
pcrformcd :

Criteria 4.2 3 states that the WP Transporter spwd shall ‘be limited to 8 km/hr (2.22 mls or
4.97 mph). A]though the related System Description Document does not provxde -any basis for

. this speed, based on the calculations discussed in Section 6.6, 8 kmlhr is 2.82 times slower than
an cqu;va]ent 2m dcslgn basis WP drop hclght. R

The mmal revision of this analysxs (CRWMS M&O 20003, Sectzon 6.6) rcsolved TBV-252 at
8 km/hr. This revision is consistent with the previous, in that the maximum transponer speed of
g km/hr (2.222 m/s or 4.97 mph) is adequate, bascd on:

- « 2.mWP drop height Safety Factorof 282 . oo
¢ Mining Industry standard of 10 km/hr or less for mmmg locomouves
s Relatively high speeds needed for Up-over and whccl-chmb derailments -
¢ Recommendation that the WP Transporter, with its short truck-center spacmg

(11.778 m or 38.6 ft) and relatively high center-of-gravity (2.122 m or 6.96 ft), avoid
operations in the 4.5-8.9 m/s (10-20 mph) regime, as described in Section 6.4.1.1.

The TBVs identified in Sections 4 and S are carried through to the outputs of this analysis as
outlined in Table 15. This document may be affected by technical product input information that

. requires confirmation. Any changes to the document that may occur as a result of completing the
confirmation activities will be reflected in subsequent revisions. The status of the input
information quality may be conﬁnned by review of thc Documcnt Input Rcfcrcncc System
database. :
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Table 15. TBD and TBV Information and Impacts

TBx
Number

Description

Impact

TBV-245

Maximum WP Lift Heights of 2m in
verlical orientation and 24m in a
horizontal orientation

The maximum WP drop height has an effect on the
justification for the maximum normal-operating speed of
the transporter as presented in Section 6.8.

TBV-246

Waste Package Characteristics

Variations in Waste Package weight and size have an
impact on the runaway, braking, derailment, and tip-over
determinations presented in Sections 6.3.2.3, 6.3.3, 6.4.2,
and 6.4.3, respectively

TBV-253

305-m Minimum Radius ~ Subsurface
Waste Emplacement Transponation

SystemCurvatures___.________ ______ —

The rail curve radius has a direct impact on rolling
resistance, derailment, and tip-over calculations presented

L In-Sections-6.3.2.2,-6:4.2; and 8:4:3;-respectively:—— -

| TBv-274

Track Gauge for Surace Facilities,
ramps Main Drilts, and tumouts

Track gauge has a ditect affect on deraliment and tip-over
calculations presented in Sections 6.4.2, and 6.4.3
respeciively.

TBV-308

Waste Package

Weight-Unitormly
Distributed

The uniformity of the WP weight has a direct affect on the
tip-over calculations presented in Section 6.4.3,

TBD-330

The minimum number of WPs that the
system shall be designed 1o recover

The number of WPs for recovery has a direct alfect on the
estimales of frequency of runaway presented throughout
Section 6.8

TBV-690

Preclosure period (lrom beginning of
repository operations to permanent
closure) is assumed %o be 100 years

The preclosure period has a direct atfect on the estimates
of frequency of runaway presented throughout Section 6.8

TBV-3130

Uss of hydraulic disk brakes on
transporler car as diverse, redundant
backup to air-operated brakes

The use of hydraulic disk brakes has a direct aifect on the
braking calculations presented in 6.3.3, and the estimates
of frequency of runaway presented throughout Section 6.8

TBV-3133

Assumplions on design and operations
of braking, control, and communications
systems of locomotives and transporter
car as bases for fault-tree model

This assumption a direct aftect on the estimates of
frequency of runaway presented throughout Section 6.8

| Tev-3138

‘model for probability of CCFs.

Establishes bases for using beta-factor

The beta-factor model has a direct affect on the estimates

{ ot frequency-of runaway presented throughout Section 6.8

TBV-3142

Fallure rate for hydraulic actuator
(surrogate for failure rate for rail-car
speed retarder unit)

The failure rate for a hydraulic actuator has a direct aflect
on the estimates of frequency of runaway presented
throughout Section 6.8

TBD-3936

Annual throughput for the Wasle
Handling Systems

The throughput of WPs has a direct affect on the
estimates of frequency of runaway presented throughout
Section 8.8

TBV-4208

Three-dimensional representation of the
subsurface facility planning layout. This
information Is the output of the Site
Recommendation Subsurface Layout
(CRWMS M&O 2000d, Attachment i)
and Is used as Inputs for the numerical
representation of the Subsurface Layout

The subsurace layout has a ditect affect on the entire
analysis, including, but not limited to, runaway speeds, 1ip-
over, derailment, stopping, and runaway probability.
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7.1 CONCLUSIOI\S OF FAULT TREE ANALYSES

A]lhough the design stams of the mechamcal comrol and msmrmenlatron systems of the WP
transporter train are in various stages of conceptual design, it is possible and necessary to
_estimate the likelihood of potential accident scenarios such that, as the designs mature,
provisions can be made to eliminate or reduce the probability of undesired events. To be
considered incredible or *beyond design- basrs," the frequency of a potentra] accident sequence

must be Jess than 1.0x10° per year,

Previous studies have estimated the frequerrcy, or annual probability of occurrence, of a unaway
transporter train. Estimates from actuarial data for commercial railway accidents and
_.commercial mining accidents indicate that the median frequencymoila runaway’ (adjusted for
"MGR operational conditions) is in the range of 7. 75><10° per year:o- 4.7lx10~: per year (see

- = »--Section 6.8.2.1).- Previous FTAs of the conceptval transporter train and “associated ‘brake; -
control, and communications systems estimate the frequency of runaway to be about 5. 88x10"
per year (see Section 6.8.2.2.2), whrch is in good agreement wrth the actuanal data.

The prior evaluations of actuarral data and FTAs indicate that reducing the event frequency by a
factor of about 1.70x10° would drive the event to the “beyond design basis” regime. The
present analysis mdlcates that it appears-to be feasible 10 achieve this reduction factor by
applying one or more design alternatives. For example, the analyses demonstrates that electronic
interJocks, alarms, and automatic brake actvation systems can significantly reduce the probability
of human errors that contribute to both initiation of runaway and to the failure to stop a runaway.
Further, the analyses indicate that speed retarder units mounted on the rails of the North Ramp
can also reduce the frequency of an uncontrolled descent to Jess than 1.0x10° per year.
Although the present analysis does not address: uncertamty factors in the estimate of
probabilities, considerable conservatism was employed in pnor analyses and in-the present study.

The present analysis has modifi ed pnor fault tree models to assess the effect of various
postulated design features. Desrgn features were included that reduce the Jikelihood that human

operators or hardware can initiate 2 runaway. To calculate the frequency of a runaway event, the
frequency of the rmtraung event is mu]uplred by the probabrlrty of farlure to stop These desrgn
features are: :

1. An electronic interlock that prevems the Operdtor from starting the train doWn the ramp
without having dynarmc brakes (or drag brakes) engaged

2. An alarm to alert the operators when the speed of descent is too hrgh or the tram is
accelerating, and R :

3. An automatic application of service brakes 1o maintain the speed within the normal
operating range. »
Whereas the original analysis predrcted an initiation frequency of 0.228 per year, the FTA
indicated that Alternatives 1 or 2, above, could reduce the frequency of human initiation to
7.57x107 and 4.56x10° per year, respectively. Using: Altemative 3 alone would not
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significantly reduce the frequency of initiation of 0.228 per year. However, when used in .
combination with either Alternative 1 or 2, the contribution from hardware becomes insignificant

and the frequency of runaway initiation is 7.57x10” and 4.56x10 per year, respectively (see

Table 11).

The original fault tree evaluated the probability to stop a runaway to be 2.58x10” per demand
Multiplying ths probability by the initiation frequencies discussed above, gives 1 95x10’l15§‘/
year (7.57x107 x 2.58x10%) and 1.18x1077 (4.56x10°° x 2.58x10®) per year, respectively. The
FTA indicates that either of these design alternatives, which reduce the human error initiation, is
sufficient 1o drive the event frequency well below 1.0x10° \p}ycar without having to use a
design alternative to reduce the probability of failure to stop.

probability of failure to stop from the baseline value of 2.58x10™ per demand while holding the
- imtiating event frequency at the baseline value of 0.228 per year.

__Nevertheless, the present analyses_investigated. other. design. alternatives-that-could-reduce-the - -~ ——

S P g

In the present study, the fault tree model was modified to evaluate the effect of using an
clectronic system for automatic speed detection and application of emergency brakes. This
electronic system reduced the probability of 1 failure to stop-to'8. 10x30:%. per-demand and was
shown to be dommated by hardware fmlures The applxcatxon of this design alternative by itself

O per: year; given the initiating frequency
remains high at 0. 228 per ycar. Thxs evaluatxon indicates that it is may not be possible to drive
the event frequency to below the 1.0x10°® per year threshold for DBEs by the addition of an
automatic emergency brake actuation system by itself (see Table 12).

The present FTAs show that providing a hydraulic braking system as a redundant and diverse
backup to the air brake system cannot, by itself, reduce the runaway frequency below the
1.0x10°® per year threshold, because the initiating frequency.) rcmams , high at-0:228 per year and
1§ "dominated by human error. The analyses show, however, T that a combination of an automatic
emergency brake actuation system and a redundant, diverse brake system reduces the estimated

Trequency:ofAinAWay:10.9.5 xiQ?;per year. This frequency is well below the cutoff of 1.0x10°
per year for credible events "(see Table 13).

The analyses show that incorporating one or more of the postulated design alternatives will drive
the frequency of runaway below the cutoff of 1.0x10® per year for credible events (see
Table 13). The following design alternatives appear to achieve the desired objective:

e Alarm on descent speed, manual emergency brake application (1.18x107 per year)

e Interlock on.dynamic brake, manual emergency brake application (1.95x10° per year)

e Alarm on descent speed, automatic emergency brake application (3.69x10° per year)

o Interlock on dynamic brake, automatic emergency brake application (6.13x10™? per year) .

s Manual control of descent speed and auwtomatic emergency brake application with
redundant air and hydraulic brakes (9.59x10°® per year)

Sheold loea
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' The present analysis performed a reliability analysis of a conceptual rail-mounted speed're(ardcr
' system. Such a system is based on proven lechnology\and appears to be very promising as a
diverse means of controlling train. speed of descent that is redundant to the on-board dynamic

brake and service brake systems.

1t is noted that the bases for analysis prcsented herc and based on Apphcanon of Logac Dmgrams

and Common-Cause Failures to Design Basis Events (CRWMS M&O0:.1997b) is very

conservative with respect to modeling the large contribution of human error to both initiation and

failure 10 stop a runaway. The present study re-examined the fault trees and incorporated

plaus:b]e design alternatives that could virtually eliminate the human errors that were assumed in

the prior models. -It is cautioned that other potential human errors or hardware failures could be

revealed when design details are available. Details of the design of.the contro} panels in both the

Jocomotive and control room will be subjected to human-factors evaluation, and continuing ,

- reliability evaluations-will-be performed-on-the electronic-controls-and-inteddocks; brake- systems~ --------------- —
~~e.. -«:{including dynamic, service, and emergency brake system) to ensure that the frequency.of.an. )

uncontrolled descent is beyond desxgn basxs

It is concluded that desi gn features that are w:thm the state of the art can be mcorporalcd into the
electronic controls and brake mechanical systems for the transporter train and/or rail system to
ensure that the mnaway event can bc regarded as “beyond dcsrgn basxs "o
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93,37/99  13:32 B34 753 3048 ULTMA DYNAMICS - Qova/003 ‘
) . . TrackMaster &

. HC Retarders.

Dynamlcs Marine Jet Drives

Surface Drives.

Ulira Dynamics, Inc. » 1110A Clayerafl Road - Columbus, Chio 43230
Telephone (614) 758-9000 » Fax (514) 759-5045 - E-Mal 70414.1337@compuserve.com

August 17, 1999

Richard Siva -
MORRISCN KNUDSEN
1261 Town Center DR

Las Vegas, NE 83144

Fax: 702-295-4435

Dear Plchatd
Here is some data to assist your basic cakoulation.

In addition 1o the Retarder energy there is slways rofling resistanca (nmnﬂzbﬁoniaa
good roller) and curve resistance which can be significant. There are also factors.

Sorry for the mixed units,

Projected energy exiraction for a 5 mph Ultra TrackMaster Retarder
Smph 1585 Joules

6émph 1670 J

7mph 1740 J

8m 1820J

9mph 1900 J

Please call if you have any questions.

Best regards.

F9l =

Peler Raing

QM Peckage O™ Video [ Other-See GS ) Plied by Petor on 17 A4 99
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l!lfﬂié Dynamics

Utira Dynamics, Marine Propulsion
1110A Claycrafi Rosd, Raiirosd Products
Columbus, Ohlo 43230
Teol: (C14) 769 9000 Fax: (614) 759 9046

. E-maD 70414.1337@compuserve.com

July 15, 1989
Richard Siva

e MORRISON_ KNUDSEN o oo e
1261 Town Centre DR
Les Vegas, NE 88144

Dear Richard:

Here Is the generic literature you requested for Utra Rail Mounted Retarders.

I have conducled éomagdxwislona! calculations end conclude that it should be possible to
contro! the 180 Ton (350,000 Ib) car on the 2.25% grade with no brakes on a straight

grade.

The number of Ultia Retarders required Is approiimétély 420 per 100 meters which would
require e spacing 1o be sfighly doser than normal. ’

If the scenario considered has the two 50 ton ec1100.0001'1 Ib) locomotives ettached then
eppreciably fewer Ultra Retarders are requir

Curves negotiated during descent will @lso reduce the number of retarders required as
there ere eppreciable losses involved with curve end swilch negotiations.

Please contact me if you have any questions.

if required | could send you a video which may dlarify the operation of the equipment.
» - .

Yours sincerely ' ‘

Peter Raine

Ash -

Prrtodby Peter on 16 A4, 89
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Microsoft Excel 97 SR-2 was used to develop seven figures (Figure 11 through Figure 16, and
Figure 19). The data used to create these figures are presented in Attachment III as an electronic
attachment in the form of Excel spreadsheets. All figures and data are contained within one
Excel file and are organized into logical "sheets". Each Excel sheet contains one or more tables
and figures, as listed below:

Table I-1. Microsoft Excel Spreadsheet Data

Sheet Table/Figure Description
Sheet 1 - Resistance Table -1 - | Initial Conditions for Resistance Data
Table Nl-2 Resistance Data for Figure 11
i s e e —ee—) Figuig-$t- - ——1-Rolling Resistanceg—— " " -
Sheet 2 - Scenario 1 | Table IH-3 Velocity Data - Runaway Scenario 1
Figure 12 Train Velocity - Scenario 1
Sheet 3 - Scenario 2 Table llI-4 Velocity Data - Runaway Scenario 2
Figurs 13 Train Velocity - Scenario 2
Sheet 4 - Scenario 3 Table ill-5 Velocity Data - Runaway Scenario 3
Figure 14 Train Velocity - Scenario 3
Sheet 5 - Scenario 4 Table H1-6 Velocity Data - Runaway Scenario 4
Figure 15 Train Velocity - Scenario 4
Sheet 6 - Nadal Criterion Table k7 Stopping Distance for Figure 22
Figure 19 Nadal Criterion
Sheet 7 - Stopping Distance Table 1II-8 Initial Conditions tor Stopping Distance Calculations
Table N1l-9 Stopping Distance for Figure 16
Figure 16 Stopping Distance

The equations that manipulate the data are presemcd below in their native Excel format, along
with a basic description of the original equation and the expected results.

Table ITI-3 presents the runaway speed data for Scenario 1, which is used in Figure 12 and
Table 5, for various frictional conditions and locations within the North Ramp and North Ramp
Extension Curve. Starting from Point A (Station 01462.500), Table II-3 used initial velocity
conditions of 0 m/s and 2.222 m/s. Sheets Scenario 2 through Scenario 4 present the runaway
speeds used in Figure 13 through Figure 15 and Table 6 through Table 8, respectively. The initial
conditions for the rolling resistance calculations are presented in Table III-1. The calculations
for Scenario 2 through Scenario 4 utilize the same calculations and procedures as Scenario 1,
therefore only explanation of Scenario 1 is required by AP-S1.1Q.
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Rolling Resistance Valﬁés

Table III-2 presents resistance values used in F'guré 11 for a rangc'of velocities baScd on
Equation 17, 18, and 19 as presented in Secuon 6.3.2.1. The initial conditions for the equations
are Jisted in Table II-1.

Table III-2 contains 5 columns labeled from A lhrough E Each row utilizes thc same equauon
within each respective column, and thcreforc, only one arbltrary row will be described (i.e.
row 26)

Column A of the data increments the spced by five rmles per. hour

’ : =SUM(A25+5) .
Columns B through D calculate the reslstance usmg Bquauons 17 lhrough 19 rcsPecuvcly
B: -SUM(l 3*Wc1ght+29*N+0 MS*Wchht*A2640 0005* Area*A26°2) |
R=1.3W +29n +0.045Wv.+ 0.000SAv (Eq.17)
This cg]cu]ation can be hand ven'ﬁ?d usiﬁgztow 26 (Speed = 50) as:

(1.3 x 441) + (29 X 10) + (0.045 x 441 x 50)
+ (0.0005 x 128.5 X 507) = 2016.18 (0.0% error)

C: =SUM(1 .3*weight+29*ﬁ4o.b45*weigm*Azswms*Az&z)
| R=1.3W +29n+0.045Wy +0.045* | (Eq. 18)
Thxs calculauon can bc hand verified usmg oW 26 (Speed 50) as:

(1 3x441)+(29x 10)+(0045x441 x50)
+ (0.045 x 50%) = 1968.05 (0.0% error)

D: =SUM(0. 6*Wclght+20*N+O Ol *Welght*A26+0 07 "‘A26"2)
| . R= 06W+20n+001Wv+007v R R )
This calculation can be hand verified usmg row 26,}(Spccd = 50) as:» o |

(0.6 x 441) + (20X 10) + (0.01 X 441 X 50)
+(0.07 x 50%) = 860.10 (0.0% emor) -
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Column E calculates that resistance based on Goodman's "rule-of-thumb"; as discussed in ‘
Section 6.3.2.1. However, this information is not presented in Figure 11 as it is found to be '
much Jarger in magnitude than the previous methods (Equations 17 through 19).

E: =SUM(20*Weight)
This calculation can i:c hand verified using row 26 (Speed = 50) as:
20 x 441 = 8820 (0.0% error)
Runaway Velocity fc'ar Scenario 1
___The determination of runaway velocity is primarily a function of slope, distance. traveled, and

rolling resistance. However, due 1o aerodynamic drag, the rolling resistance is a function of
velocity. Therefore, the determination of velocity is a function of velecity.

From Section 6.3.2.3, Equaiion 31 and 32 describe the basic velocity equations used 1o find the
runaway speed.

FAs =%m(v,2 -v3)+mgh
(Eq. 31)

Vv, =J:;,2.FAS+ 2gh+v}
(Eq. 32)

Recall that the rolling resistance is a function of velocity, and to comectly calculate the runaway
velocity at any point within the North Ramp, a mathematical technique called stepwise
integration is used. This is a numerical-methods technique where a small change in one value is
used to determine the next value, and so on in a stepwise fashion (Avallone and Baumeister
1987, p. 2-45).

In the determination of runaway velocity, a small, stepwise drop in elevation (h) is used to step
through the velocity equation (Eq. 31 and Eq. 32) and solve for the velocity at any Jocation in the
ramp. Generally with stepwise integration, smaller steps result in smaller truncation erors. For
this calculation of velocity, an clevation (4) step of 0.1 meters is used. Using Equation 32, the
velocity (v2) for each step is determined using resistance force (F) derived from the velocity of
the previous step (v;). This resistance force is determined from the summation of Equation 17
and Equation 25 for rolling and curve resistance respectively.

Table HI-3 contains 16 columns Jabeled from A through P. Each row utilizes the same equation
within each respective column, and therefore, only one arbitrary row will be described (i.e. row

67).
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clevation of 0.1 mto the prevxous elevauon

=SUM(A66+0.1)

This calculation can be hand verified u‘siﬁrg;rpw 67 (Ah=33)as:
Cameiss

based on the siope o the North
change in elevation (k).

S — %Gfadej“‘ 7.[21486) Tageee T

h= Asxmn(ﬂ)
-SUM(A68 A67)/(SB\I(ATAN(B67I]00)))

This ca]culatmn cap be hand venf ed using row 67 (Ah = 3 3) as:
33-32 __ _ 466 (0.00% emmor)

| -SUM(D66+C67)

Th:s calculauon canbe hand venﬁed usmg row 67 (Ah = 3 3) as. R

31]469+466—316129(00016%error) I

- ca]culauons arc shown in able lII-
=SUM(1.3*Wei ght+29"‘N+O 045*Wcight*K66+0.0005*Area*K66"2)

R=1 3W+29n+0045Wv+00005Av

Tlus calculation can be hand verified usmg ow 67 (Ak = 3 3) as:

(1.3 X 441.00) + (29 x 10) + (0.045 x 441 % 17.8437)
+ (0.0005-x 128.5 x 17.8437%) = 1237.86 (0.000% error)
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Column F converts the Column E results from pounds forcc to Newtons where
11b=4.448222 N.

=SUM(E67*4.448222) Shovld be

This calculation can be hand verified using row 67 (Ah = 3.3) as: _ggé___,é—

1237.87 x 4.448222 @ (0.00% error)

* Column G determines the rolling resistance for a Locomotive based on Equation 17 using the
*velocity (Column X) from the previous step.

=SUM(1.3*Loco_Weight+29*N14+0.045*Loco_Weight* K 66+0.0005* Area* K 6612)

This calculation can be hand verified using row 67 (Ah = 3.3) as:

(1.3 X 50) + (29 x 4) + (0.045 x 50 x 17.8425)
+ (0.0005 x 128.5 x 17.8425%) = 241.60 (0.00% error)

It should be noted that the cross-sectional area of the WP Transporter (128.5ft from
Section 6.3.2.1) is used because this is the maximum frontal area for the entire train subjected to
aerodynamic drag.

Column H converts the Column G results from pounds force to Newtons where
11b=4.448222 N.

- =SUM(G34*4.448222)
This calculation can be hand verified using row 67 (Ah = 3.3) as:
241.60 x 4.448222 = 1074.69 (0.0% exvor)

Column ] determines the curve resistance per metric ton (R, of the train which consists of two
locomotives and the WP transporter. This resistance only applies where curves fall in the
repository layout and it is based on 305-m curve radius.

44433

L ’]:”'T = 4.9033-
on 690712~ MT
ton

RJ/8. =1

(Eq. 24)

Re= 0. X RJO, =5.7262° x 4.9033% = 28.078—%

(Eq. 25)
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=28.0778262295* (Weight+(2*Loco_Weight))*0.9072

This calculation can be hand-verified using ro‘W7524r(‘AI'z = 49)'
Rc = 28.078 x (441 tons + (2 X 50 tons)) 0.9072 MT/on -
= 13,780.55 N (0.00% emor) - B

Column J utilizes Equation 32 to determine the velocny of the WP Transporter and the two
locomotives for the frictional case. The weight of the train is converted from tons to kilograms
within the equation (1 ton = 907.1847 kg). :

"’\\\
_SUM(«-z*m@z*nﬁ&@*@((wc;gmz*uco Weight)*907. 1847)) +
- @9 80665*(A67’A66)) + JEB2)0. 5)/),_\

'I‘lus ca]culauon can be hand venﬁed usmg row 67 (Ah=3. 3) as:

| ﬁx(ssos 30+2x1074 71)x4 66 +2x 9 80665X(3 33237 976862
1 (441+2x50)x907.1847

= s 0899 m/s (o 0006% error) '

.Column K converts the Column J results from meters per second (mls) to rm]es per hour (mph)
where 1 m/s=2.236936 mph. : g :

—SUM@4*2 .236936)
This calcu]auon can be hand verified using row 67 (Ah = 3. 3) as:
8.0899 x 2.236936 = =18. 097 mph (0.0% error) -

Column L derives the total elapsed timé by dividing the change in posmon by the velocnty and
adding that value to the previous stepwise time. :

-SUM((D67fD66)1167)-F1J66

This calculation can be hand verified i:sing fow 67 (Ah=3.3) as:

‘ 316.124 -~ 31] 469 28 379 28 954 sec. (0 00% en'or)

8.0899

Column M determines the frictionless velocity based on Equation 7 from Section 6.3.1.
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. g

v? =v] +2a(x~x,) (Eq.7)
=SUM((2*9.80665*(A67- A66)+M66*2)*0.5)

This calculation can be hand verified using row 67 (Ah = 3.3) as:

J2X9.80665% (3.3-3.2) +8.22799% = 8.34633 m/s (0.0% error)

Column N converts the Column M results from meters per second (m/s) to miles per hour (mph)
where 1 m/s=2.236936 mph.

=SUM(M34*2.236936)

This calculation can be hand verified using row 34 (Ah = 3.3) as:
8.34633 x 2.236936 = 18.670 mph (0.0% error)

Column O utilizes Equation 26 to determine the velocity of the WP Transporter and the two
locomotives for the Goodman resistance case of 20 pounds resistance force for every ton of
weight. The 400 MT rail car will produce 8,820 pounds resistance force and the 50-ton
locomotives will create 1000 pounds each. Within Equation 32, the resistance forces are
converted from pounds force to Newtons (1 Ib;=4.448222 N) and the weight of the train is
converted from tons to kilograms (1 ton = 907.1847 kg).

=SUM(((-2*((8820+2*1000)*4.448222)*C66/((Weight+2*Loco_Weight)*907.1847)) + oes ~41

-

(2*9.80665%(A67-A66)) + 066"2)0.5) cxce o f,ﬁ'i,,xe

. A rve re
This calculation can be hand verified using row 67 (Ah = 3.3) as:

[—-2x(8820+ 2x1000)x 4.44822
Y (4414 2x50)x907.1847

X 4.66+2x%9.80665%(3.3—-3.2) + 6.2034

= 6.28725 m/s (0.00% error)

Column P converts the Column O results from meters per second (m/s) to miles per hour (mph)
where 1 m/s=2.236936 mph.

=SUM(067*2.236936)
This calculation can be hand verified using row 67 (Ah = 3.3) as:
6.28725 x 2.236936 = 14.0642 mph (0.0% error)
Nadal Criteria

Table III-7 plots the Nadal Criterion equation (Eq. 47) described in Section 6.4.2 for varying
flange angles (d) and coefficients of friction (%). Table ITI-7 contains 8 columns labeled from A
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- through I (Column C is not used). Each row utilizes the same equation within each respective

co]umn and therefore, only one arbitrary row will be described (i.e. row 19)

L_ Rsiné - Fcosb' sind - ,ucosb'
v Rcos&-l-Fst cos5+psm5

(Eq. 47)

Column A increments the flange anglc by onc degrec
_SUM(A10+1)

The Excel software calculates sine and cosme funcuons in rad:ans 'I’herefore, the flange anglc is
converted to radians in Column B T

..SUM(A 19*3 ]4 1 6/] 80)

Columns D though | ca]culate the Nadal Cmena for varying coefﬁc1cnts of friction ranging
from 0.1 to 0.6 respectively. - R

D: =SUM((SIN(B19)-0.1 *cosaaw))/(co'saa 19’)+o.'1*sm(1319)))
E: =SUM((SIN(B19)-0.2*COS(B 19)MCOS(B 19)+O:z-='sm(13 19)))
F: =SUM((SIN(B19)-0. 3*cos<1319))/(cosaa 19)+0. 3*SIN(B 19))
G: ~ =SUM((SIN(B19)-0 4*cosaa19))/(cosaa 19)+o 4*SINB19))
H: =SUM((SIN(B 19)-0.5"‘COS(B 19))/(COS(B 19)+0.5*SINB19)

I: =SUM((SIN(B19)-0. 6“‘COS(B 1 9))/(COSCB l9)+0 6*SlN(B 19)))

These calculations can be hand venf ed usmg row 19 (Angle = 10) and usmg column D where
p=0.1: ' : :

~ sin,,,;(0.174533) - 0.1% cos sad (0.174533)

' = 0.075005 (0.0%
c0s,,,(0.174533) +0.1xsin ,(0.174533) (0.0% error)

Stoppihg Distances v

Table III-8 presents the injtial data used to find the stopping distapce as shown in Figure 16.
This set of data determines the stopping dlstancc at velocity increments of one meter/sec using
Equation 43. ,

Table I1i-9 contains 10 columns ]abeled from A through J. Each row utilizes the same equauon
within each respective column, and therefore, only one arbxtrary row will be described, i.e., row
64 (29 m/s). :

Column A of the data increments the speed by one meter per second.
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=SUM(A63+1)

Column B converts the Column A results from meters per second (m/s) to miles per hour (mph)
where 1 m/s=2.2369 mph.

=SUM(A64*2.2369)
. This calculation can be hand verified using row 64 (Speed = 29) as:

29 % 2.2369 = 64.8701 (0.0% error)

Column C determines the rolling resistance for the WP Transporter based on Equation 17 using
the velocity (Column B).

=SUM(1.3*Weight+29*N+0.045* Weight*B64+0.0005* Area*B64/2)
R=1.3W +29n + 0.045Wvy + 0.0005Av> (Eq. 17)
This calculation can be hand verified using row 64 (Speed = 29) as:

((1.3 x 441) + (29 x 10) + (0.045 x 441 X 64.8701)
+(0.0005 x 128.5 x 64.8701%) = 2421.02 (0.0% error)

Column D converts the Column C results from pounds force to Newtons where 1 1b=4.4482 N.

=SUM(C64*4.4482)
This calculation can be hand verified using row 64 (Speed = 29) as:
2421.02 x 4.4482 = 10,769.18 (0.0% ervor)

Column E determines the rolling resistance for the Jocomotive based on Equation 17 using the
velocity (Column B).

=SUM(1.3*Loco_Wei ght+29*Nl~i-0.045*Loco_Wci ght*B64+0.0005* Area* B64/2)
R=1.3W + 291 + 0.045Wv + 0.0005Av* (Eq.17)
This calculation can be hand verified using row 64 (Speed =29) as:

((1.3 x 50) + (29 x 4) + (0.045 X 50 x 64.8701)
+ (0.0005 x 128.5 x 64.8701%) = 597.34 (0.002% ervor)

Column F converts the Column E results from pounds force to Newtons where 1 1b=4.4482 N.
=SUM(E64*4.4482)

This calculation can be hand verified using row 64 (Speed =29) as:
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597.34 x4 4482 2657 09 (0 002% crror)

Column G calculates the stoppmg dlstance usmg Equahon 43 for standard braking (Brakc
Ratio =0.13). The initial conditions for the determination of stopping distance are listed in
Table 1II-8 (i.e. Brake Ratio, Coefficient of Fncnon for the brakes, etc.). The retardation force

(XF) is found from Equation 36 and 37 for emergency and standard braking respectively for both
the Transporter (400 MT) and the two locomotives (50 ton = 45.359 MT). v

F,_, = fiR,W = siRymg = 0.30%0.60X (400 MT + 2% 45.359 MT)x9 80665 7’, X1000 %oy

— = 866,214 N -
: (Eq. 36)
Fim= —W-“ HR;mg-=0. 3GX{H 30x(490MT—+2 X~45.359MT—) X9.8066 57‘ *3000 84
= 187,680 N :
st (EQ- 37)

2[2‘,}-" mg sm(l 2309)]

-SUM(((Wc:ght+2*Loco We:ghl)*907 18*(A64"2-
Final_Velocity”2))/(2*(D64+F64+(Coefficient_Brake_Friction*Brake_Ratio*(Weight+2*Loco_
Weight)*9.8066*907.18)-((Weight+2*Loco_Weight)*907.18*9.8066*0.021481 2)))

NOTE:
1 ton =907.18 kg
£ = 9.8066 m/s*
sin(1.2309) = 0. 021481

Thls calculation can be hand verified using row 64 (Spced = 29) as:

P —

As=
(441 + 2% 50)x 907.18 x (262 - 02)

2[10769.18 + 2567.09 + (0.3 x .13 x (441 + 2 x 50) % 9.8066 X 907.18) — (441 + 2 50) x 9.8066 % 907.18 x 0.0214812))
- =2,111.404 (0.0% error)

Column'H converts the Column G results fr_ofn meters 1o feet where 1 m = 3.28084 ft.
=.SUM(664*3.28083989501)
This calculation can be hand verified using row 64 (Speed =29) as:
5111.404 873.28084 = 6927.18 (0.0% emror)

Column I calculates the stopping distance using Equation 43 for emergency braking (Brake
Ratio = 0.60). The initial conditions for the determination of stopping distance are listed in
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Table I11-8 (i.e. Brake Ratio, Coefficient of Friction for the brakes, e;c.). The retardation force
(XF) is found from Equation 36 and 37 for emergency and standard braking respectively.

=SUM(((Weight+2*Loco_Weight)*907.18*(A64/2-
Final_Velocity*2))/(2*(D64+(Coefficient_Brake_Friction*Emergency_Brake_Ratio*(Weight+2
*Loco_Weight)*9.8066*507.18)-((Weight+2*Loco_Weight)*907.18*9.8066*0.021481))))

NOTE:
1 ton = 907.18 kg

" g=9.8066 m/s’

" sin(1.2309) = 0.021481

___This calculation can be hand verified using row 64 (Speed =29 as: . ... ...

_ As=
(441 + 2% 50)x 907.18% (292 - 0%)
2[10769.18 +2657.09 + (0.3x.60x (441 + 2 % 50) X 9.8066 x 907.18) — ((441 + 2% 50) X 9.8066 x 907.18 % 0.0214812)]
) = 265.822 (0.343% error)

Column J converts the Column I results from meters to feet where 1 m = 3.28084
=SUM(J64*3.28084)
This calculation can be hand verified using row 64 (Speed = 29) as:

265.822 x 3.28084 = 872.119 (0.343% error)
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