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SUMMARY 

I 
Waters Consultants has investigated and studied matters pertaining to 

corrosion control for the Metro Rail Project. The results of this study 

have been set forth in six interim reports submitted to the: Southern 
California Rapid Transit District. These interim reports have been 

I 
updated and consolidated Into this final corrosion control report for 
the preliminary engineering phase Of the Metro Rail Project. 

The 

purpose of this corrosion control study Is to identify facilities 
and operations of the Metro Rail Project would be subject to or a 

possible sourCe of stray current and corrosion, and to reconiiend 

to mitigate these corrosion problems. The threle general 
categories of corrosion Investigated include, atmospheric cortosion, 
corrosion by soils and stray current corrosion. The récomendations set 
forth In this report impact almost all areas of engineering design and 
must be incorporated into the final design of the Project. 

Since incorporation of corrosion' control measures usually add to the 

I 
initial cost of a project, the importance of these measures and the 

consequences of not considering corrosion control in design must be 
emphasized. Direct current discharging to earth from a buried steel 

I 

structure will result in the loss of metal to corrosion at a rate of 
twenty poUnds per ampere each year. Since the. operation of a DC powered 
rail system involves thousands of amperes of current, leakage tb earth 
of only a small fraction of the total could result in catastrophic 

I 
damage to metallic components of the Project and adjacent structures. 
Included in these would be tunnel reinforcing, tunnel liners, pipelines, 
conduits, embedded rails, rail fasteners and paralleling an4 crossing 
Iutilities. 

In addition to corrosion caused by operation of a DC transit system, the 
Project will be subjected to corrosion and degradation from spil, ground 

Iwater and the atmosphere. Atnvspheric corrosion resulting from 

- improperly selected o.r coated materials would result in damage to the 
appearance and eventual mechanical failure of exposed metallic 

I 
structures. Corrosion of buried metallic structurEs and degradatioñ of 
buried concrete surfaces could result in serious damage to tunnels, 
pipelines and conduits. 

IThe cost of repairing or replacing components or structures subsequent 
to construction would generally be very high. In addition to repair or 
replacement costs1 thE costs associated with disruption in service, and 

I 
liability claims aunt also be considered. In light of the high cost of 
designing without regard to corrosion control, it is wise to invest the 
funds necessary to design corrosion control measures into the Project. 

IThis corrosion control study consisted of several tasks. One of these, 
Task 2, consIsted of Identifying codes, regulations and existing 

I 

conditions. Thi.s included identifying and recording all special 

regulations, codes and industry practices which' are applicable to 

cathodic protection of te Projelct and neighboring installations. Also 
included is reviewing and compiling appropriate data from utilities and 

I 
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other owners of underground facilities to document pertinent data on 

existing local conditions. 

Anotfler part of the study, Task 4, involved soil corrosion. The soil 

corrosion conditions relitlng to metallic facilities range from mildly 
corrosive to very corrosive. The soil and ground water are also 
aggressive.to concrete. Corrosion control measures recommended include 
proper selection of materials, coatings and cathodic protection. 

An analysis of stray currents was conducted as Task 5. This analysis 
shows that. the most important corrosion control aspect of a DC powered 
transit system is the control of stray earth currents. The most 

important factor in this control i,s establishing and maintaining a high 
level of electrical isolation of the negative return system. Failure to 
do this could require extensive additiolnal construction cost such as 

electrically bonding the tunnel.. 

Another aspect of the study, Task 6, considers atmospheric corrosion. 
Significant factors which can be expected to contribute to atmospheric 
corrosion include condensation1 acid fog and atmospheric pollutants. 
Materials selection, avoidance of unacceptable bimetallic couplings and 
coatings are among the recomendatiOns tO control atmospheric corrosion. 
Some special test programs for metals Are al.so recommended in this task. 

Recommendations to control stray earth currents are set forth in Task 7. 
These recommendations address traction power substation spacing, 
conductance within the positive and negative ploWer distribution circuits 
and electrical isolation of both the positive and negative circuits. 
The most. important reconEendations are those which should result in a 

high negative circuit-to-earth resistance. Yard and mainline track must 
be electrically isolated. 

The final portion of the corrosion control study, Task 8, describes 

I design criteria for the control of corrosion. These design criteria 
U include specific requirements to mitigate the three general categories 

of corrosion. Also included are standard corrosion control 

I 
specifications and revisions and/or additions to specific specifications 
for the Project being prepared by others. 

It is Imperative that the corrosion control recomendations set forth in 

I 
this report be incorporated into the design specifications prepared for 
the MetrO Rail Project. The importance of this occurring and the 
consequences of not designing corrosion control measures into the 

I 
Project are stated above and throughout this report. All aspects of the 
design, specifications preparation and drawings should be reviewed 
periodically by a corrosion, engineer to assure confonTilty with corrosion 

I 
control. Incorporation of corrosion control Into design shlould extend 
the service life, reduce maintenance costs, minimize stray current and 
improve safety and reliability of the Metro Rail Project. 

I, 
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Recommendati otis 

1.0 General, 

The recommendations listed In this section are a condensed sunui.ry 
of the more detailed recommendations listed in the various task 
reports. These recommendations are divided into the three. major 
corrosion categories which are stray current corrosion control., 

underground corrosion control and atmospheric corrosion control. 
Although all major corrosion control recommendations are sumarized 
in this section, the design criteria and individual interim reports 
should be consulted for more specific information. 

2.0 Stray. Current Corrosion Control 

2.1 General 

2.1.1 Limit the maximum stray earth cUrrent generated by 
normal system operations to 0.10 amperes per 1,000 
feet of system. 

2.1.2 Design and construct an electrically ungrounded 
earth relative to the positive and negative power 
distribution circuits. 

.2.2 Traction Power and Distribution (Mainline) 

2.2.1 Substations 

2.2.1.1 Provide sufficient traction power 
substations, spaced at proper intervals, 
to maintain track-to-earth potentials at 
levels which will be safe for both workmen 
and patrons, and will not create 
unreasonable requirements for stray 
current control. 

2.2.1.2 Traction power substations shall not be 
used to provide power to both the Metro. 
Rail Project and any future surface street 
car (LRV) lines. 

2.2.1.3 ProvIde an allocated wall space within 
substations for future stray current test 
facilities. 

2.2.1.4 ProvIde electrical access to the negative 
bus for future stray current testing by 
utility operators 

1 
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22.2 

2.2.3 

Positive Distribution System 

2.2.2.1 The. positive distribution system shall 
have, a minimum in-service resistance. to 
earth of 10 million ohms per 1,000 feet of 
contact rail. 

22.2.2 Individual contact rail Insulators shall 

have an In-service resistance in excess of 
1,000 megohffls. 

2.22.3 The positive distribution system shall be 
operated as an electrically continuous bus 
with no breaks, except two conditions: (1) 

emergency faUlt conditions, and (2.) 

yd!9onal electrical segregation of 
mainline traction power 

distribution systems. 

2.2.2.4 Connect contact rail support pedestal 
reinforcing steel to contactrall support 
anchor bolts and to Invert reinforcing 
steel. 

2.2.2..5 Install a protective coating or gasket 
between the cOntact rail metallic support 
plates and the surface of the conôrete 
support. 

Negative Distribution System 

2.2.3.1 Insulate the negative power distribution 
system (principally running rails) from 
earth with no direct metallic connections 
to ground or other structures which are 
not insulated from earth. 

2.2.3.2 Install the negative distribution syEtem 
such that it has a reasonably 
maintainable, minimum in-service 
resistance-to-earth of 1,500 ohms per 
1,000 feet of track (2 rails). 

2.2.3.3 Use assembled rail fixation or fastelning 
devices, complete with grOut pad, that 
have a minimum resistance of 10 megohms 
dry and 400,000 ohms after one hour 
exposure to a fine mist spray. with a 

delivery rate of 1-inch of water per hour. 

2.2.3.4 Construct track such that. the negative 
system-to-earth resistance shall be 

uniformly distributed over all mainline 
track such that any definable. section does 
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not nave a resistance value less than 90% 
of the minimum value of 1,500 phms per 
1,000 feet of track. (2 tails). 

2.2.3.5 Install ancillary systems, train control 
devices, conwunicatlon devices, or other 
facilities that are connected to the 
negative system, such that they result in 

no more than a 2% reductIon of the stated 
minimum criteria value for negative system 
resistance. 

2.2.3.6 Crossbond inbound and outbound tracks at 
all traction power substations and 
passenger stations. The final arrangement 
shall result in crossbonds within 500 feet 
of stations platforms and an approximate 
average maximum spacing of one mile. 

2.3 Vehicle Storage and Maintenance Facilities 

2.3.1 Yard 

2.3.1.1 Electrically isolate the yard positive and 
negative power distribution networks from 
the mainline traction power system at the 
yard/mainline train control interface. 

2.3.1.2 Include provisions for emergency 
interconnection of the mainline power 
system and the separate transformer 
rectifier unit for the yard. 

2.3.1.3 Include provisions in the yard traction 
power substation for stray current 
drainage of both yard and outside 
structures. 

2.3.1.4 Design and construct yard track such that 
a reasonable level of insulation from 
earth is achieved without the need for 
special insulating rail fastening devices. 

2.3.1.5 Crossbond the negative power rail within 
the yard to maximize the conductance of 
the negative, return and thus mihimize the 
track-to-earth potential produced by 
operations within the yard. 

Maintenance Shop 

2.3.2.1 Provide a separate, dedicated DC power 
supply for shop traction power that is 

electrically segregated 'in both the 
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positive and negative circuits from the 
yard traction poWer system. 

2.3.2.2 Electrically ground shop track to the shop 
building and shop grounding system to 

reduce potentials between the track and 
building components for safety. 

2.3.2.3 Electrically insulate all grounded shop 
track from yard track juSt off the shop 
building apron by the use pf rail 

insulating joints. 

2.4 Tunnel and Trackway Support Structures 

2.4.1 General 

Stray current control recotmnendations for tune1 and 
trackway support facilities require a minimum 
negative system-to-earth resistance. of 1,500 ohms 
per 1,000 feet of track. Failure to follow 
recopunendations of 2.1 through 2.3 above would 
invalidate the reconinendations in this section ard 
could lead to extensive stray current problems oln 

tunnel structures and foreign utilities. 

2.4.2 Tunnel 

2.4.2.1 Construct t.he tunnel such that water 
infiltration is not from above the spring 
line: and does not drop onto or run 
directly onto the rails and/or rail 
appurtenances. 

2.42.2 Limit water accumulation through proper 
drainage such that it does, not attain a 

level higher than 1-inch below the top 
surface of the rail fastener grout pad or 
other support device. 

2.4.2.3 Limit water infiltration to a level which 
will result in a humidity within the 
tunnel of no more than 60% during normal 
revenue operations. Ensure that those 
appurtenances (switch operating rods, 
power cable clamps, etc.) which eAtend 
beneath the bottom rail flange do not 
contact water or other conductive 
materials which may accumulate on the 
tunnel invert. 

2.4.2.4 If rail-to-earth resistance is maintaineø 
at l5OO ohms per 1,000 feet, there are no 
special or minimum stray current control 

4 



2.5 

requirements f 

segmented rings, 
concrete track 
stations except 
and nonitoring. 

2.4.3 track Support Facilities 

r precast concrete 
steel tunnel liners, 

inverts, or passenger 
is required for testing 

2.4.3.1 Construct grout pads or rail fastener 
support and leveling of epoxy or polymer 
modified cOncrete having a maximum water 
absorption of 2.0% by weight as determined 
by ASTM-C-140. 

2.4.3.2 Construct grout pads such that their top 
surface has an elevation above the surface 
of the invert that Is one inch above the 
maximum level of accurnulatedwater. 

2.4.3.3 Construct drainage channels through grout 
pads when pads are of such a length that 
they will support Several rail fasteners. 

Utility Structures 

2.5.1 SCRTD Facilities - Mainline 

2.5.1.1 There are no special stray current control 
requirements for metallic pressure or 
non-pressure piping exposed within the 
tunnel structure or embedded in the 
invert. 

2.5.1.2 Electrically insulate all metallic 
pressure piping that penetrates the tunnel 
or station walls from outside piping and 
from watertight wall sleeves. 

2.5.1.3 Coat with bitumastic coating for a 
distance of six inches on each side of the 
interface, all metallic non-pressure 
piping that passes through a concrete/soil 
interface. 

2.5l.4 Make all underground burled metallic 
piping systems outside of the transit 
structure electrically continuous by 
installing AWG #4, 7 stranded copper wires 
cross all mechanic4l joints. 

2.5.1.5 Install permanent test stations on all 

electrically continuous piping at each 

tie-In to the existing outside utility 
facility, at 150 foot Intervals along the 
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2.5.2 

piping and at each point of exit from the 
tunnel or station structure. 

2.5.1.6 Avoid the installation of burled pipes at 
other than normal utility depths. 

SCRTD. FacilIties7 Yard 

25.2.1 Use non-metallic materials for all 

underground pressure and non-pressure. 
piping and conduits installed within the 
yard area if mechanically acceptable. 

25.2.2 Make all underground metallic pressure 
piping (If used) within the yard area 
electrically continuous by Installing #4, 
7 stranded copper wires across all 
mechanical joints and couplings. 

2.5.2.3 Electrically insulate all underground 
metallic pressure piping from 
interconnecting piping and other 
structures, including metallic casings 
that may be used, when the pipe crosses 
under tracks. 

2.5.2.4 Coat all underground metallic pressure 
piping with a protective coating having18 
minimum in-service resistivity of 10 

ohm-centimeters on all eAternàl surfaces 
that will contact soils. 

2.5.2.5 install provisions for stray current 
drainage consisting of an AWG #4/0 
cable(s) housed in conduits(s) routed from 
all underground metallic pressure piping 
to the drainage area in the .yard traction 
power substation. 

2.52.6 Install test stations at all insulated 
connections and at 150 foot intervals 
along all underground metallic pressure 
piping. 

2.5.2.7 Make all metallic fencing surrounding the 
yard perimeter electrically continuous. 

I2.5.3 SCRTD Facilities - Shop 

2.5.3.1 Electrically connect all steel 
reinforcing, structural steel members and 
rails within the shop building to each 
other through a consnbn grounding grid such 
that ground faults or normal operations do 
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not build up voltages in excess of limits 
establisheld for equipment and personnel. 

2.5.3.2 ElectrIcally inslUlate all metallic 
pressure piping within the. shop frOm 
interconnecting pressure piping located 
outside the shop building. 

2.5.3.3 Electrically insulate all metallic 
pressure piping within the shop from 
watertight wall sleeves. 

2.5.3.4 Electrically connect all metallic pressure 
piping within the shlop to the building 
grounding network such that there will be 
no more than a negligible potential 
difference between the piping arid 
grounding network during fault or normal 
operating conditions. 

2.5.3.5 Apply a bituminous mastic coating to the 
eternal surface of all metallic 
non-pressure piping and conduits within 
the shop where it passes through a 
concrete/soil interface. 

2.5.3.6 Electrically cOnnect all metallic 
non-pressure piping and conduits within 
the shop to the building grounding network 
such that there will be no more than a 
negligible potential difference. between 
the piping or conduit and the grounding 
network during fault conditions or normal 
operations. 

2.5.4 Facilities of Other Than SCRTD Ownership 

2.5.4.1 Non-SCRTD owned facilities along the 
mainline portion of the system do not 
requite any stray current control except 
as may be established by individual 
owners/operators. 

2.5.4.2 RevIew all non-SCRTD owned facilities 
adjacent tp the yard area to determine the 
need for test facilities and possible 
stray current corrosion mitigation. 

2.6 Testing and Monitoring 

2.6.1 General 

Install facilities to allow for electrical 
measurements, test procedures1 acceptance criteria 
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and other pertinent provisions to ensure, check and 
evaluate the stray current control measures at the 
time of construction and during revenue operations. 

2.6.2 Traction Power and Distribution 

2.6.2.1 Install permanent test facilities on each 
track at all traction power substation 
locations to allow for the periodic 
measurement of negative system-to-earth 
resistance characteristics. 

2.62.2 Permanently install a stepped DC voltage 
source with a current rating up to 100 

amperes and provisions for uhattended 
interruption for use in periodically 
measuring track-to-earth resistances. 

2.6.2.3 Install permanent potential monitor 
recorders at a minimum of seven locations 
to monitor and recotd negative 
system-to-earth potentials caused by 
operations. 

2.6.2.4 Install facilities at each traction power 
substation to automatically ground the 
nêgativè system during the occUrrence of 
unsafe DC potentials created by a positive 
system-to-earth fault-. 

2.6.3 Tunnel and Trackway Support Structures 

2.6.3.1 Install permanent test facilities for 
stray current monitoring on steel tunnel 
liners with a length in excess of 2,000 
feet. 

2.6.3.2 Install permanent test reference 
eleëtrodes for stray cUrrêht monitoring 
through the wall of each tunnel at 1,000 
foot intervals (exclusive of station 
structures) in the wall most removed from 
the adjacent tunnel-. 

3.0 Corrosion Control for Buried Structures 

3.1 Concrete and Reinforced Concrete Structures. 

3.1.1 Precast Segmented Liner Panels 

3.1.1.1 Use sulfate resistant Type V Portland 
cement for all concrete. 
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3.1.1.2 Allow a maximum water/cement ratio of .37 

by weight in conjunction with the use of 
an air entrainment admixture resulting In 
a maximum air content of 6% by Volume to 
establish a low permeability concrete to 
prevent absorption of ground waters high 
in chloride concentrations. 

3.1.1.3 Allow a maxtmum of 200 ppm chloride 
concentration In mixing water. 

3.1.1.4 Apply a coal-tar epoxy protective ëoatin 
with a minimum resistivity of 10 

ohm-centimeters, to the external surfaces. 

3.1.1.5 Establish a minimum 2-inches concrete 
cover over steel reinforcing on the 
external surface of the panel. 

3.1.2 Cast-In-Place Concrete/Reinforced Concrete 

3.1.2.1 Use. sulfate resistant Type V Portland 
cement for all structures south and east 
of Wilshire and Fairfax passenger station, 
inclusive. 

3.1.2.2 Use sulfate resistant Type II Portland 
cement for all structures north and west 
of Wilshire and Fairfax passengEr station. 

3.1.2.3 Allow a maximum water/cement ratio of .40 

by weight in conjunction with the use of 
an air entrainment admixture resulting in 
a maximum air content of 5.5% by volume to 
establish a lOw permeability concrete.. 

3.1.2.4 Allow a maximS 200 ppm chloride 
concentration in mixing water. 

3.1.2.5 Use a minimum 2-inches concrete cover on 
the soil side of all steel reinforcement 
when the concrete. Is poured within a form 
or a minimum 3-inches cover when the 
concrete is poured directly against soils. 

3.1 .26 Apply a protective coating to the exterior 
surfaces (sot] contacting surfaces) south 
and east of Wilshire and Fairfax passenger 
stations, and other areas where soils 
and/pr ground waters have a p11 less than 
or equal to 5.0 or a chloride 
concentration greater than or equal to 350 
ppm. 
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3.2 

3.1.3 Concrete/ReInforced Concrete Not. In Contact With 
Soils 

3.1.3.1 Allow a maximum of 200 ppm chloride 
concentratioln In mixing water. 

Piping 
: 

Conduits 

3.2J Pressure Piping 

3.2.l..l Coat all external surfaces of metallic 
pressure piping with a protective coating 

hay6ng a minimum in-service resistivity 
10 ohm-cm. 

3.2.1.2 ElectricaUy insulate all metallic 
pressure piping from interconnecting 
piping and other structures through use of 
non-metallic pipe inserts, Insulating 
flanges, couplings, or unions. 

3.2.1.3 Make all metallic pressure piping 
electrically continuous through the 
installation of insulated copper wires 
aôross all mechanical joints. 

3.2.1.4 Install test stations on all metallic 
pressure piping at all insulated 
connections and along the piping at 150 
foot intervals. 

3.2.1.5 Install cathodic 
metallic pressure. 
impressed current 
systems. 

3.2.2 Copper Pipe 

protection on all 
piping through either 
or sacrificial anode 

3.2.2.1 Install an insulating union on bluried 
copper piping just inside the station or 
structure wail. 

3.2.3 Reinforced/Prestressed Concrete Pipe 

3.2.3.1 Apply a protective coal-tar coating to the 
exterior surfaces of all reinforced and 
prestressed concrete pipe to provide an 
electrical and waterproof barrier between 
the soil and pipe. 

3.2.3.2 Use water/cement ratios of .30 by weight 
for the core concrete and .25 for the 
outer mortar coating to establish a low 
permeability concrete. 

10 
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3.2.4 

3.2.3.3 Allow a maximum of 200 ppm chloride 
concentratiOn in mixing water for concrete 
used In corE fabrication and outer mortar 
coating. 

3.2J.4 Use Type. II sulfate reststance cement for 
soil sulfate concentrations less than or 
equal to 2,000 ppm or ground water 
concenträtiohs less than or equal to 1,000 
ppm. 

32.3.5 Use Type V sulfate resistance cement for 
soil sulfate concentrations greater than 
2,000 ppm or ground water concentrations 
greater than 1,000 ppm. 

Gravity Flow Piping (Non-Pressured) 

3.2.4.1 Use. non-metallic pipe for all gravity fed 
piping for water drainage SystEms if 
mechanical considerations and soil 

conditions are suitable. 

3.2.4.2 Galvanize both the interior and exterior 
of corrugated steel piping to a combined 
minimum thickness of 2.0 ox. per square 
foot of coated surface. 

3.2.4.3 Apply a protective .ating with a minimum 
rEsistivity of 10 ohm-centimeters on 
both the internal and external Surfaces of 
all corrugated steel piping. 

3.244.4 Apply an internal mortar lining and an 
application of bituminous seal coating to 
both the internal mortar lining and 
external surfaces of all cast or ductile 
iron pipings. 

3.2.4.5 Use water/cement ratios of 30 by weigh.t 

for the core concrete and .25 for tfle 

outer mortar coating to establish a low 
permeability concrete for all reinforced 
concrete pipe. 

3.2.4.6 Use a maximum of 200 ppm chloride 
concentration In mixing water for concrete 
used in core fabrication and outer mortar 
coating of all reinforced concrete pipe.. 

3.2.4.7 Use Type II sulfate resistant çemen.t for 
all reinforced concrete pipe to be 
installed in soil sulfate concentrations 
less than or equal to 2,000 ppm or ground 

11 
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Iwater concentrations tflan or equal to 
1 ,000 PPffl:a 

I3.2.4.8 Use Type V sulfate resistant cement for 
all feinforced concrete pipe to be 
installed in soil sulfate concentrations 

I 
greater than 2,000 ppm or ground water 
concentrations greater than 1,000 ppm. 

3.2.4.9 Apply a bituminous seal coating to the 

I internal and external surfaces of all 

reinforced concrete pipe. 

3.2.5 Electrical Conduits 

3.2.5.1 Electrical conduits for below grade I. (buried) use shall be non-metallic (PVC, 

fiberglass, or similar material) if 

polssible. 

I3.2.5.2 If metallic conduits ai'e. Used, Use 
galvanized steel with a PVC topcoat (or 
other acceptable coating) for direct 
burial, including couplings and fittings. 

3.2.5.3 Use. a minimum of 3-inches concrete cover 
On soil sides within duct banks Uf all 

I galvanized steel conduits. 

325.4 Assure electrical continuity for all 

U metallic conduits. 

3.2.6 Hydraulic Elevator Cylinders I. 3.2.6.1 Apply an external protective coal-tar 
epoxy coating witt10a minimum in-service 
resistivity of 10 ohm-centimeters and 

I resistance to deterioration from petroleum 
products (hydraulic fluid). 

3.2.6.2 Install an outer concentric fiberglass 
reinforced plastic (FRP) casing 
supplemented with an outer steel casing 

I 
'jth the space between casings filled with 
silica sand. 

I 
3.2.6.3 Place silica sand fill between the 

hydraulic cylinder and RFP casing having a 
minimum resistivity of 25,000 

I 

ohm-centimeters, a pH between 7 and 7.5 
and a maximum chlOride and Sulfate ion 
concentration less than 100 ppm for each. 

12 
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3.2.6.4 Install cathodic protection through the. 

use of sacrificial anodes in the sand 

I 
fill. 

3.2.6.5 Install test facilities on the. hydraulic 
cylinder, anodes and reference electrodes 
Ito permit evaluation and activation of the 
protection system. 

I3.2.7 Non-SCRTD Owner Facilities 

3.2.7.1 Corrosion control requirements for 
underground facilities to be constructed 

I 
as part of this project and owned/operated 
by others shall be the responsibility of 
the individual owners. 

I3.2.8 CorrosIon Control Coniponents Subsystems and 

3.2.8.1 Establish electrical continuity for all 

I metallic piping Dy exothermically welding 
two or more AWG #4 insulated, stranded 
cOpper wires (maximum of 18-inches in 

I 
length) between or across each pipe joint. 

or coupling that must be made continuous; 
using two wires for pipe 12" or less in .diameter and three wires for pipe 16 or 

I more in diameter. 

I 
3.2.8.2 Use wires with seven stranded copper 

havIng 98.9 percent International Annealed 
copper. Standard conductivity and 600 volt 
Type THW insulation. 

I3.2.8.3 Use non-metallic Inserts, preasseffibled 

Insulating flanges., couplings, insulating 

I 
unions, or concentric support insulating 
spacers to achieve electrical insulation 
of pipe where applicable. 

I 
3.2.8.4 Coat all insulating devices (except 

complete non-metallic units) with coal tar 
epoxy internally for a distance on each I. side of the insulator equal to two times 
the diameter of the pipe. in which it is 
used. 

I.3.2.8.5 Encase all Insulating devices (except 
non-metallic units) buried in soils in a 

I 

h.ot-applieø protective coating (such as 

asphalt) to provide a minimum coverage of 
1-inch around all components. 

I, 
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3.2.8.6 Apply a protective coating over all 
components of each insUlating device 
installed in chambers or otherwise exposed 
to partial iimersion or high humidity. 

3.2.8.7 Cathodic protection rectifier units 
consisting of a transformer, silicon or 
selenium full wave bridge rectifier, 
instrUment wiring, terminal board, 
Internal circuit breaker, DC output 
ameter and voltmeter suitably mounted in 

a cabinet or other appropriate enclosure. 

3.2.8.8 Use. sacrificial anodes consisting of a 

galvanized steel strip core bonded to a 
magnesium alloy and either a ribbon or 
casting of specified weight and shape. 

3.28.9 Use Impressed current anodes consisting of 
high silicon, chrominum bearing iron with 
a minimum of 14% silicon and 4% chromium, 
and that are. tubular with copper wire 
attached inside the center of the anode 
using a precast lead connection and 
encapsulated to prevent moisture 
penetration. 

3.2.8.10 Use protective coatings for underground 
corrosion control ldhich have a minimum 
resistivity of 10 ohm-centImeters, in 
service. 

3.2.9 Te5ting 

3.2.9.1 Include provisions and facilities in all 
underground corrosion control designs for 
testing to insure compliance with design 
specifications. 

3.2.9.2 Conduct operational and activation tests 
on all underground corrosion control 
systems to establish, proper and effective 
functioning. 

4.0 Atmospheric COrrosi6n Control 

4.1 Above. .Grade Metals and Coatings 
(those exposed: 'to. 'weather) 

4.1.1 Steels and Ferrous Alloys 

4.1.1.1 Apply, a barrier and/or sacrificial type 
coating to all external surfaces Of carboli 
steels; alloy steels, weathering steels, 
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cast or ductile irons exposed to the 
atmosphere outside the tunnel area. 

4.1.1 .2 Use series ?00, 300 or chronlurn-molybdenum 
ferritic type, stainless Steel (e.g. type 
444) for exposed surfaces in unsheltered 
environments and where appearance Is 

critical or a necessary consideration. 

4.1.1.3 Use columbiurn/titanlum stabill2ed grades 
or extra low carbon grades of stainless 
steel when welding Is required. 

4J.1.4 Apply a protective coating (barrier type) 
to stainless steels only when appearance 
is critical. 

4.1.1.5 Clean and passivate all stainless steel 
surfaces after fabrication. 

4.1.1.6 Restrict the use of ordinary series 400 
stainless steels to sheltered areas or 
where appearance is not critical. (This 
restriction does not apply to the chromium 
- molybdenum ferritic types.) 

4.1.2 USe only aluminum and aluminum alloys with a sealed 
hard anodized finish to minimize pitting corrosion 
(Finish A4X). 

4.1.3 Apply a barrier type coating to copper and copper 
alloys only where. the natural patina is not desired 
or where there will be intermittent contact with 
acid rain or fog. 

4l.4 Apply a barrier type coating to all magnesium alloys 
when long term appearance Is critical. 

4.1.5 Coatlncis for Steel and Ferrous Alloys 

4.1.5.1 Use primer and topcoat systems which are 
compatible and supplied by the same 
manufacturer. 

4l.5.2 Apply hot dip galvanizing when specified 
to a WEight Of 2 Oz. pet sqUatE foot on 
the exposed surface. 

4.1.5.3 Repair damage to galvanized areas with an 
Inorganic zinc coating or flame sprayed 
zinc. 

4.1.5.4 Apply flame sprayed zinc when specified to 
a minimum thickness of 10 mils. 

15 
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4.2 

4.1.6 

4 2. 1 

4.1.5.5 Apply a seal coat of vinyl or epoxy 
coating over flame sprayed zinc. 

4.1.5.6 Use Type II aJuiinum coatings with a 

minlimim thickness of 2 mils when applied 
to steels. 

4.1.5.7 Use flame sprayed aluminum having a 

minimum thickness of 10 mils and top seal 
coat of vinyl or epoxy when applied to 
ferrous alloys. 

4.1.5.8 When used as a primer, apply inorganic 
zinc to a minimum thickness of 2 mils and 
a maximum of 3 mils. 

4.1.5.9 Apply vinyls or epoxy topcoats over 

inorganic zinc primer, with an additional 
aliphatic polyurethane topcoat over epoxy 
where appearance is critical. 

4.1.5.10 Apply polyurethane coating over an epoxy 
primer when appearance is critical. 

Coatings for Non-Ferrous Metals 

4.1.6.1 Use compatible primer and topcoat supplied 
by the same manufacturer. 

4.1.6.2 Use wash primers on stainless steels, 
coØper, and copper alloys and magnesium 
alloys. 

4.1.6.3 Anodize aluminum alloys. 

4.1.6.4 Use epoxy topcoats where. appearance is not 
critical, Or with an additional topcoat of 
polyurethane for appearance. 

Steels and Ferrous Alloys 

4.2.1.1 Coat carbon steels, alloy steels! 
weathering steels, cast or ductile iroflE 

throughput the tunnel and station areas, 
including those Items which will be 
exposed to intermittent inmiersion or 
contact (splash) with seepage water, using 
a sacrificial primer and heavy barrier 
type topcoat.. 
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4.2.2 

4.2.3 

4.2.4 

4.2.1.2 coat carbon steel tunnel liners with an 
inor4anlc zinc plrimer and a coal-tar eplox9 
topcoat system with an established 
performance record for . the intended 
service. 

4.2.1.2. Use 300 serIes stainless steel where 
stains would be objectionable. 

4.2L1.3 Use Type 304, 316, 317, 444, Carpenter 20 
or higher grade of stainless steel where 
contact with seepage water Is expected. 

4.2.1.5 Do not coat those stainless steel surfaces 
on which continuous contact or complete. 
Imersion in seepage water is anticipated. 

4.2.1.6 Clean and passivate all stainless steel 
after fabrication. 

Aluminum and Aluminum Alloys 

4.2.2.1 Apply a barrier type coating to anodized 
aluminum (finish A4X) exposed to seepage 
water. 

4.2.2.2 Use aluminum alloys resistance to acid 
chloride stress corrosion cracking in 
areas where water seepage is likely. 
Suitable alloys include 2024-T8, 2219-16, 
2219-18, 6061-16, 7075-T73, 7075-T736. 

Copper and Copper Alloys 

4.2.3.1 Coat with a high performance barrier type 
coating where these metals will be exposed 
to seepage waters. 

4.2.3.2 Coat expo.sed areas with a heat cured or 
thennosetting lacquer where discoloration 
of these materials WOuld be objectionable. 

4.2.3.3 Do not use brass alloys with a zinc 
content greater than 15 percent in areas 
where they will be exposed to seepage. 
waters. 

Hardware Specific Items Used Inside Tunnels 

4.2.4.1 Review in detail steel fastener 
arrangement selected for securing precast 
tunnel liner panels to determine the need 
for protective measuies or specialized 
materials. 
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4.2.4.2 Proide no speCial or mininiiim atmospheric 
corrosion control for electrical equipment 
and enclosures (switch boxes, 
transformers, connection cabinets and 
similar facilities) located in an air 
conditioned environment. 

4.2.4.3 PrOvide electrical equipment and 
enclosures located in a nonair- 
conditioned environment where no exposure 
to seepage waters anticipated with the 
following: 

- Coat steel or ferrous surfaces with a 
sacrificial primer and a barrier 
topcoat. 

- Internally heat unsealed cabinets to 
prevent condensation. 

- Coat all non-oil inwiersed internal 
metallic components with a barrier 
topcoat. 

- Use vapor phase inhibitors on all 

sealed cabinets and enclosures where 
the seal can be expected to be 
maintained. 

4.2.4.4 Provide electrical equipment and 

enclosures located in noflãir-conditioned 
environment where exposure to seepage 
waters is anticipated with the following: 

- Use non-metallic or stainless steel 
enclosures and fasteners wherever 
poSsible. 

- Do not use standard manufacturers 
finish or uncoated galvanized steel 
fittings. 

- Coat steel surfaces with a 
sacrificial primer and a barrier 
topcoat. 

- Internally heat cabinets to prevent 
condensation. 

-. Coat all non-oil Ininersed internal 
metallic components with a barrier 
topcoat. 
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4.2.5 

- Use vapor phase inhibitors on all 

sealed cabinets and enclosures where 
the seal can be expected to be 
maintained. 

4.2.4.5 Use aluminum with a sealed hard anodized 
flnish (finish to be A4X) for exposed 
electrical conduits. 

4.2.4.6 Allow a i-inch separation between conduits 
and concrete surfaces. 

4.2.4.7 Apply a barrier coating to conduit 
fastener sUrfaces contacting concrete 
surfaces. 

4.2.4.8 Apply a sacrificial primer and a barrier 
top coating to miscellaneous steel and 
ferrous items where the item will be 
exposed to intermittent contact to seepage 
water. 

4.2.4.9 Apply hot dip galvanizing or aluminizing 
to exposed surfaces of miscellaneous steel 
and ferrous items not exposed to contact 
with seepage water. 

4.2.4.10 Anodize miscellaneous aluminum items and 
apply a urethane or vinyl topcoat where 
the item will be exposed to inteniilttent 
contact to seepage water. 

4.2.4.11 Anodize miscellaneous aluminum items no; 
exposed to intermittent contact with 
seepage water. 

4.2.4.12 Apply a barrier type coating to all 
eAtérior steel surfaces of pumps used for 
drainage water ejection systems and use 
metallic linings suitable for the intended 
service for impellers and internal parts. 

Coatings - Below Grade Service (In Tunnels and 
Stations) 

4.2.5.1 Use barrier type coatin9s consisting of an 
inorganic zinc primer having a minimum dry 
film thickness of 2 miii and a maximum of 
3 mils and a two coat application of an 
epoxy topcoat, either coal-tar, polywnide, 
ployamine., or polyester for steels. 

4.2.5.2 Where appearance is critical, supplement 
the above with a topcoat. of polyuSthane. 



4.2.5.3 Fusion bonded epoxy, polyester or nylon 
applied by fluldized bed or electrostatic 
spray can be used in lieu of the above. 

4.2.5.4 Cermet (fused aluminum-ceramic) can be 
used on steel components and fasteners 
when such facilities are not exposed to 
water seepage1 

4.2.5.5 Use a wash primer, epoAy printer and 
barrier topcoat for non-ferrous metals. 

4.2.5.6 Anodize all aluminum1 

4.215.7 Apply hot-dip galvanizln9 (zinc) to a 
minimum thickness of 2.0 oz. per square 
foot. 

4.2.5.8 Apply flame spray aluminum or zinc to a 
minimum thickness of 10 mils, seal with an 
application of epOxy or vinyl and apply 
additional epoxy oP vinyl intermediate and 
topcoats. 

4.3 Transit Vehicles 

4.3.1 Outer Shell (Cladding Panels) 

44.1.1 Use series 200 or 300 for stainless 
steels. 

4.3.1.2 Anodize and Use series 5000 or 6000 for 
aluminum and consider application of a 
clear polyurethane sealer. 

4.3,2 Structure 

4.3.211 No cloating or other minimal corrosion 
control measUres are required for anodized 
aluminum and stainless steel structural 
components not exposed to the weather or 
seepage waters. 

4.3.2.2 Use Type 304, 316 or equivalent grade 
stainless steel. 

4.3.2.3 Use 5000 or 6000 series aluminum. and 
consider anodizing. 

4.3.3 Underframe Components 

4.3.3.1 Coat steel with an inorganic zinc primer 
and an epoxy topcoat or flame sprayed 
alUminum with an ëpox tOpcoat. 
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4.33.2 Anodize and coat aluminum with, an epoxy 
primer and a suitable topcoat. 

4.3.4 Fasteners 

4.3.4.1 Prevent fretting of riveted joints by 
using drilled boles and elastic panel 
seals. 

4.3.4.2 Use either aluminum or 300 series 
stainless steel fasteners for aluminum to 
aluminum connections. 

4.3.4.3 Use 300 series stainless steel fasteners 
for both 300 series stainless steel to .300 
series stainless steel and aluminum to 300 
series stainless steel connections. 

4.4 Design and Mechanical Requirements 

4.4..l Construct facilities to eliminate crevices at joints 
and fasteners. 

4.4.2 Use a sealant at crevices If design modifications 
are not feasible. 

4.4.3 AvoId both aluminum to copper and copper to steel 
bimetallic couples through design modification or 
the use of dielectric separators'. 

4.5 Testing 

4.5.1 Consider initiating a materials \testing program to 
evaluate long term effects of Los Angeles pollution 
on metals, non-metals and coatings. 
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Input For Life Cycle Cost Estimates 

For Major Corrosion Control Alternatives 

I 
The information presented In this section Is to be used by the, 

SCRID in preparing life cycle cost estimates for the various corrosion 
control alternatives. This material is divided into three categories, 
namely; Stray Current Corrosion Control, Underground Corrosion Cont:rol 

I and Atmospheric Corrosion Control. Each category includes our major 
recommendations with our best estimate of the cost increase, if any, as 

a percentage over base cost of the item mentioned (i.e. withOut. our 

I 
recommendations). In addition, the benefits of the major 
recomendations are so indicated either as increase In service life or 

in subjective terms. Items that require or represent maintenance items 
are so indicated with an estimate Of cost increases. Lastly', a brief 

I description of the alternatives available to the SCRTD l.s presented. .1. Stray Current Corrosion Control 

1.1 Traction Power and Distribution 

I1.1.1 Positive Distribution 

Stray current corrosion control recommendations for this item 
will not increase design, construction or maintenance costs by I' a measurable, amount. 

I 
1.1.2 Negative Distribution System 

1.1.2.1 Modify standard Insulating direct fixation rail fasteners' to 

increase track-to-earth resistance from a base value of 500 

I 
ohms to 1,500 ohms per 1,000 feet of track (2 rails). Anti- 
cipated cost increase is 5 to 10% Over the cOst of the stand- 
ard direct fixation fastener. 

Ia) Benefits realized through implementation of this recom- 
mendation will show up as minimal to no stray current 
corrosion control costs for transit system fixed facill- 
Ities such as the. tunnel and passenger station structures. 

1.1.2.2 DesIgn and install track-to-earth resistance test facilities I. and potential monitors and establish a periodic test program 
to measure track resistance and review track potentials; the 

periodic testing is a maintenance requirement. As such, 

I 
.anticipated cost Increases associated with this recommendation 

would consist of the costs associated with fi've (5) to six (6) 

man weeks of work per year, assuming, no major problems were 

I 

encountered. 

a) Benefits associated with this Item are. similar to those 
associated with any maintenance requirement, namely the 

Ipreservation f the orignal integrity of the system. 

I 
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1.1.3 Yard and Maintenance Sho 

1.1.3.1 Electrically isolate yard traction power from mainline, trac- 
tion power and electrically isolate shop traction power frqm 
yard traction power systems. T.he extra costs associated with 
this stray current control feature is the extrasu.bstation for 
the shop and possibly some additional costs associated. with 
providing a higher power yard substation. Our experience has 
shown that there are no practical alternatives to providing 
the separate substation for the maintenance shop because of 

both stray currents and, more implortantly, the safety aspelcts 
fo.r the poeple working in the shop. There will also be costs 
associated with additional switchgear in the negative power 
system to allow for emergency interconnection of the various 
power systems. 

1.1.3.2 Benefits associated with this item will be realized as a 

reduction In stray current levels and will facilitate meeting 
the requirements of 1.1.2.1 above on the negative system. 
Alternatives to the reconinended power system segregation 
require insulating ya.rd track to a level equal to that of the 
mainline. This will require special fasteners for the exten- 
she amount of special trackwork and .standaPd track, the costs 
for which will be excessive. The relative costs of the van- 
ous alternatives can best be estimated by those design disci- 
plines responsible for the items mentioned. 

1.2 Tunnel and Trackway Support Structures 

Major stray current corrosion control requirements for these 
facilities are directly related to the level of track-to-earth 
resistance established. At a level of resistance from 1,000 
to .1,500 ohms per 1,000 feet of track (2 rails), there are no 
stray current corrosion control costs for these items, except. 

those associated with installation of test station facilities. 
Unit costs for these lesse.r items are estimated at $500.p to 
$1,000.00, and will affect total tunnel construction costs by 
notmore than 0.1%.. 

1.2.2 Stray current corrosion control costs for tunnel structural 
compohents can be excessivE if track resistances are not 
within the range specified. The trade-offs available to the 

SCRTD are discussed In Section 1.4 below. 

1.3 UtIlity Structures (Pipelines and Conduits) 

1.3.1 Mainline !acilltles 

1.3.1.1 Major stray current corrosion control recommendations for 
facilities in this category include electrical insulation at 
selected locations (tie-ins and wall or roof penetrations), 
electrical continuity and installation of test stations. 
Estimated cost increases for these items, as compared 
costs for the utility structure, excluding these measures, is 
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IIless than 1.0%. This range is based on establishing the 
recommended level of track- to-earth resistance cited 
Ipreviously. 

1.3.1.2 Benefits realized through implementation of these recommenda- 
tions will be an extension of the service life of these fa- 

I 
cilitles to in excess of fifty (50) years. Alternatives 
available, if minimum accEØtablè track-to-earth resistances 
are not established and maintained, include installation of 
stray current drainage provisions from each structure to 

I traction power substations, extensive testing after construc- 
tion and periodic maintenance anld testing during the life of 
the facility (see trade-off discussion in Section 1.4). 

I 1.3.2 Yard and Maintenance Shop !actl.ities 

1.3.2.1 Major stray current corrosion control recornenIdatiois for 

I metallic facilities in this category include electrical con- 
tinuity, electrical insulation frOth interconnecting struc- 
tures, protective coating, stray current drainage provisions 

I and/or cathodic protection. Estimated cost increases for 
these items, as comparedto base costs for utility structures 
within the yard, excluding these measures, Is ten (10) 

percent. This is based on establishing electrical segregation 
.I between yard, shOp and mainline traction power systems and is 

generally Independent of mainline track-to:-earth resistance as 
long as the resistçe does not drop below the general range 

I of 200 ohms per 1,000 feet 

I 
1.3.2.2. Maintenance associated with this item will consist of periodic 

testing of the individual structures on a semi-annual or pos- 
sibly annual cycle. Therefore, maintenance costs will be 
those associated with. eight (8) to ten (10) man weeks of work 
Iper year. 

1.3.2.3 Benefits realized through implementation of these measures 
will be an exteAsion of the service life of these facilities 

I indefinitely. Alternatives available include use of non. 
metallic piping and conduits, wherever possible and the main- 
tenance., repair and replacement of the facilities. It is 

I 
estimated that underground metallic piping in the yard would 
require major maintenance and some replacement within 10 to 15 
years if stray current control measures are not provided. 

I1.4 Alternatives and Trade-Off Studies For Stray Current 

IThe major trade-off available to the SCRTD is the level of resis- 
tance that is established and maintained for the mainline negatiVe 
system. As this level decreases, the cost for stray current corro- 

I 
sbon control for other items in the transit system will increase 
dramatically. In essence, st.ray current control will be maximized, 
at minimum cost, by establishing an In-service level of 1,500 ohms 
per 1,000 feet of track (2 rails). This concept and the impact of 
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track-to-earth resistances on costs is summarized in Table 1.4. As 

indicated by the information shown In this table, overall stray 
current corrosion control costs will Increase as obtained track-to- I. earth resistance decreases. The major trade-off available is 

whether monies should be spent to reduce stray current corrosion 
control costs on SCRTD facilities and other facilities by estab- 

I 
lishing the highest level of track-to-earth resistance plossible or 
should monies be spent to mitigate stray current. corrosion on both 
SCRTD facilities and those. belonging to others as a result of 

Iestablishing too low a level of track-to-earth resistance. 

The best interests of the Southern California Rapid Transit Dis- 

I 
trict will be served by making judicious use of funds budgeted for 
stray current control by insuring that the funds are directed to 
the area where resulting benefits will be maximized, namely the 

in-service resistance-to-earth of the negative conductors (princi- 
Ipally running rail). 

I 

I 
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Table 1.4 

Summary of Stray Current Corrosion Control Costs 
(1) 

Track-to-Earth Traction Power System 
Resistance Iv Tunnel and Trackway Utilities 

(ohmsjl,000'-2 rails) Trackwork ' ' Yard and Shop Support Facilities (5) SCRTD Other 

1,000 to 1,500 5 to 10% see text <.1% for test <1% insignificant 
facilities only 

500 to 1,000 0 to 10% see text up to 2% for <1% measurable, but 
collector mat less than any 
and internal other cost increases 
coating (bottom 
1/3 of tunnel) 

250 to 500 no significant see text 3 to 4% for 5 to 10% (3) 

cost increase additional for 
continuity of cathodic 
collector mat, protection 
internal coating 
and stray current 
drainage 

less than 250 no cost increase see text 4 to 5% for all of 5 to 10% (4) 

cost will decrease the above plus con- for 
if direct fixation tinuity of precast cathodic 
fasteners not used panels protection 

(1) Percentages shown represent cost increase over base costs for the specific items which do not Include 

recomended measures. See text for description of measures recomended. 

(2) Percentage Increases are relative to a base value of 500 ohms per 1,000 feet of 

track (2 rails) and apply to rail fasteners purchase price only. 

(3) Area utilities will incur one time costs to evaluate stray current effects. These 

costs are difficult to estimate but may range anywhere from .5 to 1.0 million dollars. 

(4) EstimatIng costs associated with mitigating stray current effects on non-SCRTD 
facilities is extremely difficult. One time costs starting at 5 million dollars 

is not unreasonable with maintenance costs of .25 million per year. These values 

can easily double if very low track resistances are obtained. 

(5) All percentage cost increases are based on a tunnel construction cost of $120 million. 
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2. Underground Corrosion Control (Buried Structures 

2.1 Concrete and Reinforced Concrete Structures 

2.1.1 Soil corrosion control for items in this category include use 
of special sulfate resistant cement in selected areas, use of 
air entraining admixtures, proper concrete cover over rein- 

forcing steel and application of a protective coating to soil 
contacting surfaces in selected areas. 

2.1.1.1 There are no cost increases associated with the use of sulfate 
resistant cements or proper concrete cover over reinforcing 
steel. Air entraining admixtures will increase the cost 
approximately 1.5 to 2.0 percent over the purchase price of 
concrete without any admixture. 

2.1.1.2 Protective coating costs will be approximately $.50 per square 
foot and generally will add approximately three (3) to four 
(4) percent to the total cost of the concrete structure 
presently estimated to be 120 million dollars. 

2.1.2 There are no practical alternatives available to the SCRTD 
relative to corrosion control for concrete and reinforced 
concrete structures. Failure to adopt the major recommenda- 
tions could result in severe corrosion damage to these struc- 
tures with corresponding increases in maintenance costs and 
overall reduction in service life of the structures. Further- 
more, increasing corrosion damage to certain structures could 
impact water seepage into the tunnel areas, which in turn 
could affect stray current corrosion control measures. 

2.2 Buried Pressure Pioin 

2.2.1 Soil corrosion control for items in this category include: 
electrical continuity, electrical insulation, protective 
coating and cathodic protection systems. Some of these meas- 
ures are identical to those required for stray current con- 
trol; hence soil corrosion control measures may represent the 
addition of one or two items, such as protective coating and 
cathodic protection system. 

2.2.2 Estimated cost increase for complete cathodic protection will 
be ten (10) percent as compared to the base cost for the 
utility structure which does not include any of the 
recommended measures. 

2.2.3 Benefits associated with corrosion control for buried piping 
systems will be an extension in service life and reduction in 

maintenance costs throughout the life of the protection sys- 
tem. Virtually no structure or corrosion control system 
maintenance is anticipated over the first twenty-five (25) 

years except for periodic testing of the corrosion control 
system to insure prpper operation. This periodic testing is 

estimated at not more than ten (10) man weeks per year. 
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Beyond this, maintenance would be limited to that associated 
with the corrosion control system only, such as replacement of 
anodes and possibly rectifier units. Costs for these items 

generally will not exceed 20% of the original corrosion con- 
trol system costs with the first expenditure not anticipated 
until after 25 years and subsequent expenditures occurring at 
25 year intervals thereafter. It must be noted that these 
costs are not incurred on an annual basis, but only when the 

system requires rehabilitation. 

2.2.4 Alternatives available to the SCRTD are based on whether 
monies should be spent to design and construct cathodic pro- 
tection systems or whether piping should be installed without 
such measures. The costs associated with cathodic protection 
will be more than offset by a reduction in maintenance and 

total operating costs for the particular structure being 
considered. Also, eliminatiQn of premature failure will 
improve overall system integrity and continuity of operations. 

3. Atmospheric Corrosion Control 

An economic analysis of corrosion control by coatings and materials 
selection when applied to the SCRTD Metro Rail Project is made 
difficult because of the many variations in the project. Coatings 
and material costs will vary depending on the nature of the par- 
ticular item to be coated or fabricated. Galvanizing costs, for 
example, will be different for coating bolts and coating an I-beam. 
Therefore, any analysis that does not compare costs on a comon 
basis will be misleading. This section provides relative cost 
comparisons which provide guidelines for evaluating costs for 
specific items. 

3.1 Coatings 

The Task 6 report reconinends that carbon and alloy steel be coated 
to protect them from corrosion to extend their useful life and for 
aesthetic reasons. Use of a coating will cost approximately one 
percent of the total costs of the steelwork. The extension of the 
service life is indefinite provided routine maintenance is per- 
formed. Extensive replacement costs can be anticipated if the 

steelwork is not coated. The equipment life expectancy depends on 
allowable safety factors for the structure. Rust staining will 

also mar the appearance of the structure and corroded parts which 
must be removed resulting in costly maintenance delays. 

Table 3.1 presents a chart showing the initial and maintenance 
.coating costs and expected recoat cycles for several coating sys- 

I tems that might be used on the Metro Rail Project. Costs are 

presented as a percentage increase over the cost of a base system. 

I 

Initial coating costs include materials 
surface preparation. Additional 

(coating), application 
costs such as scaffolding 

and 
and 

inspection must be included where applicable but should be con- 

sistent for all of the coatings. Coating cost can be broken cown 
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Into components with the approximate percentage costs of each 
compared to the total cost as follows: 

Preparation 

40% 
Materials 20% 
Application 40% 

Shop applied coatings are often less expensive than field applied 
coatings because they can be applied under production line condi- 

tions 

and are often more durable because they are applied under 
controlled conditions. 

I 
me Task 6 report reconinended that aluminum surfaces by anodized. 
Anodizing will add approximately 14 percent to the cost of the 

aluminum. The purpose of anodizing is to either provide a more 
pleasing appearance or to provide a firm base for further coating. 

I 
Coating costs for aluminum will be similar to those for steel 

except that preparation costs will be replaced by anodizing costs. 
Aluminum is not expected to corrode to such an extent as to require 

I 
replacement. Anodizing and coating will reduce the costs required 
to maintain the appearance of the structure. 

I3.2 Materials 

The relative costs of the more coninom materials reconinended in the 

Task 6 report as a percentage increase over the cost of carbon 
Isteel are: 

Carbon steel, uncoated 0 

Galvanized steel 10 - 20% 

I Aluminum, uncoated 70 - 300% 
Stainless steel, 304 90 - 570% 
Stainless steel, 316 500 - 700% 

Material costs vary considerably, depending on size, geometry, 
Iphysical requirements, alloy, weight and quantity to be produced. 

The cost of carbon steel will increase compared to the others since 
it must be coated and that coating maintained. The cost of stain- 

I less steel is justified in many instances because even though the 
percentage increase over the alternatives (steel and aluminum) 
appears high, the actual increase in cost is not significant. The 

I 
cost increase is often justified since, once It is installed, 
maintenance costs are low, i.e. painting is not required. 

3.3 Tunnels 

Reduction in the amount of seepage water will reduce the need for 

expensive 

corrosion resistant materials and coatings in the tunnel 

area. Unprotected carbon steel, galvanized steel and aluminum will 
corrode at rapid rates in high chloride acidic seepage water. 

Replacement of unprotected carbon steel in the tunnel liners and 
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trackwork can be expected in a few years in the presence of seepage 
water. 

Coatings will protect steel from corrosion caused by condensation 
and eliminate the need for more expensive materials. The service 

for coatings given in Table 3.1 are for exterior exposure. 
Coatings used inside of tunnels will not be exposed to the deteri- 
orating effects of ultraviolet radiation and air pollution. Longer 
time intervals on the order of 100% should be attained before the 

need for recoating. 
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Table 3.1 

Coating Costs and Expected Maintenance Intervals 

Coating Percent Cost Increase Recoat 
System Over Base System Interval 
Option Initial Recoat Years (1) Comments 

1. Alkyd, 3 coat 0 0 4 Base 

2. Acrylic, 3 coat 33 33 5 

3. Vinyl, 3 coat 48 48 7 

4. Epoxy primer, 2 
coat acrylic 56 56 10 

5. Inorganic zinc, 2 
coat epoxy 70 13 JO Touch up and 

apply topcoat 
only 

6. Epoxy primer, 
polyurethane 42 42 1]. 

7. Inorganic zinc, 2 

coat vinyl 85 26 12 Touch up and 
apply topcoat 
only 

8. Inorganic zinc, 
epoxy, urethane 89 14 12 Touch up and 

apply topcoat 
only 

9. Galvanized steel -44 (2) 15 Shop applied 
only 

10. Aluminized steel -44 (2) 15 Shop applied 
only 

11. Fusion bonded 
epoxy (3) -60 (2) 15 Shop applied 

only 

12. Flame spray 
aluminum 425 (2) 30 Shop or field 

application 
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Notes: 

1. Touch up before this time anticipated. 
cent deterioration. Exterior exposure. 

2. Depends on coating selected. 

3. Not suitable for large structures. 
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I ____ 
MANAGEMENT INFORMATION AND REPORTING 

The requirements of this task were to provide a project work plan, 

I 
contract cost estimate and periodic progress and cost budget reports. 

These requirements were accomplished during the course of the contract. 

No final report is required. 

I 

U 
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1. SUMMARY 

There are two objectives of work performed for Task 2 of Waters 
Consultants' Corrosion Control contract. The first is to identify 
and record all special regulations, codes and industry practices 
which are applicable to cathodic protection of the proposed Metro 
Rail Project and neighboring installations. The second is to 
review and compile appropriate data from local utility companies 
and other owners of underground facilities to document pertinent 
data on existing local conditions. 

Pipelines which transport natural, flaninable, toxic or corrosive 
gas are regulated by Part 192, Title 49 of the Code of Federal 
Regulations. Pipelines which transport hazardous liquids such as 
petroleum, petroleum products and anhydrous ammonia are regulated 
by Part 195, Title 49 of the Code of Federal Regulations. 
Pipelines which transport water or other nonhazardous fluids are 
not required to have corrosion control measures implemented on 
them. However, internal policies of some companies do provide 
cathodic protection for some strategic pipelines. Cables and wires 
are also not required to have corrosion control measures. 

Industry practices applicable to cathodic protection and corrosion 

control 
vary greatly. Those pipeline operators which are regulated 

as described above generally comply with applicable federal 
regulations. Those pipelines, cables and other structure operators 
which are not regulated generally utilize cathodic protection and 

I other corrosion control measures on only a portion of their 
structures. When cathodic protection is applied by unregulated 

U 

operators, 
Association 

practices similar to those set 
of Corrosion Engineers (NACE) 

forth in the National 
Standard RP-Ol-69 are 

used. 

I 

I 

I 

I 

I 

I 

[ 

I 

Large numbers of metallic pipelines and cables exist within the 
influence of the Metro Rail Project. Most of the pipelines are 
owned and operated by Southern California Gas Company or the Los 
Angeles Department of Water and Power. Most of the metallic cables 
are owned and operated by the Los Angeles Department of Water and 
Power or Pacific Telephone Company. The remainder of buried 
structures within the influence of the Metro Rail Project are owned 
and operated by a variety of companies or public agencies. 

Although Waters Consultant1s professional engineering opinion 
cannot and should not be considered as legal counsel, it is 

believed that certain actions on the part of the District can serve 
to minimize future stray current related claims against the 
District. By far the most important measure is to minimize stray 
earth current from the Metro Rail Project to an acceptable level. 

This can best be accomplished by implementing the stray current 
control recommendations set forth in Tasks 5, 7 and 8 corrosion 
control reports prepared by this consultant. 

Other beneficial actions have already been taken by the District. 
These include: hiring a corrosion consultant during the 
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Ipreliminary design phase of the project, opening a dialogue with 
utilities through the Southern California Cathodic Protection 
Committee and interviews conducted for this report and documenting 
existing conditions as set forth in this report. It is recommended 
that the District continue to maintain a dialogue with all 
concerned utilities through the Southern California Cathodic 

I 
Protection Committee to avoid misinformation and to preserve the 
spirit of cooperation which now exists. A baseline potential test 
to determine existing levels of stray current should be conducted 

I 
within the year just prior to and just after beginning of revenue 
operations. 

CODES, REGULATIONS AND INDUSTRY PRACTICES 

There are two federal regulations and one state law applicable to 
cathodic protection of the Metro Rail Project and neighboring 

installations. 
In addition, the Uniform Fire Code and the National 

Fire Protection Association Flammable and Combustible Liquids Code 
refer to cathodic protection of certain structures. Industry 

practices 

generally meet or exceed applicable codes and 
regulations. Unregulated industries generally use NACE standards 
or their own similar standards on their structures which have 
cathodic protection. Copies of the above codes, regulations and 
standard shave been compiled into a single and separate document 
for future reference. 

.Codes and regulations which apply to cathodic protection and other 

I corrosion control measures on Metro Rail Project structures are 
minimal. Corrosion control measures including cathodic protection 
would only be required by code or regulation for metallic gas 
Ipiping and metallic fuel storage tanks and piping. 

Pipelines which transport natural, flammable, toxic or corrosive 

I 
gas to more than 100 customers are regulated by Part 192, Title 49 
of the Code of Federal Regulations. This part of the Regulations 
contains requirements for corrosion control including cathodic 
Iprotection. Generally, it states that: 

1. All gas piping installed after July 31, 1971 must have 
Icathodic protection. 

2. All gas piping installed before July 31, 1971 must have 
cathodic protection if the pipeline has an effective external 
Icoating, and 

3. All gas piping installed before July 31, 1971 that does not 
have effective external coating must have cathodic protection 

I on areas in which active corrosion is found. 

Pipelines which transport hazardous liquids including petroleum and 

I 
petroleum products are regulated by Part 195, Title 49 of the Code 
of Federal Regulations. This part of the Regulations contains 
requirements for corrosion control including cathodic protection. 
IGenerally, it states that: 

I 
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1. All hazardous liquid pipelines with an external coating must 
have cathodic protection., 

2. All hazardous liquid pipelines installed after March 31, 1973 
must have an external coating and cathodic protection. 

Part 195 allows states to adopt and enforce laws which are at least 
as stringent as federal regulations for intrastate pipelines that 
transport hazardous liquids. California has adopted Assembly Bill 
911 which directs every city and country to adopt pipeline safety 
ordinances and regulations in substantial compliance with Part 195. 
The State is presently preparing guidelines for the implementation 
of this law. 

In addition to federal and state regulations, the Uniform Fire Code 
and the National Fire Protection Association's Flamable and 
Combustible Liquids Code specify corrosion control measures for 
underground tanks, pipes and fittings containing combustible 
liquids. These codes require that unless tests show that soil 
resistivity is 10,000 ohm-cm or more and there are no other 
corrosive conditions, tanks and piping shall be protected by either 
cathodic protection or corrosion resistant materials of 
construction. 

Pipelines which transport water or other liquids which are not 
hazardous are not required to have cathodic protection or other 
corrosion control measures by any federal, state or local codes or 
regulations. Likewise, electric power and communication cables and 
wires are not required to have cathodic protection. 

Industry practices concerning the use of cathodic protection vary 
greatly. Operators whose pipelines are regulated generally comply 
with applicable codes and regulations. Operators whose pipelines, 
cables and other structures are not regulated use cathodic 
protection only where their corrosion engineer determines it to be 
necessary, beneficial and/or cost effective. 

When cathodic protection is applied to an unregulated structure, 
the most widely used standard for evaluating its effectiveness is 
the National Association of Corrosion Engineers Standard RP-01-69. 
This standard is general and outlines a variety of acceptable 
methods to evaluate levels of cathodic protection. Individual 
operators of structures within the influence of the Metro Rail 
Project may use several of these methods to evaluate the level of 
cathodic protection on their structures. However, the most comon 
criterion is the establishment of a negative (cathodic) voltage of 
at least 0.85 volt as measured between the structure surface and a 
saturated copper-copper sulfate reference electrode. 

In addition to complying with federal regulations, the Southern 
California Gas Company has an operating manual which details their 
test procedures. However, they do not allow distribution of this 
manual outside the company and have declined re4uests to release 
this manual to the District. The American Telephone and Telegraph 
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ICompany also has an operating manual which details procedures which 
are to be used by Pacific Telephone Company. A copy of this manual 

I 
is included in the document containing the corrosion control codes 
and regulations. The restrictions placed on the distribution of 
this document should be noted. 

I 
Leak records are maintained by all the operators of pipelines that 
transport hazardous gas or liquids. These records are required by 
Part 191 and Part 195, Title 49 of the Code of Federal Regulations 
for gas and hazardous liquid pipelines respectively. Although 

I copies of these leak records were not released to us by the 
pipeline operators, they are maintained by each of their operators. 
The gas company indicated they did experience leaks in the vicinity 
of the proposed Metro Rail Project. Their leak records are 
maintained on a set of their "atlas sheets". However, leak records 
were not made available for our examination. 

ILeak records are also maintained by the Los Angeles Department of 
Water and Power, Water Division, but are too numerous to duplicate. 

I 
These records are not mandated by any codes or regulations but are 
maintained to assist in locating problem areas. Similarly, records 
of corrosion failures are generally maintained by operators of 
power and communication cables. These are also not mandated by any 
Icodes or regulations. 

3. EXISTING LOCAL CONDITIONS 

IThis portion of the report documents the existing local conditions 
regarding buried metallic structures within the influence of the 

I 

Metro Rail Project. The information which follows was obtained 
through interviews with one or more corrosion control or management 
personnel of the subject company or agency. Included are companies 
and agencies which own or operate buried metallic structures of 

I 
significant size which are likely to be within the influence of the 
Metro Rail Project. Companies which were interviewed but do not 
have structures likely to be within the influence of tfle Metro Rail 

I 
Project are included. This will allow companies or agencies not 
interviewed during this investigation to be identified more easily 
in the future. 

I 
In addition to the general information on individual companies 
listed below, copies of substructure drawings prepared for the 
District Dy the City of Los Angeles have been indexed to list all 

I 
underground utility structures within the Project right-of-way. 
Drawings obtained from the Soutnern California Gas Company have 
been similarly indexed to allow for future reference. 

I 

I 

L 

[7. 

The index to the substructure drawings is contained in a separate 
document submitted to the District. A list of the street 
intersections which have been indexed is included in this report as 
Appendix A. The indices to Southern California Gas Company drawing 
are included in this report as Appendix B and Appendix C. 

3.1 Gas Pipelines 

2-4 MTA LIBRARY 



3.1.1 Park La Brea Aoartments 

U 
The Park La area Apartment complex has several gas 
distribution pipelines within the influence of the Metro Rail 
Project. These pipelines are all within the large complex 
which is bounded by Fairfax Avenue on the west, Third Street 

I on the north, La Brea Avenue on the east and Sixth Street on 
S the south. 

I 
These pipelines are believed to range from one inch and eight 
inches in diameter. They are electrically isolated from the 
Gas Company pipelines which supply them by insulating joints. 

I 
However, they are believed to be shorted to other grounded 
structures within the buildings they serve. A majority of 
this piping is believed to be galvanized steel without 
coating. Cathodic protection consists of only a few 

I 
sacrificial anodes installed at leak locations. These would 
not normally be effective in mitigating corrosion of an 
unisolated piping system such as this. 

3.1.2 Southern California Gas Compan 

The Southern California Gas Company has three distribution 

I 
divisions and two transmission divisions that have pipelines 
within the influence of the Metro Rail Project. The 
distribution divisions are the Metropolitan Division, the 

I 
Northwest Division and the San Fernando Valley Division. The 
transmission divisions are the North Basin Division and the 
South Basin Division. 

IIn almost every street that the Metrc1 Rail Project crosses or 
passes under the Southern California Gas Company has a 

pipelines. These are listed in the index to the utility 

I 
substructure drawings. Copies of Gas Company drawings have 
also been obtained and submitted to the District. These have 
been marked using colored pens to indicate the pipe material, 
Icoating and whether It h4s cathodic protection. 

Generalizations can also be made concerning the status of 

I 
these pipelines. Transmission pipelines are electrically 
continuous and have coating and cathodic protection. 
Distribution pipelines are electrically continuous and may 
have cathodic protection. Those pipelines installed after 

I 
1971 should have coating and cathodic protection. Those 
installed before 1971 may have cathodic protection if 

corrosion has been found. Almost all pipelines installed 

I 
after 1936 have a dielectric coating. Most installed prior to 
1936 do not have a coating. 

The Southern California Gas Company has many corrosion 

I 
engineers and technicians to monitor their pipelines and 
cathodic protection systems. In addition, in trying to comply 
with federal regulations, the Gas Company has an operating 

I 
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manual which outlines their procedures. They are not willing 
to distribute this manual outside their company. 

I3.2 Hazardous Liquid Pipelines 

3.2.1 Atchison, Topeka and Santa Fe Railroad 

IThe Atchison, Topeka and Santa Fe Railroad has not been 
contacted at the request of the Southern California Rapid 

ITransit District. 

3.2.2 Chevron 

Chevron has one pipeline within the influence of the Metro 
Rail Project. This pipeline is located on the west side of 
the Los Angeles River between Jackson Street and Butte Street. 

IThis 8" diameter pipeline was originally installed in 1931. 
It is steel with bituminous coating, but the quality of the 
coating is not known. It is believed that this pipe is 

I exposed in many places. It is cathodically protected with 
sacrificial anodes. The close proximity of this pipeline to 
the maintenance yard area increases its chance of being 

I 
influenced by stray current. Specific tests on this line are 
required once access to yard area can be realized. 

Chevron has one corrosion technician monitoring their 

I pipelines. They use federal regulations and National 
Association of Corrosion Engineers' reconmiended practices for I. evaluating their corrosion control measures. 

3.2.3 Conoco 

I Conoco states that they do not own or operate any pipelines in 
the vicinity of the Metro Rail Project. Their nearest 
structures are near Ventura and Seal Beach. 

1 3.2.4 Four Corners Pipe Line 

Four Corners Pipe Line Company has one pipeline within the 

I 
influence of the Metro Rail Project. This pipeline follows 
the Metro Rail Project right-of-way in Fairfax Avenue and 
continues into North Hollywood several blocks west of the end 
Iof the Project at Chandler Street. 

This ten inch diameter pipeline was originally installed in 

I 
1925. However, portions of it have been replaced. The 
replacement portions have excellent coatings but the coatings 
on the original portions have deteriorated. There are some 
insulating joints between old and new portions of the pipeline 
which are bonded together at the present time. There are no 

U known bonds between this pipeline and other pipelines. 

I 
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In Fairfax Avenue the pipe has been renewed by installing an 
el9flt-inch pipeline inside the original pipeline. Both the 
inner and outer pipelines are electrically continuous and are 
believed to be electrically shorted to each other. The space 
between the inner and outer pipelines has been filled with 
bituminous material. 

This pipeline is protected by direct current cathodic 
protection station rectifiers. One of these is near the Metro 
Rail Project. It is located near Fairfax Avenue at Willoughby 
Avenue. This rectifier normally provides 38.5 amperes of 
current using deep well anodes. 

I 
Four Corners Pipe Line Company has a corrosion engineer and 
two corrosion technicians monitoring their pipelines. They 
use federal regulations and National Association of Corrosion 

I 
Engineer's recommended practices for evaluating their 
corrosion control measures. 

I 

L 
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I 

I 
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3.2.5 

3.2.6 

Getty 

Getty Oil Company states that they do not own or operate any 
pipelines in the vicinity of the Metro Rail Project. Their 
nearest structures are near Ventura. 

Industrial Complex Near Maintenance Yard 

The industrial complex surrounding the proposed maintenance 
yard adjacent to the Los Angeles River includes several 
companies that have underground fuel tanks and piping which 
may be within the influence of the Metro Rail Project. These 
companies include Fish King, Inmont, Manley Oil Corporation 
and Poppy Processing and Shipping. Due to the relatively 
small size of their underground facilities, these companies 
have not been interviewed in depth. 

3.2.7 Mobil 

Mobil Oil Company states that they do not own or operate any 
pipelines in the vicinity of the Metro Rail Project. Their 
nearest structures parallel the San Diego Freeway. 

3.2.8 Shell 

3.2.9 

3.2.10 

Shell Oil Company states that they do not own or operate any 
pipelines in the vicinity of the Metrol Rail Project. 

Southern California Edison 

Southern California Edison 
operate any pipelines in 

Project. Their nearest fuel 

states that they do not own or 
the vicinity of the Metro Rail 

oil pipeline is in El Segundo. 

Southern Pacific Pipeline Company 
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Southern Pacific Pipeline Company has one pipeline within the 
influence of the Metro Rail Project. This pipeline follows 

east 
Street to 

side of the Los Angeles River 
Seventh Street where it follows 

from north of Macy 
Santa Fe Avenue to 

the south. 

I 
This pipeline is ten inches in diameter and has a good quality 
mastic coating. It has a high level of cathodic protection 
provided by a rectifier near Aihambra Avenue and the Los 

IAngeles River. The output of this rectifier is three amperes. 

This pipeline is connected to a ten inch Union Oil Company 
pipeline at First Street. These pipelines are electrically 
Iseparated from each other with an insulating joint. 

Southern Pacific Pipeline Company has several corrosion 

I 
engineers and technicians monitoring their pipelines. They 
use federal regulations and National Association of Corrosion 
Engineers reconinended practices for evaluating their corrosion 
Icontrol measures. 

3.2.11 Texaco 

Texaco states that they do not own or operate any pipelines in 

the vicinity of the Metro Rail Project. Their nearest 
structure parallels the San Diego Freeway. 

I3.2.12 Union 

Union Oil Company has one pipeline within the influence of the 
Metro Rail Project. The close proximity of this pipeline to 
the maintenance yard area increases its chance of being 
influenced by stray current. 

IThe pipeline is ten inches in diameter and has an extruded 
polypropylene coating. It is protected by a rectifier near 

I 
Ducontiun and First Streets. It is connected to a ten inch 
pipeline owned by Southern Pacific Pipeline Company at First 
Street on the east side of the Los Angeles River. These 
pipelines are electrically isolated with an insulating joint 
Iat this location. 

Union also has two pipelines wflich should not be within the 

I 
influence of the Metro Rail Project, but are nearby. These 
are a six inch and an eight inch pipeline in Venice Boulevard 
running east to La Brea Avenue. They continue in La Brea 

I 
Avenue to the south to 29th Street where they continue to the 
east. Both of these pipelines are coated and receive 

approximately two amperes each of protective current from a 

bond to a rectifier owned by the Los Angeles Department of 
IWater and Power, Power Division. 

Union Oil Company has several corrosion engineers and 
technicians monitoring their pipelines. They use federal 

I 
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regulations and National Association of Corrosion Engineers' 
reconnended practices for evaluating their pipelines. 

3.2.13 Union Pacific Railroad 

Union Pacific Railroad has not been contacted at the request 
of the Southern California Rapid Transit District. However, 
it is known that they own or operate an oil well within the 
influence of the Metro Rail Project. This well is located 
near Santa Fe Avenue and Fourth Place, and probably has a 

steel pipeline associated with it. 

3.3 Water Pipelines and Structures 

3.3.1 Los Angeles Department of Water and Power - Water Division 

The Los Angeles Department of Water and Power - Water Division 
is divided into five district. The Metro Rail Project will 
pass through three of these. They are the East Valley, 
Central. and Western Districts. Each of these three districts 
has a large number of pipelines within the influence of the 
Metro Rail Project. 

In almost every street that the Metro rail Project crosses or 
passes under the Water Division has a pipeline. These 
pipelines are listed in the index to utility substructure 
drawings. Generalizations can be made of the types of 
pipelines that are affected. Since corrosion control for the 
three affected districts within the Water Division is 

centrally supervised, conditions and procedures are the same 
or similar for the three districts. 

Pipeline materials include cast iron, ductile iron, riveted 

steel, 

welded steel, concrete, reinforced concrete, 
pretensioned concrete and prestressed concrete. Service 
laterals are mostly copper, but some are galvanized steel 
which was installed bU or more years ago. 

The joints of their cast iron pipe are either caulked with 
lead or concrete, and are not bonded for electrical 
continuity. The joints of ductile iron pipe are rubber 
gasketed, and are not bonded for electrical continuity. Most 
concrete coated pipe which is less than ten years old has 
bo.nded joints for electrical continuity. Older concrete 
coated pipe may or may not have bonded joints for electrical 
continuity. Their prestressed concrete pipe has four 
horizontal bonding straps for electrical continuity across the 
prestressed reinforcing wires. 

Their cast iron and ductile iron pipe generally has no 
coating. Welded steel pipe has either a bituminous coating or 
a bituminous coating with an outer coating of concrete. 
Bituminous coatings are factory tested for holidays or coating 
faults. However, they are not holiday tested in the field 

2-9 



I 

Iafter installation. Riveted steel pipe may or may not have 
bituminous coating. 

IInsulating joints are generally installed at connections 
between old and new pipelines. They have several different 
types of coatings over insulated flange joints. They have 

S wire reinforced concrete, asphalt and fiberglass mat and coal 

tar. On factory assembled insulating flanges, they have 
enamel coating. 

IGenerally cathodic protection is used only on their bituminous 
coated steel pipelines. With one exception, they do not have 

I 

cathodic protection on concrete coated, cast iron or ductile 
iron pipelines. The one exception is that they install a 

magnesium anode at each leak location on cast.iron and ductile 
iron pipe if it is determined that the leak was caused by 

Iexternal corrosion. 

3.3.2 Los Angeles County Flood Control District 

IThe Los Angeles County Flood Control District has several 
water drainage structures within the influence of the Metro 

I 

Rail Project. Most of these structures are reinforced 
concrete box, storm drains. Since the steel reinforcing of 
each section of these drainage structures has been overlapped 
and connected, it is possible that electrical continuity 

I 
exists through these structures. This would result in them 
having electrical characteristics similar to those of the 
pipeline. These structures do not have cathodic protection, 
and leaks would ordinarily not be detected since these 
Istructures are not pressurized. 

These drainage structures cross or parallel the Metro Rail 

I 
Project right-of-way at seven locations. They are at the 
following intersections: 

I(1) Fairfax Avenue and Orange Street. 

(2) Wilshire Boulevard and Orange Grove Avenue 

I(3) Wilshire Boulevard and Normandie Avenue 

(4) Wilshire Boulevard and West Lake Avenue 

I(5) Hill Street and Second Street 

I(6) Second Street and the Los Angeles River 

(7) Chandler Street and Tujunga Avenue 

I 
In addition, the Los Angeles County Flood Control District 
maintains the Los Angeles River flood control channel. This 
Is constructed of reinforced concrete sections 122 feet by 142 
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feet. These sections of reinforcing steel are not 
electrically continuous to each other. 

3.3.3 Metropolitan Water District 

Metropolitan Water District has one pipeline which may be 

I 
within the influence of the Metro Rail Project. It is located 
one block north of the Project right-of-way near Fairfax 
Avenue and Sunset Boulevard. 

IThis pipeline is cast iron and is 32 inches in diameter. It 

is believed to have been installed in 1940. It does not have 
continuity bonds across its joints, but possibly has lead 

I caulking in the joints which could cause partial electrical 
continuity. It does not have cathodic protection and is 

believed to have no coating. This pipeline has had no 
corrosion leaks to date. 

Metropolitan Water District has two corrosion technicians to 

I monitor their pipelines. They generally use standards such as 

U those of the National Association of Corrosion Engineers to 

evaluate their pipelines. 
9 

I3.3.4 Southern California Gas 

Southern California Gas Company operated chilled water and hot 

I 
water pipelines that may be within the influence of the Metro 
Rail Project. These are each less than one block long and are 
generally only street crossings. They are located at the 
intersection of Flower Street and Third Street, and in Los 

I Angeles Street between Sixth and Seventh Streets. They are 
coated with thermal insulation and do not have cathodic 
protection. 

I 3.4 Cables 

I3.4.1 General Telephone 

General Telephone has stated that they do not have any cables 
Iwithin the influence of the Metro Rail Project. 

3.4.2 Los Angeles Department of Water and Power - Power Division 

I 
Los Angeles Department of Water and Power - Power Division has 
numerous metallic structures within the influence of the Metro 
Rail Project. The majority of these are lead sheath cables. 

I 
They also have a short section of steel conduit. These cables 
and conduit are listed in the indices to utility substructure 
drawings. 

I 
Along the Metro Rail Project right-of-way from Fairfax Avenue 
to the Los Angeles River, they have lead sheath cables which 
are grounded and cannot be isolated. Higher voltage cables 

I 
( 
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are not grounded and are isolated; these have cathodic 
protection from sacrificial anodes. 

IThere is also a 138 KV transmission line in Fairfax Avenue 
that has cathodic protection from rectifiers. The first is 

near the intersection of Fairfax Avenue and Rosewood Street, 

I 
and operated at 1.4 amperes. The second is near Fairfax 
Avenue and Olympic Boulevard, and operates at 3.5 amperes. 
The third is at Oelongpre Avenue and Stanley Avenue, and is 

operating at 2 amperes. Also, in Fountain Avenue there is a 

I section of steel pipe used as a conduit for a 230 KV 

transmission line. This pipe has an excellent bituminous 
Icoating and has sacrificial anodes for cathodic protection. 

The Power Division has several corrosion technicians to 

monitor their facilities. They generally use standards such 

I 
as those of the National Association of Corrosion Engineers to 
evaluate their cables and cathodic protection systems. 

3.4.3 Pacific Telephone 

Pacific Telephone Company has numerous cables which are 

I 
located within the influence of the Metro Rail Project. These 
are listed in the indices to utility substructure drawings. 
Many of these are lead sheath cables, with a portion of them 
having cathodic protection provided by rectifiers or 
Isacrificial anodes. 

All Pacific Telephone Company underground lead cables are 

I 
electrically continuous and isolated from above ground cables 
and other structures. Those with cathodic protection are 
tested at least annually and rectifiers are tested monthly. 

I 
Pacific Telephone has three corrosion technicians to monitor 
their facilities. They use standards outlined in Bell System 
Practice booklets. They use standards outlines in Bell System 

I 
Practice booklets. This includes test procedures and 
reconnended remedial actions for stray current corrosion. 
Their general criterion for effective cathodic protection is a 

cable voltage of from -0.7 to -0.8 volt as measured to a 

I copper-copper sulfate reference electrode. 

E 

I 
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APPENDIX A 

SOUTHERN CALIFORNIA RAPID TRANSIT DISTRICT 

LISTING OF INTERSECTIONS INCLUDED IN 

INDICES TO UTILITY DRAWINGS 

Intersection Page 

Mac)' Street & Alameda Street 1 

Sunset Blvd. &Main Street 3 

Sunset Blvd. & North Spring Street 4 

Sunset Blvd. & New High Street 5 

Sunset Blvd. & Broadway 6 

Hill Street & Santa Ana Freeway 7 

Hill Street & Temple Street 8 

Hill Street & First Street 10 

Hill Street & Second Street 12 

Hill Street & Third Street 13 

Hill Street & Fourth Street 15 

Hill Street & Fifth Street 17 

Hill Street & Sixth Street 19 

Seventh Street & Hill Street 21 

Seventh Street & Olive Street 23 

Seventh Street & Grand Avenue 25 

Seventh Street & Hope Street 27 

Seventh Street & Flower Street 28 

Seventh Street & Lebanon Street 29 
Seventh Street & Figueroa Street 30 

Seventh Street & Francisco Street 32 

Seventh Street & Harbour Freeway 33 

Seventh Street & Bixel Street 34 
Seventh Street & Lucas Avenue/Garland Avenue 35 

Seventh Street & Hartford Avenue/Witmer Street 36 
Seventh Street & Columbia Avenue 37 

Seventh Street & Valencia Street 38 

Seventh Street & Union Avenue 39 
Seventh Street & Beacon Street/Little Street 40 
Seventh Street & Burlington Avenue 41 

Seventh Street & Bonnie Brae Street 42 
Seventh Street & Westlake Avenue 43 
Wilshire Blvd. & Alvarado Street 44 

Wilshire Blvd. & Parkview Street 45 
Wilshire Blvd. & Carondelet 46 
Wilshire Blvd. & Coronada Street 47 

Wilshire Blvd. & Rampart Blvd. 48 

Wilshire Blvd. & Lafayette Park Place 49 
Wilshire Blvd. & Hoover Street 50 

Wilshire Blvd. & Commonwealth Avenue 51 

Wilshire Blvd. & Virgil Avenue/Wilshire Place 52 
Wilshire Blvd. & Westmoreland Avenue 53 

Wilshire Blvd. & Shatto Place 54 
Wilshire Blvd. & Vermont Avenue 55 

Wilshire Blvd. & New Hampshire Street 56 
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SOUTHERN CALIFORNIA RAPID TRANSIT DISTRICT 

LISTING OF INTERSECTIONS INCLUDED IN 

INDICES TO UTILITY DRAWINGS 

Intersection Page 

Wilshire Blvd. & Berendo Street 57 

Wilshire Blvd. & Catalina Street 58 

Wilshire Blvd. & Kenmore Avenue 59 

Wilshire Blvd. & Alexandria Avenue 60 

Wilshire Blvd. & South Mariposa Avenue 61 

Wilshire Blvd. & North Mariposa Avenue 62 

Wilshire Blvd. and Normandie Avenue 63 
Wilshire Blvd. & Ardmore Avenue 65 

Wilshire Blvd. & Kings1ey Drive 66 

Wilshire Blvd. & Harvard Blvd. 67 
Wilshire Blvd. & Hobart Blvd. 68 

Wilshire Blvd. & Serrano Avenue 69 

Wilshire Blvd. & Oxford Avenue 70 

Wilshire Blvd. & Western Avenue 71 

Wilshire Blvd. & Manhattan Place 73 

Wilshire Blvd. & St. Andrews Place 74 

Wilshire Blvd. & Gramercy Place 75 

Wilshire Blvd. & Wilton Place 76 

Wilshire Blvd. & Van Ness Avenue 77 

Wilshire Blvd. & Norton Avenue 78 

Wilshire Blvd. & Bronson Avenue 79 

Wilshire Blvd. & Crenshaw/Irving Blvd. 80 
Wilshire Blvd. & Lorraine Blvd. 81 

Wilshire Blvd. & Winsor Blvd. 82 

Wilshire Blvd. & Plymouth Blvd. 83 
Wilshire Blvd. & Lucerne Blvd. 84 

Wilshire Blvd. & Fremont Place/Arden Blvd. 85 

Wilshire Blvd. & Rossmore Avenue/Fremont West 86 

Wilshire Blvd. & Muirfield Road 87 

Wilshire Blvd. & Mullen Avenue 88 
Wilshire Blvd. & Rimpau Blvd. 89 
Wilshire Blvd. & Hudson Avenue 90 

Wilshire Blvd. & June Street/Kenlston Avenue 91 

Wilshire Blvd. & Tremaine Avenue 92 

Wilshire Blvd. & Longwood Avenue 93 

Wilshire Blvd. & McCadden Place 94 

Wilshire Blvd. & Highland Avenue 95 

Wilshire Blvd. & Citrus Avenue 96 

Wilshire Blvd. & Mansfield Avenue 97 

Wilshire Blvd. & Orange Drive 98 

Wilshire Blvd. & Sycamore Avenue 99 

Wilshire Blvd. & La Brea Avenue 100 

Wilshire Blvd. & Detroit St. 102 

Wilshire Blvd. & Cloverdale Avenue 103 
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LISTING OF INTERSECTIONS INCLUDED IN 

INDICES TO UTILITY DRAWINGS 

Intersection Page 

Wilshire Blvd. & Cochran Avenue 104 

Wilshire Blvd. & Dunsmuir Avenue 105 

Wilshire Blvd. & Burnside Avenue 106 

Wilshire Blvd. & Ridgeley Drive 107 

Wilshire Blvd. & Hauser Avenue 108 

Wilshire Blvd. & Masselin Avenue 109 

Wilshire Blvd. & Sierra Bonita Avenue 110 

Wilshire Blvd. & Curson Avenue 111 

Wilshire Blvd. & Stanley Avenue 112 

Wilshire Blvd. & Spaulding Avenue 113 

Wilshire Blvd. & Ogden Drive 114 

Wilshire Blvd. & Orange Grove fl5 

Fairfax Avenue & Wilshire Blvd. 116 

Fairfax Avenue & Orange Street 117 

Fairfax Avenue & Sixth Street 118 

Fairfax Avenue & Linderhurst Avenue 119 

Fairfax Avenue & Maryland Drive 120 

Fairfax Avenue & Fifth Street 121 

Fairfax Avenue & Drexel Avenue 122 

Fairfax Avenue & Colgate Avenue 123 

Fairfax Avenue & Fourth Street 124 

Fairfax Avenue & Blackburn Avenue 125 

Fairfax Avenue & Third Street 126 

Fairfax Avenue & First Street 128 

Fairfax Avenue & Beverly Blvd. 129 

Fairfax Avenue & Oakwood Avenue 130 

Fairfax Avenue & Rosewood Avenue 131 

Fairfax Avenue & Clinton Street 132 

Fairfax Avenue & Mel rose Avenue 133 

Fairfax Avenue & Waring Avenue 134 

Fairfax Avenue & Willougflb,y Avenue 135 

Fairfax Avenue & Romaine Street 136 

Fairfax Avenue & Santa Monica State Hwy. 137 

Fairfax Avenue & Norton Avenue 138 

Fairfax Avenue & Fountain Avenue 139 

Sunset Blvd. & Fairfax Avenue 141 

Sunset Blvd. & Orange Grove Avenue 142 

Sunset Blvd. & Ogden Drive 143 

Sunset Blvd. & Genesse Ayenue 144 

Sunset Blvd. & Courtney Avenue 145 

Sunset Blvd. & Stanley Avenue 146 

Sunset Blvd. & Curson Avenue 147 

Sunset Blvd. & Sierra Bonita Avenue 148 

Sunset Blvd. & Gardner Street 149 

Sunset Blvd. & Vista Street 150 
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LISTING OF INTERSECTIONS INCLUDED IN 

INDICES TO UTILITY DRAWINGS 

Intersection Page 

Sunset Blvd. & Martel Avenue 151 

Sunset Blvd. & Fuller Avenue 152 

Sunset Blvd. & Poinsetta Place 153 

Sunset Blvd. & Formosa Avenue 154 

Sunset Blvd. & Detroit Street 155 

Sunset Blvd. & La Brea Avenue 156 

Sunset Blvd. & Sycamore Avenue 158 
Sunset Blvd. & Orange Drive 159 

Sunset Blvd. & Mansfield Avenue 160 

Sunset Blvd. & Highland Avenue 161 

Susnet Blvd. & McCadden Place 163 

Sunset Blvd. & Las Palmas Avenue 165 

Sunset Blvd. & Cherokee Avenue 166 

Sunset Slyd. & Cassil Place 167 

Sunset Blvd. & Seward Street 168 

Sunset Blvd. & Hudson Avenue 169 
Sunset Blvd. & Wilcox Avenue 171 

Sunset Blvd. & Cole Place 172 

Cahuenga Blvd. & Sunset Blvd. 173 

Cahuenga Blvd. & Selina Avenue 175 

Cahuenga Blvd. & Hollywood Blvd. 176 

Cahueng Blvd. & Yucca Street 178 

CahuengA Blvd. & Franklin Avenue 180 

Lankershim Blvd. & Cafluenga Blvd. West/Ventura Blvd. 181 

Lankershjm Blvd. & Valley Heart Drive 183 

Lankershjm Blvd. & Willow Crest Avenue 184 

Lankershim Blvd. & Cfliquita Street 185 

Lankershim Blvd. & Aqua Vista Street 186 

Lankershim Blvd. & Acama Street 187 

Lankershim Blvd. & Valley Spring Lane 188 

Lankershlm Blvd. & Whipple Street 189 

Lankershim Blvd. & Woodbridge Street 190 

Lankershim Blvd. & Broomfield Street 191 

Lankershim Blvd. & Moorpark Street 192 

Lankershim Blvd. & Landale Street 193 

Lankershim Blvd. & Riverside Drive 194 

Lankershim Blvd. & Riverside Freeway 195 

Lankershim Blvd. & Hortense Street 196 

Lankershim Blvd. & Kling Street 197 

Lankershim Blvd. & Blix Street 198 

Lankershim Blvd. & Camarillo Street 199 

Lankershim Blvd. & La Maida Street 200 
Lankershim Blvd. & Huston Street 201 

Lankershim Blvd. & Morrison Street 202 
Lankershim Blvd. & Hesby Street 203 
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IILISTING OF INTERSECTIONS INCLUDED IN 

INDICES TO UTILITY DRAWiNGS 

Intersection Page 

ILankersfljm Blvd. & Otsego Street 204 
Lankershim Blvd. & Hartsook Street 205 

Lankershim Blvd. & Magnolia Blvd. 206 

U Lankershim Blvd. & Mccormick Street 207 

Lankershim Blvd. & Weddington Street 208 

I 

Lankershim 
Lankershim 

Blvd. 
Blvd. 

& 

& 

Chandler Blvd. 
Cumpston Street 

209 
210 

Lankershini Blvd. & Killion Street 211 

Lankershim Blvd. & Burbank Blvd. 212 
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APPENDIX B 

I INDEX TO SOUTHERN CALIFORNIA GAS COMPANY 

IDRAWINGS FOR TRANSMISSION SYSTEM 

SOUTH BASIN DIVISION 

So. Calif. Gas Pipe Sheet 
Line No. Location of MRP Intersection Size No. 

1108 No crossing with M.R.P. 16" 6 

1109 No crossing with M.R.P. 16" 6-7 

I1158 East of Turner Street Near 
Los Angeles River 16" 7 

I761 Wilshire Blvd. & Detroit St. 16" 22 

750 No crossing with M.R.P. 22" 35 

I1105 Ogden Ave. to Formosa Ave. 
on Sunset Blvd. 16" 37 

INORTH BASIN DIVISION 

So. Calif. Gas Pipe Sheet 
ILine No. Location of MRP Intersection Size No. 

3000 Camarillo St. & Lankershim 
B)vd. 30" 48 
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I 
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APPENDIX C 

INDEX TO SOUTHERN CALIFORNIA GAS COMPANY 

ATLAS DRAWINGS FOR DISTRIBUTION SYSTEM 

METROPOLITAN DIVISION 

Reference No. SCG Sheet No. Primary Street Shown 

CEN 5-C Macy Street 

2 CEN 5 Macy St./Sunset St. 

3 CEN 15-A Hill Street 

4 CEN 14-B Hill Street 

5 CEN 14-C Hill Street 

6 CEN 24-A Hill Street 

7 CEN 24-0 Hill Street 

8 CEN 23-C Seventh Street 

9 CEN 23-B Seventh Street 

10 CEN 23-A Seventh Street 

NORTHWEST DIVISION 

Reference No. SCG Sheet No. Primary Street Shown 

U CEN 13 Seventh Street 

12 CEN 12 Seventh Street 

2-C-i 

Crossina Street(s 

Alameda Street 
No. Spring Street 

No. Spring Street 
Broadway 
Hill Street 

Temple Street 

Temple Street 
First Street 

First Street 
Second Street 

Fourth Street 
Fifth Street 

Sixth Street 
Seventh Street 

Olive 
Grand 

Hope Street 
Flower Street 
Figueroa Street 

Francisco Street 
Harbor Fwy. 
Bixel Street 

Crossina Street(s) 

Bixel Street 
Lucas Avenue 

Garland Avenue 
Hartford Avenue 
Witmer Street 
Columbia Avenue 
Valencia Street 
Union Avenue 
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NORTHWEST DIVISION (Continued) 

Reference No. SCG Sheet No. Primary Street Shown 

13 CEN 12-A Seventh Street 

14 CEN 2 Wilshire Blvd. 

15 CEN 1-C Wilshire Blvd. 

16 CEN 1-B Wilshire Blvd. 

17 CEN 1-A Wilshire Blvd. 

18 ADA 10 Wilshire Blvd. 

19 ADA 9 Wilshire Blvd 

20 ADA 8 Wilshire Blvd. 

2-C-2 

Crossina Street(s 

Beacon Avenue 
Bonnie Brae Street 
Westlake Avenue 
Alvarado Street 

Alvarado Street 

Parkview Street 
Carondelet Street 
Coronado Street 

Coronado Street 
Rampart Blvd. 

Rampart Blvd. 
Benton Way 
Hoover Street 
Conmionweal th Avenue 
Virgil Avenue 
Wilshire Place 

Wilshire Place 
Westmoreland Avenue 
Shatto Place 
Vermont Avenue 
New Hampshire Avenue 
Berendo Street 
Catalina Street 
Kenmore Avenue 

Mariposa Avenue 
Normandie Avenue 
Ardmore Avenue 
Kingsley Drive 
Harvard Blvd. 
Hobart Blvd. 
Serrano Avenue 
Oxford Avenue 

Oxford Avenue 
Western Avenue 
Manhattan Place 
St. Andrews Place 
Gramercy Place 
Wilton Place 
Van Ness Avenue 
Norton Avenue 
Bronson Avenue 
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NORTHWEST DIVISION (Continued) 

Reference No. SCG Sheet No. Primary Street Shown 

21 ADA 7 Wilshire Blvd. 

22 ADA 6 Wilshire Blvd. 

23 HOL 115 Wilshire Blvd. 

24 HOL 114 Wilshire Blvd. 

25 HOL 113 FaIrfax Avenue 

2-C-3 

CrosslnQ Street(s 

Crenshaw Blvd. 
Lorraine Blvd. 
Windsor Blvd. 
Plymouth Blvd. 
Lucerne Blvd. 
Arden Blvd. 
Rossmore Avenue 
Muirfield Road 

Muirfield Road 
Rimpau Blvd. 
Hudson Avenue 
Keniston Avenue 
Tremaine Avenue 
McCadden Place 
Highland Avenue 
Citrus Avenue 

Citrus Avenue 
Mansfield Avenue 
Orange Drive 
Sycamore Avenue 
La Brea Avenue 
Detroit Street 
Cloverdale Avenue 
Cochran Avenue 
Ounsmuir Avenue 
Burnside Avenue 
Ridgeley Drive 

Ridgeley Drive 
Hauser Blvd. 
Masse.lin Avenue 
Sierra Bonita Avenue 
Curson Avenue 
Stanley Avenue 
Spaulding Avenue 
Genesse Avenue 
Ogden Avenue 
Orange Grove Avenue 

Wilshire Blvd. 
Orange Street 
Sixth Street 
Lindenhurst Avenue 
Maryland Drive 
Fifth Street 



NORTHWEST DIVISION (Continued) 

Reference No. SCG Sheet No. Primary Street Shown 

26 HOL 103 Fairfax Avenue 

27 HOL 93 Fairfax Avenue 

28 HOL 83 Fairfax Avenue 

29 HOL 73 Fairfax Avenue 

30 HOL 63 Fairfax Avenue 

31 MDL 53 Fairfax Avenue 

32 HOL 54 Sunset Blvd. 

33 HOL 55 Sunset Blvd. 

2-C-4 

Crossinci Street(s 

Drexel Avenue 
Colgate Avenue 
Fourth Street 
Blackburn Avenue 
Third Street 

First Street 
Beverly Blvd. 
Oakwood Avenue 

Rosewood Avenue 
Clinton Street 
Melrose Avenue 

Waring Avenue 
Willoughby Avenue 
Romaine Street 

Santa Monica Blvd. 

Norton Avenue 
Fountain Avenue 

Sunset Blvd. 

Orange Grove Avenue 
Ogden Drive 
Genesse Avenue 
Courtney Avenue 
Stanley Avenue 
Curson Avenue 
Sierra Bonita Avenue 
Gardner Street 
Vista Street 
Martel Avenue 

Martel Avenue 
Fuller Avenue 
Poinsetta Place 
Alta Vista Blvd. 
Formosa Avenue 
Detroit Street 
La Brea Avenue 
Sycamore Avenue 
Orange Drive 
Mansfield Avenue 



II 

t 

I 

I 

I 

I 

1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

NORTHWEST DIVISION (Continued) 

Reference No. SCG Sheet No. Primary Street Shown Crossing Street(s) 

34 HOL 56 Sunset Blvd. Highland Avenue 
McCadden Place 
Las Palmas 
Cherokee Avenue 
Seward Street 
Hudson Avenue 
Wilcox Avenue 
Cole Avenue 
Cahuenga Blvd. 

35 HOL 46 Cahuenga Blvd. Hollywood Blvd. 
Yucca Street 
Franklin Avenue 

3 HOL 36 Cahuenga Blvd. Hollywood Fwy. 

37 HOL 26 Along Hollywood Fwy. 

SAN FERNANDO VALLEY DIVISION 

Reference No. SCG Sheet No. 

38 1292 

40 

41 

42 

1291 

1298 

1297 

1 303 

Primary Street Shown Crossing Street(s) 

Cahuenga Blvd. & Hollywood 
Fwy Near Multiview 

Lankershim Blvd. Cahuencia Blvd. 

Lankershim Blvd. 

Lankershim Blvd. 

Lankershim Blvd. 

2-C-5 

Hollywood Fwy 

Valley Heart Drive 

Wi 1 lowcrest Avenue 
Chiqulta Street 
Aqua Vista Street 

Acama Street 
Valley Spring Lane 
Whipple Street 
Woodbridge Street 
Bloomfield Street 
Moorpark Street 
Landale Street 



SAN FERNANDO VALLEY DIVISION (Continued) 

Reference No. SCG Sheet No. Primary Street Shown 

43 1309 Lankershim Blvd. 

44 1314 Lankershim Blvd. 

45 1313 Lankershim Blvd. 

46 1318 Lankershim Blvd 

2-C-6 

Crossinu Street(s 

Riverside Drive 
Ventura Fwy. 
Hortense Street 
Kling Street 
Blix Street 
Vineland Avenue 

Vineland Avenue 
La Maida Street 
Huston Street 
Morrison Street 

Hesby Street 
Ostego Street 
Hartsook Street 

Magnolia Blvd. 
Mccormick Street 
Weddington Street 
Cflandler Blvd. 



TASK 3 

COORDINATION 

The requirements of this task were to meet with Project Staff, 
other SCRTD consultants and owners of potentially affected utilities and 
other facilities. Furthermore, the task description indicates that the 
present corrosion protection policies of each utility owner were to be 

described and that measures to control stray current corrosion were to 
be recommended. Meetings were held during the course of the contract, 
utility policies are presented in the Task 2 report and corrosion 
mitigation criteria are summarized in the Task 8 report. No final 

report for this task was required. 
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I1. INTRODUCTION 

A project of the magnitude and type of construction proposed for 

the Los Angeles Rapid Transit System requires careful evaluation of 
S the environmental conditions associated with its construction. 

Since essentially all of the structures will be underground and/or 

I 
with substantial in earth foundations, the effects of the 

surrounding soils and ground waters are of vital importance. 

Soils and/or ground water can create severe short and long term 

detrimental effects on underground metallic and concrete 

structures. The corrosive effects created can result in rapid 

failures and/or in the long tern more gradual deterioration of the 

structures. 

Therefore, an evaluation of the corrosiveness of the 

soils and ground waters prior to construction is imperative to 

determine what construction materials should be used or 'what 

preventative measures are necessary in the construction. 

As a general rule, any attempt to correct conditions subsequent to 

construction will be very expensive, especially after the transit 

system is put in operation. It is wise, therefore, to anticipate 
corrosion problems and make the necessary design modifications for 

inclusion in the initial construction. Our recomendations on 

corrosion control measures for facilities covered in this report 

are based on this premise. A 100 year operating life is the 

criterion unless specifically stated otherwise. 

2. CONCLUSIONS 

The significant conclusions of this study are as follows: 

2.1 METALLIC STRUCTURES 

2.1.1 The soil corrosion conditions relating to metallic facilities 
vary from mildly corrosive to very corrosive along the route 
of the transit system. As a general statement, more severe 
corrosion conditions exist at the greater depths, especially 
within the ground water zones. 

2.1.2 Standard wall thickness pressure piping of steel and ductile 
iron can be expected to have failures within the 20 to 30 year 
period if no protective measures are included in the construc- 

tion of these facilities. Since the corrosive conditions 

vary along the alignment, it would be meaningful to specify 

different corrosion control measures for pressure piping at 

different locations. However, because of the relatively small 

amount of piping Involved, it is more practical to establish 
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standard measures throughout the project. The one possible 
exception to this is the transit yard area. 

2.1.3 Metallic non-pressured piping (such as water drainage 
conduits) and electrical conduits will experience significant 
corrosion and failures over the life of the transit system if 
special corrosion control measures are not taken. As a 

general statement, non-metallic piping and conduit should be 
used if possible from a mechanical standpoint. Protective 
coatings and possibly supplemental cathodic protection will be 
required for metallic direct burial drainage piping and 
electrical conduits throughout the project. 

2.1.4 Direct burial of metallic piping or other metallic facilities 
at other than normal utility depths will in general be subject 
to severe corrosive conditions and are likely to require 
costly maintenance in the future. Direct burial below 10 feet 
should be avoided where possible. 

2.2 CONCRETE STUCTURES 

2.2.1 Concrete structures will suffer significant deterioration to 
the cement and/or the reinforcement throughout the alignment 
if special precautions are not undertaken at the time of 
construction. 

2.2.2 The deterioration from sulfates will range from negligible to 
severe with extensive lengths from positive to severe. Sul- 

fate resistant cements of Type II or V (or equivalent sulfate 
resistance) are required throughout the project. 

2.2.3 Concrete deterioration from acidic (low pH) soil or ground 
water will be significant within the area from Union Station 
to Wilshire and Fairfax. Protective coatings will be required 
on some concrete structures within this area, and possibly at 
other areas, depending on the type of construction; the main 
consideration is the wall thickness and the concrete cover 
over the reinforcement. 

2.2.4 Deterioration of concrete structures from chloride attack on 
reinforcement will be a significant problem within the area 
from Union Station to Wilshire and Fairfax, especially where 
the structure is located within the ground water zone. The 
facilities within this area require special consideration 
regarding concrete density, concrete cover over reinforcement 
and protective coating, depending on the nature of the 
structure involved. 

3. RECOMMENDATIONS 

3.1 STEEL PRESSURE PIPING 

All buried steel pressure piping throughout the project shall 
have special corrosion control measures consisting of: 
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Ia. Application of high quality protective coating such as an 
extruded polyethylene or coal tar epoxy. 

Ib. Electrical insulation of the piping from other facilities 
through the use of insulating joints and wall sleeves. 

Ic. Establishing electrical continuity of the piping by the 
installation of bond wires across all non-welded 
mechanical pipe joints, other than insulating joints. 

Id. Installation of cathodic protection systems, either 
sacrificial or impressed current anodes and rectifier 

I 
units as required. 

e. Piping to or from deep tunnels or station structures 
should be placed within vent shafts or other structures 
Irather than being buried directly. 

3.2 DUCTILE AND CAST IRON BURIED PRESSURE PIPING 

3.2.1 All buried ductile iron or cast iron pressure piping shall 
have the same corrosion control measures as required for steel 

I 

pressure piping in 3.1 above. 

3.2.3 Transit Yard Piping 

I 
This piping will require special consideration because of 
stray current conditions. The preferred piping material will 
be non-metallic, such as PVC or polyethylene. If metallic 

I 
piping must be used, a detailed site survey of soil conditions 
must be conducted when access to the site is possible and a 

stray current/cathodic protection system must be designed. 

j3.3 NON-METALLIC PIPING 

Wherever possible, non-metallic piping such as fiber glass rein- 

I 
forced plastic, PVC or polyethylene should be substituted for 
metallic pressure piping to eliminate the need for extensive corro- 
sion control measures. This is especially true for shallow depth 

I 
installations. 

3.4 PRECAST TUNNEL LINER SEGMENTS 

I 
The precast concrete tunnel liner segments shall be constructed of 
Type V sulfate resistant cement as a minimum. The concrete shall 
be of low permeability through the use of a low water/cement ratio 

I 
of .37 by weight. Chloride in mix water shall not exceed 200 ppm. 

Chloride containing admixtures shall be avoided if possible. 
Concrete shall have small aggregate and be well vibrated free of 
significant air voids. A protective coating such as coal tar epoxy 

I 
shall be applied to the earth side face of the precast concrete 
tunnel segments. 

ICAST IN PLACE CONCRETE 
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The portions of underground reinforced concrete structures south 
and east of Wilshire and Fairfax which will be in.contact with the 
earth, such as passenger stations and vent shafts, shall be 

constructed of Type V sulfate resistant cement. Structures north 
and west of this intersection shall be constructed of Type II 

sulfate resistance cement. Cast in place concrete structures 
poured in a form shall have a minimum of 2-inches of dense concrete 
cover over the reinforcement. Where concrete is poured directly 
against the earth, a minimum of 3 of cover is required. 

Protective coatings are required south and east of Wilshire and 
Fairfax and any area where soils and/or ground water have a pH less 
than or equal to 5.0 or a chloride concentration greater than or 
equal to 350 ppm. 

3.6 BURIED REINFORCED CONCRETE OR PRESTRESSED CONCRETE PIPE 

I 
This pipe shall use a minimum Type II sulfate resistant cement and 
Type V in those areas where sulfate concentrations in the ground 
water exceed 1,000 ppm or 2,000 ppm in the soil. Protective 

I 
coatings such as coal tar epoxy, polyamide and polyamine epoxies 
and polyurethanes shall be used on all external surfaces. 

3.7 WELDED STEEL TUNNEL SEGMENT LINER 

INo special corrosion control measures are required for the external 
surfaces of the welded steel liner proposed for the interior of the 

I 
concrete lined tunnel segments located in areas subject to oil or 
gas seepage. The proposed installation of sulfate resistant cement 
grout between the steel and concrete liners will provide adequate 

I 
corrosion protection to the steel. The surface of the steel liner 
exposed to the tunnel interior shall be treated in accordance with 
the recomendations for atmospheric corrosion. 

3.8 SUPPORT PILINGS 

3.8.1 Tunnel/Passenger Station Depths: 

ISupport pilings, if required, should be of a steel shell type, 
with an internal filling of reinforced concrete, with the 
Ireinforced concrete providing the primary support. 

3.8.2 At-Grade Structures: 

I 
Support pilings will require analysis of soil conditions at 
the individual locations to determine corrosion control re- 

quirements for the specific piling proposed. 

I3.9 NON-PRESSURE PIPING AND ELECTRICAL CONDUITS 

Polyethylene, PVC or other non-metallic material is reconinended for 

I 
use for all direct burial non-pressure drainage piping and electri- 
cal conduits. Aluminum or aluminum alloys shall not be used for 

direct burial either in soils or concrete throughout the area. 

I 



I3.10 ELEVATOR HYDRAULIC CYLINDERS 

The steel hydraulic cylinders shall have special corrosion control 
Imeasures consisting of protective coating on the external surface 
of the cylinder, a fiberglass reinforced plastic (FRP) casing and 
an external steel casing with high resistivity silica sand fill 

I 
between the cylinder and the FRP casing and sacrificial anodes in 

the sand fill. 

DISCUSSION 

The corrosiveness of the soils and ground waters associated with 
the proposed route of the SCRTD Metro Rail System in the Los 
Angeles area were evaluated by means of a laboratory analysis of 
soil boring samples. Note that the soil boring data in this report 
reflects the latest alignment revision. Data at locations which 
are no longer consistent with the revised alignment, presented in 

previous drafts, were eliminated for purposes of plotting the 
laboratory results. 

In addition to laboratory analyses of soil boring samples, detailed 
surveys of resistivity along the alignment and in the vicinity of 
the transit yard were made from the surface. For purposes of this 
discussion, however, all the data from the laboratory analysis are 
discussed first with a discussion of surface resistivity data to 
follow. 

4.1 ANALYSIS OF SOIL BORING SAMPLES 

Soil and ground water samples were analyzed for resistivity, pH, 
chloride ions and sulfate ions. These parameters are indicators of 
the relative corrosivity of the environment to buried metallic and 
concrete structures. 

4.1.1 Soil Boring Sample Resistivity 

The measurement of soil resistivity has been used by corrosion 
engineers for many years as an indicator of tfle corrosivity of 
an environment. Although no standard has been developed nor 
accepted by such organizations as the American Society for 
Testing and Materials and the National Association of 
Corrosion Engineers, it is widely agreed that the 
classifications in Table I below, or similar groupings, 
reflect soil corrosivity. 
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Table I 

Soil Corrosivity Versus Resistivity 

Ohm-cm 

I 
below 500 
500 to 1,000 
1,000 to 2,000 
2,000 to 10,000 
above 10,000 

Description 

very corrosive 
corrosive 
moderately corrosive 
mildly corrosive 
progressively less 
corrosive 

Table I provides a qualitative insight to the expected rate of 
corrosion of a metallic structure in a soil of a known 
resistivity. Accordingly, deterioration can generally be 
expected to be rapid and relatively severe in soil below 1,000 
ohm-cm. This does not mean, however, that severe corrosion 
will not occur in soils of higher resistivities. In fact, 
depending on the conditions, corrosion can occur in soils 
above 10,000 ohm-cm. Table 1 only indicates that this 
occurrence is generally not observed. 

Not only are local resistivities useful in predicting 
corrosion rates but so is the change in resistivity along an 
electrically continuous structure. Many structures along the 
transit alignment will be electrically continuous so that they 
become susceptible to long line galvanic influences arising 
from variations in soil resistivity. The sections of the 
structure in the lower resistivity environments tend to become 
anodic (corrode) relative to other sections of the same 
structure. It is important, therefore, to determine trends in 
soil resistivities with distance along the proposed alignment. 

Plate I, Water and Soil Resistivities vs. Distance, is a graph 

I 
of the resistivity of water samples and soil samples obtained 
from bore holes along the proposed route of the transit 
system. The soil sample resistivities have been divided into 

I 
two groups, soils of a depth of 0 to 100 feet and a depth in 
excess of 100 feet. This plate shows that water resistivities 
range from very corrosive levels (33 ohm-cm) to moderately 
corrosive levels (1,500 ohm-cm). The water sample data on 

M 
Plate 1 are taken from the water quality analysis reports 
attached as Appendix 1. 

Resistivities of 59 soil samples from bore holes ranged from 
72 to 15,400 ohm-cm with a mean of 940 ohm-cm and with 
approximately 51.5% of the values below 1,000 ohm-cm. Samples 
from depths between 0 and 100 feet had a mean of 1,000 ohm-cm 
with approximately 50% of the values below 1,000 ohm-cm. 
Samples from depths between 100 and 200 feet had a mean of 710 
ohm-cm with approximately 50% of the values below 1,000 
ohm-cm. These data and selected chemical concentrations are 
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Itabulated in the Soil/Rock Chemical Analysis reports attached 
as Appendix 2. 

It can be concluded from Plate 1 that severely corrosive soils 
and ground waters may be expected at numerous locations. 
Corrosive soils are present at sufficient locations throughout 

I 
the proposed route of the transit system to warrant special 
corrosion control measures for buried steel pressure piping. 

4.1.2 Soil pH 

Plate II, Water and Soil Sample pH Versus Distance, is a graph 

I 
of the pH values obtained from the same samples used to 
develop Plate I. Water sample pH is, in general, within the 
relatively narrow range of 7.0 to 8.0 with occasional more 
basic values to 9.0. These pH values do not indicate a 

I 
particularly corrosive environment. However, the soil pH 
exhibits a wide range of values from very acidic (2.6) to 
neutral (7.3). The low pH areas will be very corrosive to 

iburied metallic structures. 
4.1.3 Chloride Environments 

I 
Plate III, Chloride Ion Concentrations vs. Distance - Water 
and Soil Samples, is a graph of the chloride ion 
concentrations measured for water and soil samples obtained 

I 
from the geotechnical bore holes. This graph shows chloride 
concentrations ranging from 34 ppm to 12,255 ppm in the water 
samples and from 21 to 5110 ppm for the soil samples. 

IA critical value of chloride concentration relative to the 
corrosion of reinforcing steel within concrete structures has 
not been clearly established. The most important aspect of 

I 
this corrosion mechanism, however, is that chlorides penetrate 
'into the concrete and eventually contact the reinforcing steel 
causing accelerated corrosion. The presence of cracks in the 

I 
concrete structures or the use of a highly porous concrete 
promote this mechanism. An indication of the effect of crack 
width on the corrosion of reinforcing steel is given in Table 
Ill below. These data are from E. Phillips, Survey of Corrosion 
of Prestressing Steel in Concrete Water Retaining Structures, 
Australian Water Resources Council, 1975. 

I 

I 
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II 

I 

I 

I 

I 

I 

I 

I 

Table II 

Effect of Crack Width on Rebar Corrosion 

Width 

.004" or less 

.004"-.Ol" 

.01" or greater 

Effect 

no corrosion in a 
chloride environment 

corrosion initiates 

corrosion will definitely 
occur 

Since the corrosion mechanism is time dependent, even the 
presence of microcracks in the concrete structure exposed to a 
chloride environment will lead to corrosion of the reinforcing 
steel over a long time period. 

Insofar as the critical value of chloride concentration is 

I 
concerned, review of available literature and practical 
experience indicate concentrations of 350 ppm chloride in the 
mixing water or 550 ppm in soils and ground waters have caused 
corrosion of reinforcing steel. Since chloride concentrations 

M along the right-of-way exceed these levels, certain measures 
are required, relative to concrete quality to insure adequate 

I 
life of reinforced concrete structures. These measures, which 
are directed toward reducing the penetration of chlorides into 
concrete structures, should include the following: 

I 
a. Specification of a low permeability concrete through the 

use of a water/cement ratio of at least .45 by weight. 
Permeability will increase rapidly above .45, thus 
increasing chloride attack. 

b. Control of chlorides in the mixing water such that they 
do not exceed 200 ppm. Avoid chloride containing 
Iadmixtures if possible. 

c. Establishment of field procedures to insure a well 
Ivibrated concrete free of significant air voids. 

d. Require a minimum of two inches of concrete cover over 

s the reinforcing steel on all form-poured structures 

I exposed to the soil environment. If the structure is 

poured directly against the earth, a minimum of three 
inches of cover should be required. 

I Even though the above measures are taken, an additional 
corrosion protection requirement is recomended for reinforced 
Iconcrete structures. The application of protective coatings 

I 
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Ito the concrete surfaces exposed to high chloride environments 
or low pH is recommended. 

I4.1.4 Sulfate Environments 

Plate IV, Sulfate Ion Concentrations vs. Distance - Water and 

I 
Soil Samples, is a graph of the sulfate ion measured for the 
bore hole water and soil samples. This graph shows the 
sulfate ion concentration ranging from 5 to 2,600 ppm in the 

I.. water samples and from 14 to 27,000 ppm in the soil samples. 
A review of the literature on the corrosion characteristics of 
concrete structures indicates a wide range of values have been 

I 

suggested as the critical sulfate concentration above which 
severe sulfate attack will occur. Since the severity of the 
damage is highly dependent upon the porosity of the concrete, 
a concentration of 100 ppm would be detrimental to a porous 

I 
cement while a concentration of as much as 600 ppm would have 
no effect on dense or well compacted concrete. 

I 
It must be noted that the critical value applies to concrete 
exposed to unconfined ground waters. Concrete buried in soils 
may withstand higher concentrations of sulfates with no 

I 

significant deterioration. There is some general agreement 
among the experts in this field that concrete exposed to an 
environment with sulfate concentrations of 400 ppm or greater 
could require corrosion control considerations. 

IInsofar as guidelines or specifications are concerned, the 
Concrete Manual, United States Department of the Interior, 

I 
Bureau of Reclamation, 1963, has established the following 
table for critical sulfate values. 
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Relative Degree of 
Sulfate Attack 

Negligible 

Positive1 

Considerable2 

Severe2 

Table 111* 

ous rations 

Percent Water Soluble Sulfate 
(as SO4) in Soil Samples 

000 to 0.10 

0.10 to 0.20 

0.20 to 0.50 

over 0.50 

ppm Sulfate (as 

504 in H20 Samples 

0 to 150 

150 to 1000 

1000 to 2000 

over 2000 

Note: In the USA and GB the corrosion of concrete by waters and soils is 
estimated only on the basis of its sulfate content. 

1. Use Type II cement. 
2. Use Type V cement. 

*(Table 2 in Concrete Manual, United States Department of the Interior, 
Bureau of Reclamation, Seventh Edition, 1963, page 12) 

Sulfate ion concentrations in excess of 150 ppm occur to a 
large extent throughout the proposed transit system route. 
Plate IV shows the areas for which Type II and Type V sulfate 
resistant cement is recormiiended. 

4.2 SURFACE SOIL RESISTIVITY SURVEY 

I 
In addition to the soil boring resistivity data, resistivities were 
also measured using the Wenner four-pin surface technique as 
discussed below. The Wenner four-pin method is described in the 

I 
ASTM Standard 657-78. Measurements were made at 71 locations along 
the alignment and at 22 locations in the vicinity of the transit 
yard. No soil resistivity data within the transit yard area itself 

I 
were taken due to access problems. Measurements at seven depths; 
i.e., V-i", 51_5h1, 7'-lO", l0'-6", l5'-8", 25'-O" and 50-0, were 
made at selected locations. 

I4.2.1 Alignment Survey 

The data along the alignment are tabulated in Appendix 3. The 

L 
approximate location of these sites are shown on area maps in 

Appendix 4. The locations are described and pertinent 
conunents on these locations are given in Appendix 5. 

I 
Plates VIllA through VIIIG are plots of soil resistivities 
versus probability of occurrence for all Wenner four-pin data 
at each respective depth. Plate VIllA, for example, plots the 

I data at a depth of 2-7". On each plot the mean value of 
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resistivity and the percentage of readings at less than 1,000 
ohm-cm are indicated. All the mean values for each depth are 

plotted 

in Plate IX. From Plate IX it can be seen that the 
overall average mean is 1,350 ohm-cm and that 24% of all soils 
along the alignment are below 1,000 ohm-cm. Another way of 
interpreting the data is shown on Plate X which Is an extreme 
value plot of the lowest resistivities measured at each 
location. This plot indicates that there is an 83% 
probability that corrosive soils (below 1,000 ohm-cm) will be 

found 

at any location if depths to 50 feet are sampled. These 
data support the conclusion that corrosion protection measured 
must be taken for buried metallic structures along the transit 
alignment. 

4.2.2 Transit Yard Survey 

ISimilar plots of soil resistivity versus probability for the 
data taken in the vicinity of the transit yard at seven depths 
are given in Plates XIA through XIG. The mean values at all 

I 
depths are plotted in Plate XII. The overall mean in this 
area is 11,000 ohm-cm with less than 2% of all soils below 
1,000 ohm-cm. An extreme value analysis, shown in Plate XIII, 

I 
projects a 20% probability of encountering corrosive soil 
(less than 1,000 ohm-cm) at any location if depths to 50 feet 
are sampled. Clearly the environment, from the standpoint of 
resistivity data, is less corrosive in the transit yard area 
Ithan it is along the alignment. 

4.3 DISCUSSION OF SOIL CORROSIVITY 

IA detailed analysis of soil corrosivity, considering all of the 
above data, was made. Coments and conclusions are as follows: 

I4.3.1 Soil Boring Sample Analyses 

The analysis of the soil and ground water data as shown on 

I 
Plates I through IV show that from the east Portal to Fairfax 
Avenue and Wilshire Boulevard, the corrosive effects of water 
and soils are more severe than for the remainder of the 

I 
transit route to the North Hollywood portal. The soil 
resistivities in this eastern leg range from a low of 72 
ohm-cm to 15,400 ohm-cm with a pH range from 2.6 to 7.3. 
Chloride ion concentrations range from less than 21 to 5,110 

I 
ppm for the soils and from 49 to 12,255 ppm for the ground 
water samples. Sulfate concentrations range from 57 to 27,000 
ppm for soils and 5 to 2,480 ppm for the waters. 

IFrom Fairfax Avenue and Wilshire Boulevard to the North 
Hollywood portal the plates show that soil resistivities range 

I 

from 250 to 10,000 ohm-cm; however, all but two readings are 
above 2,000 ohm-cm indicating that soil conditions are only 
mildly corrosive. Water resistivities are on theor4en Of 
1,000 ohm-cm which is considered cbrrosie to: hiiidl)' 

corrosive. Chloride concentrations in thesoils inthis area 
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Iare less than 200 ppm. Sulfates in the soil are generally 
less than 200 ppm with only two locations with higher 

I 

concentrations. Chloride and sulfate concentrations in the 
ground waters average 100 ppm or less for chlorides and 335 
ppm for sulfates. The occurrence of the higher levels of 
sulfate and chloride ions in the area from Fairfax Avenue and 

I 
Wilshire Boulevard to the east portal is probably related to 
the petroleum deposits prevalent throughout this area. 

U 
The low resistivities associated with both the soils and 
ground water together with the substantial levels of chloride 
and sulfate ion concentrations present severely corrosive 

I 

conditions for not only iron and steel structures but also for 
underground concrete structures. Special corrosion control 
measures such as protective coatings and cathodic protection 
are required and have been recomended for underground iron 

I 
and steel pressure piping in this environment. As a result of 
the high sulfate and chloride ion concentrations special 
measures will be required to provide control of corrosion of 

I 
concrete structures. These special measures include the use of 
Type II sulfate resistant cement for all concrete structures 
north and west of Fairfax and Wilshire and the use of Type V 

cement for all concrete structures south and east of this 

I 
intersection. In areas where concrete will be exposed to 
acidic waters and/or high chloride concentrations, protective 
coatings such as coal tar epoxy, polyamide and polyamine 

I 
epoxies or polyurethane will be required on the concrete 
surfaces exposed to the waters or soils to prevent the 
penetration of chlorides to the reinforcing steel. 

I4.3.2 Surface Soil Resistivity Analysis 

From the surface soil resistivity data along the alignment it 

I 
can be concluded that severe corrosive conditions will exist 
at several locations. Accordingly, cathodic protection of all 
buried metallic pressure piping will be required. A suirvnary 

I 
of the minimum, maximum and mean resistivities at all depths 
measured for alignment and transit yard area is shown in Table 
IV. It can be also seen that corrosive conditions tend to 

I 

become more severe with depth. For this reason piping to be 
installed for service to the deep tunnel or station structures 
should be placed inside shafts, tunnels or station structures 
rather than directly in the soil. The placing of piping 

I 
Inside structures not only reduces the likelihood of corrosion 
deterioration but also permits the repair or replacement at 
nominal cost without possible catastrophic effects. 
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TABLE IV 

SOIL RESISTIVITY (OHM-CM) 

WENNER FOUR PIN SUMMARY 

Alignment Transit Yard 

Depth Mm Max Mean Mm Max Mean 

2'7" 594 65,796 2,120 1,892 428,194 29,000 

51311 447 45,543 1,900 2,182 97,943 20,500 

711011 308 34,352 1,550 1,867 100,825 11,200 

l0'6" 124 26,743 1,400 1,237 341,828 13,000 

15'8" 19 15,151 1,200 962 3,382,369 8,400 

25' 29 10,916 600 127 33,513 5,800 

50' 48 6,329 100 268 29,938 350 

Mean of all depths 1,350 11,000 

Soil resistivities measurements obtained in the vicinity of 
the proposed transit yard (Santa Fe Railroad Yard adjacent to 
Union Station) indicate that soil in this area above 25 feet 
is much less corrosive than soil along the alignment. It is 

possible, however, that this may not be the case in the yard 
proper. No conclusions can be made regarding corrosive soil 
conditions in the yard until access is approved for further 
soil studies. Nevertheless, if the actual yard values are 
similar to the data reported here, a desirable situation from 
the standpoint of stray current generation will result. 
Typically, the yard and maintenance shop area would be a major 
source of stray current. If the yard is located in a high 
soil resistivity area, stray currents from this source could 
be reduced proportionately. 

A plot of mean soil resistivities with increasing depth for 
both the alignment and transit yard data is shown in Plate 
XIV. This plot illustrates the general increase in 

corrosivity with depth and shows the relative difference in 

resistivity values between the alignment and transit yard 
area. 

4.4 PRECAST TUNNEL SEGMENTS 

The proposed construction of the tunnels, except through the Santa 
Monica Mountain area, is to be by precast concrete liner segments. 
The tunnel section through the mountains is tp be cement grout 
applied to the tunnel rock surfaces. IA order to ensure an 
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extended service life for the precast concrete tunnel liner 
segments they should be constructed of Type V sulfate resistant 
cement with a high density to prevent the penetration of sulfate 
and/or chloride bearing waters. The application of protective 
coatings to the external surface of the segments is also required 
to minimize concrete deterioration by high chloride ion 

concentrations or low pH values. More specific design criteria for 
concrete tunnel segments are presented in the discussion entitled 
"Corrosion Control Design Criteria and Specifications". 

The tunnel sections containing the welded steel liner for the 
prevention of oil and/or gas penetration into the tunnels will not 
require corrosion control measures other than those recommended for 
the precast concrete liners in general. The use of a sulfate 
resistant cement grout between the steel liner and the concrete 
liner segments will provide adequate corrosion protection. The 
surface of the steel liner exposed in the interior of the tunnel 
shall be treated as recomended under the atmospheric corrosion 
control recommendations. 

4.5 CONCRETE PIPE 

Buried reinforced concrete or prestressed concrete pipe will be 
subjected to the effects of sulfates and chlorides in the same 
manner as other concrete structures. The pipe shall be constructed 
of a minimum Type II sulfate resistant cement. Type V shall be 
used in those areas where sulfate concentrations in the soil are 
greater than 2,000 ppm or where the ground water sulfates exceed 
1,000 ppm. In order to prevent the penetration of chlorides to the 
reinforcing arid to prevent the depletion of the alkaline 
environment at the concrete/rebar Interface, protective coatings 
shall be applied to the external surface of the pipe in areas of 
high chloride concentrations and/or low pH. The type of coating 
required varies depending on whether the pipe is used for a 

pressure system or not. Detailed coating requirements are 
presented in the "Criteria and Specifications" task of the 
corrosion report. 

4.6 SUPPORT PILINGS 

Support pilings located deep in the earth, i.e., for tunnels and 
passenger station supports, will be located in relatively undis- 
turbed earth. These will be less likely to incur severe 
deterioration. In this case the use of steel pipe shells with 
reinforced concrete fill with the concrete providing the primary 
support will provide the most effective support system. Where 
support systems are required at grade level structures, an analysis 
of soil conditions should be made at the individual locations so 
that the most approximate piling system can be determined. In any 

case, all concrete supports located south and east of Wilshire and 
Fairfax shall use Type V sulfate resistance cement. At all other 
locations Type II cement is required. 
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4.7 ELEVATORS 

I 
In view of the present practice of Installing elevators for the 

handicapped, consideration must be given to corrosion control 

measures for hydraulic cylinder type systems. In most cases, the 

steel hydraulic cylinders will extend into the earth below 

I 
structures. These could be subject to soil corrosion and possibly 
stray current corrosive effects. To ensure an extended life for 
the hydraulic cylinder, the cylinder should be well coated. The 

I 
cylinder should be cased with an intermediate FRP casing and an 

outer steel casing. The space between the two casings and between 
the cylinder and the RFP casing should be filled with clean sand. 

I 
Cathodic protection of the cylinder by means of sacrificial anodes 
between the cylinder and the FRP casing should be provided. This 

arrangement will eliminate the reaction of soils or ground water on 
the steel cylinder and also eliminate the detrimental effects which 

I 
might be caused by the exchange of stray direct current between the 
cylinder and earth. 

I4.8 NON-METALLIC MATERIALS 

As a further deterrent to corrosion failures on the proposed 

I 
transit system, consideration should be given to the use of 

materials highly resistant to corrosion wherever possible. 

Materials such as polyethylene, PVC or other non-metallics are 

commonly used for the direct burial of non-pressure drainage piping 

I 
and electrical conduits. The use of these materials will 

substantially reduce corrosion and maintenance costs. 

I5. APPENDICES 

Appendices attached contain copies of the Water Quality Analyses 

I 

and the Soil/Rock Chemical Analyses conducted by Converse 
Consultants - Jacobs Laboratories. They also contain surface soil 
resistivity data obtained by Villalobos and Associates, Inc. along 
the revised alignment and in the vicinity of the proposed transit 
yard. The appendix includes: 

Appendix 1. Water Quality Analysis - Bore Hole Samples 

IAppendix 2. Soil/Rock Chemical Analysis - Bore Hole Samples 

Appendix 3. Soil Resistivities Along Revised Alignment 

I Appendix 4. Approximate Locations of Surface Soil 
Resistivity Measurements Along Revised 
IAlignment 

Appendix 5. Surface Soil Resistivities in the Vicinity of 

the Transit Yard 

I Appendix 6. Surface Soil Resistivity Test Site Locations 
and Comments 

I 4-15 



APPENDIX 1 

WATER QUALITY ANALYSIS - BORE HOLE SAMPLES 

(SCRTD) 



ConverseWardflavisDixort . Water Ouaflty 
Earth Sóienàes Associates i C) Ceo/Resource Consultants IF- -- 

acobs Laboratories 

1: 
April 6, 1981 

m ConvCtse Ward Davis Dixon 116. P81-02-123 
126 SI. Del Mar Blvd. 

. P81-02-142 
P.O. Box 2268D P8102439 
Pasadena, CA 91105 P81-02-186 

- 

P81-03-017 
-. - Attention: Buzz Spelltan - 

I. 
Report of C2eidca1 Analysis 

The snélosed analytical results are for thirty (30) sam1es of ground 
.. ... water received by this laboütory on Pebruary 12, 17 18, 20 and March 

3, 1981. The samples were collected and delivered by Converse, Ward, 
Davis, Dixon jersonnel. 

I .Cation/Anion 
balance was not acheived on many of the samples due to the 

presence of an unmeisured cation, probably aluminum or barium. This fact 
, is reflected in the large difference between the milhiequivalents of total 

I 
'...-hardness, (Mifligraics CaCO3/l 50 - ciilliequivalents) and the summed nrC Iii 

, equivalents of calcium and magnesium. These samples balance electrically 
using the total hardness in place of the calcium and magnesium. This 
indicates a cation (or cations) was not measured. The most common ions I are aluminum and barium. If you so desired, we may analyze these samples 

a. . 

for the missing element(s). . 

Respectfully submitted, 

.1 Wiflian, ft. Ray C 
Manager, Water Laboratory 

I 

II 

I 

asl 

p.. 



C-i Si Fected Water Quality Parrsters 

Depth Total Sulfate 
Diem. =:d- a °:r Bran B PossibloWaterTypo&Co,snts 

(It) 25 C (D1 

! 
2 234 02-79-41 7.9 1,238 473 0.93 NaTh 

2. 2 ii.o. 0279-81 7.7 412 57 0.90 Na/HCO3 

3$.0.. 02-19-41 .7.0 .s,nz .I52.5.o KWCI. 

.4 02-IflI 74 3,085 79 74 NI 
6. 2 19.0 02-20-87 74 20,230 27 38.0 t4ICI-oiifIoidblne7 
9 2 105.3 02-2341 7.7 483 $2 0.74- 

10'.1 234 02-23-81.7.4 4,461 2,200 2.44 Ca/501 

Ii; 2 a 02-02-SI 1.2 *9,670 5 374 -NatCI-artesianollfteidbrinoi 
12 2 20.0 02-78-81 7.3 6438 40 14.0 WCI 

14 2 24.0 02-78-81 7.9 677 67 oa Na/IC3 

16. I 35.0 02-18-81 7.4 1,139 231 0.14 Na/IC3 

16 40.0 02-18-87 74 6,926 25 10.0 Na/Cl ,2 
17 . 2 254 02-18-81 74 793 87 0.12 Na/IC3 

19 2 32.0 02-20-87 7.0 15,425 240 *0.5 isa/Ct - oil field inet 

21 3/4 *94 01-07-87 74 867 263 0.58 Na/Ha)3 

21 2 194 01-01-81 7.4 1,448 67 1.74 Na/Cl 

22 3/4 76.2 02-16-81 8.0 778 149 0.24 $alHD)3 

22 2 78.3 02-76-6) 7.7 779 124 0.42 Na/IC3 

23 2 7.3 02-13-8% 73 589 6 0.22 Na/lW3 

23A 2 20.0 02-20-81 7.7 863 15$ 0.38 Na/IC3 

23 2 1094 02-13-Si 74 494 65 0.12 Ni/IC3 

26 I 31.0 02-72-8! 7.4 660 16* 0.20 Na/IC3 

27 2 274 02-73-87 7.8 725 245 0.32 Na/IC3 

284 2 30.0 03-79-81 - 7.8 805 - 272 1.16 Na/IC3 

29 2 84.5 02-23-81 8.0 5,996 2,600 24 Na/SO4 

Iso 2 27.1 03-1941 7.9 620 202 1.14 Na/IC3 

3* 2 28.7 03-02-81 8.6 511 161 043 Na/IC3 - Topanga Sandstone & Basalt 

Flowin3 at rate of 0.75 g at time at sa'ipilng. 



I'. 

I 

I 
TABLE 6-i Selected Water Quality Paran.tès (continued) I. Boring 

Depth 
ter Date 

Total 
Dissolved $1 $04 Boron, $ Possible Water Type S Cents 

(In.) pled Sampled 8 SolIds (ppm) Itt) 23. C (con) 

32 - .2 55.0 02-24-81 9.8 587 121 1.14 Na/HC)3 - Topenge Conglonerat. 

w 2 74 03-19-4% 8.0 940 434 0.32 1W504, Basalt 

I:"1 21.8 02-12-81 7.2 1,504 693 046 Na/SO4 

33 2 23.3 02-11-81 7.5 1,134 538 0.38 NW504 

35 I 95.0 02-12-SI 7.6 2,605 19 3.2 Na/Cl j 36 2 684 02-10-81 74 732 253 oa lHaks -. 

37 2 1274 02-10-SI 7.0 877 418 0.56 Ca/SO4 

38 2 .138.0 02-25-8l 7.8 906 .463 0.44Ca/504 

Biankfl - - 03-02-8! 5.9 *3 9 0.02 a 
I. sasple test tim In lebautory vItti pleroseter PC pip., fabric filter screee clean sand and distilled water. 

-- 

CWDD/E3!410RC t!-828 

a 
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p. 

II 

p. 

I.. 
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p 
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I. 

P. 

p. 

I 

I. 

p. 

p 

p 

Converse Ward Davis Dixon 

Sample labeled: ROLE #1-2" 

Conductivity: 1,900 i flhos/cm 
Resisriviri: LZC 
Turbidity: NTTJ 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sddiuxn,Na 

Potassium, K 

Anions determined: 

Bicarbonate, as IWO3 
Chloride, Cl 
Sulfate, SO4 
fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2., Calc. 
Hardness, as CaCO3 
Silica, Si02 
Iron, Ye 
Manganese, Mn 
Boron, B 

total Dissolved Minerals, 
(by addition: RCO3 -> a)3) 

Hfll4grams per 
liter (ppm) 

7.7 
70 

260 

14 

515 
100 
475 

0.7 
6.1. 

9 
528 
44 

C 0.01 
C 0.01 
0 98 

1,2.58 

Lab No. P81-02-186-s 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-20-81 

pH 7.9 0 25°C 
pUs 0 60°? (15.6°C) 
pffs 0 140°? (60°C) 

Milli-equivalents 
per liter 

0.39 
5.76 
11.30 
0.36 

Total 17.81 

8.44 
2 88 
9.89 
0.04 
0.44.. 

Total 22.69 



a 

Converse Ward Davis Dixon 

Sathple labeled: HOLE 2-2" 

Conductivity: 710.. p uzbos/cm 
Resisnv,.ry: nor o.,ua, cr 
Turbidity: zrru 

CaUcus detendned: 

Calcium, Ca 
Magnesium, Mg 
Sddiuzn,Na 
Potassium, K 

Anions determined: 

Bicarbonate, as RC03 
Chloride, Cl 
Sulfate, $04 
Fluoride, P 
Nitrate, as N 

Carbon diQxide, CO2. Caic. 
Hardness, as CaCO3 
Silica, 5i02 
Iron, Fe 
Manganese, )frz 

Boron, B 

Total Dissolved ainerals, 
(by addition: 11CO3 -> to3) 

Milligrams per 
liter (ppm) 

7.5 
5.0 

115. 
9 

268 
49 
57 
0.8 
0.2 

.8 

125 
33 
0.09 

C 0.01 
0.90 

412 

Lab No. P81-02-186-6 

No. Samples : 7 

Sampled By : Client 
B5.tought By : Client 
Date REceived: 2-20-81 

pH 7.7 @ . 25°C 
pile @ 60°F (15.6°c) 

140°F (60°C) 

Mflli-equivalents 
per liter 

0.38 
0.41 
5.00 
0.23 

Total 6.02 

4.39 
1.38 
1.19 
0.04 
0.01 

Total 7.01 

MTA LIBRARY 
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ii 
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I. V 

Converse Ward Davis Dixon 

Sample labeled: ROLE 3-2" 

Conductivity: 6,100 p inhos/ca 

Re-nsr,v,ry: 0M 
Turbidity: Nfl 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Mions determined: 

Bicarbonate, as HCO3 
Chloride, Cl 
Sulfate, SO4 
fluoride, P 
Nitrate, as N 

Carbon diokide, CO21 
Hardness, as CaCO3 
Silica, Si02 
Iron,. Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: ECO3 -> CO3) 

Lab No. P81-02-186-i 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-20-81 

pH 7.0 @ 25°C 
pUs @ 60°F (15.6°C) 
pEa 140°? (60°C) 

Milligrams per Milli-equivalenes 
liter (ppm) per liter 

183 
10 

1,000 
17 S 

387 
2,000 

152 
0.3 
0.2 

56 
992 
41 

c 0.01 
.< 0.01 

5.0 

3,722 

Total. 

Total 

9.13 
10.69 
43.50 
0.45 

63.77 

6.34 
56.42 
3.17 
0.02 
0.01 

65.96 

II ts- 
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1 
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J 

I 

I 

Converse Ward Davis Dixon 

Sple labeled: ROLE C4-2" 

Conductivity: 
Res,sr,vrrx: 
turbidity: 

8,450. p mhosicm 
//8 UNM4 C/-'7 

NTU 

Cations determined: 

Calcium, Ca 
Magnesium, M3 
So4ium, Na 
Potassium, t 

Anions determined: 

Bicarbonate, as IWO 
Chloride, Cl 
Sulfate, 504 
Fluoride, F 
Nitrate, as N 

Carbon diàxide, CD2, Caic. 
Hardness, as CaCO3 
Silica, 5102 
Iron, Ye 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: 00O3 -> CD3) 

Lab No. P81-02-186-i 

No. Samples : 7 - 

Sampled By : Client 
Brought By : ClienE 
Date Received: 2-20-81 

pH. 7.6.@ .25'C 
pUs @ 6rF (15.6°C) 

u°.! (60°c) 

)iilli5&aas per ... Mil1S-equiva1ets 
liter (ppm) per liter 

76 .3.80 
64 5.27 

1,800 78. 

3.8 0.46 

total 87.83. 

404 6.62 
2,800 79.18 

79 1.65 

0.6 0.03 
0.3 . 0.02 

Total 87.50 

15 
453 
39 
0.08 

< 0.01 
7.0 

5,085 
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I 
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LI 

Converse Ward Davis Dixon 

Sample labeled: ROLE #6-2" 

Conductivity: 30,000 p Ethos/cm 
.33 o#,-,cm 

turbidity: WED 

Cations determined: 

Calcitn, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Intone determined: 

Bicarbonate, as HCO3 
Chloride, Cl 
Sulfate, SO4 
fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2, Caic. 
aardness, as CaCO3 
Silica, SW2 
Iron, Fe 
Manganese, Mn 
Baron,B 

Total. Dissolved Minerals, 
(by addition: 00O3 -> Ca3) 

S 

Milligrams per 
liter (Dun) 

Lab No P81-02-186-2 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-20-31 

p1 7.5Q 25°C 
pUs @ 60°F(15.6°C) j 
pUs @ 140°f (60°C) 

)(lfli-equjvnits 3 
per liter 

1,055 H. 52.75 
210 17.28 

6,450 280.58 
38 0.97 

total 351.58 

230 .: ....... .3.77 
12,255 345.60 

21 0.56 
0.4 0.02. 
0.5 

: 
0.04 

Total 349.99 

10 
3,500 

39 
0.08. 
0.64 

38 

20,230 . 

r 
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II 
1. 

Converse Ward Davis Dixon 

Sample labeled: Blank #2 

Conductivity: 5.4 puihos/cm 
Res'srn',ry: ,açao ON'e c.m 
Turbidity I : Nfl . 

Cations determined: 

Caloium, Ca . 

Magnsium, Mg 
Sodium,Na 
Potassium, K 

Anions determined: 

Bicarbonate, as 3CO3 
Chloride, Cl 
Sulfate, $04 
Fluoride, P 
Nitrate, as N 

Carbon dioxide, Caic. 
Hardness, as CaCO3 
Silica, SW2 
Iron, Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: B3 ->CO3) 

Milligrams per 
liter (ppm) 

0.8 
0.03 

Cl 
0.2 

5.6 
1.0 
8.6 

<0.1 
0.42 

> 4.0 
1.3 

<1 
0.10 

C 0.05 
0.02 

15 

Lab No. P81-03-152-3 

No. Samples : 4 
Sampled By : Client 
Brought By : Client 
Date Received: 3-19-81 

pH 5.9 @ 25°c 
pBs @ 60°F (15.6°C) 
pBs e 140°p (60°C) 

Milhi-equivalents 
per liter 

0.04 
0.00 

0.01 

Total 0.05 

0.09 
0.03 
0.18 

0 01 

Total 0.31 

1TA UBRARY 
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I 

Converse Ward Davis Dixon 

Sample labeled: ROLE 38-2" 

Conductivit)fl 1,200 4! tnhos/cm 

.833 O,w- en 
turbidity flu 

Milligrams per 
titer (ppn) 

Cations determined: 

catèSt, Ca . 133 
Magnesium, $g . 28 
Sodium, Na .- 105 
Potassium, K 6.6 

Anions determined: 

Bicarbonate, as RCO3 . 165 
Chloride, Cl 34 
Sulfate, $04 . . ..: 463 
fluoride, F 0.4 
Nitrate, asN 5.5. 

Carbon dioxide, CO2. Caic. 4 
Rardness, as CsCO3 447 
Silica, -29 

Iron, Ye . . 
C 0.01 

Manganese, Mn . 

C 0.01 
Boron, B 044 

Total Dissolved )Iinerals,. 906 
(by addition: EC03 -> CD3) 

Lab No. P81-03-017-S 

No. Samples 7 
Sampled By : Client 
Brought By : client 
Date Received: 3-3-81 

pH 7.8 25°C., 
pUs 0 60°F (15.6°C) 
pEa @ 140°! (60C) 

xim-eival.ts 
per liter 

6.1.4 

2.30 
4.88 
0.17 

Total. 13.49 

2.70 
0.95 
9.64 
0.02 
0.39 

Total 13.70 



UI' 
cnverse Ward DavIs Dixon Lab No. P81-02-123-i 

1.1 No. Samples : 6 
Sampled By : Client 

1, 

Brought By : Client 

F 

Date Received: 2-12-81 

Sample labeled: HOLE 37 

I. 
. Conductivity: 1,220 p nihoslcmpH 7.0 25°C 

-RES'inutry : S,W Os-I Oi- jHs @ 60°f (15.6°c), 

'turbidity: Nfl . ,- pUs @ 140°! (60°C) 

I 
:CatIO determined: 

caicium,da 
Magnesium, Mg 
Sodium, Na 
Potassium, t 

Anions determined: 

Bicarbonate, as HCO3 
Chloride, Cl 
Sulfate, SO4 

I fluoride, p 
I Nitrate, as N 

ii 
Carbon dioxide, CO2, Cab. 
Hardness, as CaCO3 
Silica, 5102 
Iron,Ye 
Manganese,1 
Boron, B 

Total Dissolved Kinerals, 
(by addition: EGo3 -> Go3) 

ii 

r. 

Milligrams per: situ-equivalents 
liter (ppm) per liter 

132. 6.60 
34 2.80 

100. 4.35 
5.8 0.15 

192 
49 
418 
0.5 
7.1 

28 
470 
25 
0 02 
0 10 
0.56 

877 

Total 13.90 

3.1.5 

1.39 
8-n 
0.03 
0.51 

Total 13.79 



S 

Converse Ward Davis Dixon 

Sample labeled: ROLE 36 

Conductivity: 1,270 p mb.os/cm 
/2tsy.sri,ry: Sstr 0$'-.) Cal 
Turbidity: Nit 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Aniácis determined: 

Bicarbonate, as BCO3 
Chloride, Cl 
Sulfate, $04 
fluoride, F 
Nitrate, as N 

Carbon dioxide, talc. 
Eardness, as CatO3 
Silica, SW2 
Iron, Fe 
Manganese ,Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: RCO3 -> co3) 

Lab No. P81-02-123-4 

No. Samples : 6 
Sampled By : Client 

By I Client 
Date Received: 2-fl-El 

pR 7.6 @ 25°C 
pUs @ 60°? (15.6°C) 
pBs e 140°F (60°c) 

Milligrams per PHI ll-equivats 
liter (ppm) per liter 

65 3.24 
33 2.71 

125 -5.44 
5.2 0.13 

Total fl.52 

286 4.69 
66 1.87 

253 
: 

0.16 

1 Total U-cl 

10 

32 

<0.01 
<0.01 
0.28 -. - 

732 H 



1 

'El 

II 

Converse Ward Davis Dixon 

Sample labeled: HOLE 35-1", 175' 

IT.: Conductivity: 
Res,sr,v#ry: 
Turbidity: 

4,640 p mhos/cm 
aic O#A2 C-7 

flU 

Cations determined: 

'Y 
Calcium, Ca 
Magnesiuzi, Mg 

I $odium, Na 
Potassium, K 

Mions determined: 

Bicarbonate, as HO3 
-. chloride1 ci 

F Sulfate, SO4 
fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2. Cale. 
Hardness, as CaCO3 
Silica, Si02 
Iron, Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: HCO3 -> CO3) 

Milligrams per 
liter (ppm) 

56 
67 

795 
12 

343 
1,423 

19 
0.3 
5.7 

12 
56* 
34 

C 0.01 
C 0.01 

3.2 

2,605 

Lab No. P81-02-142-i 

No. Samples 7 

Sampled By : Client 
Brought By : Client 
Date Received: 2-17-81 

pH 7.6 @. 25°C 
pEa 0 60°)' (15.6°C) 
pEa -0 l40°P(60°C) 

Nih-equivalents 
per liter 

:279 
5.51 
34.58 
0.31 

Total 43.19 

5.62 
40.12 
0.40 
0.02 
0.41 

Total. 46.57 



Converse Ward Davis Dixon Lab No. P81-02-123-s 

No. Samples : 6 
Lj Sampled By : Client 

Brought By : Client 
Date Received: 2-n-al 

Sample labeled: HOLE 33-2" 

II 
Conductivity: l,flO p.mhoslcm .: pH 7.51 25°c 
/Zcs,sr'u,-ry: SSS os -Ct'? pUs 60°F (13.6°C) I Turbidity: flU-. pUs @ 140°? (60°C) 

Milligrams per Milhi-equivalents a liter (ppm) per liter 
Cations determined; - 

Calcium, Ca 94 4.69 [ 

Magnesium, Mg 68 5.59 
Sodium, Na 186 8.09 

ii 
Potassium, K 5.3 0.14 

Total 18.51 

Anions determined: 

a Bicarbonate, as RCO3 329 

I Chloride, Cl 60 1.70 
Sulfate, SO4 538 fl.2l 
Fluoride, F 0.7 0.04 
INitrate, as N' 2.7 0.19 

r 
Total 18.53 

ICarbon dioxide, GO2, Gait. 33 
Hardness, as CaCO, 515 

- Silica,Si02 .- 27 
Iron, Fe c 0.01 
Manganese, Mn C 0.01 
Boron,B -. 0.38 

ITotal Dissolved Minerals, 1,154 
(by addition: Rc03 -> O3) 

LI 

H:- 

'I 

-! I 



Ii 

3 Converse tard Davis Dixon 

LI- 

I. 

sample labeledr ROLE . 33-1" 

Conductivity: 2,130 p nihos/cm 
iZes,sr,u,rv: 920 
Turbidity: LU 

F: . 

Cationa determined: 

II. Caciurn,Ca 
}tagnesium, Mg 

ii Sodium, Na 
Potassium, K 

Mions determined: 

Bicarbonate, as Eco 
Chloride, Cl 
Sulfate, SO 

I 
fluoride, 
Nitrate, saW 

Carbon dioxide, CO2, Caic. 

IHardness, as Caco 
1 Silica, Si02 

Iron, Pe 
Manganese. lb 
IBoron, B 

Total. Dissolved Minerals, 
(by addition: HCO3 4 CO3) 

p 

kmc 

H 

Lab No. P81-03-017-3 

No. Samples : 7 

Sampled By : Client 
Brought By : Client 
Date Received: 3-3-81 

pH 7.2@25°C 
. ...... pUs Q60°P. (I5.6C) 

pUs @l40F (60°C) 

Milligrams per HuH-equivalents 
liter (ppm) per liter 

198 9.88 
98 8.06 
145 6.31 
5.8 0.15 

Total 24.40 

474 7.77 
94 . 2.66 

693 14.44 
0.6 0.03 
0.3 0.00 

Total 24.90 

43 
898 
31 
C 0.01 
C 0.01 

0.66 

1,504 
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Converse Ward Davis Dixon 

Sample labeled: Hole 32A Okshire 

Conductivity: 

Turbidity: 

1,200 1.' mhos/cm 
$33 OffM .014 

NTU 

Cations determined: 

Calciwn, Ca 
aqagnesin, Mg 
Sodiwn, Na 
Potassimt, K 

Anions determined: 

Bicarbonate, as ECO3 
chloride, ci 
Sulfate, SO4 
Fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2 Caic. 
Hardness, as taCO3 
Silica, SW2 
Iron, Fe 
Manganese, b 
Boron, B 

Total Dissolved Minerals, 
(by addition: IWO3 >CO3) 

tab No. P81-03-152-4 

Rio. Samples : 4 
Sampled By Client 
Brought By : Client 
Date Received: 

. 3-19-81 

pH 8.0@ 25°C 
pUs @ 60°? (15.6°C) 
pUs @ i4i' (60°c) 

Milligrams per Milli-equivalents 
liter (ppm) per liter 

91.: 4.53 
46 3.78- 
332 6.61 
5.7 0.15 

Total 3.5.07 

260 4.26 
62 1.74 
434 9.04 
059 0.04 
0.5 .0.01 

Total 15.09 

3.7 
417 
12 . . .- 

o 10 
C 0.05 

0.32 

940 . 



I 

Converse Ward Davis Dixon 

1.. 

1 
- amp1e labeled: ROLE 32-2" 

Conductivity: 666 p mhos/cm. 
*3sr/v,rv: 1S02. on'-' c,q 

Turbidity: NTU 

Cailons detriained: 

t 
CAlcium, Ca 
Magnesium, Mg. 
Sodium, Na 
Potassium, K 

Anions determind: 

Milligrams per 
liter (ppm) 

3.3' 
1.8 

135 
3.0 

Lab No. P81-03-017-2 

No.Sampies : 7 

Sampled By : Client 
Brought By. : Client 
Date Received: 3-3-81 

pH 9.8 @ 25°C 
pEa Q 60°F (15.6°C) 
pUS @ 140°? (60°C) 

'MillS-equivalents 
per liter 

0.16 
0.13 
5.87 
0.77 

Total 6.95 

Carbonate, CO 55 1.83 
Bicarbonate, ECO, 163 . 1.16 
Qtloride,C1 - 37 1.04 
Sulfate, SO4 . . 121 2.52 
fluoride, P 1.3 . 0.07 
Nitrate, as N 1,5 0.11 

total 6.73 

Carbon dioxide, CO2 Caic. <.1 
Hardness, as CaCO 16 
Silica, Si02 30 
Iron, Fe 110 
Manganese, Mn 0.74 
Boron, B 1.14 

Total Dissolved MInerals, 587 
(by addition: 11CO3 > CO3) 



- 

Converse Ward Davis Dixon 

Sample labeled: ROLE 31-2" 

Conductivity: 811 
.REShSr,vrry! /2.33 
Turbidity: 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Anions determined: 

Bicarbonate, as RCO3 
Chloride, Cl 
Sulfate, SO4 
fluoride, F 
Nitrate, as N 

p mhos/ca 
O#t1 C-u 

flU 

Carbon dioxide, CO2, Caic. 
Hardness, as CaCO3 
Silica, 5i02 
Iron, Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: IWO3 -> CO3) 

Lab No. P81-03-017-i 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 3-3-81 

pH 8.6 @ 25°C 
@ 601 (15.6C) 

pUs @ 140°F (60°c) 

Milligrams per Milli-equivalents 
liter (ppm) per liter 

15 o.75 
1.8 0.15. 

157 6.83 
3.0 0.08 

Total 7.81 

167 2.74 
50 1.41 

161 3.35 
0.9 0.05 
2.4 0.17 

<1 
45 
25 
2.12 

C 0.01 
0.58 

51.]. 

Total 7.fl 

II..Q'A 



ANALYSIS OF WATER SRIPLES 
PROM 

tX3N VERSE WARD D&VIS DIXC4 

Sample labeled: Role 30-2" 

Conductivity: 880 p mhos/cm 
pQas,s rtv ry e /734 on*, C '' 
Turbidity: NTU. 

Cations determined: 

Calcium. Ca 
Magnesium, Mg 
Sodium, Na 
Potassium1 K 

Anions determined: 

b No. 

No. Samples : 4 
Sampled By : Client 
Brought By : Client 
Date Received; 3-19-81 

pH 7.9 @ 25°C 
pus @ 60°F (15.6°C) 
pUs @ 140°F (60°C) 

Milligrams per Mhlli-equivalents 
liter (ppm) per liter 

41 2.05 
17.5 1.44 

142 6.18 
2.1 0.05 

Total 9.72 

Bicarbonate, as HCO3 283 : 4.64 
Chloride, Cl 29 0.82 
Sulfate, SO4 I 202 4.21 
Fluoride, F 0.96 0.05 
Nitrate, as N 2.5 0.04 

Total 9.76 

Carbon dioxide, Cale. 5.2 2' Hardness, as CaCO3 187 
Silica, Sit)2 32 

Iron, Fe 0.42 
Manganese, ) C 0.05 
Boron, B 1.14 

Total Dissolved MInerals, 620 
(by addition: IWO3 >CO3) 



I 
bt&erse Ward Davis Dixon 

ilL. 

Sample labeled: BOLE 29-2" II:. 
Conductivity: 8,220 31 .mhos/cm 
Revsr,v,ry: ,za. o#it c.', 

turbidity: flU 

Cations detertniued: 

ii Calcium, Ca 
iS . Magnesium, Mg 

Sodium, Na 
IPotassium, K 

ji. 

Anions determined: 

Bicarbonate, as BC03 

Ii 
Chloride, Cl 
Sulfate, $04 
fluoride, V 

jNitrate, 
as N. 

ICarbon dioxide. CO3 Calc. 
Hardness, as CaCO3 
Silica, $IOz 
Iron, Fe 
Nanganese,NA 
Boron, B 

ITotal pissolvedNlnerals 
(by addition: BCO3 -> to3) 

LI 

Ii 

1- 

I 

Lab No. P81-03-017-6 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 3-3-81 

pa 8.0 @ 25°c 
pBs @ 60°F (15.6°C) 
pUs @140'P(60°C) 

Mifligraas perU MUll-equivalents 
liter (ppm) per liter 

43 2.16 
20 

2,025 88.09 
14 0.36 

total 92.26 

385 6.31 
1,066 30.06 
2,600 54.16 

08 . 0.04 
0.2 0.0]. 

6 
190 
31 
<0.01 
0.08 
2.6 

5,996 

total 90.58 



I 

I 

If' 

I 

Converse Ward Davis Dixon 

Sample Labeled: Bole 28A-2" 

Conductivity: 920 p altos/cm 
,Qes,srty,ry: lost On CI1 
Turbidity: 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Scidium,Na 
Potassium, K 

Anions determined: 

Bicarbonate, as RCO3 
Chloride, Cl 
Sulfate, $04 
Fluoride, P 
Nitrate, as N 

Carbon dioxide, CO2, Caic. 

I 
Hardness, as CaCO 
Silica, SiC2 
Iron, Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
I(by addition: 11CO3-)c03) 

I 

I) 

Lab No. P81-03-152-2 

No. Samples : 4 
Sampled By Client 
Brought By : Client 
Data Received: 3-19-81 

;pH i.s@ 23°c 

pBs @ 60°F (15.6°C) 
pBs 0 140°F (60°C) 

lflfligrams per MulL-equivalents 
liter (ppm) per liter 

37 
16.5 

224 
5.8 

312 
76 

272 
0.82 
o * 39 

7.1 
114 
12 

1.6 
C 0.05 

1.16 

805 

1.83 
1.36 
9:74 
0.33 

Total 13.08 

5.11 
2.3.3 

5.67 
0.06 
0.01 

Total 12.98 



Converse Ward Davis Dixon 

Sample labeled: BOLE 27-2" 

Conductivity: 1,200. 

Lea, er/wry 833 
Turbidity: 

Catioas determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Anions determined:. 

Bicarbonate, as RCO 
Chloride, C 
Sulfate, SO 
fluoride, V 
Nitrate, as N 

Lab No. P81-02-142-S 

No. Samples : 7 
Sampled By : client 
Brought By : Client 
Date Received: 2-17-81 

p.mhos/cm .. pH 7.80 25°C 
OViM C#.i pBs 0 60°F (15.6°C) 
flU pUs 0 140°f (60°C) 

Milligrams per Mifli-equivalenta 
liter (ppm) per liter 

Carbon dioxide, CO2, talc. 
Hardness, as CaCO3 
Silica, $i02 
Irca, Fe 
Mangese ,)frt 
Boron, B 

Total Dissolved Minerals, 
(by addition: 1CO3 -> CO3) 

26 1.30 
.52 4.28 
76 3.31 
1.7 0.04 

total 8.93 

329 . 5.39 
75 2.22 

245 5.10 
0.5 0.03 
7.4 0.52 

Total 13.16 

7 

504 
52 

C 0.01 
C 0.01 
0.32 

725 



1:. 
1 

Converse Ward Davis Dixon 

11 

Sample labeled: HOLE 26-1", 86' 

11 conductivity: 

as, r, Li, r y: 

- 

turbidity: 

:1 

1,020 p mhos/cm 
$pS7 Cl1 

flU 

JCations determined: 

.. 
Calcium, Ca 

Ii 
Magnesium, Mg 
Soditm*, Na 
Potassium, K 

LI 

ii. 
Anions determined: 

Bicarbonate, as RCO3 
Chloride, Cl 

I .. Sulfate, 504 
Fluoride, P 
Nitrate, as N 

Carbon dioxide, CO2, Cale. 
Hardness, as Caa)3. 
Silica, SW2 
Iron, Fe 
Manganese, Mn 
Boron, B 

total Dissolved Minerals, 
(by addition: RC03 -> CO3) 

Lab No. P81-02-142-3 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-17-81 

pH 7.4@ 25°C 
.pHs Q 60°? (15.6°C) 
pUs @ 140°? (60°C) 

Milhig rams per Nil li-e quivalents 
liter (ppm) per liter 

9.9 0.50 
40 3.29 
112 4.87 
1.6 O04 

Total 8.70 

385 6.31 
54 1.53 
161 . 3.35 
0.6 0.03 
8.1 0.58 

fl.80 
Total 

22 
374 
53 

< 0.01 
C 0.01 
0.20 

660 



S 

Converse Ward Davis Dixon 

Sample labeled: HOLE 25-2" 

Conductivity: 949 ii ta/cm 
iZtr,sr,v,ry: /oS'f os*, 
Turbidity: Nfl 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Mions determined: 

Bicarbonate, as HCO3 
Chloride. Cl 
S4face, SO 
ttuoflde, P 
Nitrate, as U 

Carbon dioxide, CO2, Calc. 
Hardness, as CaCO3 
Silica, Si02 
Iron, Ye 
Manganese, MA 
Boron, B 

Total Dissolved Minerals, 
(by addition: HCO3 -> 0)3) 

Milligrams per 
liter (ppm) 

12 
32 
74 
2.5 

365 
41 
65 
0.4 
7.6 

13 
298 
51 
0.09 

C 0.01 
0.3.2 

494. 

Lab No. P81-02-142-6 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-17-81 

pH 7.6 @ 2YC 
pEa Q 60'! (15.6°c) 
pUs 140°!. (60°C) 

)ff 1 1(-equjvalenta 
per liter 

0.58 
2.63 
3.22 
0.06 

Total 6.49 

5.98 
1.15 
1.35 
0.02 
0.54 

Total 9.04 

.3 
If 

'I 



ii 

Converse Ward Davis Dixon Lab No. P81-02-186-3 

No. Samples : 7 

SampledEy : Client 
Brought By : Client 

p1e labeled: ROLE 23k Date Received: 2-20-81 

conductivity: 1,300 p mboslaa ' pH 7.7 @ 25°C 

1 7C? oq-, cm pUs @ 60°F (15.6°c) 

Turbidity: flit . pUs @ 140°? (60°c) 

1 . Milligrams per Will i-equivalents 
liter (ppm) per liter 

Cations determined: 

II:. 
Calcium, Ca 61 3.04 
Magnesium, Mg 44 3.61 

H So.u4:Na 160 6.96 

I .Potissium,t 3.8 

total 13.76 

INAnions determined: 

I-... 

Bicarbonate, as Hco3 389 6.33 
Chloride, Cl 120 3.50 
Sulfate, 504 . 154 3.21 
Fluoride, P o.z 0.04 
Nitrate, as N 18.59 1.33 

Total 14.46 

Carbon dioxide, CO Cale. fl 
Hardness, as CaCO 333 

- Silica, Si02 

I 
42 

Iron, Fe C 0.01 
Manganese,Mn C 0.01 Boron,B. 0.38 

total Dissilved MInerals, 863 
(by addition: ECO ->0) 

IN. 



Converse Ward Davis Dixon Lab No. P81-02-142-4 

No. Samples : 7 

J Sampled By : Client 
Brought By : Client 

Sample labeled: HOLE 23-2" Date Received: 2-17-81 

Conductivity: 1,020 1,! mhos/a pH 7.5 25°C 

j. 
/2esis7iUirv t 9Qo OWn pUs @ 60F (15.6°c) 
Turbidity: NTU pa @ 140°F (60°c) 

I'Mflhtg per MillS-equivalents 
liter (ppmj per fltr 

Cations determined: 

Calcium, Ca 1.8 0.09 
Magnesium. Mg 43 3.54 

a Sodium, Na 119 5.18 
Potassium, K 3.8 0.10 

total. 8.91 

Anions determined: 

I. 
Bicarbonate, as B003 595 975 

I 
Chloride, Cl 74 2.09 
Sulfate, 504 6 0.12 
Fluoride, P 0.3 H 0.02 
Nitrate, as N 0.1 0.01 

total 11.99 

jCarbon dioxide, CO2, Calc 27 

Hardness, as CaCO, 342 

[I Silica, 44 
Iron, Fe c o.o 
Manganese, Mn C 0.0]. 
IBoron,B o.n 

Total Dissolved Minerals, 559 

(by. addition: RCO3 -> CC3) 

[I 

ii ,. 

[I 
, nra 



I 

iI converse Ward Davis Dixon 

Sample labeled: HOLE 22-2", 200' 

lIT 
1 coaductivitp 1,170 1.1 whoa/cm 

,as,snviry; 8SS O#M CM 
Turbidity Mm 

Catcns determined: 

Calcium, 
Ca 

flagnes turn, Mg 

Sodium, Na 
Potassium, K 

Mions determined: 

Bicarbonate, as 8CO3 
Chloride, Cl 
Sulfate, $04 
fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2, Cale. 
Uardness, as CaCO3 
Silica, 5i02 
iron, Fe 
Manganese, 16 
loran, B 

Total Dissolved Minerals, 
(by addition: HCO3 -> CO3) 

Lab No. P51-02-142-2 

No. Samples : 7 
Sampled By : Client 
Brought By : Client 
Date Received: 2-17-81 

pH 7.7@ 25°C 
pUs @ 60°F (15.6°C) 
pBs 140°F (60°C) 

Milligrams per Nil li-equivalents 
liter (ppm) per liter 

38 1.90 
56 4.61 

174 .7.57 
6.1 0.16 

Total 14.24 

489 8.02 
107 3.01 
124 .. 2.58 
0.5 0.03 
0.2 0.01 

Total 13.65 

14 
325 
29 
C 0.0]. 
C 0.01 

0.42 

779 



I. 

II 

II 

I 

II 

I 

I 

II 

LI 

11 

I 

I 

I 

I 

I 

(I.. 

LI 

Converse Ward Davis Dixon 

Sample labeled: ROLE 21-l",40' 

Conductivity: 1,170 p mhos/cm 
ttSIsr,usrY. BSC on-? CM 
Turbidity: flU 

Catiops determined: 

Calcium, Ca. 

Magnesium, Hg 
Sodium, Na 
Potassium, K 

Anions determined; 
/ 

Bicarbonate, as HC0 
chloride, Cl. 

Sulfate, $04 
Fluoride, F 
Nitrate, as N 

Carbon dioxide, CO2, Cale. 
Hardness, as CaCO3 
Silica, SI.0 
Iron, Ye 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: 00O3 -> 0)3) 

Lab No. P81-02-142-i 

No. Samples : 1 
Sampled By : Client 
Brought By : Client 
bate Received: 2-17-81 

pH 8.0 25°c 
pBs @ 60°? (15.6°c 

pUs @ 140°? (66°C) 

Milligrams per Mills-equivalents 
liter (ppm) per liter 

7.2 0.36 
52 4.28 
136 5.92 
2.0 .. 0.05 

Total. 10.61 

423 6.93 
122 3.44 
149 3.10 
0.4 0.02 
.0.6 . 0.04 

Total 3.3.53 

6 

397 
37. 

< Q.Ol 
<0.01 
0.24 

718 

I, flC 



converse Ward Davis Dixon 

ple labeled: 021 2" Pvc WS-#2 

iU 

Conductivity: 

II 
Turbl4ity: 

2,500 p thos/ 
qoc o 

flu 

Cations determined: 

Calcium, Ca 
Magnesium, Mg 
Sodium,Na 
Potassium, K 

Anions determined: 

Bicarbonate, as HCO3 
Chloride, Cl 
Sulfate, SO4 
Fluoride, F 
Nitrate, as N 

Carbon dioxide, WV Calc 
Eardness, as CaCO3 
Silica, Si02 
Iron, Fe 
Manganese, Mn 
Boron, B 

Total Dissolved Minerals, 
(by addition: 00O3 -> CO3) 

Lab No. P81-02-123-6 

No. Samples : 6 
Sampled By : Client 
Brought By : Client 
Date Reéeived: 2-31-81 

pH 7.4 0 25°C 
pEa 0 60°? (15.6°C) 
pUs. 140°? (60°C) 

Milligrams per Nih-equivalents 
liter (ppm) per liter 

60 2.99 
42 3.45 
430 18.71 
-is 0.38 

Total 25.53 

446 7.30 
577 16.27 
67 1.40 
0.6 0.03 
1.1 0.08 

25 
323 
31 
0.12 
0.20 
1.74 

1,448 

Total 25.08 



- 

Converse Ward Davis Dixon Lab No. P81-02-123-3 

No. Samples 6 
Sampled By : Client 
Brought By : Client 
Date Received: 2-12-81 

Sample labeled: #21 3/4" PVC W$-1 

Conductivity: 1,430 p mhos/an pH 7.6 @ 25°C 
/cs,sr/p,T'y Cn$1 Cs.) pUs @ 60°F (15.6°C) 
Turbidity: flU pUs @ 140°)' (60°C) 

Milligrams per )fifli-equivalents 
liter (ppn per liter 

Cations detertlined: 

Calcium, Ca 41 2.04 
Magnesium, Mg 45 3.70 
Sodium, Na 198 8.61 
Potassium, K 5.5 0.14 

total 14.49 

£nions determined: 

Bicarbonate, as RCO3 439 6.87 
Chloride, Ci. 18 2.21 
Sulfate, $04 263 5.48 
Fluoride, )' 0.6 0.03 
Nitrate, as N 0.3 0.02 

total 14.61 

Carbon dioxide, CO2, Calc. 15 
Hardness, as CaCO3 288 
Silica, S1O 25 
Iron, Fe C 0.01 
Manganese, tin C 0.01 
Boron, B 0.58 

Total Dissolved Minerals, 867 
(by addition: HCO3 -> CO3) 



I 
p 

II 

I 

I 

F 
I 

I 

Converse Ward Davis Dixon 

sample labeled: BOLE 19-2" 

tab No. P81-02-186-4 

No. Samples : 1 

Sampled By : Client 
Brought By : Client 
Date Received: 2-20-81 

conductivity: 24,000 i mbos/cin pH 1.0 0 25°C 
Rn,'srnnn; v.z ow-t cs9 pUs @ 60°F (13.6°C) 
Turbidity: Will pUs 0 10°F (60°C) 

Milligrams per Huh-equivalents 
liter (ppm) per liter 

Cations determined: 

/ Calcium, Ca 51 2.54 
Magnesium, Mg 410 33.73 
Sodium, Na 5,000 217.50 
Potassium, K 243 6.34 

Total 260.fl 

Antons determined: 

Bicarbonate, as R0J 1,467 24.04 
chloride, Ci. 8,680 244.86 
Sulfate, SO6 240 5.00 
Fluoride, F 0.2 0.01 
Nitrate, as N 0.2 0.01 

Total 273.92 

r 

I 

I 

I 

I 

F 

Carbon dioxide, CO2, Calc. 2U 
Hardness, as CaCO3 1,810 
Silica, Si02 52 
Iron, Fe C 0.01 
Manganese, Mn C 0.01 
Boron, 3 10.5 

Total Dissolved Minerals, 15,425 
(by addition: 00O3 a CO3) 



Converse Ward Davis Di%on 

JSample labeled : ROLE 17-2" 

ft 
Conductivity: 1,430 ,a u,bns/cm 
ifrs,sy,v,ry: C?? osi. cm 
Turbidity: flU 

I 

j 
Catf.ons determined: 

Calcium, Ca 
Magnesium. Mg 
Sodium, Na 
Potassiws, 

I 
Anions determined: 

-. Bicarbonate, as 00O3 
Chloride, Cl 
Sulfate, 804 

fluoride, 
F 

Nitrate, as N 

Carbon dioxide, 
2' 

Cale. 
Rardness, as CaCO3 
Silica, SI0 
Iron, )'e 
Manganese, Mn 

Boron, 
B 

Total Dissolved Minerals, 
(by addition: BCO3 -> CO3) 

ft. 

ii.. 

I- 

I 

Milligrams per 
liter (ppm) 

15.7 
43 

177 
3.8 

375 
240 
87 
0.3 
0.9 

14 
366 
34 
0.01 

C 0.01 
0.12 

795 

Lab No. PB1-0Z-j.59-2 

No. Sampled : S 
Sampled By : Client 
Brought By : Client 
Date Received: 2-18-81 

pH 7.6 @ 25°c 
pEs @ 60°f (15.6°C) 
pUS @ 140°F (60°C) 

Huh-equivalents 
per liter 

0.78 
3.70 
7 70 
o 10 

Total 12.28 

6.15 
6.66 
1.81 
0.02 
0.06 

total 14.70 

a 
1 

S. 



I..... 

Converse Ward Das Dcon 

I 

Saal labeled: ROLE 16-2" 

Conductivity: 12,140 p xahos/cm 
iSf.fl7shy SZ os,-j c,i 

Turbidity: 

JCations determined: 

Calcium, 

-: 
Magnesium, 
'Sodium, Na 
Potassium, K 

IAnions determined: 

Bicarbonate, as HCO3 
Chloride, Cl 

II ;. Sulfate, SO4 
Fluoride, P 

C Nitrate, as N 

Carbon dioxide, CO2, Caic.- 

I T± Hardness, as CaCO3 
:t Silica, Si02 

:'- Iron, Pa 

1 
Manganese, it. 

t± Boron, B 

Dissolved Minerals, 
(by addition: RCO3 -4 CO3) 

Milligrams per 
liter (ppm) 

25 

180 
2,400 

108 

1,538 
3,300 

25 
0.3 
10.4 

70 - 

803 
63 
<0.01 
C 0.01 
10.0 

6,926 

Lab No. P81-02-159-S 

No. Samples : S 
Sampled By : Client 
Brought By : Client 
Date Received: 2-18-81 

pH 1.50 25°C 
pUs 0 60°F (15.6°C) 
pUs 0 140°F (60°C) 

MillS-equivalents 
per liter 

1.25 
14 81 

104.40 
2 76 

Total 123.22 

25.21 
92.82 
0.52 
0.02 
0 17 

Total fl8.74 



Ito. 
Converse Ward Davis Dixon 

II 

Sample labeled: ROLE 16-1" 

Conductivity: 1,960 p mhos/cxa 
/&SFsVvuery S/Ø O#fl CF7 
Turbidity: NTU 

I 
JCations determined: 

Calcium, Ca 

.I 

Magnesium, Mg 

I SoWn, Na 
I Potassium, F. 

LI 
Anions determined: 

IISicarbonate, as BCO3 
Chloride, Cl 
Sulfate1 SO 

4 

I Fluoride, 
Nitrate, as N 

I 
Carbon dioxide, CO2 Caic. 
Hardness, as CaCO 

1 Silica, Si02 
Iron, Fe 
Manganese, Mn 
IBoron, B 

Total Dissolved Minerals, - 

I (by addition: 8CO3 > CD3) 

Milligrams per 
liter (ppm) 

11.2 
55 

248 
9.5 

519 
280 
231 

0.6 
0.3 

30 
534 
44 

C 0.01 
0.01 
0.14 

1,139 

Lab No. P81-02-139i 

No. Sampled : S 
Sampled By : Client 
Brought By ; Client 
Date Received; 2-18-81 

pH 7.40 25°C 
pBs 60°F (15.6°C) 
pUs Q 140°! (60°C) 

IfS], li-equivalents 
per liter 

0.56 
4.52 

10.79 
0.24 

total 16.11 

total 

8.51 
8.02 
4.81 
0.03 
0.02 

21.39 

11-860 



S 

Converse Ward Davis Dixon Lab No. P81-02-339-3 

No. Samples : 5 
Sampled By : Client 
Brought By : Client 

sample labeled: ROLE 14-2" Date Received: 2-18-31 

P 
Conductivity: 1,120 p áhoslcjn 2 7.9 @ 25°c 

I Rts'sr,u'ry: &93 Oiys1 ott pBs 0 60°F (13.6°C) 
TurbiditF 1110 pBs 0 140°F (60°c) 

, 
Milligrams per Milli-equivalents 

liter (ppm) per liter 

: 
Cations determined: 

ii Calciimi, Ca 29 1.45 
r Magnesium, Mg 5 0.41 

I 
;'.Sodium,Na 

Potasgjt, K 
216 
17 

9.40 
0.43 

-. Total 11.69 

(I Anions determined: 

Bicarbonate, as RCO3 382 6.26 
y-. chloride, Cl 120 3.49 

Sulfate, $04 67 1.40 
Fluoride, p 0.5 0.03 
Nitrate, as N 0.7 0.05 

:}-- Total 11.23 

1 Carbon dioxide, CO2. Calc. 7 
-Z''" Eardness, as CaCO3 93 

S Silica, 5:10., 29 

J : Iron,Fe <0.01 
Mgamese, )b : C 0.01 

.. Boron, B 0.22 

1 -Total Dissolved Minerals, 677 
(by addition: BC03 -)CO3) 

LI. 



a 

1 

p 

I 

p 

I 

I 

p 

I 

w 
I 

I 

I 

I 

I 

Converse Ward Davis Dixon 

Sample labeled; ROLE 12-2" 

Conductivity: 9,895 31 mhos/cm 
Res'snnry : /0/ 0#aq c.tj 

Turbidity: urn 

Catious determlne&t 

Calcium, Ca 
Magnesium, Mg 
Sodium, Na 
Potassium, K 

Anions determined: 

aic.arbonate, as ECO3 
Chloride, Cl 
Sulfate, $04 
Fluoride, F 
Nitrate, as N 

Carbon dioxide, CO3 Caic. 
Hardness, as CaCO3 
Silica, 5i02 
Iron, re 
Manganese, lit 
Boron, B 

Total Dissolved Minerals, 
(by addition: RCO3 -> c03) 

Lab No. P81-02-159-4 

No. Satzzples : 3 
Sampled By : Client 
Brought By Client 
Data Vace.ived: 2-18-81 

pR 7.5@ 2rc 
pUs @ 60°)' 

(15.6°c) 

pUs Q 140°)' (60°C) 

Milligrams per Milli-equivalents 
liter (ppm) per liter 

90 4.30 
84 6.91 

2,040 
. 88.74 

27 : 0.69 

Total 100.84 

770 12.62 
3,300 92.93 
.40 0.83 

0.4 0.02 
1.17 0.12 

35 

570 
50 
C 0.01 
'C 0.01 
14.0 

6,038 

Total 106.52 

17-862 



I. 

ii 

IL 

converse Ward Davis Dixon Lab No. P81-02-123-2 

No. Samples : 6 

Sampled By : Client 
Brought By : Client 
Date Received: 2-12-81 

sanpie labeled: Geology Role #11 Sample #1 flow Rate 0.75 galfraln. 

conductivity: 29,070 1' mbos/cm pB 7.2 @ 25°c 

Rasnu,n': yq OW/I CM pHa @ 60°F (13.6°c) 

jTurbidity: 
pUs @ 140°F (60°c) 

- 

Mifligrams per Milli-equivalents 
liter (ppm) per liter 

J Lations determined: 

Il 

Calcium, Ca 
Magaesiuxn, Mg 

845 
210 

42.25 
17.27 

Sodium, Na 6,500 282.75 

Potassium, K 49 1.25 

Total 343.52 

'I 

T Anions deternited: -. 

Bicarbonate, as UCO 
3 

362 5.93 

Chloride, Cl : fl,785 332.44 
5 0.10 

-k Fluoride, F 0.4 0.02 

. 
Nitrate, as N 

-: 

0.3 0.02 

I--: total 338.51 

(3 r-.' 

s Carbon dioxide, CO,, Calc. 33 

j v Hardness, as CaC0 2,970 
Silica, Si02 58 

------Iron, Fe 
Manganese,xn 

<0.01 
0.09 

Boron, B 37.5 

II- 
Total Dissolved Minerals, 19,670 

I (by addition: acO3 -> c03) 



1.. 
$onverse Ward Davis Dixon 

Sample labeled: HOLE 10-1" 

Conductivity: 5,620 p mhos/cm. 
/P8 c4'.n c.. 

Turbidity: NW 

Cations_d4terø.ne4: 

ii Calcium, Ca 

r Sa4in,Na 
Potassium, K 

Anions determined: 

Bicarbonate, as ECO 

I 
citloride, ci 
Sulfate, 504 
Fluoride, F 
Nitrate, as N 

ICarbon dioxide, CO2, Calé. 
Hardness, as CaCO3 
Silica, SiO 

1 Iron, Fe 
is Nanganese, 1 

Boron, B 

Total Dissolved Minerals, 
(by addition: Hc03 -> c03) 

Lab No. P81-03-017-8 

Zio. Samples : 7 

Sampled By : Client 
Brought By : Client 
Date Received: 3-3-81 

pH 7.4Q25° 
pBs Q 60°? (13.6°c) 

pEa @ 140°? (60°c) 

Milligrams per Milli-equivajents 
liter (ppm) per liter 

411 20.51 
230 18.92 
670 29.15 
25 0.64 

Total 69.22 

303 4.97 
731 20.60 

2,200 45.83 
0.6 0.03 
1.2 0.09 

Total 71.52 

17 
1,970 

34 
<0.01 

0.02 
2.44 

4,461 

T 



I 
$ 

I, 

I 

I 

p 

I 

I 

I 

ID 

I 

converse Ward Davis Dixon 

Sample labeled: ROLE 9-2" 

Conductivity 853 p whoa/en 
- JèstsT,y17/ /172- O#M CM 
Turbidity: HID 

Cations determined: 

Calcium, Ca 
Magnes turn, Mg 

:. Sodium, Na 
Potassitn, K 

Anions deternined: 

Bicarbonate, as RC03 
chloride, Cl 
Sulfate, SO4 
fluoride, W 
Nitrate, as N 

Y 
Carbon dioxide, CO2, talc. 
Rardaess, as taco3 

.: Silica, Si02 
Iron, Fe 

-. Mgenese,) 
ti. Boron, B 

Total Dissolved Minerals, 
(by addition: -4 co3 

Milligrams per 
liter (ppm) 

32 
7.15 

2.27 

12 

202 
101 
82 

0.7, 
o.i 

6 

.111 

20 
C 0.01 
C 0.01 
0.74 

485 

Lab No. P81-03-017-4 

No. Samples : 7 

Sampled By : Client. 

Brought By : Client 
Date Received: 3-3-81 

pE 7.1 #25°C 
pEa @ 60°? (15.6°C) 
pEa 140°F (60°C) 

Mill-equivalents 
per liter 

1.60 
0.62 
5.52 
0.31 

total 8.05 

3.31 
2.84 
1.73. 

0.04 
o 02 

total 7.95 
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APPENDIX 2 

SOIL/ROCK CHEMICAL ANALYSIS - BORE HOLE SAMPLES 

(SCRTD) 



I Converse Consultants 
G.otechnlcal Englnnitng 
and Appifed Sciences 

1 
in West Del Mar Bievard 
Pasadena, CalIfornia 91105 
Teiepflone 213 795-0461 

May 26, 1982 

Southern California Rapid Transit District 

I 
Metro Rail Project - bIBS 12AAC 
425 South Main Street 
Los Angeles, California 90013 

IAttention: Mr. James E. Crawley, Deputy Chief Engineer 
Ways and Structures 

I Subject: RESULTS - SOIL/ROCK CHEMICAL ANALYSES 
r Supplemental Geotechnical Information 

For Waters Consultants, Corrosion Engineer 

ICCI Project No. 80-1280-90 

I 

Gentlemen: 

The results of chanical analyses on selected boring samples are enclosed. 

This testing was authorized by RID on April 27, 1982 and performed in 

accordance with our April 21, 1982 proposal in response to a request by 

your corrosion engineering consultant, Waters Consultants. 

Very truly yours, 

CONVERSE CONSULTANTS, INC. 

;!ctAanS 
HAS:mr 

I 
Dist: 2/Addressee 

1/Waters Consultants 
Attention: Donald M. Waters 

1 

I 

Converts Con,ultanta. Inc. 
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flay 22, 1982 Lab No. 

EMPL j iBZ 

Converse Consultants No. Samples Zr4 1 4 

126W. Del 

Pasadena, 
Pipi' Avenue 

CA 91105 
Sampled By 
Brought By 

glient 
qij'. 

[f-- 

Date Received jr5i2' 
Attention: Howard A. Speliman fisci T; 

IProject Manager 
FILE_/_LftffI 

jReport of Soil Analysis 

The following analytical data characterizes 24 samples of soil requiring 

I 
pH, Resistivity, Sulfate and Chloride and 12 samples of soil requiring pH 
and Resistivity. The analyses were performed according to EPA methodology. 
The Sulfate and Chloride results are expressed as mg/kg on a dry weight 

1 
basis. 

JResistivity, Chloride, Sulfate, 
Sample Identification pH @ 250C ohm-cm mg/kg mg/kg 

Boring CEG 5 85.0-88.5 3.0 600 123 6,030 
Boring CEG 5 139.0-144.0 6.1 1,680 316 648 
Boring CEG 7 40.0-42.5 6.8 650 236- 4,850 
Boring CEG 7 167.5-172.5 6.6 670 558 5,052 
Boring CEG 8 78.0-86.0 5.5 10,400 29 69 

Boring CEG 8 100.0-102.0 2.6 375 56 14,500 

I Boring CEG 8 186.0-196.5 6.5 1,100 75 2,316 
Boring CEG 13 20.0-26.5 5.4 15,400 24 149 

Boring CEG 13 172.5-177.5 6.0 750 62 5,330 

jBoring CEG 15 70.0-76.5 2.6 280 5,110 27,000 

Boring CEG 15 120.0-125.0 3.5 500 411 7,820 

I Boring CEG 18 5.0-11.0 6.9 2,900 31 58 
Boring CEG 18 75.0-80.0 3.1 580 40 7,950 
Boring CEG 18 170.0-178.0 6.3 380 2,190 5,340 
Boring CEG 20 44.0-51.5 5.4 5,300 21 444 



LABORATORIES 

,nverse Consultants Lab No. P82-05-041 

Resistivity, Chloride, Sulfate, 

(I Sample identification pH 25°C ohm-cm mg/kg mg/kg 

CEG.20 105.0-110.0 6.0 1,400 1,176 239 IBoring 
Boring CEG 20 150.0-155.0 6.5 480 2,906 1,536 
Boring CEG 2¼ 40.0-46.0 5.8 6,700 57 27 

CEG 24'\455.0162.5 5.6 9,200 25 14 PBoring 
Boring CEG 28 35.0-46.5 5.8 8,600 26 24 

Boring CEG 28 159.0-171.5 5.6 10,000 26 36 

Boring CEG 34 40.0-46.0 5.7 5,400 43 214 

J Boring CEG 34 55.0-61.5 6.2 900 45 3,434 
CEG 34 193.4-198.5 5.5 420 73 69 IBoring 

Sample Identification pH 25°C Resistivity, ohm-cm 

jI 
Boring CEG I 40.0-45.0 5.8 1,Boo 
Boring CEG I 122.0-128.0 6.2 600 

CEG 3 60.0-85.0 3.6 1,250 IBoring 
Boring CEG 3 100.0-1)0.0 6.7 400 

Boring CEG 10 40.0-50.0 6.6 500 

Boring CEG tO 180.0-190.0 3.6 570 
Boring CEG ii 25.0-29.0 3.3 670 
Boring CEG Ii 145.0-152.0 6.4 380 

Boring CEG 23 90.0-110.0 5.7 4,500 
Boring CEO 23 156.0-165.0 6.5 960 

Boring CEO 32 90.0-100.0 7.3 4,700 
Boring CEG 32 280.0-300.0 6.9 8,700 
Boring CEO 38 60.0-100.0 5.9 15,000 
Boring CEG 38 180.0-200.0 6.0 8,300 

Sincerely, 

David Ben-Hur, Ph.D. 

Laboratory Director 

jntn 

invoice 19458 separate cover 



SURFACE SOIL RESISTIVITY ALONG REVISED ALIGNMENT 

(SCRTD) 



L. - 

Associates Inc. 

I 

I 

Mr. 

Donald M. Waters 
PSG-Waters Consultants 
7807 Convoy Court, Suite 110 
San Diego, CA 92111 

JUni j:, i:i 

Consulting Engineers 
3995 Smith Street Union City, CA 94587 

Telephone (415) 489-9660 

June 13, 1983 

Job #8216 

SUBJECT: Southern California Rapid Transit District 
Metro Rail Project 

Dear Don: 

A soil resistivity survey was performed at the location of the 

I 

proposed main yard and shops in Downtown Los Angeles. Data were gathered 
by Alan Mulkey and David Burton over a six (6) day period from May 31 to 
June 7, 1983. 

IEnclosed are the following: 

Soil resistivity measurements for seventy-one (71) sites 

I Description of the location of the sites where the soil resistivity 
readings were taken and a notation of special conditions near the 
sites, such as underground tanks and highrise buildings (potential 
Ielevator shaft locations) 

A map which indicates the location of the seventy-one (71) sites 

IOn June 14, 1983, by express mail, I will send yoU the atmospheric 
information we have gathered. 

IPlease contact me if you have any questions regarding the survey. 

I 

Very truly yours, 

VILLALOBOS & ASSOCIATES 

Jose L. Villalobos, P.E. 

IPresident 

JLV:cac 

IEnclosures 



- - - - - a a - ------- n 
APPENDIX 3 

SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

ScU Resistance (Ohm) and Calculated Resistivity' (Ohm-Cm) 

DEPTH, Equals Pin Spacing 

TEST 2'-P 5'-3° 7110D 10'-6" 15,-B" 

SITE2 ohm ohm-cm ohm ohm-cm ohth ohm-cm ohm ohm-cm ohm ohm-cm 

1 7.50 3,710 5.79 5,821 4.00 6,000 3.35 6,736 2.64 7,920 

2 68.50 33,887 20.5 20,610 7.80 11,701 4.75 9,551 3.20 9,601 

3 3.50 1,731 1.35 1,357 0.68 1,020 0.38 764 0.094 282 

4 5.50 2,721 1.60 1,609 0.39 585 0.17 342 0.07 210 

5 3.12 1,543 0.92 925 0.617 926 0.257 517 0.165 495 

6 2.85 1,410 1.20 1,206 0.761 1,142 0.545 1,096 0.323 969 

7 2.00 989 0.84 845 0.545 818 0.361 726 0.335 1,005 

8 4.91 2,429 3.98 4,001 3.60 5,400 3.70 7,440 1.95 5,850 

9 3.71 1,835 1.35 1,357 0.52 780 0.345 694 0.42 1,260 

10 1.42 702 0.461 453 0.205 308 0.069 139 ** ** 

11 4.81 2,380 1.65 1,659 1.10 1,650 0.655 1,317 0.341 1,023 

12 1.20 594 0.71 714 0.521 782 0.439 883 0.410 1,230 

13 5.23 2,587 1.50 1,508 0.67 1,005 0.57 1,146 0.361 1,083 

14 9.00 4,452 2.31 2,322 0.771 1,157 0.385 774 0.148 444 

1 
p = 191.5 Rd, where p 

= resistivity, ohm-tm; R = resistance, ohm; d pin spacing, feet 

2 
Numbers are referenced to site plan and table 2 

* Not enough ron'n to perform test 

** Too low to read 

4-43-1 

25'-O" 50'-O" 

ohm ohm-cm ohm ohm-cm 

1.80 8,618 0.009 86 

0.50 2,394 ** 

0.0726 348 ** ** 

0.017t 83 ** LA 

0.156 747 * * 

0.039 187 A ** 

0.17 814 * * 

0.905 4,333 0.0175 168 

** ** ** ** 

** ** ** ** 

** ** ** ** 

0.255 1,221 * * 

0.201 962 * * 

** ** ** ** 



a - - - a - - - a - - - - - - - - a 

SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

Soil Resistance (Ohm) and Calculated Resistivity' (Ohm-Cm) 

DEPTH, Equals Pin Spacing 

TEST 2'-7" 5'-3" 7'-lO" 10'-6" lS'-8' 25'-O" 50'-O" 

SITE2 ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-c' 

15 3.00 1,484 1.89 1,900 1.16 1,740 0.710 1,428 0.255 765 0.039 187 ** 

16 6.57 3,300 3.20 3,217 1.25 1,875 0.457 919 0.221 563 0.023 110 * * 

17 1.45 717 0.611 614 0.380 570 0.215 553 0.169 507 0.061 292 0.011 10 

18 1.75 866 0.714 718 0.471 707 0.329 662 0.20 600 0.076 364 0.0276 26 

19 2.54 1,257 0.47 473 0.219 329 0.0615 124 0.034 102 0.0675 323 0.0065 6 

20 2.25 1,113 0.445 447 0.370 555 0.293 589 0.06 180 *+ ** ** 

21 2.19 1,083 0.981 986 0.580 870 0.550 1,106 Ô.336 1,008 0.0585 280 0.005 4 

22. 26.9 13,308 3.55 3,569 0.42 630 ** ** ** 0.019 91 4* 4* 

23 3.01 1,489 1.70 1,709 1.22 1,830 0.957 1,924 0.692 2,076 0.390 1,867 0.0204 19 

24 10.81 5,348 4.99 5,017 2.18 3,270 1.05 2,111 0.211 633 0.062 297 4* ** 

25 2.55 1,262 0.890 895 0.520 780 0.402 808 0.200 600 0.140 670 0.0568 54 

26 1.85 915 0.789 793 0.518 777 0.395 794 0.247 741 0.130 622 0.049 46 

27 3.51 1,736 1.20 1,206 0.50 750 0.351 706 0.196 588 0.0712 341 0.0099 9 

28 2.10 1,039 0.855 860 0.453 680 0.299 601 0.150 450 0.024 115 0.0375 35 

1 
p = 191.5 Rd, where p = resistivity, ohm-cm; R resistance, ohm; d = pin spacing, feet 

2 Numbers are referenced to site plan and Table 2 

* Not enough ronn to perform test 

** Too low to read 

4-A3-2 



TEST 2'-7" 

SITE2 ohm ohm-cm 

29 3.98 1,969 

30 1.90 940 

31 3.39 1,677 

32 2.55 1,262 

150 '742 

34 2.71 1,341 

35 7.68 3,799 

36 3.60 1,781 

37 2.17 1,074 

38 4.69 2,320 

39 4.50 2,226 

40 2.99 1,479 

41 8.42 4,165 

42 9.71 4,804 

APPENDIX 3 

SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

Soil Resistance (Ohm) and Calculated ResistivIty1 (Ohm-Cm) 

DEPTH, Equals Pin Spacing 

51_30 7,_ion 10'-6" 15'-8 

ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm 

1.69 1,699 0.819 1,229 0.531 1,068 0.290 870 

0.83 834 0.529 794 0.415 834 0.278 834 

0.778 782 0.360 540 0.219 440 0.031 93 

0.915 920 0.554 831 0.412 828 0.301 903 

0.514 517 0.299 449 0.235 473 0.215 645 

0.913 918 0.42 630 0.0891 179 0.0305 92 

2.53 2,544 1.42 2,130 1.13 2,272 0.633 1,899 

0.759 763 0.385 578 0.135 271 0.0063 19 

1.10 1,106 0.751 1,127 0.689 1,385 0.454 1,362 

2.02 2,031 1.21 1,815 0.83 1,669 0.381 1,143 

1.51 1,518 0.915 1,373 0.771 1,550 0.469 1,407 

1.59 1,599 0.929 1,394 0.591 1,188 0.399 1,197 

4.51 4,534 2.78 4,170 2.60 5,228 1.71 5,130 

5.50 5,530 4.9 7,350 4.55 9,149. 2.96 8,880 

1 
p = 191.5 Rd, where p resistivity, ohm-cm; R resistance, ohm; d = pin spacing, feet 

2 Numbers are referenced to site plan and Table 2 

* Not enough romi to perfonu test 

** Too low to read 

443-3 

25'-0 

ohm ohm-cm 

0.180 862 

0.150 718 

0.008 38 

0.254 1,216 

0.150 718 

** ** 

0.185 886 

** ** 

0.345 1,652 

0.175 838 

0.299. 1,431 

0.195 934 

1.195 5,121 

1.59 7,612 

50' -O 

ohm ohm-cm 

0.045 431 

0.051 488 

** ** 

0.0649 621 

0.005 48 

** ** 

0.170 1,628 

** ** 

0.Ô131 125 

* * 

* * 

0.028 268 

0.245 2,346 

* * 



TEST 2'-7" 

SITE2 ohm ohm-cm 

43 7.50 3,710 

44 20.0 9,894 

45 17.56 8,687 

46 8.17 4,042 

47 10.8 5,343 

48 4.60 2,276 

49 1.50 742 

50 4.15 2,053 

51 2.21 1,093 

52 4.35 2,152 

53 3.23 1,598 

54 2.00 989 

55 3.90 1,929 

56 5.45 2,696 

APPENDIX 3 

SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

Soil Resistivities (Ohm) and Calculated Resistivity1 (Ohm-Cm) 

5'_31, 

ohm ohm-cm 

3.15 3,167 

7.12 7,158 

5.58 5,610 

3.51 3,529 

3.21 3,227 

1.71 1,719 

0.885 890 

2.27 2,282 

0.185 789 

2.03 2,041 

2.40 2,413 

0.700 704 

1.40 1,408 

3.49 3,509 

DEPTH, Equals Pin Spacing 

7'-lO" 10'-6" 15'-B" 

ohm ohm-cm ohm ohm-cm ohm ohm-cm 

2.00 3,000 1.71 3,438 0.951 2,853 

3.25 4,875 1.85 3,720 0.881 2,643 

2.61 3,915 1.35 2,715 0.463 1,389 

1.89 2,835 1.68 3,378 1.12 3,360 

1.74 2,610 1.70 3,418 0.96 2,880 

0.824 1,236 0.355 714 0.037 111 

0.704 1,056 0.593 1,192 0.423 1,269 

1.34 2,010 0.890 1,790 0.485 1,455 

0.320 480 0.149 300 0.210 630 

1.30 1,950 0.880 1,769 0.605 1,815 

1.70 2,550 1.25 2,513 Ô.775 2,325 

0.370 555 0.235 473 0.100 300 

0.760 1,140 0.639 1,285 0.381 1,143 

2.70 4,050 2.17 4,363 1.72 5,160 

1 
p = 191.5 Rd, where p resistivity, ohm-cm; P = resistance, ohm, d = pin spacing, feet 

2 
Numbers are referenced to site plan and Table 2 

* Mat enough room to perform test 

** Too low to read 

4-A3-4 

25'-O" 

ohm ohm-cm 

0.400 1,915 

0.195 934 

0.200 958 

0.695 3,327 

0.345 1,652 

0.006 29 

0.213 1,020 

0.295 1,412 

0.014 67 

0.405 1,939 

0.445 2,130 

0.074 354 

0.190 910 

0.934 4,472 

so' -o" 

ohm ohm-cm 

** ** 

** ** 

0.023 220 

0.268 2,566 

** ** 

** ** 

* * 

0.04b3 386 

* * 

* * 

* * 

0.007 67 

0.047 450 

0.399 3,820 



a a a a a - a a a a = a a a a a a 

TEST 

SITE2 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

ohm 

3.45 

12.31 

11 .60 

4.25 

2.51 

6.61 

6.12 

24.3 

35.99 

81.50 

5.69 

4.20 

133.0 

4.25 

2'- 7" 

ohm-cm ohm 

1:,701 1.69 

6,090 4.86 

5,739 5.57 

2,103 2.08 

1,242 1.08 

3,270 1.39 

3,028 3.13 

12,021 8.51 

17,805 19.98 

40,319 17.50 

2,815 3.90 

2,078 2.96 

65;796 45.3 

2,103 3.12 

APPENDIX 3 

SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

Soil Resistivities (Ohm) and Calculated Resistivity1 (Ohm-Cm) 

DEPTH, Equals Pin Spacing 
51 

3" 
7S4fJfl 

10'-6" 15,-B" 

ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm 

1,699 1.01 1,515 0.728 1,464 0.304 912 0.19 

4,886 2.87 4,305 2.25 4,524 1.21 3,630 1.15 

5,605 4.51 6,765 4.23 8,505 2.73 8,190 1.61 

2,091 1.21 1,815 0.812 1,633 0.341 1,023 0.04 

1,086 0.646 969 0.526 1,058 0.344 1,032 0.15 

1,397 0.698 1,047 0.435 875 0.269 807 0.24 

3,147 1.27 1,905 0.369 742 0.008 24 ** 

8,556 6.27 9,406 5.19 10,436 3.59 10,771 0.983 

25'-O" 

ohm-cm 

934 

5,506 

7,708 

3 222 

723 

1 ,154 

** 

20,087 12.40 18,601 4.39 8,827 0.872 2,616 ' 

17,594 3.18 4,770 1.24 2,493 0.468 1,404 ** 

3,921 2.71 4,065 1.97 3961 1.25 3,750 0.595 

2,976 2.43 3,645 2.04 4,102 1.62 4,860 0.905 

45,543 22.9 34,352 13.3 26,743 3.51 10,531 0.627 

3,137 2.65 3,975 2.21 4,444 2.00 6,000 1.48 

1 
p = 191.5 Pd, where p = resistivIty, ohm-cm; R = resistance, ohm; d = pin spacing, feet 

2 Numbers are referenced to site plan and Table 2 

* Not enoUgh roan to perform test 

** Too low to read 

4-A35 

4,706 

** 

** 

2,849 

4,333 

3,002 

7.086 

50 '-0" 

ohm ohm-cm 

0.0535 512 

0.219 2,007 

0.192 1,838 

** ** 

0.043 412 

* * 

** ** 

0.074 708 

** ** 

** ** 

0.016 153 

0.400 4,213 

** ** 

0.661 6,329 
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SURFACE SOIL RESISTIVITIES ALONG REVISED SCRTD ALIGNMENT 

Soil Resistivities (Ohm) and Calculated Resistivity1 (Ohm-CrY 

DEPTH, Equals Pin Spacing 

TEST V-i" 5'-3" i'-lO" 10'-6" 151_8li 25'-O" 50'-O" 

SITE2 ohm ohm-cm ohm ohm-cm ohm ohm-cm ohm ohm-cm. ohm ohm-cm ohm ohm-cm ohm ohm-cm 

71 38.2 18,898 25.9 26,039 14.8 22,201 8.41 16.910 5.05 15,151 2.28 10,916 0.038 364 

p = 191.5 Rd, where p = resistivity, ohm-cm; R- resistance, ohm; d = pin spacing, feet 

2 Numbers are referenced to site plan and Table 2 

* Not enough room to perform test 

** Too low to read 

4-A3-6 
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SURFACE SOIL RESISTIVITY TEST SITE LOCATIONS AND COMMENTS (SCRTD 
TEST 
SITE1 LOCATION COMMENTS 

1 Vignes St. and Shell gas station at Macy St. and Vignes St. 

Ramirez St. 

2 Alameda St. and Shell and Chevron gas stations at North Main 

Macy St. St. and MacySt. 

3 Broadway and Southern California Gas main valve at 

Hollywood Freeway Broadway and Temple St. 

4 Hill St. and Numerous hfghrise buildings along Hill St. 

First St. and Broadway 

5 Hill St. and 

Second St. 

6 Grand Ave. and 

Third St. 

7 Hill St. and 

Second St. 

8 Seventh St. and Numerous highrise buildings along Seventh St. 

Francisco St. 

9 Seventh St. and 

Harbor Freeway 

10 Seventh St. and 

Lucas Ave. 

11 Seventh St. and 

Bixel St. 

12 Seventh St. and 

Columbia Ave. 

13 Seventh St. and 

Bonnie Brae St. 

14 Seventh St. and MacArthur Park 
Grand View St. 

15 Wilshire Blvd. and MacArthur Park 

Park View St. 

16 WIlshire Blvd. and 3 highrlse buildings nearby 

Carondelet St. 

1 
Numbers are referenced to Site Plan (Appendix 4) and Resistivity Table (Appendix 3) 

4-A 5-1 



APPENDIX 5 

IISURFACE SOIL RESISTIVITY TEST SITE LOCATIONS AND COMMENTS (SCRTD) 

TEST 
SITE2 LOCATION COMMENTS 

1 17 WilshIre Blvd. and 2 hfghrise buildings nearby: Sheraton Town 
Commonwealth Ave. House and CHA 

18 Wilshire Blvd. and Lafayette Park 
Hoover St. 

19 WilshIre Blvd. and 

Shatto P1. 

I 
20 Wilshire Blvd. and 

New Hampshire Ave. 

21 Seventh St. and Shell gas station at Seventh St. and Vermont 

I New Hampshire Ave. Ave. 

22 Wilshire Blvd. and 4 highrise buildings nearby 
Berendo St. 

23 Wilshire Blvd. and S highrise buildings nearby 

I Kenmore Ave. 

24 WilshIre Blvd. and 5 highrise buildings nearby 
IArdmore Ave. 

25 SIxth St. and Chevron gas station at Kingsley Dr. and 
IWIlton P1. WIlshire Blvd., 4 highrtse buildings nearby 

26 Sixth St. and Oasis gas station near St. Andrew and Wilshire 
WIlton P1. Blvd. 

I 27 WilshIre Blvd. and 
Norton Ave. 

I28 WilshIre Blvd. and 

Arden Blvd. 

29 WIlshire Blvd. and 2 hlghrlse buildings nearby 
Muirfield Rd. 

I30 Wilshire Blvd. and Hlghrise building nearby 
Orange Dr. 

I 
31 Sixth St. and 

Dunsmufr Ave. 

32 Spaulding Ave. Hlghrise building nearby, pockets of gas In 

I and Sixth St. tar pits at Hancock Park 

I1 

Numbers are referenced to Site Plan (ADoendix 4) and Resistivity Table (Appendix 3) 

I 



I. 
APPENDIX 5 

SURFACE SOIL RESISTIVITY TEST SITE LOCATIONS AND COMMENTS (SCRTO) 
TEST 

SITE1 LOCATION COttIENTS 

1 33 Sixth St. and Powerline gas station nearby 
Fairfax Ave. 

I. 34 Fifth St. and 

Crescent Heights Blvd. 

35 FaIrfax Ave. and 
Third St. 

36 Beverly Blvd. and Word Gas Station at Beverly Blvd. and 
Genesee Ave. 

I 
37 Fairfax Ave. and 

Rosewood Ave. 

38 Fairfax Ave. and 

I Mel rose Ave. 

39 Fairfax Ave. and 

IWilloughby Ave. 

40 Fairfax Ave. and 

INorton Ave. 

41 Fairfax Ave. and 

IFountain Ave. 

42 Fairfax Ave. and Arco and Mobil gas stations at corner 
ISunset Blvd. 

43 Sunset Blvd. and 

Ogden Dr. 

I 44 Spaul ding Ave. and 

Delongpre Ave. 

IVista St. and 

Hawthorn Ave. 

I46 Fuller Ave. and 
Hawthorn Ave. 

1 
Formosa Ave. and 

Marslifteld way 

48 Orange Dr. and 

Sunset Blvd. 

I1 

Numbers are referenced to Site Plan (Appendix 4) and Resistivity Table (Aoendix 3) 

I4-A5-3 
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APPENDIX 5 

SURFACE SOIL RESISTIVITY TEST SITE LOCATIO AND COMMENTS (SCRTD) 

TEST 
SITE' LOCATION COItIENTS 

49 Highland Ave. and 
Leland Way 

50 McCadden P1. and 

Sunset Blvd. 

51 Wilcox Ave. and 

DeLongpre Ave. 

52 Yucca St. and 
Cahuenga Blvd. 

53 Whitley and 
Cahuenga Blvd. 

54 San Marco Dr. and 

Cahuenga Blvd. 

55 Highland Ave. and 
Hollywood Freeway 

56 Macapa Dr. and 

Mulholland Dr. 

57 Pacific View .Ter. 

58 Woodrow Wilson Dr. 
and Sycamore 

59 Woodrow Wilson Dr. 
and Passmore 

60 Passmore and 
Oakshire 

61 Oakley and 
Glen Hill 

62 Cahuenga and 
Fredonla 

63 Cahuenga and 
Lankershim 

64 Willow Crest and Universal Studio building highrise nearby 
Valley Heart 

1 

Numbers are referenced to Site Plan (Appendix 4) and Resistivity Table (Appendix 3) 

MTA LtBRAR 



APPENDIX 5 

SURFACE SOIL RESISTIVITY TEST SITE LOCATIONS AND COMMENTS (SCRTD) 

TEST 
SITE' LOCATION CO'V1ENTS 

65 Whipple St. 

66 Lankershim and Hlghrise building along Lankershim between 
Riverside Riverside and Camarillo 

67 Vineland and 
Blix 

68 Hesby and 

Vinel and 

69 Otsego and 
Klunip Ave. 

70 Lankershlm and 
Weddi ngton 

71 Fair Ave. and 

Cumpston 

1 

Numbers are referenced to Site Plan (Appendix 4) and Resistivity Table (Appendix C) 

A-AS-S 
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APPENDIX 6 

SURFACE SOIL RESISTIVITIES IN VICINITY OF TRANSIT YARD 

(SCRTD) 



I 
Villajobos & 
Associates Inc. 

Mr. Donald M. Waters 
Waters Consul tants 
1807 Convoy Court, Suite 110 
San Diego, CA 92111 

Ic'S *4/fl '" 

Consulting Engineei 
3995 Smith Street Union City. CA 9458 

Telephone (415)489-966 

November 30, 1982 

Job #8216 

SUBJECT: Southern California Rapid Transit District 

Dear Don: 
S 

A ;oil resistivity survey was performed at the lôcationof the proposed 
main yard and shops in Downtown Los Angeles. Data were gathered by Alan 
Mul key, Michael Partenheimer, and Fernando Rodriguez over a three (3) day 
period from October 27 to October 29, 1982. 

Enclosed are the following: 

a Soil resistivity measurements for twenty-one (21) sites 
A list of locations of possible interference 

a Reference drawings showing location of the test and interferencp 
sites 

a Photographs of the project area 
Two (2) sheets of the 1941 Los Angeles River Improvements Project 
provided by the Los Angeles County Flood Control District 

Permits for access to the easements along the banks of the Los Angeles 
River are granted by the Amy Corps of Engineers. Contact Rick Grover at 
(213) 688-5635 for more Information. 

Wenner resistivity measurements In the easement would be of little 
value due to interference from the Chevron 8-inch pipeline which Is within 
the twenty (20) foot wide easement. 

Please contact me if you have any questions regarding the survey. 

Very truly yours, 

VJLLALOBOS & ASSOCIATES 

07' daca 
1'Jose L. Viflalobos 

President 

- Enclosures 
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APPENDIX 6 

SURFACE SOIL RESISTIVITIES IN VICINITY OF TRANSIT YARD (SCRTD) 

Soil Resistance (Ohm) and Resistivity (Ohm-Cm) 

Test Site DEPTH, Feet 

2.6 5.3 7.8 10.5 15.7 25.0 50.0 

Note3 a fl-cm a fl-cm n-cm a n-cm p fl-cm p-cm fl-cm 

1 20.0 9.958 16.0 16,239 15.0 22,406 15.0 30,161 10.0 30,066 3.9 18,671 See Note 2 

2 .860.0 428,194 46.0 46,688 -- -- 5.3 10,657 -- -e 2.2 10,533 See NoteS 

3 70.0 34,853 23.0 23,344 13.0 19,418 5.0 10,054 See Note S 

4 21.0 10,456 16.0 16,239 12.0 17,924 8.75 17,594 7.0 21,046 1.70 8.139 0.25 2,394 

5 215.0 107,049 96.5 97,943 67.5 L00,825 39.5 79,425 18.0 54,118 7.0 33,513 2.50 23,93E 

6 22.0 10,954 11.5 11,672 7.1 10,605 4.9 9,853 2.4 7,216 See Note 2 

7 74.0 36,845 19.5 19,192 4.6 6,871 2.1 4,223 1.8 5,412 0.0265 127 See Note 5 

8 70.0 34,853 50.0 50,748 43.0 64,229 35.5 71,382 16.5 49,608 See Note 2 

9 590 293,761 40.0 40,598 13.5 20,165 170 341,828 1,125 3,382,369 See Notes 2 & 5 

9A 295 146,881 17.0 17,254 53.0 79,166 13.0 26,140 40.0 120,262 See Notes 2 & 5 

10 115.0 57,259 37.0 37,553 15.0 22,406 8.2 16,488 3.8 11,425 See Note 2 

11 16.5 8,215 12,0 12,179 8.05 12,024 7.55 15,181 2.70 8,118 1.60 7,660 1.85 17,714 

12 64.0 31,866 31.0 31,463 13.0 19,418 11.0 22,118 1.60 4,811 See Note 2 

13 200 99,580 76.5 77,644 30.0 44,811 22.0 44237 9.3 27,961 See Note 2 

14 32.0 15.933 8.75 8,881 2.75 4,108 0.685 1,377 0.585 1,759 See Notes 2 & 4 

15 28.5 14,190 12.0 12,179 7.55 11,277 6.35 12,768 2.95 8,869 1.30 6,224 0.028 26t 

191.5 Rd 

where: p resistivIty, a-cm 

R resistance, a 
4 pin spacIng, feet 

Not enough room to perform test 

Numbers are referenced to the site. plan, Figures 4.1, 4.2, and 4.3 

son very moist. 

low to read 

446-I 

Job #8216 
ACM 11/82 
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APPENDIX 6 

SURFACE SOIL RESISTIVITIES IN VICINITY OF TRANSIT YARD (SCRTD) 

Soil Resistance (Ohm) and Resistigity (Ohm-Cm) 

Test Site DEPTH, Feet 

See 2.6, 5.3 7.8 10.5 15.7 25.0 50.0 

Note 3 a a-cm a fl-cm a fl-cm Cl fl-cm (1 fl-cm Cl a-cm Cl fl-cm 

16 120.0 59,748 47.5 48,210 31.0 46,305 17.5 35,188 6.10 18,340 See Note 2 

17 6Z.0 30,870 26.5 26,896 16.0 23,899 11.5 23,124 3.10 9,320 4.95 23,698 See Note 2 

18 55.0 27,385 20.0 20,299 7.15 10,680 2.50 5,027 0.575 1,729 See Notes 2 & 5 

19 23.5 11,701 4.95 5,024 1.85 2,763 1.10 2,212 0.415 1,248 See Note 5 

20 3.80 1,892 2.15 2,182 1.25 1,867 0.615 1,237 0.320 962 0.180 862 0.130 1,245 

21 4.70 2,340 2.15 2,182 1.55 2,315 1.20 2,413 0.55 1,654 0.42 2,011 See Note 2 

I 

p i91.5 Rd 

where: p a resistivity, a-cm 
R resistance, a 
d n pin spacin9, feet 

2 Noteàough room to perform test 

Numbers are referenced to the site plan, Figures 4.1, 4.2, and 4.3 

son very moist 

Too low to read 
JOB #8216 

t See Note 4 ASH 11/82 
4-A6-2 
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1. SUMMARY 

This report documents the results of Task 5 "Analysis of Stray 
Current and Consideration of Various Alternatives" for corrosion 
control engineering for the Metro Rail Project. The study was 
based on system alignment, traction power configuration and other 
pertinent system parameters as established by the Southern 

UI California Rapid Transit District for a proposed conventional rail 

return DC powered transit system. As such reconinendations and 

I 
alternatives developed are applicable within the constraints 
established by a system using the running rails as the principal 

negative return conductor and the parameters specified. 

I 
Alternatives available that may be considered superior to those 
presented require a departure from conventional traction power 
design, to a system that does not utilize the running rails as part 
of negative power circuit. A review of these alternatives is 

Nbeyond the scope of this study. 

The analysis demonstrates that maximum stray current levels in 

N 
the general range of 0.10 ampere per thousand feet of system will 

be acceptable relative to the impact on area utilities and 
corrosion of transit system fixed facilities. The most important 

I 
factor within the transit system that will be utilized to establish 
this level is track- to-earth resistance. The study further shows 
that at a 1,000 to 1,500 ohm level per thousand feet of single 
track, stray currents will meet the established criteria under 

U 
normal operating conditions without the need for additional 
mitigative measures on transit fixed facilities or area utilities. 
It must be emphasized that the use of a range of track- to-earth 
resistances above does not infer that efforts should be directed 

I toward obtaining the lower value (i.e. 1,000 ohms per 1,000 feet). 
Design criteria and construction efforts must be based on a minimum 

I 

level of 1,500 ohms per 1,000 feet of track (2 rails). From a 

practical standpoint, there is little, if any, difference in design 
and construction between a 1,000 ohm level and a 1,500 ohm level. 

I 
The impact of track-to-earth resistance on overall corrosion 

control requirements is illustrated and sumarized on Figure 1. 

This figure shows that as track-to-earth resistance levels decrease 

I 
more extensive and, therefore, more costly corrosion mitigative 
measures are required for both area utilities and transit system 
fixed facilities. The more significant additional requirements are 
highlighted in Figure 1, which is not intended to present each and 

I 
every specific corrosion requirement. The additional measures 
presented increase in overall cost as track resistances decrease. 
The implication here is that stray current control monies that are 

I 
budgeted to provide the best in-service track-to-earth resistance 
obtainable using present day technology will result in maximum 
benefit for amount invested. This requires, among other factors, 

I 
.the use of properly designed insulating direct fixation rail 

fasteners, a tunnel design and track bed drainage system that will 
keep moisture away from the rails and keep rail fasteners dry and 
lastly a maintenance program that will prevent the build-up of 

I conductive materials around the rails and the fasteners. 
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TRANSIT FACILITIES 

b significant stray current corrosion of reinforced 
concrete tunnel structures or of fixed facilities. 

Electrical'continuity of steel reinforcement and of 

fixed facilities is not required. 

FIGURE 1 

IMPACT OF TRACK-TO- EARTH RESISTAICES 

ON CORROSION CONTROL REQUIRIE?ffS 

TRACK-T0 EARTH RESISTANCES 
per 1,000' of single track (2 rails) 

Installation of electrically continuous collector mat 

with the necessary stray current drainage facilities 

to negative bus is recpired. 

Internal coating of tunnel required. 

Longitudinal resistance of collector mat must be reduced. 

Electrical continuity between precast panels is required 

supplemented with the collector mat and the internal 

coating. 

Stray current levels uncontrollable. 

-1500- 

-1000- 

-5 00- 

-2 50- 

-50- 

No significant stray current corrosion of 
util ities. 

Extensive testing and additional corro- 

sion control measures not required. 

Existing cathodic protection systems may 
require modifications with the possibil- 

ity of new systems. being installed in 

some isolated cases. 

Some stray current testing is required 
to determine the extent of stray currents. 

Some area utilities may require drainage 
of stray current to the negative return 
bus. 

Extensive testing and evaluation of stray 
currents is required. 

Utility operators may seek recourse 
through the transit district for exten- 
sive stray current evaluation. 

All area utilities will require exten- 
sive evaluation of stray currents re- 
quiring modification of protection sys- 

tens, installation of additional systems 

and stray current drainage bonds. 

Stray current levels uncontrollable. 



I 

I 

The best interests of the Southern California Rapid Transit 
District will be served by making judicious use of funds budgeted 
for stray current control by insuring that the funds are directed 
to the area where resulting benefits will be maximized, namely the 

in-service resistance of the negative conductors (principally 
running rail). 

2. INTRODUCTION 

A major source of corrosion is the discharge of stray direct 
current from the surface of buried or submerged metal into a sur- 

rounding electrolyte. These stray earth currents are created from 
direct current equipment such as welding and plating operations, 
cathodic protection systems and electrified railways. This stray 

current can affect both metallic and prestressed or reinforced 
concrete pipe and structural reinforcing steel. 

The control of stray earth currents to reasonable levels is 

the most important corrosion control aspect of a direct current 
powered transit facility. To construct and operate such a system 
without adequate control of stray currents would result in severe 
corrosion damage, possibly leading to failure of many existing 
underground utility structures and, of course, to some of those 
structures that are part of the Metro Rail Project. The existing 
utility structures, such as gas and water mains, and telephone and 
electrical cables) would be particularly susceptible to stray 
currents caused by operation of the Metro Rail system because these 
structures were, generally speaking, not constructed with the 
control of stray currents as a design factor. 

The solution to controlling stray earth current levels at the 
source is through the use of a reasonable combination of the fol- 

lowing factors: 

traction power substation spacings 
conductance within the positive and negative power dis- 

tribution circuits 
electrical isolation of both the positive and negative 
circuits from ground 

The most Important factor of those cited above is the level of 

electrical Isolation of the negative return circuit from ground. 
Since the running rails are used as the negative return circuit, 
electrical insulation must be established between the rails and 
their supporting devices (i.e. ties, slabs, inverts). Practical 

considerations establish an upper limit to the level of insulation 
that can be achieved, hence stray currents are not eliminated, but 

reduced to low levels which would not be detrimental to District 
facilities or area utilities. If a sufficient level of insulation 
Is not achieved, incorporation of special features Into transit 
facilities, such as electrical continuity of reinforcing steel, to 

control and reduce the detrimental effects of stray currents would 
be required. 
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I 

The role of system maintenance Is very Important in preserving 
the level of electrical Isolation of the negative return circuit 

I 
from ground. Experience has shown that stray currents can be 

reduced to reasonable levels during initial operations of a new 
transit system. However, long term deterloratio.n of electrical 

I 

insulating characteristics of rail fasteners caused by moisture and 
debris build-up has been noted. Certain features can, however, be 
incorporated into system design to reduce the severity of this 

problem and adequate maintenance throughout the life of the system 

I 
can keep the level of stray currents from increasing significantly 
from the initial levels. 

I 
The specific objectives established for this task, given the 

present intended construction, relative to system alignment, trac- 
tion power configuration and other system variables are as follows: 

.I 
- Establish a maximum level of stray earth current leakage 

from the rails that will not require installation of 
extensive mitigative measures on area utilities or tran- 

I 
sit facilities. Selected, individual structures may, 
however, require special consideration, and certain 
minimal measures may still be required for transit fa- 
Icilities. 

- Determine, through network analysis, track-to-earth 
potentials and stray earth currents that can be expected 

I 
from operation of the Metro Rail System under specific 
traction power configurations as presently defined. 

I- Develop to the extent possible, the consequences of not 
meeting stray current corrosion control objectives by 
varying or modifying certain transit system parameters. 

I 
The transit system configuration presently being considered by 

the Southern California Rapid Transit District includes the major 
features that will result in minimal stray current levels and thus 

I 
satisfy the first objective cited above. These features, on which 
the study has been based, include the following major items: 

I 
a) Proper traction power substation spacing and location at 

points of maximum load, namely passenger stations, with two 
exceptions. 

I 
b) Sufficient conductance within the positive and negative power 

distribution circuits based on the use of composite contact 
rail (aluminunilsteel) and 115 pound continuously welded run- 

Ining rail. 

c) Electrical separation of the storage yard and maintenance 
facility from the mainline system which will increase overall 
Inegative system-to-earth resistance. 

d) Use of properly designed rail fixation devices in conjunction 
Iwith a well drained trackway, minimal water seepage in the 

I 
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tunnel and planned maintenance of the track fixation devices 
to remove conductive materials. It is anticipated that the 
present District commitment to stray current control will 

result in a track-to-earth resistance in the range of 1,000 to 
1,500 ohms per 1,000 feet of track (2 rails). 

Consideration must still be given to stray current corrosion 
of metallic facilities likely to occur within the Metro Rail Pro- 
ject even with the anticipated low levels of stray earth current. 
Since stray current corrosion will represent one of the most im- 

portant causes of the failure of metallic structures and corres- 
ponding increases in maintenance costs, certain features must be 
Incorporated into the design of the transit system facilities to 
reduce or eliminate this form of corrosion. These considerations 
may include the use of protective coatings, electrical continuity, 
cathodic protection of pressure piping and other facilities, or the 
use of alternate materials to avoid the expense associated with 
corrosion damage. 

3. CONCLUSIONS 

3.1 Stray Current Levels and Earth Gradients (all values stated can 
vary +20% without affecting the results). 

3.1.1 A maximum earth potential gradient at one thousand feet from 
the transit system of 0.050 volt can be considered as accept- 
able relative to effects on area utilities. 

3.1.2 Stray current levels no greater than 0.10 ampere per thousand 
feet of system are required to keep earth potential gradients 
at 0.050 volt maximum at all locations throughout the system 
and, therefore, can be considered as a maximum acceptable 
level. 

3.1.3 Stray current flow on structural components within the tunnel 
structure (i.e. reinforcing steel and metallic liner) must be 
kept to absolute minimum levels. The actual value is in- 
versely proportional to coating quality. That is a high 
quality external coating on the tunnel will result in a lower 
acceptable level of stray current than a poorer quality coat- 
i ng. 

3.2 ControllinQ Factors - Traction Power Confiouration 

3.2.1 The singular most important controlling factor that will 
minimize stray current corrosion of both utility and tunnel 
structural components Is the level of track-to-earth resis- 
tance that can be maintained during in-service operations. 
Any track resistance level obtained must be uniformly distri- 

buted over the length of the system. A level of 1,500 ohms 
per thousand feet of system (2 rails) will meet the criteria 
cited in section 2.1. Levels as much as 10 to 15 percent 
lower than 1,500 ohm value will still result in acceptable 
stray current magnitudes depending upon the specific location. 
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3.2.2 Other factors that will contribute to the overall reduction in 

stray earth currents and associated corrosion are as follows, 
(These items are either being considered or have been adopted 
by the District). 

a. Electrical isolation of the storage yard and maintenance 
facility from the mainline system (both positive and 
negative circuits) will result in a 30 to 50% reduction 
in total stray current levels, and in some specific 
instances, with a load operating near the yard/mainline 
interface will result In an 80% reduction. 

b. Conversion of seven traction power substations from 2.5 
to 5.0 megawatt units to allow for 2.0 minute headway 
operations, such that all traction power substations will 
be 5.0 MW units, will result in up to a 40% reductIon in 

stray current levels. 

3.3 Controlling Factors - Transit System Fixed Facilities 

3.3.1 It is not practical to reduce or control stray earth current 
levels by increasing tunnel-to-earth resistance through appli- 
cation of protective coating or by increasing longitudinal 
continuity by electrically bonding reinforcing within tunnel 
liner segments or inverts. Protective coating is required for 
protection against corrosive soils (see Task 2 report). 

3.3.2 Anticipated corrosion rates for steel reinforcement within 
tunnel liner panels will be directly proportional to the 
quality of the external protective coating (i.e. higher corro- 
sion rates with higher quality coating) and stray current 
level. 

3.3.3 Stray current flow to earth from the tunnel structure will be 
essentially the same as stray current flow from the rails 
since it is not practical to keep any significant portion of 
rail discharge current on the metallic components of the 
tunnel. 

3.3.4 Stray cUrrent flow on reinforcing steel within electrically 
discontinuous concrete liner panels and inverts can be reduced 
to levels that will not cause any corrosion damage by estab- 
lishing a maximum level of stray earth current from the rails 
of 0.10 ampere per thousand feet of system. 

3.4 Worst Case Anticipated Stray Current and Track Potential Levels 

All values stated are a function of the load current and, as such, 
will vary as load current varies. Time duration of stated levels 
will generally coincide with the time duration of the specified 
load current. Also, results presented are for a system configura- 
tion which includes both 2.5 and 5.0 megawatt traction power sub- 
stations. See conclusion 2.2.2.b for the impact of changing all 
traction power substations to 5.0 megawatt units. 
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3.4.1 DurIng normal operations, track-to-earth potentials ranging 
from 28.0 to 41.0 volts can be expected to occur at maximum 
load locations (i.e. passenger stations) for a single six car 

I train drawing maAimum current of 7,200 amperes. These volt- 
ages will approximately double when there are two six car 

I 
trains drawing maximum current at a single passenger station. 
This will occur when two trains leave the same station within 
approximately 5 seconds of each other, and will occur for the 
duration of the peak load current, approximately 3 seconds. 

I 3.4.2 During abnormal operating conditions, with one traction power 
substation adjacent to the load out of service (both rectifier 
units if prsent), track-to-earth potentials ranging from 57.0 

I to 212.0 ' ' volts can be expected to occur for a single six 
car train drawing maximum current of 7,200 amperes. Two train 

I 

operation from a single passenger station, except at end-of- 
line stations, during this condition may result in unsafe 
levels of track-to-earth potentials. The 212 volt potential 
cited above represents an extreme worst case condition since 
the loss of both rectifier units at a 5.0 megawatt traction 

I power substation is unlikely. Also, this value is based on a 

7,200 ampere load at North Hollywood station. Loss of the 
entire TPSS at this location would, in all likelihood, result 

I in an excessive voltage drop, such that the voltage at the 
load would be insufficient for train operation or at best 
require reduced train performance. This would result in a 

load current much lower than maximum and, therefore, lower 
track-to-earth po;entials. A more realistic upper limit would 
be in the order of 100 volts, nevertheless this condition must 
Ibe reviewed carefully by operations personnel. 

3.4.3 During normal operating conditions, stray earth currents per 

I 
one thousand feet of two-track system (4 rails) will be at the 
following maximum levels for the track resistance and load 
currents indicated. The duration of these effects will be up 
to approximately six (6) seconds for single and two train 

I 
operations. These time durations are based on load currents 
ranging from 90 to 100 percent of maximum. 

Track Resistance Stray Earth Currents 

I (2/1,000'-4 raq) @7,200 A Load 
@13,600 A Load ' / 

(Amperes/1,000') (Amperes/1,000') 
m 

750(1) to 500 .055 to .083 .104 to .156 
500 to 250 .083 to .166 .156 to .314 
250 to 125 .166 to .332 .314 to .627 

I 125 to 25 .332 to 1.66 .627 to 3.14 
2.5 to 0.25 16.6 to 166 31.4 to 314. 

I(1) 
At North Hollywood passenger station with the TPSS at this 
loca;ion out of service. 

I 

I 



3.4.4 Track-to-earth resistances tabulated in 2.4.3 above ranging 
from 250 to 750 ohms per thousand feet of two-track system can 

I 
be achieved through the use of insulating direct fixation rail 
fasteners, while the lower ranges cited are normally encoun- 
tered with conventional timber tie and ballast construction 
(125 to 25 ohms) and embedded rail construction (2.5 to .25 

Iohms). 

3.4.5 A minimum in-service level of 500 to 750 ohms per thousand 

P 
feet of double track (4 rails), distributed such that there is 

no more than a 10 percent decrease in these resistance values 
per, thousand feet, will maintain stray currents at a level, 

I 
during normal operations, that will not require installation 
of extensive supplemental mitigative measures on area utili- 
ties or transit structures. 

I4. RECOMMENDATIONS AND ALTERNATIVES 

4.1 Traction Power Configuration - Basic Considerations 

I4.1.1 A conmiitment should be made to proceed with the electrical 
isolation of the yard and maintenance facility from the main- 

I 
line system. Specific requirements will include rail insulat- 
ing joints at the yard mainline interface in conjunction with 
electrical isolation of the positive circuit (contact rail) 
through a non-bridgeable gap. Additional design requirements 
Iinclude the following: 

a. Installation of a separate traction power substation for 

I 
the yard storage area with provisions to connect this 
substation to the mainline under emergency or other 
abnormal situations. 

I 
b. Installation of a separate power supply for the main- 

tenance shop in conjunction with electrical isolation of 
shop track from yard track. This will allow for the 

I 
grounding of the shop track for safety considerations 
without causing large localized stray earth currents 
within the yard. 

IA consequence of not proceeding with proposed yard/mainline 
segregation plans will be a significant increase in stray 

I 

current levels and a departure from overall stray current 
control at the source. Electrically isolating the yard track 
from earth to the same level as the mainline track Is an 
alternative to the current plans, however, special insulating 

I(1) Level of track-to-earth resistance used for network analysis, see 
Appendix B. Also optimum level to maintain stray current control. 

I(2) 
Maximum load current with two trains leaving the same station 
within five (5) seconds of each other. 
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fasteners would be required for the extensive amount of spe- 
cial trackwork in the yard. Our experience has shown this to 
be impractical. 

4.1.2 Revisions to present traction power substation locations must 

m 

be based on locating the substations at maximum load points, 
which are passenger stations. This is especially important if 
there is any future consideration of deleting traction power 
substations from the present alignment. The proposed arrange- 

.rn 

ment meets this requirement at all but two locations, namely 
5th and Hill and Wilshire and Norinandie. Traction power 
substations at these locations will further reduce stray 

I 
current levels; however, our analysis does not indicate a need 
for further consideration of this matter. 

4.1.3 Final decisions concerning the construction of Crenshaw Avenue 
passenger station will not have a signficant impact on stray 
current levels provided that a traction power substation is 

installed with the passenger station. The preferred location 

for 

the TPSS is at the passenger station, however, other 
locations not directly at the passenger station will be ac- 
ceptable for stray current corrosion control. 

I4.1.4 Addition of one or more traction power substations at inter- 
mediate locations not presently included in the proposed 
alignment, will either have a beneficial effect by further 

I 
reducing stray current levels or will have little to no effect 
on the results. Our analysis indicates there is no need for 
further consideration of this matter relative to stray current 
Icontrol. 

4.1.5 Proposed conversion of selected traction power substations 

I 
from 2.5 to 5.0 megawatt units at some future time to allow 
for a change to 2 minute headways Is desirable for stray 
current control, but not absolutely necessary. It must be 
noted that such a conversion in the future will more than 

I 
offset any increase in stray currents caused by rail wear. 
This item does not, however, eliminate the need to establish 
and maintain a maximum level of track-to-earth resistance. 

I4.2 Track-to-Earth Resistance Requirements 

I 

The negative return circuit must be constructed as an ungrounded 
system with no direct connections to earth or other structures that 
have a low earth resistance. The only exception to this require- 
ment, that will permit the negative system to be grounded, is the 
presence of a hazardous high potential between negative system and 

I ground such as may occur during a positive system-to-earth fault. 
The following alternatives are available relative to track-to-earth 
Iresistance levels. 

4.2.1 Track Resistance At 500 To 750 Ohms Per Thousand Feet Of Two 
Track System (4 Rails). 

I 
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Maintaining track at this level during in-service conditions 
will result in acceptable stray current levels for both utili- 

m 
ties and transit facilities. In both cases there will not be 
any need to establish extensive mitigative measures for under- 
ground structures. Area utilities will be able to maintain 

I 
present conditions on their facilities without any significant 
expense and transit fixed facilities, such as the tunnel, will 
not require any special considerations such as electrical 
continuity in ring construction or in inverts. Only those 

I 
measures necessary for protection against soil corrosion will 
be necessary. This level of track-to-earth resistance can be 
achieved with insulated direct fixation type construction but 

I 
also requires a firm comitment to maintaining the level 
through a well drained, virtually dry track bed, and periodic 
maintenance to remove indirect leakage paths from the rails 
caused by operations and build-up of conductive materials 
Iaround the fasteners. 

4.2.2 Track Resistance At 250 To 500 Ohms Per Thousand Feet Of Two 
ITrack System. 

Maintaining this level of track-to-earth resistance will 

I 
result in stray current levels up to three times higher than 
acceptable levels. Area utilities will be affected, while not 
severely, to a sufficient degree that will require modifica- 
tions to existing protection systems and in some isolated 

I 
cases installation of new protection systems. Corrosion rates 
on transit system fixed facilities (i.e. structural steel and 
reinforcing) will reach a threshold level where some precau- 

I 
tions will become necessary. These precautions would include 
installation of an electrically continuous collector mat 
beneath rails in conjunction with internal coating of the 

I 

tunnel (inside surface of rings below inverts) to reduce 
current flow on and current discharge from the tunnel rein- 
forcing. Provisions would also be required to connect such a 
collector mat to the negative bus of substations through a 

I 
blocking diode to establish drainage of accumulated stray 
currents. Electrical continuity of the tunnel structure 
itself would not be required at this level. 

IThere are subtle but significant differences between this 
level and the previous level from a design and construction 
standpoint. The more important items would include elimina- 

I 
tion of leakage paths within and around the rail fastener. 
Maintenance for long ten effectiveness Is still required if 
stray current levels are to be held within the .156 to .314 
Iampere per thousand feet range. 

4.2.3 Track Resistance At 125 To 250 Ohms Per Thousand Feet Of Two 
ITrack System 

Maintaining this level of track-to-earth resistance will 
result in stray current levels three to six times higher than 

Iacceptable levels. Area utilities will be affected to a point 

I 
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where selected structures may require drainage of stray cur- 
rents to the negative system. Testing and evaluation of stray 

m 
current effects will become extensive to the point where 
utility operators may seek recourse through the transit dis- 
trict. Corrosion rates on transit system fixed facilities 

I 

will increase proportionally. Additional longitudinal con- 
ductance will be required for the collector mat, most likely 
established through the use of paralleling copper conductors 
connected at predetermined intervals to the mat. Drainage of 

I 
the collectormat is more likely and would require evaluation 
to determine if it was absolutely necessary. 

I 
Design and construction for this level of track-to-earth 
resistance still requires use of insulating direct fixation 
fasteners but would not include supplemental measures at 
individual fasteners. A well drained virtually dry track bed 

Ialong with a periodic maintenance program is still required. 

4.2.4 Track Resistance At 25 To 125 Ohms Per Thousand Feet of Two 
ITrack System 

Maintaining this level of track-to-earth resistance will 

I 
result in stray earth currents six to thirty times higher than 
acceptable levels. Virtually all area utilities will require 
extensive evaluation probably leading to modification of 

I 

protection systems, installation of additional systems, bond- 
ing of all pipe joints and installation of stray current 
drainage bonds. 

I 
Corrosion rates on tunnel structural steel will reach a level 
where damage is likely. At this level, electrical continuity 
between precast panels is required through the full length of 

I 
the tunnel. This continuity must be supplemented with a 

collector mat and additional paralleling conductors in the 
invert (see 3.2.3) and internal coating of the tunnel beneath 
the invert. Provisions to drain accumulated stray currents 

r 
from the tunnel reinforcing steel and collector mat/copper 
cable system to the negative bus of substations through a 

blocking diode must also be included. 

IThis level of track resistance is normally associated with a 
very well drained conventional timber tie and ballast con- 

I 

struction using steel tie plates. Virtually all efforts to 
maintain this level are associated with extensive in-service 
maintenance. There is very little control from a design and 
construction standpoint that can be exercised to Improve 

I 
resistances. Experience shows that even with a good main- 
tenance program, it is very difficult, if not impossible, to 
maintain this level of resistance, using non-insulating rail 

tfasteners. 

4.2.5 Track Resistance Less Than 25 Ohms Per Thousand Feet of Two 
Track System 

I 

I 
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This level of track resistance will result in stray earth 
currents more than thirty times higher than acceptable levels. 
A negative return system with these electrical characteristics 

U is simply not acceptable if there is to be any effort to 

establish stray current control. 

4.3 Transit System Fixed Facilities (Tunnel Structural Components) 

4.3.1 Recomendations for stray current control of tunnel structural 

I 
components (i.e. reinforcing steel within precast panels and 
liners) are directly associated with the level of track-to- 
earth resistance that can be maintained. Specific require- 

I 
ments as presented in sections 3.2.1 through 3.2.4 range from 
essentially no measures if track resistances are at the 500 to 
750 ohm per thousand feet (4 rails) level to extensive meas- 

I 

ures consisting of electrical continuity, protective coating 
(internal), collector mats, and stray current drainage if 

track resistances are less than 125 ohms per thousand feet (4 

rail s). 

I4.3.2 There is no need to establish electrical continuity of precast 
tunnel liner panels provided track-to-earth resistance can be 

I 
maintained at 500 to 750 ohms per thousand feet of system (4 

rails) during in service conditions. External protective 
coating will still be required at this level of resistance to 
reduce corrosive attack caused by soils. Test facilities, 

I 
Including reference electrodes and test wires attached to 
steel tunnel liners and reinforcing within precast liner 
panels are required at selected locations throughout the 

I. 

system. These facilities will be used to evaluate actual 
stray current conditions on the tunnel during operations. 

4.4 Utility Structures (Piping and Conduits) 

4.4.1 There are no stray current corrosion control measures required 
for piping and conduit exposed within the tunnel structure or 

I 
embedded in the invert provided track-to-earth resistance can 
be maintained at 500 to 750 ohms per thousand feet of system 
(4 rails). 

I4.4.2 Buried metallic pressure piping along the mainline portion of 
the system will require electrical continuity, electrical 

I 

insulation from both piping inside the tunnel structure and 
interconnecting piping and test facilities. Stray current 
drainage from these buried structures will not be required 
provided the recommended minimum level of track-to-earth 
Iresistance is maintained. 

4.4.3 Buried metallic pressure piping within the yard area will 

I 
require electrical continuity, electrical isolation from 
Interconnecting piping, protective coating, test stations and 
provisions for stray current drainage to the yard traction 
power substation. These requirements are Independent of the 
Imainline track-to-earth resistance. 
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4.4.4 Buried metallic pressure piping within the perimeter of the 
shop building and metallic pressure piping within the building 

ffl 

must be electrically insulated from all interconnecting piping 

external to the building or outside of the building perimeter. 
All such piping must be connected to the building grounding 

m 

network along with the shop rails (see 3.1.1). 

5. DISCUSSION 

F 
The operation of DC powered transit facilities with the run- 

ning rails used as the negative return have, in the past, created 

stray earth current magnitudes of uncontrollable conditions. There 

I 
were, of course, several valid engineering reasons for the stray 
current conditions occurring at the time these systems were con- 

structed. However, today's technology and engineering experience 

I 

shows that a DC powered transit system can be built which provides 
efficient, dependable and safe operation and still controls stray 
currents to negligible levels or at least levels which allow rea- 

sonable control measures to be taken by utility operators and 
others concerned with the control of underground corrosion. To 

I construct a transit system today without stray current control 

features would leave the operators open to all manner of damage 

Iand 

suits arising from corrosion failures of structures, both 
conjured. 

factual 

The principal factors affecting stray current control for a 
running rail return transit system are: 

- Maintaining reasonable voltages throughout the negative return 

system 

by consideration of load currents, resistance of the 

negative return system, distance of loads from the substations 
and the spacing of the substations. 

- Considering the engineering and economic factors that preclude 
the generation of zero voltage drops within the negative 
system; the negative distribution system must be constructed 

in 

such a manner that it will prevent the flow of excessive 
earth currents. The only practical manner in which this can 
be done is to establish a negative system-to-earth resistance 

I 
which, with the reasonable anticipated voltages created within 
the negative distribution circuits, will restrict the stray 
currents to reasonable levels. 

I 
Our review of the Metro Rail Project, based on information 

presently available, is presented in detail in the enclosed Appen- 

dices of this report. Appendix A studies the effect of stray earth 

I 
currents on underground Utility structures and develops a reason- 

able criteria for maximum allowable stray earth currents from the 

rails. The criteria established is to maintain a maximum earth 

I 
potential gradient of 0.050 volt at one thousand feet from the 

transit system. This level was established taking into considera- 

tion what most utility operators would include in evaluating stray 

currents namely, corrosive effects, protective effects and the 

Iimpact on system monitoring. The earth gradient, under worst case 

I 
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conditions, could result in an equal magnitude of structure-to- 
earth potential change on a nearby utility. The basic premise is 

that a 50 millivolt change in potential in conjunction with the 
time duration for which it will exist is within the capabilities of 
most utility operators to mitigate without any extensive efforts or 
unreasonable expense through their existing corrosion control 
programs. Also, in those instances where there is no corrosion 
control program the recommended criteria will not cause a signifi- 
cant reduction in service life to the point where a utility opera- 
tor must now bear the expense of setting up a corrosion control 
program as a result of transit operations. 

The 50 millivolt maximum potential gradient is dependent upon 
stray earth current magnitudes and soil resistivities. Since it is 
not practical to design for different acceptable levels of stray 
current the lowest value, within reason, taking into account soil 

resistivities and utility location and densities, must be chosen. 
Such a value for the conditions intrinsic to the Metro Rail Project 
and the Los Angeles area is .10 ampere per thousand feet of system. 
As mentioned, one of the principal factors for stray current con- 
trol is to maintain reasonable voltages throughout the negative 
system. Appendix B studies these voltage levels and corresponding 
stray current levels in detail. While the primary purpose of this 
study was to determine stray current levels Dased on the present 
intended construction and system configuration, other aspects of 
the traction power system were studied to determine If stray cur- 
rent levels could be reduced. 

The first item consisted of reviewing the impact of connecting 
the yard and maintenance shop to the mainline. The results of the 
analysis show that connection of yard track to mainline track will 
increase stray current levels up to 100%, with essentially all of 
the stray current concentrated in the yard area. The reason for 
this is that track-to-earth resistances in the yard will be lower 
than along the mainline because of the extensive amount of special 
trackwork within the yard area. This type of track construction is 

generally very difficult to electrically insulate from earth, and 
while possible, costs associated with special insulating rail 

fasteners are prohibitive. In addition to reducing stray current 
levels, separation of the yard from the mainline will also elimi- 
nate reflection of mainline operations onto yard track. Since yard 
track will be substantially lower in resistance than the rest of 
the system, loads operating remote from the yard will cause track 
potential variations on yard track again concentrating stray cur- 
rents within a relatively local area. The opposite of this is also 
true, namely, operation of loads, even at reduced levels, within 
the yard will cause large stray current magnitudes in the yard, 
these currents in turn will cause large potential variations on the 
track along the mainline. Based on this analysis, we have recom- 
mended that the SCRTD proceed with plans to electrically separate 
the yard/shop from the mainline in both the positive and negative 
power distribution circuits. This will require installation of a 

separate traction power substation to provide power for yard opera- 
tions. Of course, provisions could be installed to electrically 
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connect this substation to the mainline during emergency condi- 

tions. 

With the yard separated from the mainline, additional improve- 
ment in stray current levels can be achieved within the yard area 

I 
by electrically separating maintenance shop track from yard track. 

The basis for this is that shop track must be well grounded for 
safety purposes. This will concentrate stray currents caused by 
yard loads In the vicinity of nearby underground structures. 

I 
Separation of the shop from the yard will eliminate this condition. 
A separate traction power substation would be required for shop 
operations. This power supply must be completely separate, both In 

I 
the positive and negative circuits, from the yard traction power 
supply. 

The second item studied relative to overall track-to-earth 
potential levels was proposed substation distribution. The present 
intended arrangement is adequate for stray current control since 
traction power substations are, with two exceptions, located at all 

passenger 

stations where current loads will be at a maximum. 
Analysis shows that there is no need for any further consideration 
of this matter except to note that maximum track-to-earth poten- 

tials 

will occur at the two passenger stations, 5th and Hill and 
Wilshire and Normandie, that do not have traction power substa- 
tions. 

The last item studied relative to track potentials and stray 

current levels was planned conversion of seven of the fifteen 
mainline traction power substations from 2.5 to 5.0 megawatt units. 
This is being considered to allow for operations under 2 minute 
headways. While the analysis has shown up to a 40.0 percent reduc- 
tion in track potentials and stray current levels as a result of 
this conversion, it is not prudent to depend solely upon TPSS 
capacity increases as the primary means of establishing stray 
current control. Implementation of the proposed conversion will be 
a definite asset in maintaining stray earth current at low levels 

but is not absolutely necessary. 

The major part of the analysis in Appendix B was directed 
towards determining track-to-earth potentials and stray current 

levels for different values of track-to-earth resistance. The 
analysis shows that stray current levels can be held to acceptable 
levels with a track-to-earth resistance of 1,500 ohms per thousand 
feet of single track (2 rails). This level of resistance is feasi- 

ble for direct fixation construction using insulating rail fasten- 

ers. Experience has shown that such a level can be achieved from 
new construction, however, unless a firm comitment is made during 
design and construction, it can be difficult to maintain this 

level. This aspect of stray current control represents the most 
significant decision facing the SCRTD. The question is whether 
design and construction efforts should be directed towards es- 

tablishing the best level of track resistance practical or should 

efforts and monies be expended to provide mitigative measures for 

5-14 



II 

transit structures and very possibly utility structures, as a 

result of accepting some lower level of track-to-earth resistance. 

IThe implications of this are very significant, especially with 
regards to transit system fixed facilities, namely the tunnel 

t 

structure. Appendix C studies in detail the impact of stray cur- 
rents on the tunnel structure from two standpoints. First can the 
tunnel structure itself be used to reduce stray earth currents and 
second what level of current is acceptable from a corrosion control 

I 
standpoint. The results of the analysis in Appendix C show that it 
is not practical to effect stray current control by keeping rail 
discharge current on the tunnel structure and, therefore, reduce 
earth current levels. The reason for this is that tunnel-to-earth 

I resistance necessary to reduce stray earth current flow from the 
tunnel are not practically obtainable. Results show that a vir- 
tually perfect coating application with less than .0001% of the 

I 
surface area with defects is necessary to effect a 31% reductIon in 

earth currents. This level of coating quality is practically 
impossible to achieve under ideal conditions, and especially im- 
practical when consideration is given to conditions that will exist 

I auring actual tunnel construction. The study also showed that 
efforts to improve the overall earth resistance of the tunnel will 
result in higher corrosion rates than if the tunnel were left 

U uncoated. The reason for this is that earth current discharge 
cannot be reduced to low enough levels which in conjunction with 
less bare surface area concentrates remaining earth current dis- 

I 
charge at very small areas, thus significantly increasing corrosion 
rates. 

I 
In sununary the analysis has shown that the present plans of 

the SCRTO represent the best of several alternatives available to 
establish effective stray current control. The alternatives are a 

I 
function of the track-to-earth resistance that can be maintained 
during in-service operations. As the level of obtained track 
resistance decreases, the SCRTD must spend monies to provide both 
their own facilities and possibly facilities belonging to others 

I 
with stray current protection. As can be seen, the trade-off 
established by this analysis is the question of where should stray 
current control funding be utilized. By devoting the vast majority 

I 
of stray current control monies to establishing and maintaining a 
track-to-earth resistance of 1,500 ohms per thousand feet of track 
(2 rails) the SCRTD will not have to incur costs associated with 

I 

providing corrosion control measures on their facilities and of 
facilities belonging to others. Inherent in this "best alterna- 
tive" is the fact that a firm commitment by SCRTD must be made to 
insure that track resistance levels are not only established during 

I 
construction but are maintained during in-service operations. 
Among the more important factors included in this commitment is to 
establish a well drained track bed and a maintenance program to 
remove conductive materials from around the rails and rail fasten- 

I 
As the level of obtained track-to-earth resistance decreases, 

Ithe stray current corrosion control requirements, and hence costs 

I 
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will increase. The more significant items that will contribute to 
cost increases are providing collector mats within, and internal 

ii coating beneath, the track inverts to control stray current corro- 

I sion of the tunnel reinforcing and costs incurred by utility opera- 
tors to test, evaluate and mitigate stray current effects. This 

I 

latter item is subject to some discussion for it is not clear as to 
who is actually responsible for these costs, the SCRTD or the 
individual utility operators. In our opinion, it is in the best 
interests of the SCRTD to design and construct a system with a low 
level of stray current such that this debate never occurs. 

Finally, at track-to-earth resistance levels less than 250 
per thousand feet of track (2 rails), the SCRTD will be faced 

with establishing electrical continuity of steel reinforcing 
throughout their entire tunnel system in addition to the previously 
discussed measures. At this level, utility effects will become 
more prevalent thus increasing the likelihood that utility opera- 
tors will seek both technical and financial recourse through the 
SC RID. 

The need for a firm coninitment and strict adherence to the 
final measures decided upon cannot be over-emphasized, both from 

standpoint of stray current control and track-to-earth poten- 
tials. The changing of one parameter could result in significant 
changes in other areas and thus must be approached with caution. 

I 
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II 

APPENDIX A 

IEffect of Stray Earth Currents on 

Underground Structures 

I 
Operation of a DC rail return transit system will produce stray 

earth current leakage from the rails. While these currents are rela- 
tively small as compared to total system operating currents, they may 

I 
create significant corrosive effects on nearby utility structures and 
transit structures particularly since the existing utility structures 
did not necessarily include stray current corrosion control provisions 

I 

in their construction. To attempt to provide these utility structures 
with some form of stray current protection that does not impact transit 
system design would be a monumental task, possibly requiring individual 
studies on virtually every nearby structure. Also, follow up work could 
be required to provide utilities with electrical continuity, protective 
coating and stray current drainage. 

Because of the magntiude of such a project and the question of who 
should bear the costs associated with the work, it will be in the best 
interest of the SCRTD to provide as much stray current control built 
into their system as economically feasible and practical. In order to 
demonstrate the need for such an approach, the following discussion is 

intended as an overview of generally accepted guidelines, used by utili- 
ty operators in evaluating protective and/or corrosive effects on under- 
ground facilities. These guidelines are then used as a basis to deter- 
mine a general range of maximum allowable stray current levels, from 
operation of the Metro Rail System which will result in stray current 
effects on adjacent utility structures that are within the previously 
established acceptable levels. 

In order to better understand the impact that stray currents can 
have on underground structures, the following table lists the corrosion 
rates for various metals resulting from the electrolytic flow of direct 
current from the metal to a surrounding electrolyte at a rate of one 
ampere for one year: 

Iron 20.14 lb./ampere-year 
Copper 22.92 lb./ampere-year 
Lead 74.80 lb./ampere-year 
Zinc 23.56 lb./ampere-year 
Aluminum 6.48 lb./ampere-year 

When consideration is given to the fact that one square inch of 
0.25-inch wall steel pipe weighs about 0.071 lbs., complete destruction 
of the exposed wall would occur at the following rates, if the currents 
indicated were dissipated into the earth over the one square inch area: 
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Current (Amperes) Time (Years) 
1.0 0.0035 (= 31 hours) 
0.1 0.035 (= 12+ days) 
0.01 0.35 
0.001 3.5 
0.0001 35.0 

Under the normal corrosion mechanism of a pressured pipeline, a 

failure of the wall would actually occur at less than 50 percent of the 
time calculated for complete destruction of the one-square inch wall. 
In addition, the dissipation of current from other structures such as 

transit rails, steel piling and structural members, metallic cable 
sheaths1 etc. could result in corrosion rates on these structures of the 
same order of magnitudes as those expressed above. 

Significance of Stray Current Effects on Utility and Transit Structures 

There are three categories of stray current effects that must be 
evaluated relative to their impact on underground structures. These 
are, protective effects, corrosive effects and the impact on cathodic 
protection evaluation (system monitoring). The information shown in 

Table A-I presents criteria, based on our experience as to what must be 
considered acceptable or unacceptable structure-to-earth potential 
variations from stray earth currents until proven otherwise, probably by 
extensive testing. This table shows various values of change in 

structure-to-earth potential ( E ) from stray currents (Quantitative 
Effect) and a comment on the signifqcance of this effect for each of the 
three aforementioned effect categories (Qualitative Effect). 
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Table A-1 

Significance of Stray Current Effects on Utility Structures 

Quantitative Effect 

E1 (Volts) 

Protective 

0 Acceptable 
.010 Acceptable 
.040 Acceptable 
.050. Acceptable 
.100 Acceptable 
.200 Acceptable 
.300 Questionable 
.400 Questionable 
.500 Not Acceptable 

1.000 Not Acceptable 
2.000 Not Acceptable 

Qual itative Effect 

Corrosive 

Acceptable 
Acceptable 
Questionable 
Questionable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 

System Monitoring 

Acceptable 
Acceptable 
Acceptable 
Acceptable 
Questionable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 
Not Acceptable 

The above table indicates the following relative to protective 
effects: 

a. Protective changes in structure-to-earth potentials up to 0.30 
volt will not have a significant effect on the structure. 

b. Changes from 0.30 to 0.50 volt may cause clisbondment of pro- 
tective coating (possibly significant). 

c. Changes greater than 0.50 volt are definitely not acceptable 
and will cause disbondment of the protective coating. 

The corrosive effect produced on an underground structure evaluated 
for this study must be done in a critical manner. A pipe or buried 
cable which is cathodically protected at the general level of 0.85 to 
0.90 volt to a copper-copper sulfate (CuCuSO4) reference electrode can 
fail to meet recognized protection criteria by the presence of interfer- 
ence potentials of 0.025 to 0.050 volt. Loss of indicated protection 
from changes of less than 0.025 volt would indicate that the original 
protection level was suspect. 

The effect on system monitoring procedures created by the presence 
of stray currents from a constantly varying source, such as a transit 
system, creates very definite problems associated with the monitoring of 
structure potentials to ensure adequate protection. In effect, the 
potential readings taken to evaluate the adequacy of the cathodic pro- 

tection, must in some manner be correlated with operating conditions on 
the transit system. This type survey requires additional time and 
expertise by the corrosion engineers or technicians performing the 
survey. We have stated an acceptable level of ±0.10 volt for this 
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effect; this is somewhat generous, especially on the corrosive effect 
end. 

Acceotable Stray Current Levels 

I 
Review of the information shown in Table A-1 indicates that the 

largest structure-to-earth potential change that can be classified as 

questionable relative to its impact on one of three corrosion categories 
is .050 volt. Hence, stray current flow that results in no more than a 

I 
.050 volt change in structure-to-earth potential can be considered as 

acceptable. In order to determine a magnitude for this acceptable 
level, it is necessary to review how the stray current effects are 

I 
generated, thereby, identifying the controlling factors and second to 

quantify the results in terms of these factors. 

Plate A-i shows a schematic representation of a pipeline, or other 

I 
conductor, crossing the tunnel structure. Stray current effects that 
may occur on this underground structure are generated by the interaction 
of several factors as follows: 

Ia. Rails discharge (or accumulate) current to (or from) the 
metallic portions of the tunnel structure (principally rein- 

I 
forcing within the liner panels). Maximum current discharge 
will be at a load, while maximum current accumulation will be 

at a substation (see Appendix B). 

I 
b. The tunnel structure, with stray current flow acts as current 

divider, which is established by the ratio of longitudinal 
tunnel resistance to tunnel-to-earth resistance. A portion of 

I 
the current flow within the tunnel structural components will 

be discharged to earth (see Appendix C). 

c. Current discharge from the tunnel siructure will establish a 
potential field or series of equipotential lines within the 
earth in the vicinity of the tunnel. The magnitude of the 
gradient is proportional to the current discharge. 

d. A crossing or paralleling underground structure that traverses 
these gradients will experience a potential difference across 
its earth resistances. It is this potential difference that 
may cause stray current corrosion. 

As shown on Plate A-1, the pipeline can be modeled as a distributed 
resistive network. The per unit resistance to earth values of R1,, at 
the load and remote from the load and their ratio will determine hoW the 
potential, caused by the rails, is distributed along the conductor. 
This assumes R1 , the longitudinal conductor resistance, to be 
negligible compared to R which is frequently the case for a coated 
structure. However, R1 will have a significant effect when the 
structure is uncoated, since R will not be much larger than RL. 

The potential difference between any two points in earth that will 
be traversed by the pipeline or other conductor can be approximated 
using the following: 

5-A-4 



Equation 1 

Er - r = I in r2/r1 where 
I 2WE 

P = soil resistivity in ohm-centimeters 

I = current from source (tunnel strUcture or rails) in amperes 

L = length of current source in centimeters 

r1 = distance from source surface to conductor 

r2 = distance from source surface to conductor 

The relationship between total potential gradient and distance away 
from the source (r ) is shown graphically on Plate A-2 for a range of 
current values and o11 resistivities. In both cases, current and soil 
changes act as simple linear scalers on the resulting potential gradient 
as shown by the family of curves and multiple scales for the abscissa. 
It must be noted that this equation and resulting graphical representa- 
tion have some limitations. The equation as presented, has no upper 
bound, while actual field studies on operating transit systems Indicate 
that the maximum earth gradient produced by stray current leakage cannot 
exceed track-to-earth potential at a given location. Of course, to 
establish such a potential would require a very large current leakage 
from the transit system. Also, as shown on Plate A-2, it is assumed 
that variations in soil resistivity external to the structure will not 
have any impact on current leakage (i.e. soil resistivity does not de- 
terniine track resistances). This results in a situation where larger 
potentials will be created in higher (less corrosive) soil resistivity 
envi ronments. 

The distribution of this earth potential gradient on an underground 
structure is shown graphically on Plate A-3. This graph shows the 
percentage of the potential defined by Equation 1 that will occur be- 
tween an underground structure and earth versus distance along the 
structure. The different curves shown represent anticipated potential 
distribution for various ratios of structure-to-earth resistance at the 
transit way and remote from the transit way. Positive values will cause 
protective effects while negative values will cause corrosive effects. 
As indicated, the worst case would be a situation where a structure had 
a low earth resistance near the source and a high earth resistance 
remote from the source (R1 c cR ). In this Instance, essentially 
100% of the potential caused by thl2current flow through the earth will 
occur between the structure and earth remote from the source and be 
corrosive in nature. 

The reverse of this situation may occur, when the structure has a 

low resistance to earth remote from the source and a high resistance 
near the source (MDl >> RD?). Under these circumstances, a high 
percentage of the potdntial datused by the current flow returning to the 
rails, through earth, will be developed between the structure and earth 

5-A-5 



in the vicinity of the rails and be corrosive in nature. This is the 
predominant effect that will exist in the area of traction power sub- 
stations. 

As indicated by the above discussion, the actual effect that will 
occur on an underground structure will be a function of the electrical 
characteristics of the specific structure. These characteristics can 
nave a wide range of values for the different types of structures In the 
area of the transit system and will also vary a considerable degree for 
structures belonging to a single utility. Calculations of actual stray 
current effects for each and every structure thus becomes a monumental 
and complex task. The Important point is that the SCRTD has no control 
over these parameters and must, therefore adopt a policy of controlling 
or minimizing the earth gradients caused by operation of the transit 
system. In this fashion, by minimizing earth potentials, the SCRTD will 
establish realistic stray current control, for both utility type struc- 
tures and their own facilities. 

As shown on Plate A-3, under worst case conditions a typical struc- 
ture can experience a corrosive effect remote from the transit way equal 
in magnitude to the earth potential gradient caused by stray current 
flow. Therefore, it becomes necessary to limit this potential gradient 
to a value that can be considered as acceptab1e re1ative to underground 
utilities. The value has been established, as discussed previously, as 
.050 volt. The level of stray current leakage or accumulation that will 
result in this maximum acceptable potential gradient is shown graphical- 
ly on Plate A-4 versus soil resistivities. As indicated, stray current 
leakage from (or to) the rails or structure ranging from approximately 
0.10 to 1.5 amperes per 1,000 feet of system will result in an earth 
potential of .050 volt, for soil resistivities ranging from 15,000 to 
1,000 ohm-centimeters, respectively. Average or mean conditions are 
approximately 2,200 ohm-centimeters which results in a maximum average 
acceptable stray current level of 0.70 ampere per thousand feet of 
system. An acceptable level of stray current must be specified together 
with soil resistivity and tunnel depth at a particular location, and of 
course utility density. This information is sununarized on Plate A-5, 
which shows stray current levels at discrete locations along the transit 
system that will result in an earth gradient of .050 volt at a thousand 
feet. The stray current levels indicated were determined for the speci- 
fic resistivity and tunnel depth at each location. As indicated, there 
is a wide range of acceptable stray current levels, however, it is not 
possible to design for such a range. A particular level must be chosen 
that is realistic and suitable for the vast majority of the system.. In 

this instance, the maximum level chosen must be 0.10 ampere per thousand 
feet of system, which if maintained, will establish effective stray 
current control for essentially all areas of the Metro Rail Project. 

As discussed previously, the running rails will act as the primary 
source for stray currents with the tunnel structure, depending upon 
electrical continuity, acting as a secondary source. Appendix B reviews 
in detail the levels of stray current that can be anticipated from 
system operation and the impact on these levels caused by track-to-earth 
resistances and other components of the traction power system. Finally, 
the effect of the tunnel structure on stray current levels is analyzed 
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in Appendix C. In both cases the analyses are directed towards estab- 
lishing certain features in the system that will result in stray current 
levels within the acceptable range established in this section. 
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I 
IAPPENDIX B 

Stray Current and Track-to-Earth Potential Analysis 

I 
Analysis of track-to-earth potentials and stray current magnitudes 

associated 
with the operation of a DC powered, rail return transit 

facility would be a monumental task if an attempt were made to include 
all possible combinations of load demand, load locations and different 

I 
combinations of traction power substations (TPSS) in operation. Our 
experience on this matter on similar type systems, both during design 
and actual operation, has shown under what operating conditions maximum 

= effects can be expected. The maximum effects are, of course, those that 

I 
will be of most concern regarding track-to-earth potentials and stray 
currents. Generally speaking, it is not important that an "average" 
track-to-earth potential is 5 volts if at five minute intervals a volt- 

I 
age of 150 volts occurs for a duration of 10 seconds and the remaining 
time the potential is essentially zero. A similar situation exists with 
the effects of stray earth currents on underground utility structures. 

I 
The maximum effects are those of major concern because these are the 
ones which will determine whether the effects are detected and they are 
the effects which will negate the protective effects from existing 
cathodic protection systems. This is not to imply that the time dura- 

I 
tion of the effects are of no concern since the resultant corrosion is a 
function of the current and time. 

I 
The major factors which are used to determine under what conditions 

maximum stray current effects will occur are: 

Ii. Distance between the load and the source, which relates di- 

rectly to the resistance (or conductance) factors of the 
positive and negative power conductors. 

2. Magnitude of load current. 

3. Resistance-to-earth of the negative power conductors (princi- 
Ipally running rails). 

There are abnormal conditions which must be considered, such as 

I 
operating the system with discontinuities within the positive and/or 
negative distribution conductors and one (or more) TPSS being out of 
service. In addition, special conditions such as reducing the track-to- 
earth resistance of a section of track were also considered while model- 

I 
ing the operation of the DC powered, rail return, transit facility. 
Some abnormal and special conditions require changes in system opera- 
tions, such as operating at reduced speeds and acceleration levels and 

I 
restricting the simultaneous starting of trains in close proximity to 

each other. These changes are matters for consideration in system 
operations and are, therefore, beyond the scope of this study. These 
factors are mentioned only as a means of alerting system design 
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personnel to some very pertinent considerations regarding track 
potentials and stray current levels. 

Since the distance between the load and source and the magnitude of 
load current cannot be altered to achieve ideal conditions without 
redesigning the entire transit system, the major factor used in the net- 
work analysis of stray currents is the resistance-to-earth of the nega- 
tive power conductor, i.e. the running rails. The effect of the resis- 
tance-to-earth can be summarized in the following manner. As the track- 
to-earth resistances decrease by order of magnitude, stray current 
levels increase by order of magnitude. Reciprocally, as the track-to- 
earth resistances increase by order of magnitude, stray current levels 
decrease by order of magnitude. 

The selection of 750 ohms per 1,000 feet (4 rails) for the track- 
to-earth resistance was based on the results of our preliminary analysis 
and connitment by the District to establish as high a practical level of 
track-to-earth resistance as possible. As a point of comparison, a 

reasonable starting level of resistance for airect fixation insulated 
construction is 250 ohms/1,000 feet (4 rails). Resistance to 900 ohms 
per 1,000 feet have been achieved on other systems during in-service 
conditions. The results of the network analysis under different condi- 
tions and operating configurations establish specific levels of stray 
current for the Metro Rail project and hence, the level of track resis- 
tance necessary to provide adequate stray current control. 

Methodology 

The modeling of a DC powered, rail return transit facility, such as 
that proposed for the Metro Rail Project, requires the following con- 
siderations: 

a. in a DC powered, rail return transit system, longitudinal 
track resistances and track-to-earth resistances form a con- 
tinuous distributed network, however, because of the large 
ratio between the two resistances, they can be considered as 
lumped values so that the network analysis can be simplified. 

b. The most severe stray current effects within an area between 
substations will be caused by the operation of loads drawing 
maximum current within that area. Additional loading outside 
of the area between substations, will not result in additional 
stray current effects within this area. However, If addi- 
tional loading were to occur within the area between substa- 
tions, additional stray current effects would occur within 
this area. 

The circuit diagram shown on Plate 8-1 is a model of the Metro Rail 
Project transit system based on the most recent system configuration 
data available. To demonstrate the analysis, a load in the form of a 

six (6) car train has been placed at the 5th and Hill, passenger sta- 
tion. The following electrical constants have been used for this and 
all other cases throughout this study. 
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I. The traction power substation (TPSS) rectifiers are rated at 
either 2.5 or 5.0 megawatts depending upon location as mdi- 

I 
cated on Table B-5, under 3.5 mm. headway, and, as will be 
discussed, all TPSS units are to be rated at 5.0 megawatts, 
for 2 minute headways; 795 volts DC no-load with 6% regula- 

I 

tion. 

2. The longitudinal resistance of the single composite contact 
rail is .002 ohm per 1,000 feet. Since there are two contact 

I 
rails for the dual track system the longitudinal resistance 
becomes .001 ohm per 1,000 feet. 

I 
3. The longitudinal resistance of 115 pound running rail Is 

.009043 ohm per 1,000 feet. For the dual track system (four 
running rails continuously interconnected) the longitudinal 
resistance is .002261 ohm per 1,000 feet. This value was 
increased by 10% to account for rail wear only, yielding 
.002487 ohm/1,000 feet of four rails. 

I 
4. All track was assumed to be direct fixation type construction 

with a resistance of 1,500 ohms per 1,000 feet of single 
track. Two tracks, therefore, have an earth resistance of 750 
Iohms per 1,000 feet. 

5. The resistance of the positive feeder cables from the traction 
power substation positive bus to the contact rail was made 

I 
equal to approximately 200 feet of contact rail yielding .0004 
ohm for each of the four feeder circuits from a substation. 

I 
6. The resistance of the negative feeder cables from the running 

rails to the traction power substation negative bus was made 
equal to one-half the resistance of an individual positive 

I 
feeder circuit or .0002 ohm. 

7. The regulation resistance of the traction power substation 
transformer rectifier unit is .01426 ohm for 2.5 MW units and 

I 
.00713 ohm for 5.0 MW units. These values were obtained in 
the following manner: 

I= (.06)(.94)(795V)2 = .01426 ohm 

2.5 x l0 Watts 

8. The values for the track-to-earth resistance at each earth 
contact in the network model were calculated by summing the 

I 
longitudinal distance between earth contacts on each side of 
the subject earth contact (in increments of 1,000 feet) and 
dividing by two. The running rail-to-earth resistance of 750 

a ohms per 1,000 feet (4 rails) was then divided by the above 

I value to obtain the track-to-earth resistance at one earth 
contact. 

IRTtOE = 750 ohms/(11 + 12)12 

I 
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where: 

11 = longitudinal distance to the earth contact to the 
left of subject earth contact, in increments of 
1,000 feet.' 

12 
= longitudinal distance to earth contact to the 

right 
of the subject earth contacts, in increments of 
1,000 feet. 

9. The values for track-to-earth resistances at the earth con- 

tacts at the ends, of the network, where track exists, accord- 
ing to the model, only on one side of the earth contact, were 
calculated by dividing the longitudinal distance between the 

subject earth contact and the first earth contact in incre- 
ments of 1,000 feet by two. The track-to-earth resistance of 
750 ohms per 1,000 feet (4 rails) was then divided by the 
above number to obtain the track-to-earth resistance at each 
end of the transit system model circuit. 

Points 
= (750 ohms)/(11/2) 

where: 

1 = longitudinal distance to the first earth contact 
beyond the subject earth contact in increments of 
1,000 feet. 

Using Kirchoff's Voltage Law and matrix network analysis, 

Zm 'm = Em 

where: 

Zm = loop-impedance matrix 

= loop-current matrix 

Em = loop-voltage matrix 

For the network shown on Plate B-1, Zm is a 35 x 35 matrix. 

Z1_1 is the sum of all the impedances in loop 1. Z = Z9 

is the sum of all the impedances common to loops 1 and 2, th Algebril 
sign of these impedances are determined by the direction of the loop 

currents. If the loop currents are flowing in the same direction, the 
impedances are positive. If the loop currents are flowing in opposite 
directions, the impedances are negative. (The assigning of algebraic 
signs to the impedances is necessary to represent the direction of 
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current through the impedance but does not represent a positive or 
negative value for the impedance.) 

IThe loop-voltage matrix (E ), for the example network is a 35 x 1 

matrix. E is the sum of all 3oltage sources in loop 1. The voltage 

I 

source is ositive because the loop current flows through the voltage 
source from the negative to the positive terminals. Consequently, since 
there are fifteen voltage sources, i.e. substations, the first fifteen 
rows of the loop-voltage matrix have values of 795, with rows 16 thru 35 

Ihaving values of 0. 

This technique results in 35 independent equations with 35 un- 

I 
knowns, i.e. loop currents. These loop currents are obtained by solving 
the system of equations as detailed in Table B-i, using matrix analysis 
techniques. The results for the circuit under discussion are shown in 

I 

Table B-lA. 

The analysis of stray earth current effects requires a current flow 
per unit length of running rail, i.e. 1,000 feet. This value is ob- 

I 
tainea by using calculated track-to-earth potential (determined from 
branch currents), the resistance-to-earth of the running rails, and the 
length of running rail under analysis. 

IStray currents per 1 ,000 feet e1nit 
length of running rail under 
Ianalysis. 

I 
Table 8-2 shows results of applying the loop current solutions to deter- 
mine stray current levels using actual system data. All cases were 
analyzed using a load current of 7,200 amperes. This value was chosen 

I 

based on power demand curves supplied by Kaiser Engineers CA. and was 
determined using a 1.0 megawatt demand per vehicle at 795 volts which 
yields approximately 1,200 amperes/vehicle for maximum performance. 
Therefore, a six-vehicle train will draw approximately 7,200 amperes. 

I 
It must be emphasized that the results to be discussed are load current 
specific and will vary with both current magnitude and time duration. 
Also, double loads at a specific point on the transit system will re- 

I 
quire somewhat less than twice the current. Again, using the above 
referenced power demand curves, load currents will vary as follows for 
two trains (six cars each) leaving the same station. 

I 
Departure Interval Peak Load Current Duration of Peak Current 

(seconds) (amperes) (seconds) 

Is 13,000 to 13,600 5 to 2 
10 11,300 to 12,100 5 to 2 

15 9,800 to 10,600 5 to 2 

Therefore, all results, while based on single train operations can be 
scaled up to two train operation by a factor of 1.89 (13,600/7,200). 

I 
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In the example with a load at 5th and Hill the rail-to-earth resis- 
tance is 750 ohms per 1,000 feet (4 rails). Therefore, stray earth 
currents per 1,000 feet of system, at the load location, with the load 
drawing 7,200 amperes would be equal to the following: 

41.0 volts/750 ohms/1,000 feet = .055 ampere/1,000 feet 

The significance of the levels of stray current on metallic structures 
in the vicinity of the transit system is discussed in Appendix A of this 
report. 

The results of the network analysis to this point also give some 
insight into substation distribution. With the load current applied at 
5th and Hill, the summation of I thru 11c' is 1,045.6 amperes of 
which 18.05% is supplied by Civic Center TPSrand 29.3% is supplied by 
Union Station TPSS to the south of the load. North of the load, 41.7% 
is supplied by the 7th and Flower TPSS, 7.0% is supplied by the Alvarado 
TPSS, 3.06% is supplied by the Vermont TPSS, .8% is supplied by the 
Western TPSS with less than .1% from each TPSS north of Western. These 
values establish that the load current distribution is reasonable from a 
stray current standpoint and that traction power substations located 
three or more substations off the load supply a relatively small per- 
centage of load current. 

Graphical Presentation of Results (Sumarized on Table B-3) 

In plotting the voltages and currents obtained from Table B-2 for a 
load of 7,200 amperes at 5th and Hill Station, current flow from track 
to earth is considered positive, while current flow from earth to track 
is considered negative. 

Using the same format to determine voltage and current values as 
that on the example network analysis for a load at 5th and Hill, track- 
to-earth potentials and stray current flow have been obtained for vari- 
ous load locations under normal, abnormal and special conditions. These 
results are shown graphically on Plates 8-2 through 8-19. 

Plate B-2 shows track-to-earth potentials (E ) and stray earth 
currents (Is) with a single ioad at 5th and Hill Skation under normal 
operating cO'nditioris, i.e. all TPSS on line and a 750 ohm per 1,000 feet 
(4 rail) track-to-earth resistance. Two conditions have been plotted. 
The dotted line represents voltage and current values with the yard 
track (62,408 feet at 20 ohms/1,000 feet of track) electrically isolated 
from the mainline. The solid line represents voltage and current values 
obtained with the yard track electrically connected to the mainline. 
The graphs show that electrically connecting the yard track into the 
mainline system at 750 ohms per 1,000 feet (4 rails) creates an increase 
in stray currents in the yard area with a current exchange between yard 
track and earth ranging up to 0.4 amperes. This current exchange would 
increase as the track-to-earth resistance decreases. Because of the 
exchange of current, underground facilities, present in large numbers in 

the yard area, will be affected by local stray current. 



I 

IPlate 8-3 is a plot of the track-to-earth potential CE ) and 
stray earth current (Ic), under the same conditions as Plat 8-1, 

I 
except that the load of' 7,200 amperes has been moved to Wilshire and 
Norinandie. Again, the dotted line represents voltages and currents 
obtained with the yard electrically isolated from mainline track. The 
solid line represents voltages and currents obtained with yard 

I 
electrically connected to mainline track. Here again, the plate 
graphically shows that electrically connecting the yard to mainline 
track creates an increase in the magnitudes of stray currents in the 

I 
yard area with current exchanges ranging up to 0.4 amperes. Although 
the level of current exchange is small, the below grade structures will 
still experience effects from the operation of the transit system. It 

I 
must be noted that as the load operates closer to yard/mainline 
interface potentials and yard stray current will increase, when the yard 
is connected to the mainline. Analysis presented in our preliminary 
report indicated potentials up to 5.0 volts with a load operating at the 

I 
yard/mainline interface. This will result in approximately 15.0 amperes 
of stray earth current within the yard. The exchange of .4 to 15. 
amperes between track and earth depending upon load location is 

I 
unacceptable relative to an allowable stray current level of 0.10 ampere 
per 1,000 feet (4 rails) as established previously. 

Plates 8-4 through B-7 are E6 and I plots with single loads at 

various 
locations along the route of the transit system. These loads 

were applied under normal operating conditions, i.e. all TPSS on line 
and a track-to-earth resistance of 750 ohms per 1,000 feet (4 rails). 

I 
These cases were analyzed with the yard electrically separated from the 
mainline because the effects of the yard will decrease as the load moves 
further away from the yard/mainline interface. The worst case of Plates 

I 
8-4 to 6-7, under normal operating conditions, exists with the load at 
500 feet south of North Hollywood Station. With a six-car train drawing 
7,200 amperes, a peak voltage of 35.8 volts and a maximum current flow 
of 0.05 ampere per 1,000 feet is expected. The best case of the four 

I 
plots is with a load of 7,200 amperes located 500 feet south of Wilshire 
and La Brea Station with a peak voltage of 28.4 volts and a maximum 
stray current flow of 0.04 ampere per 1,000 feet. As stated previously 

I 
additional loads in the vicinity of the single load will increase stray 
earth currents. 

Plates 8-8 through 8-12 show track-to-earth potentials (E6) and 
Istray current (It) plots for load locations with the traction power 
substation that sdpplied the most current now off-line. Granted, a TPSS 
will not be off-line indefinitely, however, the magnitudes of stray 

I 
current flow and track potentials may be significant enough to effect 
below grade structures and personnel safety. In addition, if two loads 
occur in the same vicinity, stray current magnitudes will increase by a 

I 
factor of about two, essentially doubling the increased effects on below 
grade structures. (Refer to Table 6-3 for actual values.) By main- 
taining the track-to-earth resistance at 750 ohms per 1, 000 feet (4 

I 

rails) stray current levels are maintained at 0.10 ampere per 1,000 feet 
or less in four of the five cases studied with a single load. At those 
times when a double load occurs within the area of the substation 
outage, stray current levels may reach .180 ampere per 1,000 feet. 
Although greater than the recomended .10 ampere per 1,000 feet, .180 
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ampere will be tolerable because of the short time duration of the 
double load current and the fact that the substation outage will not 
exist for any significant time duration. 

The one instance where excessive stray current levels may be gener- 
ated would occur with the complete loss of both units at the North 
Hollywood substation and the presence of a maximum load. In this situa- 
tion, stray current levels of .28 ampere per 1,000 feet of system will 
be generated. While this is above the maximum acceptable level, the 
more important item is the presence of an excessive unsafe track poten- 
tial of 212 volts. This situation could not be tolerated for any time 
duration, and as such, has a higher priority than stray current control. 
Overall, systemwide safety must take precedence over stray current 
control during any substation outage, (either one or both units) since 
the outage will not be present for any significant time duration. This 
is not to infer that stray current control must be abandoned during 
abnormal operations. Consideration must still be given to modifying 
operations during such a situation to at least keep stray currents as 
low as practical until normal operations can be resumed. Therefore, 
stray current control will impact system operatibns by requiring that 
operational constraints be imposed on the system during a TPSS outage. 
These constraints would include consideration of restricting train 
operations such that maximum loads in the area adjacent to the substa- 
tion outage would not exceed that required for a single train or perhaps 
no more than 1.30 times peak single load current. This entire situation 
must be carefully reviewed by both traction power and operations person- 
nel. Of course, the expeditious correction of the substation outage, 
restoring normal operations, will provide the best stray current con- 
trol. 

Plates 8-13 through 8-18 show track-to-earth potentials and stray 
current levels that can be anticipated when operations are based on 2 

minute headways and all traction power substations are 5.0 megawatt 
units. Those units that will be increased are shown in Table B-S. The 
impact of this conversion is summarized in Table 8-3 under Future Opera- 
tions. As indicated, increases in TPSS capacity will result in an 
overall reauction in stray current levels of up to 40% depending upon 
the location of load. The benefit will be the greatest in the area 
between Wilshire and Fairfax and La Brea and Sunset since four adjacent 
TPSS will be increased; thus reducing the amount of remote feed from 
other substations. Conversely, there is little to no effect in those 
areas where adjacent TPSS are not increased since they were originally 
set up as 5.0 megawatt unjts. This is illustrated by comparison of 
Plates 8-14/8-3 and 8-18/8-7 where total stray current has been reduced 
by .3% or not at all. 

Overall, increasing the capacity of selected traction power substa- 
tions will provide for a reduction in stray current levels by reducing 
track-to-earth potentials. We must point out, however, that such a 

change does not negate the need to establish and maintain the recom- 
mended track-to-earth resistance of 750 ohms per 1,000 feet (4 rails). 
Furthermore, addition of traction power substations at intermediate 
locations, as may occur, will also improve stray current levels. The 
point here is that the addition of one or two TPSS units at some 



I 

IIntennediate location on the system will not have a significant effect 
on the results presented. The one item that may impact the results 

I 
significantly would be the inclusion of a passenger station not 
presently shown on the alignment. In this instance, a maximum load 
point will be established which could, depending upon the location, 
result in higher potentials and stray current levels. In this instance, 
Iit may be advisable to install an additional traction power substation. 

Plate 8-19 represents a special condition, the reduction of track- 

r 
to-earth resistances in a specific area. In this case, track-to-earth 
resistance was set at 0.75 ohm per 1,000 feet (4 rails) between Station 
402+49 and Station 473+42 with the yard isolated from the mainline. The 

I 
purpose of this case is to demonstrate how a low track-to-earth resis- 
tance, located on any length of track, will increase stray current 
magnitudes to unacceptable levels and the importance of maintaining a 

high uniformly distributed track-to-earth resistance. 

IPlate 8-19 shows track-to-earth potential (Er) and stray current 
(I,.) for the low resistant section of track with the yard isolated and 

U 
all' TPSS on line. As shown on the stray current graph the low track-to- 
earth resistance results in stray current of 12.0 amperes per 1,000 feet 
of system. This stray current level is totally unacceptable and could 
result in severe metal loss on the track facilities and tunnel struc- 

I 
ture. In addition, local utility structures would be severely affected 
by this magnitude of stray current which could result in the failure of 
these structures and large subsequent costs to rectify the problems 

I 
caused by the operation of the transit system on this low resistant 
section of track. 

I 
The graphical results discussed are sumarized in Table 8-3. 

Review of this information provides us with a number of recommendations 
pertaining to the constuction of the transit system. It must be pointed 
out that this analysis was based on a conventional running rail return 

I 
transit system and the following summary and recommendations pertain to 
this conventional system, using the configuration as established by 
Table B-S and system alignment plans dated February, 1983. 

IValues obtained under normal operations indicate that a track-to- 
earth resistance of 750 ohms per 1,000 feet (4 rails) will provide the 

I 
required isolation to maintain stray current levels at .10 ampere per 
1,000 feet (4 rails) or less. This level will also provide the neces- 
sary track isolation so that stray current effects are minimized under 
most abnormal conditions (i.e. with a TPSS off line adjacent to a load). 

I 
The effect of track to earth resistances on stray current levels is 

suninarized in Table 8-4. 

I 
Yard isolation was a second result of the analysis. With the yard 

electrically connected into the mainline system, track-to-earth resis- 
tances are reauced to a level where the exchange of stray current be- 
tween track and earth becomes significant.. It was also concluded that 

I 
below grade structures in the yard area will be affected by the stray 
current level.s that woula exist with the electrical connection between 
yard and mainline. Consequently, the yard should be electrically iso- 

I lated to reduce stray current levels in the yard area. In addition, 
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Igrounded track in the shop and maintenance buildings should be electri- 
cally isolated from the yard track and a high volume resistivity ballast 

I 
with a minimum clearance of one (1) inch between bottom of rail and top 

of ballast should be used. 

Other changes to the traction power configuration, such as adding 

I 
substations or increasing the capacity of substations will generally 
improve overall stray effects and not have a significant effect on the 
recommendations. 

I 

I 
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Plate 
No 

8-2 

B -2 

B -3 

B -3 

8-4 

B-5 

8-6 

B-7 

B-il 

TABLE B3 

Summary of Track-To-Earth Potential and Stray Current Levels - 

Track-To-Earth 1 
Potentials Stray EarthCurrent 

Maximum Minimum Maximum Minimum Current In Yard 

Yard At Load Renote At Load Remote Total Actual %of Total 

Load Location Status iVolts) (Volts) (Amp/1000) (Amp/l000i) (Anperes) tAnperes) 

NORMAL OPERAIIONS(3:i niinute headways) 

5th & Hill Connected 37.7 -6.6 .050 -.0088 .670 .406 60.5 

5th & Hill Isolated 40.9 -3.4 .055 -.0045 - - 

Wilshire & Normandie Connected 37.4 -.08 .050 . -.0001 .. .419 .416 99.3 

Wilshire & Normandie Isolated 34.1 -3.4 .046 H -.0046 H .295 - - 

500' South of Wilshire & La Brea Isolated 28.4 -4.4 .038 -.0059 .307 - - 

\.jijshire & Crenshaw Isolated 34.0 -3.5 .045 -.0047 .295 - - 

500' North of Beverly & Fairfax Isolated 35.3 -4.9 .048 -.0065 .372 - - 

500' South of N. Hollywood Isolated 35.8 -3.1 .048 -.0042 .310 - - 

5th & Hill with 7th & Flower TPSS 

Off Line 

Wilshire & Noniiandie with Wilshire 

& Western TPSS 0ff-Line 

500' South of Wilshire & La Brea; 

Wilshire & La Brea TPSS Off Line 

500' North of Fairfax & Beverly; 

Fairfax & Beverly TPSS Off Line 

500' South of Hollywood; North 

Hollywood TPSS Off Line 

ABNORMAL- OPERATIONS 

Isolated 56.7 -6.5 .076 -.0086 .621 - - 

Isolated 58.7 -8.2 .078 -.011 .703 - - 

Isolated 71.8 -11.3 .096 -.015 .853 - - 

Isolated 63.9 -13.0 .085 -.017 .707 - - 

Isolated 211.7 -18.5 .282 -.025 1.85 - - 



Plate 
No. Load Location 

8-13 5th & Hill 

8-14 Wilshire & Normandie 

8-15 500' South of Wilshire 

&LaBrea 

8-16 Wilshire & Crenshaw 

8-17 500' North of Beverely 

& Fairfax 

8-18 500' South of North Hollywood 

TABLEB-3 

(continued...) 

Summary of Track-To-Earth Potential and Stray Current Levels 

Track-To-Earth 1. Potentials StrayEarthCurrent 

Maximum Minimum Maximum Minimum % Reduction 
Yard At Load Rariote At Load Rairnte Total Ccsripared to 
Status (Volts) (Volts) (flmp/i000') (Pinp/10004) (Amperes) 3.5 Mm. Headways 

FUTURE 0PERAiI0NS (2 minute headways) 

Isolated 37.2 -2.7 .050 -.0037 .270 19.% 

Isolated 34.1 -3.3 .045 -.0044 .294 0.3% 

Isolated 27.9 -3.9 .037 -.0053 .289 5.9% 

Isolated 26.3 -2.55 .035 -.0034 .219 26.% 

Isolated 25.4 -4.3 .034 -.0057 .222 40.% 

Isolated 35.9 -3.0 .049 -.0040 .310 0% 

SPECIALCONDITIONS (3;5 minute headways) 

8-19 500' South of Wilshire& La Brea 

with Track-to-Earth Resistance 

between Station 402+49 and 

47342 at .75 ohm/1,000' (4 rails). 

All other track at 750 ohms/1,000'. Isolated 9.0 -23.7 12.0 

1 
values shown determined with track-to-earth resistances at 750 ohms per 1,000 feet 

(4 rails) and a maximum load current of 7,200 amperes per six car train. 

a 

-.032 23.8 
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TABLE 8-4 

Suninary of Maximum Stray Current Levels For Various Track-to-Earth Resistance 

Maximum Stray Current At Load (Amperes/i ,000 Feet)1 

Track-To-Earth Resistances 

Yard .75 7.5 75 750 

Load Location Status Ohms/l0001 Ohms/lOUD' Ohms/bOO' ohms/bOO' 

5th & Hill Connected 50. 5.0 0.50 .050 

5th & Hill Isolated 55. 5.5 0.55 .055 

Wilshire. & Norniandie Connected 50. 5.0 0.50 .050 

Wilshire & Nortnandie Isolated 46. 4.6 0.46 .046 

500 Feet South of Isolated 38. 3.8 0.38 .038 

Wilshire & La Brea 

Wilshire & Crenshaw Isolated 45. 4.5 0.45 .045 

500 Feet North of Isolated 39. 3.9 0.39 .039 

Beverly & Fairfax 

500 Feet South of North Isolated 48. 4.8 0.38 .048 

Hollywood 

1 
These values have been calculated using a single load of 7200 amperes. Values 
will increase by approximately two for a second load at the same location. 
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NUMBER & CAPACITY (MW) OF 
TRANSFORNER-RECTIFIER UNITS 

NEAREST APPROXIMATE 
PASSENGER STATION STATIONING 3% Mitt. Headway 2 Mm. Headway 

1 Union Station 

2 Civic Center 

3 Seventh/Flower 

4 Wilshire/Alvarado 

5 Wilshire/Vermont 

6 Wilshire/Western 

7 Wilshire/La Brea 

3 Wilshire/Fairfax 

9 Fairfax/Beverly 

10 Fairfax/Santa Monica 

1]. La Brea/Sunset 

12 Hollywood/Cahuenga 

13 Intermediate 

14 Universal City 

iS North Hollywood 

102 

147 

206 

257 

312 

366 

472 

516 

566 

625 

694 

757 

875 

930 

1047 

2-2.5 

1-2.5 

2-2.5 

1-2.5 

2-2.5 

2-2.5 

2-2.5 

1-2.5 

1-2.5 

1-2.5 

1-2.5 

2-2.5 

1-2.5 

2-2.5 

2-2.5 

*For basic route alignment with sixteen (16) passenger stations. 

2-2.5 

2-2.5 

2-2.5 

2-2.5. 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 

2-2.5 
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Appendix C 

IEffects of Stray Currents on Tunnel Construction 

One of the two significant mechanisms for corrosive attack of steel 
reinforcement within concrete used for tunnel construction is stray 

corrosion. As discussed in Appendix A, the tunnel reinforcing 
structure will act as a transfer point for stray current discharge and 
accumulation. There are two major aspects of stray current flow on 
tunnel construction that must be analyzed. These are as follows: 

- the ability of the reinforced tunnel structure to control 
stray earth currents by reducing the magnitude of current 

discharged 
into the earth by keeping a portion of stray cur- 

rent from the rails on the tunnel structure 

the impact of any resultant loss of stray currents to earth on 
the corrosion of reinforcing steel within the concrete. 

Analysis of the first aspect consisted of developing an electrical 

I 
model of the tunnel structure and applying stray current flow to this 
model as determined by the results from Appendix B. Certain electrical 
characteristics of the tunnel structure were varied to determine current 

I 
levels in the structure and current levels discharged from the struc- 
ture. These current levels are then evaluated with regard to the second 
aspect of the problem to determine estimates of corrosion rates. 

The circuit model developed to represent the tunnel structure is 
shown on Plate C-i. This circuit shows a distributed network consisting 
of longitudinal tunnel resistance (R1) and tunnel to earth resistance 
(R9). As mentioned in Appendix 8, it is possible to model a 

diftributed network using discrete lumped values provided the ratio 
R7/R is large. The range of values for R9 and R1 that can be 
epeeted for proposed tunnel construction requirts that the maximum unit 
length allowable must be less than ten feet to maintain a large ratio 
for analysis purposes. The actual unit length chosen for the analysis 
was four feet to coincide with a precast concrete liner panel length of 
four feet. The circuit shown on Plate C-i also shows current sources 
located at each earth point. These current sources represent the stray 
current flow from the rails for a unit length of four feet as determined 
by the analysis of Appendix B and as shown on the I graphs. The 
value of these currents will vary with distance along the transit system 
and can be represented by simple linear equations calculated from the 
I graphs. 

The approach used to analyze the circuit shown on Plate C-i con- 
sisted of an iterative solution for currents for each unit earth re- 
sistance and unit tunnel length taking into account the attenuation 
characteristics of the tunnel for the resistance network given. Refer- 
ring to Plate C-i, the general form of the current equations are as 
follows: 

II 
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I11=b151 
I = b (I + (i-b)I ) 

I13 = b (153 + (lb)(152 + (i4)Isi)) 

. 

= b + (i_b)(JN1)) where 
N-1 

= current on tunnel 

at the N-i unit. 

where: 

i through i current flow to earth from the tunnel structure 

Iat each unit of specified length (1 unit = 4 feet). 

I'Si 
through 

'SN 
= current discharge from the rails at the Nth 

unit along the system. Currents are expressed as 

= mx + cx where x = distance (See Appendix 8, 

I graphs.) 

b one minus the ratio of current flow on the tunnel to current 

Iflow off the tunnel taking into account the characteristic 

impedance for a set of and values. 

The ratio defined by b above will remain essentially constant for a 

I 
given set of and values provided there is sufficient length of 

system extending beyond each side of the area under study. More speci- 

fically, b was determined as follows: 

I 
b=i- 

+ coth I x 

I 
where = resistance to earth of unit length of tunnel 

= longitudinal resistance of unit length of tunne1 

II 

= (R1R2) 

ii 12 
x = number of units (distance 1 unit = 4 feet) 

I 

II 



I 

I 
The system of equations described thus far is subject to one major 
limitation. The results generated will be valid for unidirectional flow 

I within the tunnel. In actuality, however, current flow will split in 

both directions along the tunnel, in addition to flow to earth. The 

!I 

basis for this result is the fact that the equations utilize only one 
half the current from the rails. In other words, the curves represent- 
ing the rail current are doublesided and only one side of the curve is 

used. To circumvent this problem, it was necessary to solve the equa- 
tions twice, once from each direction along the tunnel. The two sets of 

I results were then summed and halved for earth currents, while the dif- 
ference between longitudinal currents from each direction was obtained 
Iand then halved. 

This general approach was used to analyze the distribution of both 
longitudinal and earth current flows along the tunnel in an area where 

I 
the rails discharge current. The effect on the distribution caused by 
variations in earth resistance (R9) and longitudinal resistance (R1) 
was studied. The values chosthi for and R, require soihe 

discussion. A base value for tunnel to earth resitancE is necessary to 

I establish what can be expected wi;tjqut coating. Tunnel geometry in 

conjunction with Dwight's formulae ' / for earth resistances of buried 

I 

conductors shows that a resistance-to-earth of two to four ohms per foot 
of single tunnel can be expected in average soil resistivities of 2,000 
to 4,000 ohm- centimeters. While the precise value is not important, 
the general order of magnitude is, and indicates that uncoated single 

I 
tunnel will be less than ten ohms per foot in most soils. Insofar as 
longituginal resistance is concerned, a base value of fifty microhms 
(50x10 ) per foot of single tunnel was established. This value 
represents electrical continuity equivalent to approximately twelve 

I one-half inch diameter (#4) steel reinforcing bars, which is feasible 
for invert construction and within the same order of magnitude as that 
anticipated for electrically continuous precast panels, although no 

I 
specific information was available on this matter at the time of our 
analysis. 

The analysis, based on the preceeding discussion, included the 

I following considerations and input data. 

tunnel to earth resistance (R9) per foot of twin tunnel was I- set at 20, 800, 1,600 and 6,400 ohms which represent increases 
of 20 to 6,400 times the base value to represent various 
degrees of coating quality 

I - tunnel longitudinal resistance (R1) was set at 50 or 25 

microhms per foot of twin tunnel 

(1) Formulae for a buried ring and buried horizontal round plate were 
used, yielding essentially the same result. 

I 
- stray current levels were established with a load operating at 

Wilshire and La Brea with the TPSS at this location off-line 
resulting in the following approximate current equations: 
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U 

I 

I 

I 

I 

I 

I 

1.12387 x 10 X + 0 
3.00392 x i0X + .0495 
-2.65477 x 10 X + .2097 
-1.02238 x 10 X + .0461 

-3.4293 x 10' X + .0046 

for 0 S X < 4401 (feet) 
for 4401 C x < 9736 
for 9736 1 X < 15901 
for 159015 X < 19956 
for 19956.5. X < 21296 

total area under study is 21,296 feet of twin tunnel separated 
into 5,324 four foot increments 

It must be noted that the selection of specific stray current results is 

significant only because of the physical location of the load at the 
middle of the system, and not for any other reason. Results from the 
forthcoming analysis will be valid for other locations with different 
stray current levels provided the results are scaled up or down accord- 
ingly depending upon the level of stray currents. Choosing a load in 
the middle of the system results in an extensive length of tunnel either 
side of the discharge area under study which will keep variations in b, 

as defined previously, to less than .5%. 

Table C-i shows the results generated from solution of the current 
equations after 5,325 iterations. Positive current flow on the tunnel 
is to the north (to the right) for locations north of the load, while 
negative current flow on the tunnel is to the south (to the left) for 
locations south of the load. These results, and results generated for 
three other cases with different values of R9 are shown graphically on 
Plates C-2 and C-3. Plate C-2 shows current flow to earth from the twin 
tunnel structure for each of the four different tunnel-to-earth per foot 
resistance levels plotted versus distance along the tunnel. Plate C-3 
snows current flow on the twin tunnel structure for each of the four 
different earth resistances plotted versus distance. All currents were 
plotted as positive values on Plate C-3, however actual direction is 

such that positive flow is north (to the right) resulting in negative 
values for all currents south of the load (to the left). Review of the 
information on these Plates indicates the following basic results. 

Maximum current flow to earth from the tunnel structure will 
occur at the load, where current flow on the tunnel will be at 
a minimum. 

Current flow on the tunnel will be at its maximum absolute 
value at two locations either side of the load. These loca- 
tions of maximum flow on the structure will change as tunnel- 
to-earth resistance varies. 

Plate C-2 shows that at the 20 ohm per foot level for tunnel-to- 
earth resistance, virtually all stray current from the rails is dis- 
charged to earth through the tunnel (note the stray current from the 
rails is also shown on the graphs). As tunnel-to-earth resistance is 

increased, current flow to earth decreases. While this may appear to be 
beneficial at face value the level of tunnel earth resistance (i.e. 
coating quality) necessary to cause a significant reduction in earth 
currents becomes impossible to achieve from a practical standpoint. 
Plate C-4 illustrates this concept. This graph shows earth current from 
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I 

the tunnel at the load as a percent of stray current from the rail 

(%1) versus tunnel-to-earth resistance. As shown, tunnel-to-earth 
resistances greater than 1,000 ohms per foot are necessary to reduce 

I earth current to 50% or less. Similar results can be obtained from 
review of Plate C-3 (current flow on tunnel), except now we must 

I 

maximzie the current flow on the tunnel 
area. Review of this plate shows that 

at the ends of the discharge 
current flow remaining on the 

tunnel at the ends of the discharge increases as tunnel to earth 
resistance increases. Plate C-S shows this relationship graphically as 

I current flow on the tunnel at the end of the discharge area as a percent 

U of total I (%I) versus tunnel to earth resistance. As shown, 
tunnel to ea*th re'tistance in excess of 2,000 ohms per foot is necessary 
Ito keep 24% of total rail discharge on the tunnel structure. 

The reason why the tunnel to earth resistances necessary for stray 

I 

earth current reductions are impractical to achieve requires some expla- 
nation. As stated at the beginning of this discussion, a base value of 
two ohms per foot of twin tunnel can be expected in average soils 
neglecting external coating. The values of 20 to 6,400 ohms per foot 

I 
used for this analysis represent various levels of earth resistance with 
protective coating applied to external surfaces of the tunnel. The 
relationship between these values and quality of coating is discussed 

I 
and shown below in Table C-2. The earth resistance of the tunnel with 
an external coating is determined by the amount of bare area associated 
with coating defects. It is the resistance to earth of these coating 
defects (faults) that wll establish the tunnel-to-earth resistance 

I 
characteristics. The resistance to earth of a single defect can be 
calculated using the following equation. 

IR=-2-- where 

R = resistance of tunnel (one foot of twin tunnel) 
P = soil resistivity 
D = diameter of coating fault 

I 
Solving this equation for 0 with p at 2,200 ohm-centimeters aver- 

I 
age and R at 20 ohms (per foot of twin tunnel) D will equal 55 centi- 
meters. This yields a single coating fault with a bare area of 2,376 
square centimeters or 2.6 square feet. The total surface area associ- 

I 
ated with one foot of twin tunnel is: 

2 x r x DxL = 2 x r x 18.5 x 1 = 116 square feet 

IThis indicates that at the 20 ohm per foot level for earth resistance 
only 2.6 square feet out 116 square feet will be bare or 98%.will be 

I 
coated. This represents a high quality coating application. Practical 
considerations indicate that numerous smaller coating defects will occur 
as opposed to a single large defect. If the total bare area as cal- 

culated above is distributed over several smaller defects the per foot 
earth resistance will decrease which will reduce further the ability of 

I 
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the tunnel to control stray currents. This analysis is summarized in 

Table C-2 for the various levels of earth resistance used. The percent 
area and percent coated area for a single fault are shown for a 

particular earth resistance. 
TABLE C-2 

I 
Tunnel To Earth % Bare Area At % Tunnel Area 

Resistance A Single Fault Coated 

I 
20 Q/ft. 2.00000% 98.0000% 
800 Q/ft. .00140% 99.9986% 

1,600 si/ft. .00034% 99.9996% 
6,400 Q/ft. .00002% 99.9999% 

It is obvious from these results that exceptionally high coating quality 

I 
must be achieved if there is to be any significant reduction in earth 
current from the tunnel. It is our experience that the levels of coat- 
ing quality necessary to establish any real benefit cannot be obtained 
given practical field considerations. 

At this point, it is necessary to review anticipated corrosion 

I 
rates for the various conditions studied. Combining the results from 
Plate C-2, current flow off the tunnel to earth, and the results shown 
in Table C-2, current density can be determined. Current density and 
corrosion rates are directly proportional, hence the relationship be- 

I 
tween stray currents and tunnel resistance (coating quality) can be 
demonstrated. Current density is calculated by taking maximum earth 
current from the tunnel divided by the total bare area available. 

I 
Inherent in this approach is the fact that for a given earth resistance 
and current, numerous small coating defects will result in higher corro- 
sion rates than a single or several larger defects. Probable current 

I 

densities based on the results from Plate C-2 at the maximum current. 
loss point (i.e. the load) are summarized in Table C-3 for different 
values of tunnel to earth resistance. The results in Table C-2 and the 
overall analysis show the following. 

I- Increasing tunnel to earth resistance a factor of 320 (from 20 
to 6,400 ohms per foot) will reduce earth current 32% but will 

L 
increase resulting corrosion rates in the tunnel reinforcing 
by five orders of magnitude. 

- Stray earth current cannot be practically controlled by in- 

I 
creasing tunnel-to-earth resistances or longitudinal tunnel 
conductance. 

I- Anticipated concentrated corrosion rates for the reinforcing 
steel within the tunnel liners will increase as coating qual- 
ity increases, hence stray current corrosion of the tunnel 
structure must be controlled by reducing stray current levels 

II 
at the source. 

IJ 
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a a a ----------- a -- 

Maximum 

Tunnel to Earth Current 

Resistance(1) loss 

(ohms per foot) amperes 

20 7.6 x 

800 4.8 x 10 

1600 3.8 x 10 

b400 .4 x iU' 

TABLE C-3 

Anticipated Current Densities 

Single Fault Two Faults Four Faults 

Current Current Current 

Area Density Area Density Area Density 

(cm2) (Pamp/cm2) (cm2) (Pamp/cm2) (cm2) (Ilamp/cm2) 

2376 .32 594 1.3 149 5.1 

1.5 320 .37 1300 .093 5161 

.3/ 1021 .093 4086 .023 16.522 

.023 10.344 .006 65,513 .0015 162,050 

1 Earth resistance remains constant causing a decrease in bare area 

as number of faults increases. 



Table C-i 

RATIO OF I'GW TO I'CFF = ISa 114 
C:WTERiSTIC IMPEDANCE 3316228 OHMS 

PERCENT OF VTOTAL' ON TUNNEL 99. 3715 

PERCENT OF I'TOTAL' OFF TUNNEL Q8477 
PARA1ETER_.264&.FEET -___-- - - - 

TOTAL LJGITUD1NAL LENGTH CF SYSTEM UDER STUDY = 21295 FEET 

L 12387E-35 N. t 3 I # 1 BEGINS AT 2 FEET AND ENDS AT 4401 FEET CURRENT EQUATION IS I: a Z}1E * 2 BEGINS AT 4401 FEET AND ENDS AT 9736 FEET CURRENT EC!UATTON IS {= 3. 00392E-05 N + 3495 
Zø1*-2-8EüINSAI_973C FELAND.ENDSRTI5SOLFEET .CURRENtEQUATIOIS__.Ir2.S54Z7Er85iL_..97_.. -- 

M 
ZGE * 4 BEGINS AT 15901 FEET AND ENDS AT 19356 FEET C!JRF:ENT EQUATION IS I-1. 02238E-05 X + 3461 
ZE 4 5 BEGINS AT 19955 FEET AND ENDS AT 21296 FEET CURRENT EQUATION IS I-i 4293E-0G X + GE-33 

TOTAL CLWENT TO EARTH LEFT-RIGHT = 1. 59258 ,t1FERES 

-TOTAL-CURRENT-TO-EARTH RGtlT TO-LEFTr tG9O1AMPERES- 

s TOTAL :wcEr4T !NTO T'STE?l LEFT TO RIGHT 1, 69168 AMPERES 

TOTAL CURRENT INTO SYSTEM RIGHT TO LEFT 1, 59463 AMPERES 

ICtRRENT-TO-EARTH AT 3FEET = 1. 4239:E-5 AMPERES 

-----CtRENT-T&-EPRTft1T-- IOOFEET-=- 1: 66637E-05 AMPERES 

CURRENT ON TUNNEL AT 2FEET -a G1633E-U3 iPERES 

CURRENTCN TUNNEL AT 1@2fEETh2:97454E-t32 AMPERES------ 
C NT-TO-EARTH AT 233FEET 1. 93951E-05 ArIPERES ;::URRENT UN TUNNEL AT 2O2FEET -3. 21544E-33 AMPERES 

CtRENT-TD-EPRTH AT :OOFEET = 2. 23835E-05 AMPERES C!JF:RENT ON TIJNNEL AT :U2FEET -3. 4555E-23 AMPERES 

2:55t34E MFERES----------CURREttT-UN-TUNNEt-Rr---4oEET-=- -3:661E0ThAMPERES 
oPReT-To-ERRm AT SOOFEET 2. 85928E-es AMPERES CURRENT ON TUNNEL AT SS2FEET -3. 83681E-33 AMPERES 

C.LPRENT-TC-EARTH AT SOOFEET = 3. 25543E-05 AMPERES. CURRENT ON TUNNEL AT rO2FEET -3. 98761E-83 AMPERES 

rwTcrtRTFEET---::G2548Eoz- I 1PERES -CUFWtT-UN-Ttta---7O2FEET--=4:I1S5Et-RNFtRES 
CtERENT-TO-EARTH AT $0C'FEET = 4. fl-OS AMPERES CURRENT UN TUNNEL AT SO2FEET r -4 22752E-03 AMPERES 

OLRPT-TO-S9RTH AT 930FEET 4. 39964E-g5 AMPERES CURRENT ON TUNNEL AT 9O2FEET -4. :2:OEE-03 AMPERES 

C11RE?TTOaEFiRTW R1 100fEET 4: 80ø65E:35 AMPERES------------tJRc24T--Ot-TUNDEL-AT--10W2FEET-=--at-4O5c4-AMPERES. 
RI CLR81T-TO-EARTH AT II2OFEET = 5. 20924E-05 AMPERES CURRENT ON TUNNEL AT IIO2FEET -4. 4?&S'9E-03 AMPERES 

CURRENT-TO-EARTH AT 12gFEET 5. 62442E-35 AMPERES CURRENT ON TUNNEL AT I2O2FEET -4. 53S74E-03 AMPERES 

C 

C:LRENT-TO-ERRTH AT I4001FEET 5. 47122E-35 AMPERES CURRENT ON TUNNEL AT !4O2FEET -4. 64108E-8 AMPERES 

'9T4flRRTH ST I500FEET = 5. 90155E-O5 AMPERES CURRENT ON TUNNEL AT I5O2FEET = -4. 6633E-03 AMPERE 

-CURRff-ONTUtA1j6S2EET-4:72244E-e3AHPERE5 
II CIZ:01T-TO-EARTH AT I7EOFEET = 7. 77263E-@5 AMPERES CURRENT ON TUNNEL AT ITO2FEET = -4. 7'3779E-3 AMPERES a CPENT-TO-EARTH AT 18@OFET 8. 214flE-35 AMPERES CURRENT ON TUNNEL AT 1B22FEET -4. 79115E-03 FilIPERES 

s.-sseee-os- AMPERES- ----CURRENT -Oft-Tht ftT12ffET--4:e226EtF*iPERES 
II C .BT-TOARTH ST 2000FEET = 9. 13595E-05 AMPERES CURRENT ON TUNNEL AT 2002FEET = -4. 853?SE-33 AMPERES 

II CURR4T-TO-EARTH AT 2IGEiFEET 9. 55528E-O5 AMPERES CURRENT ON TUNNEL AT 2IO2FEET = -4. 88483E-i33 AMPERES 

-CLPe 4T-TO-EfiRTH-RT---22OCIFEET- =-ITOO@8?E-34-RMPEPES-------------- CUREtif- ONEL-AT-22i2FEEfl6s5E-g3-AMPES 
CUFE}ff-TO-EPPTH AT 2330FEET = 1. 04644E-34 AMPERES CURRENT ON TUNNEL AT 23O2FEET = -4. 95059E-33 AMPERES 

L CURR8Ir-To-ERRTH AT 2420FEET 1. 39233E-24 AMPERES CURRENT ON 11JNNEL AT 2402FET -4. 98664E-03 AMPERES 

CRflIT-TO-ERRTH AT 2OOFEET = 1. 18514E-04 AMPERES CURRENT ON TUMEL AT 2632FEET = -5. O7026E-3$ AMPERES 

CLWENT-TO-EARTH 
m 

AT 2703FEET 1. 23213E-04 AMPERES CURRENT riM TUNNEL AT 27O2FEET = -5. 119:s3E-3 HMPERES 

AMPERE5-------t3URRENT- &HUNNEEAT--2egEET-=--5--176&?E83-RHPERES------- 
CURRENT-TO-EARTH AT 2900FEET = 1. )2755E-04 AMPERES CURRENT ON TUNNEL AT 2902FET -5. 24032E-03 AMPERES 

AT 3000FEET = 1. 37611E-04 AMPERES CURRENT ON TUNNEL AT 3002FEET = -5 31467E-e3 AMPERES 

mCUENT-TD-EARTH ................................................... 
CUENT-TO-ET}1 AT 2OEIFEET = 1. 4759E-04 AMPERES CURRENT ON TUNNEL AT :232FEET = -5. 49951E-'J3 AMPERES 

ii CtFPENT-TO-EARTH AT :300FEET = 1. 5264E-04 AMPERE CURRENT ON TUNNEL AT 33@2FEET = -5. 61513.E-23 AMPERES 

----CURRENT-ON-TLNE-3402FEET-=--749&3E-3-PER6 
CU9ff-TO-ETH AT 3500FEET = 1. 63162E-34 AMPERES CURRENT ON TUNNEL AT 3SO2FEET = -5. 9069E-03 AMPERES 

CURRENT-TO-EARTH AT ISOOFEET = 1. 6363E-04 AMPERES CURRENT ON TUNNEL AT :6O2FEET = -6. @902:E-03 AMPERES 



I 
Table C-i (continued) 

CLENT-TO-ETh AT 3?OGFEET = 1. 742?3E-04 AMPERES CURRENT ON TUNNEL AT 3TO2FEr = -6. 3047E-83 AMPERES 

LSØjrØ4AMjE RRENJOTUNLfiL.2&3'EEET:-& 55S13ErB3-SMRER.ES__ 

c'JW'ENI-TO-EARTH AT 3900FEET = 1. 86179E-04 AMPERES CURRENT UN TUNNEL AT 39O2FEET = -6. 34822E-03 AMPERES 

CUENT-TO-ERRTH AT- 4300FEET L 9251:2E-04 AMPERES CURRENT ON TUNNEL AT 4002FEET = -7. 1%66E-03 AMPERES 

_--.---CUEN-T.5o'ERRTH-- 
ICLW2IT-TO-EARTH 

A--4IOOFEET 

AT 42cJOFEET = 2. 06198E-04 AMPERES CURRENT UN TUNNEL AT 42@2FEET = -a O6IIIE-03 AMPERES 

CLRT-TO-EjRRTH AT 4308FEET = a 13656E-04 AMPERES CURRENT ON TUNNEL AT 4302FEET -8. 61017E-03 AMPERES 

C4T-4o--EAPTH-aT--44toFEET=---2-21G2E-4. RWERES CURREff ON'TEirRT4482FEE19r20478Ei1SiPERES-- 

I 
C:U:OT-TO-ETH AT 4500FEET 2. 30169E-04 AMPERES CURRENT ON TUNNEL AT 4ZO2FEET 7520EE-03 AMFERES 

CUW:ENT-T0-EARTH AT 4600FEET = 2. 39223E-04 AMPERES CURRENT :JN TUNNEL AT 4GO2FEET -. 0102192 AMPERES 

CTJaTT4QFEEL= 2. 40'E-u4 RWERES. ...cuasNL3LnNa L..47uZ.FEET =fti26LQ ,PERES - 

CJJRRT-T'J-ERRTR AT 4200FEET = 2. 5856E-04 AMPERES CURRENT ON TUNNEL AT 48O2FEET = -- 010'35S AMPERES 

I CURENT-TO-ETH AT 4900FEET = 2. 62726E-04 AMPERES CURRENT ON mra AT 49O2FEET = -. 0112493 AMPERES 

_ja9I=rnrEra.sL..z2ooEffL a.73151E04.pJlpEpn -------- -- 

CURRENT-TO-EARTH AT SIOOFEET = 2. :39824E-04 AMPERES CURRENT ON TUNNEL AT 51U2FEET -. 117%9 AMPERES 

CLRENT-TO-EPRTH AT S200FEET = 3. 00622E-04 AMPERES CURRENT U.N TUNNEL AT S2O2FEET -. 011SB9 AMPERES 

:"[jj.aT-T3-ETH RT.S300FEET Lil7@7E:04,A?1PERES_ _.CUFLRENL2N,TUNNELAfl530ZEEELj312342LAMPEPEi, 
C:URRENT-TO-ERRTH AT S488FEET = 3. 2287:E-e4 AMPERES CURRENT ON TUNNEL AT 54a2vErr -. 0121731 AMPERES j CLRBI1-TO-EFTH AT 5SUOFEET 3. 34159E-04 AMPERES CURRENT ON TUNNEL AT 55O2FEET = -. 0122841 AMPERES 

U----ctW4T4OEsRTwAT._.56.JUFEET 3, 45547E-O4.ANPERtS_ ----- OJRRENT-tW.TUNNEL T5&i2FEET_=_r8123778MtERES_ 
CU:ENT-TC:-EARTH AT S700FEET = 3. 57g22E-04 AMPERES CURRENT ON TUNNEL AT 57U2FEET = -. 8124572 AMPERES 

CiRENT-TO-ERRTH AT 56'OOFEET = 3, 8571E-04 AMPERES CURRENT ON TLEL AT 5e@2FEET -. 0125235 AMPERES 

I 
£TTO-LTh 9T_ 1FEEL 3 4O_E-4 FYFEREL__ LLRRENLUII TUELBL90.EEET__- 0I25?3 PWEt ____ 
CURRE'1T-iO-EARTH AT LEJOOFEET . 91841E-04 AMPERES CURRENT ON TUNNEL AT GOO2PEET -. 0126261 AMPERES 

CU84T-TO-EARTh AT GIOOFEET 4. 23545E-04 AMPERES CURRENT UN TUNNEL AT GIO2FEET -. 0126636 AMPERES 

._ CU!EtffrTOL,EfRRIH. AT_523GFEET..4.152S3Er84AD1PEP___ ------ CUPS tOtTUNEL.AT.62O2FEEL;r.Oj26935StERES. -. 

C:URRENT-TO-EARTH AT S300FEET = 4. 27049E-04 AMPERES CURRENT UN TUNNEL AT 6:O2FEET = -. 2127169 AMPERES 

C:UFRENT-tQ-EFTH AT 6400FEET 4. 38837E-04 AMPERES CURRENT ON TUNNEL AT G4O2FEET -. 0127344 AMPERES 

.aU.6500EEa4. 506415:04 AMPERF___CURPflLLi3NJUNNELfiL532fEEjnUj2Z4&LAMPEFfl 

I CL!RRENT-TO-ETH AT 6600FET = 4. 524.5E-04 AMPERES CURRENT ON TUNNEL AT 66O2FEET -. 0127523 AMPERES 

CU:ENT-TO-EARTd AT E700FEET = 4. ?4276E-04 AMPERES CURRENT ON TUNNEL AT G7O2FEET = -. 0127532 AMPERES 

RES_ ..CURRENLOETUNNELftE202FEET..=..$j2743.MflEREL 

I'Ta't__ C:IJ'ENT-TO-E?RTH AT 6%@FEET = 4. 97914E-04 AMPERES CURRENT ON TUNNEL AT 69@2FEET = -. 0127394 AMPERES 

CLEENT-Tt3-EARTH AT 7000FEET = 5 0972:E-04 AMPERES CURRENT ON TUNNEL AT 7002FEET = -. 0127241 AMPERES 

__CURRENL.ON.TWNRT12EEET_=_1270zIA?WERcS 

I C'IJaT-TO-ERRTH AT 7200FEET 5. 33292E-04 AMPERES CURRENT ON TUNNEL AT 72O2FEET = -. 0126749 AMPERES 

C:UFENT-TO-ERRTH AT 73OaFEET = 5. 4504E-04 F1P!ERES CURRENT ON TUNNEL AT 73O2FEET = -. 0126399 AMPERES 

56757E04-iRMPERES-..-_ ---_CURRENT.-ON_TUNNEL-AT7432FEEL;.r..012597t.RMPERES__ 

CUEt{T-TO-ERRTH AT 75)OPEET = 5. 52434E-04 AMPERES CURRENT ON TUNNEL AT 75O2FEET = -. 0125449 AMPERES 

I CUENT-TO-ERRTH AT 7&OOFEET = 5. 30063E-04 AMPERES CURRENT ON TUNNEL AT 7EU2FEET = -. @124822 AMPERES 

cua=Tan&pjz7onEa.:g4MiPcQFc -______ ____ 
CUWENI-TO-EARTH AT 7800FEET = 5. @3i36E-04 AMPERES CURRENT ON TUNNEL AT 7882F5ET = -. 0123132 AMPERES 

ICLENT-TO-ERRTH AT 790EEET = 6. 14557E-84 AMPERES CURRENT ON 11J'INEL At 7902FEET = -. 2122148 AMPERES 

CIJEff-TO-EfiRTH AT 8100FEET = 6. 37091E-04 AMPERES CURRENT ON TUNNEL AT SI02FEET = -. 0119465 AMPERES 

AT 3208FEET = 6. 481685-04 AMPERES CURRENT ON TUNNEL AT O2O2FEET = -. 0117763 AMPERES ICUEta-Tc-aARm 
-__OzmaT_822eEEET... AnEERES--_.__ 

CUENT-TO-ERRTH AT -S400FEET = 6. 698245-04 AMPERES CURRENT ON TUNNEL AT S4O2FEET = -. 2113426 AMPERES 

C'JFENT-TO-ETh AT S500FEEF 6. 80343E-04 AMPERES CURRENT ON TUNNEL AT 8SEI2FET -. 0110676 AMPERES 

RT_ 3600FL &.906O&E:04AHPERS_.___CURRENLOkTJJNN&AL_36B2fEELr. OiO455AMPERES___.. 
CIflENT-TO-EARTH AT 3700FEET = 7. 005775-04 AMPERES CURRENT ON TUNNEL AT 87O2FEET = -. 8103682 AMPERES 

C:EEUT-TO--EAR1H PT SSOOFEET = 7. 1O197E-04 AMPERES CURRENT ON I1JNNEL AT SSU2FEET = -9. 92529E-@3 AMPERES 

I----fh--- 
SS3FEELr.2. 11415:04..FLPERFc CUPPa1IULTLaSL39e2FEET9_4Q283E@1.ARPERES ___ 

CIJRENT-TO-ERRTH AT 9000FEET 7. 28146E-04 AMPERES CURRENT ON TUNNEL AT 9002FEET = -8. 90238E03 AMPERES 

OUE?ff-TO-EARTH AT 9IOOFEET 7. 353225-04 AMPERES CURRENT UN I1MNEL AT 3IO2FEET = -8. 89258E-@3 AMPERES 
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Table C-i (continued) 

CUENr-TO-EARTH AT 92OUFEET = 7. 43344E-04 AMPERES CURRENT ON TUNNEL AT S2O2FEET -7. 26146E-3 AMPERES 

930cFEE.T:_.. 7.ZeSE-U4- AMPERES..__ CURRENLON1UNNELRL.3:<U2EEET a.z,6. 22SEr02AMPERES 

CUENT-TO-EiRRTH AT 9400FEET 7. 5645SE-84 AMPERES CURRENT ON TUNNEL ST 9402FE5T = -5. 14923E-83 AMPERES 

CUENT-TO-EARTH AT 9SOOFEEr = 7. 61265E-04 AMPERES CURRENT ON TUNNEL AT 35O2FEET = -1 81541E-83 AMPERES 

I 
CUENT-1O-EARTH AT 9708FEET = 

AMPERES -.--_--_CURREMT-OU1JNNEL-RT_ 
7. 66379E-04 AMPERES 

96QFEET 

9TU2FEET -4. 83483E-84 PIIPERES CURRENT ON TUNNEL AT 

CUENT-TO-EARTH ST BGOGFEET = 7. 6741E-04 AMPERES CURRENT ON TLINNEL AT 98@2FEET t 2446E-3 AMPERES 

AMPERES---__..-_._----UkRENT-ONJUNNEL-&- 

CUENT-tO-EARTH AT 108U@FEET 7. 63638E-04 AMPERES CURRENT ON TUNNEL AT I0882FEET a 4 80603E-83 AMPERES 

CUENT-TO-EARTH AT IOIOOFEET = 7. 59892E-84 AMPERES CURRENT ON TUNNEL AT IOIO2FEET 5. 09253E-83 AMPERES 

._-._-__CUEUt$OrERflRT.iO20s]FEET.. .7. 55144E-84. AMPERES.._--CURREuLcN-TUNta AL 1e2o2FEET..6..0285sEo3-ANRERE 

CUEt'(T-TC'-EARTR AT 1U308FEET 7. 4954E-84 AMPERES CURRENT ON TUNNEL AT 1O3O2FEET = 6, &1332E-83 AMPERES 

I CUDff-TO-EFUH AT IO400FEET 7. 43205E-04 AMPERES CURRENT ON TUNNEL AT 134c'2FEET 7. 49046E-83 FifERES 
__CENTOERPtrt-RT 1.w!EET_a 7 :4E-o4 HMPERES- uURRENT-ON TUNNEL MT nfOCFEET a i55rØ3 MIIPERES -- 

C:U.:Eff -TO-EARTH AT 1860@FEET 7. 28752E-@4 PIIPER.ES CURRENT ON TUNNEL AT IOGU2FEET = 3, 5622SE-@2. AMPERES 

C!JFENT-TO-EARTH AT IO708FEET 7. 20303E-@4 AERES CURRENT ON TUNNEL ST IU7O2FEET = & 98477E-@3 AMPERES 

CEflLTT.jFEET -.7 i2465Er84..AIIEEKES_-.--. ------- CURRENT.-ON-TUNNELAT- j8&QFEEL=..43j2E3S____ 
CUENI-TO-ERRTH AT IO980FEET 7. 33795E-84 AMPERES CURRENT ON TUNNEL AT IU9a2FEET 9. 65282E-83 AMPERES 

CUE4T-TU-EARTh AT II800FEET 6. 94841E-04 AMPERES CURRENT ON TUNNEL AT I1882FEET = 9. 91553E-@3 AMPERES 

._$: ........... -WRREUT-ON--TUNNEL-RT-..IIIO2EEET- , 1aU91.PERES 
C:UEff -TO-EARTH AT 11208FEET 6. 75241E-04 AMPERES CURRENT ON TUNNEL AT 112@2FEET . 0183314 AMPERES 

CU9T-TO-ETH 
CPETE?RflLAT_11488EEET_..5. 

AT II3O8PEET = 6. 66661E-04 AMPERES 

z693Ea4AMPEREs_ ---------- 
CURRENT ON TUNNEL 5.1 

_._.,CURRENLOLIUNNELRL11102FEEL:..Ui26344S2EEE5.__ 
11:@2FEET = 810495 AIIPERES 

CU21T-TO-ETH AT IISOOFEET = 6. 4707E-84 AMPERES CURRENT ON TUNNEL AT II5a2FEET . @187536 AMPERES 

CUWENT-TO-ERRTH AT IIGOOFEET = 6. 37101E-84 AMPERES CURRENT ON TUNNEL AT IIEU2FEET = . 810855 AMPERES 

I 
CLkaRRTHaL.il7ZUFEEI&2703sE-@4 AMPERES_ _REUU*ELAL.W0FEEL;018S4i&SaRES 
C:UST-TO-ERRTH AT 1130ZFEET = 6. 16895E-@4 AMPERES CURRENT ON TUNNEL AT IIBU2FEET = . 8118152 AMPERES 

CPflEHT-TO-EARTH AT II3O8FEET = 6. 06684E-24 AMPERES CURRENT ON TUNNEL AT 119E'2FEET = 
. 0118778 AMPERES 

5 j415E-j4 1Epr - _CURRELL'JLTUNNELHT JUJEET All I'ci 1FFP 

CUENT-TO-EARTH AT 12IOOFEET a 5 36@SSE-@4 AMPERES CURRENT ON TUNNEL AT I2IO2FEET = . 8111759 AMPERES 

CUEiff -TO-EARTH AT I22OØFEET = 5. 7579E-84 AMPERES CURRENT ON TU}EL AT 122@2EEET = . @112139 AMPERES 

CLAETcL-ERPJMSL 123@gFEL._5..55344E,84.AHPERE5 -------------- CURRENLOtTUN1aRL12302FEETa._..@1i245Z.AWERES___ 
CLIENT-TD-EARTH AT I2400FEET = 5. 5492E-04 AMPERES CURRENT ON TUNNEL AT I24O2FEET = . @112724 AMPERES 

CUENT-TO-ERRTH AT I2500FEET = 5. 44472E-04 AMPERES CURRENT ON TUNNEL AT 15U2FEET . 8112944 AMPERES 

_____CUEi0BRT22632EEEL.3403Er@4.RFEP!_..ENUNNELLi26@2FEET;01J2i26.BiIPE?FS 
CUENT-TO-ERRTH ST J278FEET = 5. 23513E-@4 AMPERES CURRENT UN TUNNEL AT 127@2FEET = . 8113269 AMPERES 

CLiENT-TO-9RTH IT 12SOQFEET a 5 13019E-84 AMPERES CURRENT ON TUNNEL IT 128@2FEET = . 8113331 AMPERES 

LuETflaR1aLi2Sc0FEEL04AMPEREL _CURRENTONJL2 SL.1292EEET n4G2SIPEREL 
[:!JENT-TU-ERRTH AT 1308'3FEET = 4 91993E-84 AMPERES CURRENT ON TUNNEL AT .rZe2rcrT = 

. 2113515 AMPERES 

I CiJENr-TO-EAP.TH AT 13IOOFEET = 4. 314?1E-@4 AMPERES CURRENT ON TUNNEL AT 131@2FEET = . 0113544 AMPERES 

rIPJT-Tfl-criQT4 AT ------- C1JRREJ1LOtLT1jNNEJ..$L132flEEL,__A1flc4LAti2FFc 
CUENT-TO-EflRTH AT I3300FEET = 4. 60423E-84 AMPERES CURRENT UN TLaE.. AT I33Ø2FEET = 0113523 AmPERES 

C1LENT-iO-E9RTH AT 1340*3FEET = 4. 499E-84 AMPERES CURRENT UN TUNNEL AT 1342FEET = 

. 

. 8113474 AMPERES 

- _ Luacaciwtna,in...nL.J.u'ur.ctL,tarutrJr r rr- '- _ I Vi 
I uzL n LzttJt Fr 

CUENT-TO-ERRTH AT 13688FEET = 4. 238725-04 AMPERES CURRENT ON TUNNEL AT 136@2FEET = . @11329 AMPERES 

CU8IT-TO-ETH AT 137@aCEET = 4. lsrE-04 AMPERES CURRENT ON TUNNEL AT I37O2FEET = . @113153 AMPERES 

I ri URLOtLJUNNELRL12B02EEa112'RSEM2EPFS 
CUENT-TO-EARTH AT I3900FEET = 3. 9?41E-04 AMPERES CURRE1r ON TUNNEL AT 13%2FEET = , @112757 AMPERES 

CU1T-TO-ERRTh AT I4O08FEET = 3. 86957E-04 AMPERES CURRENT ON TUNNEL AT I4OI32FEET = . 0112509 AMPERES 

I __ wE=1cERRTLRL1410øFaLL76522L-0&MMPERES_ ..____CURREMLOLTU},1ELRLj410ZFEELMifl,AttEPFc 
C:IWENT-TO-EARTH FiT 142'3ElfEET = 3. &5127E-04 AMPERES CURRENT ON TUNNEL AT 142@3FEET = 

- '3111832 AMPERES 

CU9ff -TO-EARTh AT I4300FEET = 3. 5576E-04 AMPERES CURRENT ON TUNNEL AT I43O2FEET = . '3111395 AMPERES 

I44OZEEET. 1S1C33LAIWrRcc 

CUENT-TO-ERRTH AT I4508FEET 3. 35155E-04 AMPERES CURRENT ON TUNNEL AT 145@2FEET = . 0118274 AMPERES 

CUPENT-TO-EARTH AT I46CIOFEET = 3. 24971E-84 AMPERES CURRENT ON TUNNEL AT I4E22FEET . 0109561 AMPERES 



F 
- _______ 

CUENT-TO-EFlRTH AT I4SO8FEET 3. 04694E-84 'AMFEFS CURRENT ON TUNNEL AT I4SO2FEET = . 0107739 AMPERES 

AMPERES --------------- uRRENLoNJuNNEL.fiT_14so2EEE.iia65a6A1PEREs._ 
C:URRJT-TO-ERRTN AT IS000FEET = 2. 34821E-04 AMPERES CURRENT ON TUNNEL AT I5002FEET 0105233 AMPERES 

CLENT-'Q-ETH AT ISIOOFEET 2. 5062E-04 AflPERES CURRENT ON TUNNEL AT 15!O2FEET 0103649 AMPERES 

UE'ffzTOERRTH..fflj5200FEET.._.Z.6.545E04. AMFERES... ---------- 

A 
CtJENT-TO-ET}4 AT IS300FEET 2. 56009E-84 AMPERES CURRENT ON TUNNEL AT IS3e2FEETr 9. 96i84E-83 AMPERES 

CIJENT-TO-ERRTH AT I5400FEET r 2. 46768E-84 AMPERES CURRENT ON TUNNEL Al 154@2FET = 9. 787i4E-33 AMPERES 

£LWBffTOEBRTRAI iS580FEEta:2..37762E-04 PWEPES.. . CURNLONJBNNEL RT..155I2FEELa.. 9. 409E:03_fiMPERES__.___ 

II CUENT-TO-EARTH AT ISSOOFEET 2. 29031E-04 AMPERES CURRENT ON TUNNEL AT I56O2FEET 9. 05987E-03 AMPERES 

CU8lT-TO-ERRTH AT 15TOOFEET 2. 20622E-84 AMPERES CURRENT ON TUNNEL AT I57O2FEET r 3 65113E-e3 AMPERES 

CLcR9TZTDrERRTELET. 156'UOFEET.a_.2..1259E:O4IPERE__.._ .CLRRENLONJUNNELaL158O2FEELE._3.47253E03. 1PERE5._. 

II 
CUWEJif -TO-EARTH 

CUEPff-TO-EARTH 

AT 

AT 

15900FEET 

1600FEET = 
2. OSE-0$ AMPERES 

1. 97313E-04 AMPERES 

CURRENT ON TUNNEL AT 

CURRENT ON TUNNEL AT 

IS9O2FEET 

IGOO2FET = 
7. 65592E-03 AMPERES 

7. ISI7GE-e3 AMPERES 

_____CI1RTrtTOffETH_AL.1&00FET.. 1. 912?2E-04.. AP1PEREI .......... . CURRENT...ONJUNNELAT .i5i02PEL&J7667EU3. FilIPERES... 
C:LENT-T3-EARTH AT 162'3OFEET 1. S5001E-04 AMPERES CURRENT ON TUNNEL AT 162@2FEET 5. 43033E-03 AMPERES 

I'! 
C:URRENT-TO-E%TH AT 1EOOFEET = L 79043E-04 AMPERES CURRENT ON TUNNEL AT I63O2FEET S. 11427E-03 AMPERES 

II CUBg-TO-EPRTH AT I6400FEET t. 73:69E-04 AMPERES CURRENT ON TUNNEL AT I64O2FEET 5. S132E-U3 AMPERES 

CU:ENT-TO-EARTH AT IS5QOFEET 1. 67923E-@4 AMPERES CURRENT ON TLWEL AT IG5O2FEET 5. 654S7E-13 AMPERES 

CIMENT-TO-EARTH AT 16WFEET .1.. 62675E-04 AMPERES CURRENT TUNNEL AT IE6O2FEET = 5. AMPERES 

I CURPThLONJUNNELL16702FEE_53212Th:?3_I9flR.ES 
CUENT-TO-ERRTH AT I6BOOFEET 1. 52571E-04 AMPERES CURRENT ON TUNNEL AT 168@2FET 5. 1853E-03 AMPERES 

CUFENt-TO-EaRTH AT 1G900FEET = 1. 47S67E-04 AMPERES CURRENT ON TUNNEL AT 16902FEET = 5. OGSEGE-03 AMPERES 

I 
CURRENT-TO-EARTH AT I7000FEET 1. 43171E-04 AMPERES CURRENT ON TUNNEL AT ITOO2FEET 4. %331E-03 AMPERES 

CLENT-TO-EhRTH AT I7IOOFEET = 1. 33557E-04 AMPERES CURRENT ON TUNNEL AT i7l@2FET = 4. 83192E-03 AMPERES 

CIJFENT-TO-ERRTH AT I7200FEET 1. 34042E-04 AMPERES CURRENT ON TUNNEL AT 17202FEET = 4. 80718E-03 AMPERES 

UI GJT-TO-EFRTHATi732FEET i. 29587E-@4 

jJ CU:Bff-TO-ERRTH AT 1?403FEET = 1. 25191E-@4 AMPERES CURRENT ON TUNNEL AT 1742FEET = 4. 63596E-83 AMPERES 

CUEur-T3-ETH AT 175@EET = 1. 20847E-04 AMPERES CURRENT ON TUNNEL AT 1?SO2FEET 4. 63636E-03 AMPERES 

WFENTzTOzERRTH..AT 1E8OfEET._ 1.i6549E:04.APFEREi..__._C,EN_OLtUNk8LtT602EEET 4.59233E835 
I CURRENT-TO-EARTH AT I7730FEET = 1. 12252E-84 AMPERES CURRENT ON TUNNEL AT iTh32FEE = 4. 55382E-83 AMPERES 

CUFENl-TO-EARTH AT I7SOOFEET = 1. @SO7IE-04 AMPERES CURRENT ON TUNNEL AT I7802FEET = 4. 51716E-03 AMPERES 

C:. EflT-TO-ERRTHRT t7980FEEt= . 1. .O?33E14..AF1PERES....CURRENI...ONJU}8iELSLi?902EEL_4.4839EOLAMPERES._________ I CLRENT-TO-EFQTH AT 13O3@FEET = 9. 97255E-05 AMPERES CURRENT ON TUNNEL AT 1200EET = 4. 45253E-83 AMPERES 

CUENT-TO-EARTH AT ISIUOFEET = 9. 55972E-05 AMPERES CURRENT ON TUNNEL AT IBIO2FEET 4. 42236E-G3 AMPERES 

1Eff-TQ-RTH .AL1200EEET.= 9,.14969E-05. AMPERES ....... _...._.CURREHOtLTJJNNELBT_1202EEE4J921E11.fflES_ ________ 

CHE1ff -TO-EARTH AT IS200FEET a ?4244E-85 AMPERES CURRENT ON TUNNEL AT I8ZO2FEET = 4. 36148E-03 AMPERES 

I CURRDJT-TO-EiRRTH AT IB400FEET = 3. 33301E-05 AMPERES CURRENT ON TUNNEL AT i8402FT = 4. 32983z-e3 AMPERES 

-- C.UEWNT.O:EPTf[.AT 1a5oeFEEL i..936.5IEOSAMPEREi .___A!RRENT_ON_1JJNNELALi8502FEE1a4..29597E:01.AMEERES _ - 
- CUENT-TO-EFTFI AT IS5O3FEET = 7. 53312E-05 AMPERES CURRENT UN TUNNEL AT i36O2FEET = 4. 2593.5E-03 AMPERE5 

CIJENT-TO-EARTN Al I3700FEET = 7, 14311E-05 AMPERES CURRENT ON TUNNEL AT IS7O2FEET = 4. 21894E-83 AMPERES 

-- .C1JENL-JO&RTHTJ.880EEET..±. .6,.75133E:05..AMPERES_.... _____CURRENLONJjJNNEnL18802FEET..........4..17S1E}31 MPEREi._________ 

CLJENT-TO4ARTH AT 189O2FEET = 6. 364?IE-E15 AMPERES CURRENT ON TUNNEL AT I89G2FEET 4. 12277E-83 AMPERES 

ICLBET-TO-EiTH AT I9EU3OFEET = 5. 9823E-05 AMPERES CURRENT ON TUNNEL AT 19082FE1 = 4. @6457E-cj3 AMPERES 

______CUEzEBRfflftL19a0EEE5..G052SE:U5. AMPERES - ------ ..CURRENLONJUNNEL.. AI..19i02FEL399?71E:03..AMPERES___J 
CUENT-TO-ERRTH AT I9200FEET = 5. 23439E-05 AMPERES CURRENT ON TUNNEL AT I92O2FEET 3. 92@59E-83 AMPERES 

iF.ENT-TO-TH AT 192cJFEET = 4, S7CQE-05 AMPERES CURRENT ON TUNNEL AT 19302FEET = 3. 33133E-83 AMPERES 

I AIf'ERES, _____QujT_OLflELeL13402EEELE,, 3,.727iEO3.3iEERES 

CUPENT-TO--ERRTH AT 19500FEET = 4. 16314E-35 AMPERES CURRENT ON TUNNEL AT I9EO2FEET = 3. 6cjG7sE-03 AMPERES 

C:UENr-TO-EARTH AT I9GOGFEET = 3. 83432E-05 AMPERES CURRENT ON TUNNEL AT I9SO2FEET 3. 465E-03 AMPERES 

I CJJEENTTft-EARTH ftL1708FEL= ... 3. .51247E-05 AMPERES._. ______.CURRENL.ON..T1JNEL8L 19Z02FEEL..,3.. 3017?Er03. ______ 

CIJD{T-TO-EARTH AT I5BOOFEET 3:2@578E-85 AMPERES CURRENT ON TUNNEL AT I9GG2FEET = 3. 10984E-33 AMPERES 

C:UENT-TO-ERRTH AT I9908FEET = a 3i57E-05 AMPERES CURRENT ON TUNNEL AT I99O2FEET = 2. 83769E-03 AMPERES 

I .C;UPREF2JJJ:ERTh. 0L'.øFEELf ..... 2.64S73E:05..tEES. 
CLWENT-TO-EFiR1H AT 3OiJ3OFEET = a 40264E-05 AMPERES CURRENT ON TUNNEL AT 2OIO2FEET = 2. 45437E-03 AMPERES 

ClJENT-TO-ETH AT 2O230FEET = 2. 17542E-cJ5 AMPERES CURRENT ON TUNNEL AT 2O2O2FEET = 2. 27335E-03 RMPERES 

.C.UBffzTtL-ERTWAT..2@3@8FEEI t.36489E:05 AMPERES............ ....... .CURREffLQLTUNNELAL2O302EEELE2., 11209E:e3_AMFERES-____,..... 



II 

Table C-i (continued) 

CIJENT-TL1-EARTH AT 204@'3FEET = t 7692E-05 AMPERES CURRENT ON TUNNEL AT 2g4g2FEET 1. 9$659E-@ AMPERES 

Ct8E4UEaRThRT_ 2ø5graT-=-_L5e692E4 AMPEES---------.-cURRENT--ctLTIJNNEL RI 

UI 
CLIWENT-TO-EARIH AT 2%U@FEET = 1. 41691E-@5 AMPERES CURRENT ON TUNNEL AT 2O62FEET = i. 7@918E-03 AMPERES 

CIJENT-TO-ERRTN AT 27eUFEEI 1. 25836E-g5 AMPERES CLIRRENT ON TUNNEL AT 27O2FEET 1. 59@?E-3 APIPERES 

----- -- T4ORTH-RL23SCOEET-- L-11074E05 RNPERES-----------tURREUT-JJN-TUNNEL -AL 2OS82FEETa_L4r23E=ø3 FIPERES-_. 

U 
ClJWENT-TO-ETH AT 2Ø9OUFEET = 9. fl?SE-O6 AMPERES OJENT ON TUNNEL AT 292FEET 1.. 35924E-03 AMPERES 

CUENT-TO-ERRTH AT 2i000FEET = 8. 47495E-86 AMPERES CURRENT ON TUNNEL AT 2ie2FET = t 24857E-83 1PERES 

GRRfl-TOEART44--T--2i-1FE&T--=--7-32i-52E-E16- F4MPERES------------ CURRNT ON--TUNNEL-AT- 

C:URRENI-TO-ETH AT 2I2OØFEET = 5. 28295E-oG AMPERES CURRENT ON TUNNEL AT 312O2FEET = 9. S22S5E-EI4RF1PERES 

I 

- 

I________ 



a a 

Maximum 

Tunnel to Earth Current 

Resistance 1) loss 

(ohms per foot) amperes 

Table C-3 

Anticipated Current Densities 

Single Fault 

Current 

ArM Density 

(cm2) (ii amp/cm2l 

Two Faults 

Current 

Area Density 
(2) 

( amp/cm2) 

Four Faults 

Current 

Area Density 

1cm2) (uamp/cb 

20 1.6 x IO 2376 .32 594 1.3 149 5.1 

800 4.8 x 1.5 320 .37 1300 .093 5161 

1600 3.0 x .37 1027 .093 4086 .023 16.522 

2 6400 2.4 x .023 10,344 .006 65,513 .0015 162,050 

1 Earth resistance rena Ins constant causing a decrease in bare area 
as number of faults increases. 
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'SI 

STRAY CURRENT DISTRIBUTION MODEL FOR TUNNEL 

H 
UNIT LENGTH OF TUNNEL 

'SN 

R1 

'T(N_I) 

= LONGITUDINAL RESISTANCE OF TUNNEL 

= TUNNEL-TO-EARTH RESISTANCE 

STRAY EARTH CURRENT FROM RAILS MX t; WHERE X DISTANCE 

'N TUNNEL-TO-EARTH CURRENT r 
iT(N)a CURRENT FLOW ON TUNNEL 

C, 







±
 

r
 

S
.
 

S
 

I
.
,
 
.
 

.
 
.
 

.
 

-
 

-
 

-
 

-
 

I
 

I
 

I
 

I
-
-
 

-
 



S
 

S
 

S
 



FACE OF BELL COATED WITH BTUMEN PRIOR TO INSTALLATION 
INTO PIPE TRENCH AND AFTER FINAL JOINT ASSEMBLY. APPLY 
COATING TO GAP BETWEEN BELL AND SPIGOT END. 

POLYETHYLENE COATING 
APPLIED TO FACE OF BELL 

MILL APPLIED COATING 

DETAIL 
PUSH-ON JOINT COATING ARRANGEMENT- TYPICAL 

CURB TEST BOX, LOCATE 
FOR FIELD CONVENIENCE. 

AWG NO. B WIRES 

1 2" 

TEST ELECTRODE, SEE NOTE 5 

DETAIL 
IN-LINE TEST STATION 

POLYETHYLENE OR 01 
COATING SYSTEM AS 
SPECIFIED ON PLANS. 

'I 

COAT ALL EXPOSED METAL ON FACE OF SELL WITH 
COLD APPLIED BITUMASTIC, OR WITH COATING 
EQUIVALENT TO PIPE- COATING SYSTEM. 

PUSHON OR MECHANICAL JOINT 

- 4/ 

TWO OR THREE AWG NO. 4 
BOND WIRES, SEE NOTE 2, 

COAT ENTIRE EXPOSED METAL AREA, 
INCLUDING WELDS, SEE NOTE 6 

DETAIL 

n 
-Ui 

CO 

REMOVE 4" SQUARE OF 
COATING TO MAKE WELD. 
(TYP.) GRIND OR POWER 
ABRADE TO BRIGHT 
METAL. 

PUSH-ON OR MECHANICAL JOINT BOND \,,,,J 

- 

SEE NOTES 3 & 4 N 

CURB TEST BOX 

5 AWG NO.8 STRANDED 
COPPER WIRES 

SCRTD PIPE' 12' '"_a. 12' k- 

POSITION TEST ELECTRODE 
BENEATH INJLATING FLANGE 
AND PIPE, SEE NOTE 5 

&IL 
INSULATING JOINT TEST STATION 

S 

"ND WIRE(S) 
OR NUMBER 

NOTE: ALL EXPOSED METAL TO BE COATED WITH 
PROTECTIVE COATING, AT LEAST EQUIVALENT 
TO COATING ON LINE PIPE. WHEN PIPE IS BARE, 
USE COLD APPLIED BITUMEN ON ENTIRE FIXTURE. 

DETAIL 
COUPLING 

1 kCONCRETE WALL, FLOOR, OR 
OTHER STRUCTUAL MEMBER 
IN CONTACT WITH EARTH. 

METALLIC PIPE AND/OR 
CONDUIT EMBEDDED DIRECTLY 
INTO CONCRETE AND SOIL. 

/ 

' 
:. I 
_ 

COLD APPLIED BITUMINOUSI . e 

COATING APPL ED TO BARE -. . 

METAL FOR 6" EACH SIDE '- 
-; 

OF EARTH /CQNCRETE 
XISTING PIPE INTERFACE. . 

DETAIL /4 
COATING-BARE METAL/SOIL/CONCRETE INTERFACE " 

CABLE THERMITE WELD, USE CHARGE NOTES: 
SIZE OF 

-. 112" POWDER CRUCIBLE 

/ / WIRE AND PIPE I. E,OZDY4S CLANDED COPPER WITH 5. TESTELECTROOES'NO.6REINFORCINGSTEEL 

PACNG MATERIAL APPUEDBUMEN. 

TENDOFAaLE 
2. TWO BOND WIRES REQthRED FOR PIPE UP TO i2 IN Z \ AT CENTER 3Q 

STEEL SURFACE 
6. ALL THERMITE WELD 

CABLE ""N >\ L'N] 1)<d f, ,7 / /' F /7 DUCTILE IRON -USE OOLD APPLI ED 07 'N, ;2,, \f'I \STEEL DUCTILE IRON OR 
SURFACE . : 

-3. ALL TEST STATIONS REQUIRE SUFFICIENT SLACK BIT UM EN. 300_ 
I NEy _ -T4/N --"i , 

-. - 
. WIRE SUCH THAT LEADS CAN BE EXTENDED 12" 

-:: ABOVE GRADE. . STEEL COATED PIPE USE COATING EQUIVALENT -- 

Y " " 2/ , 
,., 

TO PIPELINE COATING SYSTEM 

1 ,, 
& 

E ' T-'à? -* I _____ 4 ALL TEST STATION WIRES TO BE IDENTIFIED AS .. -. -- -- .--- ---- SHOWN WITNSTAMPEDBRASSTAGSI DIAMETER-' 

THERM ITE WELD MOLD'POSITIONING " ' 
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FIBERBOARD OR SHEET METAL /7 
FASTENED TO PLYWOOD MAIN 

PLYWOOD FELT STRIPS BETWEEN 
PLYWOOD SECTIONS 8 END (TYP.I PIPE 

2 LAYERS OF BLACK FIBERBOARD 
FOR LESS THAN 20' PIPE) OR 

SHEET METAL (FOR 20 PIPE 
OR MORE ). 

DETAIL 
COAT ING MOLD CONSTRUCTION '2 

INTERNAL COATING, 

SEEe 

INSULATING SLEEVES 

0 

DETAIL 
INSULATING COUPLING \} 

INSULATION f7/77 /CSLEEVE 

INSULATING BUSHING (5) EPDXY RESIN FILLER 
FORM OPE)JN6 ______ 

STEEL WASHER 

HMN.H\HMN.b T 
INSULATING WASHER 

30' TAPER 

INSULATING GASlKET-.. ,--2 STEEL OR DUCTILE 
MILL / I 2°MIN .4 / IRON TAIL PIECE WELDED 

COATING / 

t -.j_. / / OR MECHANICALLY 
ATTACHED TOFLANGE 

- --m- 

I A 
/ 

) 
COALTAREPDXYCOAflNG 

/ REQUIRED ON INTERNAL 

I 
I II I 

/ 
SURFACES OF FLANGE 

I 

. 

/ J AND TAIL PIECES. LENGTH 
j 

I I 

/ / / OF COATED SURFACETO 
-±-- u 

--- BE 2 TIMES PIPE Oil 

A 
IN. 'C/> 7/ COA1NG ______ 

SECTION A 

DETAIL 
UNDERGROUND COATING MOLD FOR INSULATING JOINT 

.., 

CONCENTRIC SUPPORT 
CASING SPACER 

CASING -.. 

I' MNIMURANCEBETWEENI2L" 
MAXIMUM FLANGE OR PIPE O.D. AND 
CASING I.D. 

DETAIL 12 

CASING ISOLATION 

LINK SEAL SURROUNDING 
PIPE 

C AR R I 

END SEAL 

DETAIL 
TtANGE ASSEMBLY 

STEEL FLANGE OR 
DUCTILE IRON FLANGE. 

DETAIL 
RV.C. INSULATING JOINT KJ 

28± INSULATING UNIT 

.TUREa 

UNION NUT GASKET 
OUTSIDE STRUCTURE 

a WALL SECTION B - COAL TAR EPDXY COATING INSULATING GASKETS EPDXY FIBERGLASS 

DETAIL bEtIE 
_si 

INSULATING UNION \J WALL SEAL / INSULATION \,) DETAIL 
PREASSEMBLED INSULATING UNIT FOR EXPOSED INSTALLATIONS 'J 

O.t,5-13-R3 WATERS CONSULTANTS SOUTHERN CALIFORNIA RAPIO TRANSIT DISTRICT 

CONTRACT NO. 
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ANODES IN COKE BREEZE BACKFILL OR PREPACKAGED 
BACKFILL CANISTER LOCATION, DEPTH, B SPACING 
TO BE DETERMINED.a 

D _HT08I 

CABLE (TYP.) 

POLE 

CURBLINE 

DETAIL 
PRESSED CURRENT CATHODIC PROTECTION SYSTEM ( TYPICAL 

12" 

INSULATOR (ANY TYPE) 
AS SHOWN ON UTILITY 
PLANS. 

IDENTIFY LEADS WITH PERMANENT METAL 
TAGS AS SHOWN. SEE NOTES 3 & 4, 
SHEET No. 

AWG NO. S STRANDED COPPER WIRE 

i5? 

SPLICES (TIP.) COATED WITH 
COLD APPLIED BITUMEN. 

AWG NO. 2 SOLID COPPER 
WIRE 

*MAGNESIUM ANODES PLACED 
BELOW CENTER LINE OF PIPE. 
NUMBER OF ANODES TO BE 
DETERMINED 

C 

IS" TYP 'ELECTRODE, SAME 
DEPTH AS PIPE, SEE 
NOTE 5, SHEET NO. 
(TYP) 

NOTE: INFORMATION SHOWN REPRESENTS 
ANODE AND WIRE ARRANGEMENTS 
AND TEST BOX WIRING ONLY. 
ACTUAL NUMBER AND LOCATION OF 
A4ODES TO BE DETERMINED. 

.DETAI L-'-'- - 

MAGNESIUM ANODE TEST STATION 

-- 

DESIGNED Dr Data 

R,C.SMITH 7. 

DRAWN DV oat. 5-L3-83 (_,/ 
K.C.KELLY 

CHECKED DV Date 6-9-83 
'.. 

D.M.WATERS 

WATERS CONSULTANTS 
PROFESSIONAL SERVICES GROUP, NC, 

CORROSION ENGINEERS 
7807 CONVOY COURT SAN DIEGO, CA.92111 

SUBMITTED DV 

t 

fJ)Z/I/if,qm' 

TO BE 
MINIMUM 

DETERMINED 2 

C 
PIPE - 

c.cAr.a_1 r Th.r -. 

--HTO BEDETER 
(TYP.) 

AC. TRANSFORMER 

SILICON OR SELENIUM DIODE 
RECTIFYING UNITS 

AC. 

Jar 

AC. SERVICE 

SERVICEHEAD I" RIGID STEEL 
GALVAN1ZEO CONOU?7 

AC-ac. SILICON DIODE 
RECTIFIER UNIT POLE 
OR WALL MOUNTED c. CAPACITY TO BE 
DETERM INED. 

POLE 

TWO-I° GALVANIZED RIGIDr--.. 
STEEL CONDUIT 

STRANDED COPPER WIRE 
WITH H.M.WPE. INSULATION. 
SIZE TO BE DETERMINED,i 

I I 

INSULATING END BUSHING 

TWO-AWG NO. 8 STRANDED 
COPPER WIRE WITH H.M.W.P.E. 

'Ut' 
) 

.INSULATION. 

HIGH SILICON,CHROME BEARING CAST IRON ANODE,SIZE,NUMBER, 
LOCATION, DEPTH, AND SPACING TO BE DETERMINED. 

SECTION 

PIPE 
- 

.- ANODE 

...I MIIzo 
.a rsra. 23 4a C-".. ".. xpa ". 

VP-I-CAL 

SOUTHERN CALIFORNIA RAPID TRANSIT DISTRICT 

METRO RAIL PROJECT nto 
APPROVAL RECOMMENDED APPROVED Data 

Re;. No. MANAGER F CHIEF ENGINEER Ha; Na. 

18° 

TEST WIRES 

CURB TEST 
BOX 

I?CURB TEST BOX KJ --------- -- 

- a 

CONTRACT NC. 

CORROSION CONTROL ________ 
CRAWINO ND- 

CATHODIC PROTECTION SYSTEMS 
SCALE 

SACRIFICIAL & IMPRESSED CURRENT NO SCALE 

:3 



RED INSULATION -- 

SAND BACKFILL MATERIAL 

ELEVATOR CYLINDER FRP CASING (REF.) 
(REF.) / / STEEL OUTSIDE CASING 

MAGNESIUM RIBBONS / ELECTRODE POSITIONED AS SHOWN 
P ABOVE BOTTOM OF CASING 
.1 

LONGITUDINAL DIRECTION OF 

AWG NO B WIRE, ATTACH 
I CYLINDER SUPPORT SEAM 

TO CYLINDER C OR SUPPORT 
BEAM IF WELDED TO BLACK INSULATION 
CYLINDER ) 

PLASTIC DISC 

0 
WHITE INSULATION 

4 THREE RIGID PLASTIC CONDUITS TO 

12' X 12' X 4' JUNCTION BOX ON 
ELEVATOR MACHINE ROOM WALL, TO BE 
SPECIFIED BY ENGINEER. SEE 

NOTES: 

I. WIRES, (4) TO MAGNESIUM RIBBONS (2) AND WIRE TO ELECTRODE 
TO BE AWS NO. 12 STRANDED COPPER WIRE WITH XHHW INSULATION. 

2. CONCRETE CLOSURE SURFACE TO SLOPE AWAY FROM CYLINDER. 

..-. .... 'DET#iE 
. 

ELEVATOR- PLAN VIEW 

1 

II 

FRP CASING 

METALLIC CONDUIT TO SUPPORT 
II ELEVATOR CYLINDER 

MAGNESIUM RIBBON DURING SAND IF 

FILL ING (4 REQ'D.). RAISE AND 'F I 

REMOVE CONDUIT AS SAND FILL IS 
It I 

I 
I 

I__________________________________________________________________________ STEEL OUTSIDE CASING 
PLACED. 

II I 

II 

I 

II /I I' 

I ELECTRODE, SEE SECTION 
I S 

MAGNESIUM RIBBON BENT AS -{" ELEVATION 
SHOWN PRIOR TO INSTALLATION 
IN CASING. 

ELEVATOR CYLINDER 

'.G.' -. 
'k 

SECTION 
STRUT ASSE 

PLASTIC POSITIONING DISC, 
4 HOLES REQ'D. 

FRP CASING 

STEEL OUTSIDE CASING 

BARE STEEL CORE OF MAGNESIUM RIBBON FOR 2' 
ATTACH AWG NO. 12 INSULATED COPPER WIRES 
WITH APPROPRIATE SCREWJHREAD CONNECTOR. 
COAT WITH SPLICING COMPOUND AND ELECTRICAL 
TAPE (4 LOCATIONS) 

ELEVATOR CYLINDER SUPPORT (REF) 

STEEL OUTSIDE 
CASING 

FRP CASING 

VARIES 
DEPENDING ON 

L DC AT ID N 

SHORTING BAR EQUIVALENT 
TO AWG NO 12 WIRE 

AWG NO. 12 WIRES 
(RED INSULATIDN) 

AWG NO. 8 WIRE 

FCOVER MAGNESIUM RIBBON WITH ONE LAYER OF ELECTRICAL 
TAPE THROUGH CLOSURE C FOUR LOCATIONS) 

CASING TO EXTEND I' ABOVE FLOOR LEVEL 

WELD STEEL SHEAR COLLAR 4' THICK WITH DIAMETER 6' LARGER 

THAN STEEL CASING. WELD ALL AROUND BOTH SIDES WATER TIGHT. 

2'\ fl c/\ PLACE COLLAR & STEEL CASING SO NO METALLIC CONTACT TO 
REINFORCING .STEEL. 

MATERIAL, SAND PER SPECIFICATIONS 

r41Ti -ELEVATOR CYLINDER (REF) PROTECTIVE COATING TO 
EXTEND MINIMUM OF 6" ABOVE CONCRETE CLOSURE 

:: CONTINUOUS MAGNESIUM RIBBON, BENT AS SHOWN TO 
REST ON BOTTOM OF CASING AND EXTEND THROUGH 
CONCRETE CLOSURE 

AND STEEL CASING WITH CHLORIDE FREE SAND. 

5, .......... 

,_- SAND.BACKFILL ANNULAR SPACE BETWEEN FRP CASING 

TEST ELECTRODE- B' LENGTH OF NO. 6 REBAR WITH AWG 
NO. 12 INSULATED COPPER WIRE ATTACHED BY BRAZING 
OR THERMITE WELDING. COVER BARED COPPER WIRE AND 

-en ______________ WELDMENT WITH ELECTRICAL TAPE, MINIMUM OF 6' 
I'LENGTH OF BAR NOT TO BE COVERED WITH TAPE. 

SECTION D 

EL E VAT ION 

JUNCTION BOX 

5 POINT TERMINAL 
BLOCK 

AWG NO. 12 WIRES 
(WHITE INSULATION) 

AWG ND 12 WIRE, 
(BLACK INSULATION) 
MINIMUM OF Ia':DF 
WIRE IN BOX TA RE 
END. 

DETAIL . .... 22 
.... 4k. BOX . .......... .. 

- 
1! .? A 

.,TI . ... '.- 

DESIGNED RY o.'o53'83 
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PRECAST CONCRETE TUNNEL 
LINER SEGMENTS 

STEEL TUNNEL LINING 

NO. 12 STRANDED COPPER WIRES 
CEMENT GROUT WITH TYPE THW INSULATION 

EXTEND FROM CONDIJLET TEST 
BOX AT SAFETY WALK TO STEEL 

- 

'- . 
' ELECTRODE N'ID STEEL TUNNEL 

LINING OR STEEL REINFORCING. I 

CONDULET TEST BOX 

WELD PLATE TO STEEL LINER. 
DRILL THROUGH PLATE, LINER, . 

AND PRECAST CONCRETE . 

SEGMENT. 1NSTALL TEST 
. 

p:. 

ELECTRODE WITH INSULATING . 

BUSHING. - 

INTERNAL / EXTERNAL THREADED SAFETY WALK 
NYLON INSULATING END BUSHING : 

IPVCCONDUIT% 
. CONCRETE INVERT 

... 
I,i COLD APPLIED BITUMINOUS :' 

COATING .... 
. 

'pt._i.., .' ... 

?\ Na BARE STEEL 

STEEL ELECTRODE 
I DIA.OF SUFFICIENT 

LENGTH TO EXTEND DETAIL 2 
MftHMUMDF(OUTSIDE STEEL LINED TUNNEL 

STEEL TUNNEL LINER / PRECAST CONCRETE TUNNEL 
I 

/ LINER SEGMENTS I____/ ____ / / 
TO END 1000 

t ADJACENT 
OF STEEL 

000 TEST WIRE 

LINER PAIR 

4 ' 12° LENGTH OF NO 8 STRANDED ' \ \__ CJ\'( 
STEEL LINER \ COPPER WIRE THERMITE WELDED WALK 

TO STEEL LINER TERMINATED INVERT 
PRECAST CONCRETE IN CONDULET 
SEGMENTS ,.,. . 

0 
-. 

'DETAIL°rt.- 
TYPICAL STRAY CURRENT MEASURING TEST FACILITY 

. 7 

q. 

STEEL 
REINFORCING 

DETAIL 
PRECAST CONCRETE TUNNEL LINER 

/ EXTE 

APPLIED BITUMINOUS 

2c 
BARE STEEL 

STEEL ELECTRODE, 

*DII&0F SUFFICIENT 

LENGTH TO EXTEND 
MINIMUM OF V OUTSIDE 
OF TUNNEL STRUCTURE. 

-.. 
'Tb°)°.tA- ,...- 

.,.: - 

CONTRACT NO. DEAUNADSY bNIe53.83 
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PERMENTLY INSTALLED TEST CURRENT AND VOLTAGE SOURCE 
WITH FACILITY FOR UNATTENDED CURRENT INTERRUPT ION ON A TEST WIRES ARE NOT TO SPAN ANY DEVICE 
PRESET CYCLICAL BASIS (PULSE). CURRENT MUST BE STABLE p_________________ _________________ 

ELECTRICAL OR MECHANICAL THAT IS 

WITH VARIATIONS NO GREATER THAN ±.5 % 250 TEST POINTS AT ALL T P55 ATTACHED BETWEEN RAILS OF THE SAME 

F 

(AVERAGE SPACING 4500). TRACK (TYP.) 

YARD TRACK 

AUTOMATIC IIlH 
AMMETER 

SWITCHING 

\) 0 TO 150 

SOURCE 
VOLT D.C. 

I I\ 
EQUALIZE TEST ' 250' 
CURRENT I 

TEST WIRE PAIRS INBOUND & OUTBOUND) 
TO BE INSTALLED AWAY FROM TEST CURRENT 
SIDE OF CROSSBOND 

INBOUND 

OUTBOUND 

TPSS 

RAIL FROM EACH TRACK SPACED 250 APART±I ROUTE UNDER RAILS, OR TERMINATE IN PERMANANTLY NO.8 WIRE EXOTHERMICALLY ATTACHED TO ON 
HOUSE TEST WIRE PAIRS IN NON METALLIC CONDUIT, 

ON THE MAINLINE SIDE OF CROSSBOND AT MOUNTED TEST BOX ACCESSIBLE FROM THE 
N EACH TPSS. TRACKWAY. USE A COMMON TEST BOX FOR BOTH WIRE 

PAIRS IF POSSIBLE. 
NO.8 WI RE EXOTHERMICALLY ATTACHED OR 

BRAZED TO LOW RESISTANCE GROUND 
NEAR TEST WIRES(USE INVERT REINFORCING) 
TERMINATE IN TEST BOX WITH RAIL WIRE 

-. 

DETAIL 
PLAN VIEW-SCHEMATIC ED 

LMluuIIJMBEDDED IN CONCRETE INVERT, 
ACTUAL LOCATION TO BE DETERMINED. 
TYP.) 

DETAIL 

NO. 8 WIRES TO 

0 TEST BOX INBOUND RAILS '-J 
DASSENGER IDENTIFY WIRE 
ACTUAL WITH TAG OR TAPE 

3EDETERMINED. TPSS END 

REMOTE FROM TPSS"I 

IN CONCRETE WALL S 
ALL CONDUITS EMBECED 

INVERT. 

L L 

SECTION 

FLUSH MOUNTED TEST BOX, 
SIZE TO BE DETERMINED 
BY TYPE OF TERMINAL 
BLOCK USED. 

TERMINAL BLOCK, STYLE 
S SIZE TO BE DETERMINED 

NO. 8 WIRE TO GROUND 

NO. B WIRES TO OUTBOUND 
RAILS 
IDENTIFY WIRE WITH TAG OR 
TAPE I 

REMOTE FROMTPSS 

TPSS END 
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