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Problem statementProblem statement
Our grounding problems came from two different directions

1. Corning Highway Advisory Radio (HAR)
Signal quality sounds poor, issues withSignal quality sounds poor, issues with 
ground during construction

2 Bass Mountain – Mountain top communication site2. Bass Mountain – Mountain top communication site
Insufficient design, did not meet testing 
specification

Hope to answer…..
How is grounding applicable?
How does it work?
What can we do to fix it?
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SafetySafety
• Required for all industry by the National FireRequired for all industry by the National Fire 

Protection Association (NFPA) Article 70, also 
known as the National Electric Code (NEC)

• Occupational Safety and Health Administration p y
(OSHA) requires ground systems for 
occupational safety

• Good practice, can save lives



Signal GroundSignal Ground
• Highway Advisory Radio (HAR) systemsHighway Advisory Radio (HAR) systems
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Lightning ProtectionLightning Protection
• Mountain top communication sitesMountain top communication sites

RWIS t• RWIS towers

• CCTV poles



Theory,
Ground RodsGround Rods,
and Design



Ground Rod TheoryGround Rod Theory
Resistance and Resistivity

Resistance, R = ρ(L/A) (Ω)
ρ = Resistivity (Ω-m)
L L th f d ti th ( )L = Length of conducting path (m)
A = Cross sectional area of conductor (m2)



Ground Rod TheoryGround Rod Theory
Accepted model – Concentric earth shells

Resistance of Earth, R = ρ(L/A) (Ω)
ρ = Resistivity of soil (Ω-m)
L = Thickness of shell (m)L  Thickness of shell (m)
A = Surface area of shell (m2)
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Ground Rod TheoryGround Rod Theory
• MIT Professor derived formula for single rod systems

• Derived from resistance formula

• Use to find resistance of a single ground rod
R = (ρ/(2πL)) {(ln 4L)-1}/r (Ω)

L=electrode length  (m)g ( )
r=electrode radius   (m)

• Multiple Rod systems much more complex geometry and require p y p g y q
computer models and/or approximations
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Soil ResistivitySoil Resistivity

• Important Consideration for ground system design
• Several factors affect soil resistivity

i. Soil type
ii Moisture contentii. Moisture content
iii. pH of soil
iv. temperature
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Measuring ResistivityMeasuring Resistivity

• Four-Point Wenner method
• Current passed between outermost electrodes
• Potential drop measured between inner electrodes
• Instrument calculates resistanceInstrument calculates resistance



Measuring resistivity
• Convert to resistivity using the following formula

4B4A
2A

4BA
2A1

4ρ

2222

ARπ

−+
=

scentimeterindepthelectrodeB
scentimeterin  electrodes ebetween th distance A  :where

4B4A4BA 2222

=
=

++

cm-Ω cm)in A (with 2   ρ
:becomes formula  the20B,A if

scentimeterin depth electrode  B            

ARπ=
>

cm- ft)in A (with  AR5.191  Ω=ρ



Resistivity Testing Setup
R ddi HARRedding HAR
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Measuring ResistivityMeasuring Resistivity
• Data collection important

• More tests give a better indication of sites average resistivity

• Electrode spacing equivalent to the depth of the soil being• Electrode spacing equivalent to the depth of the soil being 
measured, spacing electrodes at 10 feet will yield an average 
resistivity to a depth of 10 feet

• Best to measure dry (worst case)

• Field measurements better indicator than soil sample
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More on ResistivityMore on Resistivity
• Soil not homogonous, a layered model is more accurate

• The greater the depth the higher the moisture content, or aquifer

• Field resistivity measurements a cumulative measurement of layers

• Reaching a deep aquifer may sound good, but it may not matterg p q y g y

• Rods can lose more charge in top 5-10 feet of ground rod due to 
eddy currents
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Measuring ResistanceMeasuring Resistance
• Three-Point fall-to-potential 

h dmethod
• A current is passed between 

ground rod and z electrode
• Potential drop measured 

between y electrode x 
electrode

• Vary y electrode 30% to 80% 
of z electrode distance

• Instrument calculates 
i t
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Resistance test setup…

It can get messy
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Measuring ResistanceMeasuring Resistance

• AEMC and Megger are the industry standard for ground resistance 
testing

• Caltrans District 2 ITS Engineering uses a AEMC 4610

• Instrument displays point to point• Instrument displays point-to-point 
resistance in ohms
• Can be purchased in a kit with 
wire and electrodeswire and electrodes
• Instrument can be touchy in highly 
resistive soil, troubleshooting guide 
can be usefulcan be useful
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Copper/Copper clad ground rodsCopper/Copper clad ground rods

• Copper/copper clad material

• diameter important, depth more important

• Can be driven or installed horizontally in trench

M lti l d d i t ll d i i fi ti d• Multiple ground rods installed in varying configurations can reduce 
resistance

• Ground rod boxes w/ lid a good idea
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Electrolytic Ground RodsElectrolytic Ground Rods

• Hollow copper tube filled w/ electrolytic solutionHollow copper tube filled w/ electrolytic solution

• Boring/drilling required, backfill with bentonite

• Reduced soil resistivity by leeching electrolytes into the soil• Reduced soil resistivity by leeching electrolytes into the soil

• Vertical and horizontal installations available

• Vendors advertising maintenance free products patented since 1968

• More costly to install, but much more effective
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Incorrect installation electrode buriedIncorrect installation, electrode buried



Electrolytic ground rod in pullboxElectrolytic ground rod in pullbox
Incorrect installation, electrode buried
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Ground Rod SystemsGround Rod Systems

• Ground Rod Systems comprised of multiple ground rods
• Often necessary to reduce ground resistance
• Using copper/clad or electrolytic rods
• Several configurationsSeveral configurations

i. Line
ii. Ring
iii G idiii. Grid
iv. Complex
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Ground RodsGround Rods

• Generally its best to space the rods @ 2x the drive depthy p @ p

• Rods should be connected together using a #1/0 or 
larger ground wire

All rod/wire connections should be exothermically• All rod/wire connections should be exothermically 
welded

• Other grounding system options available depending 
upon application
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Design ToolsDesign Tools

• Nomograph’sg p
i. Readily available
ii. Effective

• Computer modeling software
i. Costly
ii. Highly effective if input data is accurate

• On-line calculatorsOn line calculators
i. Available on-line
ii. Reliable?





Single Rod nomograph - Motorola R56



Line or Ring configuration nomograph – Motorola R56



Grid configuration nomograph – Motorola R56
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Highway Advisory RadioHighway Advisory Radio

• Caltrans District 2 has 16 HAR systems located y
throughout the district, supplied to us by Highway 
Information Systems (HIS)

• Used frequently by TMC operators

• Travelers rely on HAR system for critical traveler 
information
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HAR IssuesHAR Issues
• An inherent lack of standardization

M lti l i i i th fi ld• Multiple revisions in the field
• Differents sites installed by different contractors
• Makes troubleshooting difficult• Makes troubleshooting difficult
• Some sites sound different from other sites

AbramsLake Corning Weaverville WaltersRdAbramsLake Corning Weaverville WaltersRd



Why is the ground important?
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HAR AntennaHAR Antenna
• HAR antenna is a vertical monopole

M d l f l t ti i th• Model from electromagnetic image theory

I thi th d ti f i th d
• Appears to be a half wave dipole
• In this case the conducting surface is the ground
• A better ground means better radiation efficiency
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Surface Wave PropagationSurface Wave Propagation
• At low frequencies vertical monopoles may induce 

surface waves (ground waves)surface waves (ground waves)
• The existence of surface waves still debated 100 years 

after being proposed by Sommerfield and Zenneck
• Surface wave model for vertical monopoles is a radial 

cylinder

μ2=μ0
ε2=ε0
σ2=0

H H
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ε2
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Surface Wave PropagationSurface Wave Propagation
• Dipole model uses spherical shell, signal strength drops 

off at 1/r2off at 1/r2

• Cylindrical model implies a decay of 1/r, math tells us 
1/r1/2

• This is important, if true we can increase our 
coverage area without deviating from FCC spec

μ2=μ0
ε2=ε0
σ2=0

H H

μ2=μ0
ε2
σ2

EE
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HAR ground systems in District 2• HAR ground systems in District 2
i. Radial
ii Single Rodii. Single Rod

iii. Triad
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Radial GroundRadial Ground
• Composed of #12 

bare copper wire laidbare copper wire laid 
symmetrically around 
antenna, length of 
conductor varies fromconductor varies from 
site to site, generally 
about 30 feet

• Can be costly due to• Can be costly due to 
right-of-way issues

• Most HAR ground 
systems in the District 
are of the radial type
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Single Rod GroundSingle Rod Ground
• Composed of a 

single 40 footsingle 40 foot 
electrolytic 
ground rod 
buried within 6 
feet of the 
antenna

• Can be costly to 
install

• Proposed as a 
solution to right-
of-way issuesof way issues
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• Composed of three 20 foot electrolytic ground rods 

spaced symmetrically around the antenna, 20 feet apartp y y , p

• #1/0 bare copper ground wire exothermically welded to 
the rodthe rod

• Each rod has a dedicated wire run to an antenna ground 
bus barbus bar

• Proposed as a solution to right-of-way issues
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Triad GroundTriad Ground



Further Studyy
• Currently under investigation in District 2 is the relationship 

between the ground system and surface wave propagation

AbramsLakeHAR
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Further Studyy
• Whether surface waves play a roll at this time is unclear, 

but we do know, according to measured data, the ground 
system does affect signal strength, and the strength decays 
differently for different grounding systems

AbramsLakeHAR
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Mountain-Top SitesMountain Top Sites
• District 2 has three mountain-top sites and growing,

Hill900

Bass Mountain

Sugarloaf

• The sites are used as data aggregation points for our point-
to-point microwave network



Lightning Protection



Lightning ProtectionLightning Protection

• Ground system important at Mountain-top sitesy p p



Lightning ProtectionLightning Protection

• Ground system important at Mountain-top sitesy p p
• Protects sensitive equipment from transient voltages 

produced by lightning disturbances



Lightning ProtectionLightning Protection

• Ground system important at Mountain-top sitesy p p
• Protects sensitive equipment from transient voltages 

produced by lightning disturbances
• Provides direct path to ground dissipating energy in the 

Earth



Lightning ProtectionLightning Protection

• Ground system important at Mountain-top sitesy p p
• Protects sensitive equipment from transient voltages 

produced by lightning disturbances
• Provides direct path to ground dissipating energy in the 

Earth
• Low ground resistance is the key• Low ground resistance is the key



Lightning ProtectionLightning Protection

• Ground system important at Mountain-top sitesy p p
• Protects sensitive equipment from transient voltages 

produced by lightning disturbances
• Provides direct path to ground dissipating energy in the 

Earth
• Low ground resistance is the key• Low ground resistance is the key
• Recommend 1-ohm ground resistance for high strike 

density areas



Lightning Damage can be costly



Prevention:
Lightning maybe…
Tornado No
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Discharge TheoryDischarge Theory

• Lightning-Rod/Tower attracts charge from surrounding g g g g
area with its strong electric field

• Lightning-Rod/Tower dissipates charge through the 
d t t th E thground system to the Earth

• Lowers potential for cloud-to-ground strike
• Tower now appears “electrically equal” to the area• Tower now appears electrically equal  to the area 

around it



Bass Mountain Ground
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What happenedWhat happened

• Ground system designed around a borrowed spec and y g p
not thoroughly researched

• No soil resistivity measurement taken before design

Not built strictly to plan during construction• Not built strictly to plan during construction
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• Soil resistivity measured at sitey

• Several ground rod system configurations were looked at 
to build around existing configuration (impractical to 
remove existing system)

• Theoretical ground system resistance calculated using 
nomograph’s

See next three slides







• Complex ground system calculationp g y

• Subsystems modeled as a parallel resistance

• For Bass Mountain
/ / /1/Rtotal = 1/Rbuilding+1/Rtower

Rtotal = 8 Ω
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• Theoretical ground system resistance calculated using 
nomograph’s

Result – approximately 8 Ω
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SolutionSolution

• Soil resistivity measured at sitey

• Several ground rod system configurations were looked at 
to build around existing configuration (impractical to 
remove existing system)

• Theoretical ground system resistance calculated using 
nomograph’s

• The most practical, cost effective configuration selected

• Contract Change Order initiated



Bass Mountain Ground SystemBass Mountain Ground System

• Complex ground configuration – Eight-rod ring around p g g g g
tower, connected to building ground
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Ground System ComponentsGround System Components

• Sixteen 8’x¾” copper-clad ground rods, top of rod 18” pp g , p
below grade

• 10” ground rod boxes
• #1/0 bare copper ground wire, 18” below grade
• Exothermic welds, important to know the layout and 

specify the moldsspecify the molds
• Exothermic weld lugs for a mechanical connection to 

tower
• Fence clamp
• Exterior ground bus bar



Bass Mountain cable entry



E t i d b bExterior ground bus bar



Exothermic Weld in ground rod box
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Ground System ComponentsGround System Components
• Interior ground bus bar
• #1/0 bare copper ground connected to exterior ground bus• #1/0 bare copper ground connected to exterior ground bus 
bar
• #1/0 insulated copper ground wire, run the length of the 

blcable runway
• #8 insulated copper ground wire pigtailed above each rack 
location
• Rack ground connectors
• Tower ground bus bar

C i l bl d kit• Coaxial cable ground kits
• Ice bridge ground connection
• Service ground connectiong
• Future generator ground connection



Bass Mountain cable entry



Interior ground bus bar



Ground bus bar on 
tower and coax ground 
kits



Additional InfoAdditional Info

• Tower ground connection, many tower manufacturers g y
don’t recommend exothermic welding on the tower base

• Minimize exothermic welds, each weld introduces 
resistance to the systemresistance to the system

• Contractor used incorrect and/or unnecessary 
exothermic weld molds
E thi t lli h ld b d d t th it• Everything metallic should be grounded at the site 
including guy wires, fence, generator, etc.

• Utility connection should be groundedy g
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Ground ResultsGround Results
• Contractor test results after redesigned ground

– Date 02-10-09Date 02 10 09
– Weather light to moderate rain
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• Test not performed correctly
– X-Z distance not large enough
– X-Z ran parallel to building ground ring, should beX Z ran parallel to building ground ring, should be 

perpendicular



Ground ResultsGround Results
• District 2 ITS Engineering 

t t lt fttest results after 
redesigned ground

R Graph - Z at 200' 
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Lessons LearnedLessons Learned

• Soil resistivity measurements are a key component to y y p
any ground system design

• Utilization of the proper design tools 
• Good construction support
• Tighter specification on exothermic welds

Tighter testing specification• Tighter testing specification
– Theoretical ground resistance value + margin of error
– Where to test and X – Z distanceWhere to test, and X Z distance
– Test in dry conditions, if possible



Grounding RecapGrounding Recap

• Obtaining soil resistivity measurements is the key to g y y
designing an effective ground system

• Design ground system for worse case
• Utilize design tools, nomograph’s, software, etc
• For vertical antenna’s, ground system very important

For lightning protection ground system important to• For lightning protection, ground system important to 
protect sensitive equipment from lightning induced 
transients



QuestionsQuestions


